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1
Why Does a Battery Need a BMS?

1.1 General Introduction to a BMS

1.1.1 Why a Battery Needs a BMS

A battery management system (BMS) is an essential part of any energy storage system. It controls battery charging
and discharging, manages optimum operating conditions, governs the safety limits, runs the battery charge and
health algorithms, monitors battery parameters, and communicates with other associated devices [1, 2]. A BMS
or similar monitoring and control system is strongly recommended for other electrical energy systems, such as a
fuel cell, supercapacitor, superbat capacitor, or other hybrid combinations of electrical energy storage systems.
A BMS allows the system to be efficient and to use an application for stored energy up to the safe operating limit
[3]. It makes energy storage cost effective for short-term applications such as consumer electronics. With an
efficient control over optimum charge and discharge ranges, the BMS adequately extends the life of energy storage.
The increased life makes the energy storage economically viable for long-term applications such as grid, automo-
tive, and stationary applications [4].

1.1.2 What s a BMS?

A BMS is a control system that ensures optimum use of the battery energy in powering any portable or non-por-
table system. This is achieved by monitoring and controlling the battery’s charging and discharging processes
along with careful control over the surrounding environment. The BMS becomes essential in all storage systems
to prevent the risk of damaging the battery by misuse. The features of a BMS design should include:

Charge control

Battery capacity and efficiency calculations
Remaining run-time information

Cycle counting

Battery life prognosis

Thermal management

Prediction of battery failure

Safety and alarm indications for over the limit usage

An effective BMS can protect the battery from damage, ensure safety, predict battery life, and maintain the battery
operation in order to keep efficiency high.

A general block diagram of a BMS is shown in Figure 1.1. The battery-charger charges the battery from the
mains. A protection integrated circuit (IC) connected to the battery indicates the unsafe condition of the battery.

Battery Management System and its Applications, First Edition. Xiaojun Tan, Andrea Vezzini, Yuqian Fan, Neeta Khare, You Xu,
and Liangliang Wei.
© 2023 China Machine Press. All rights reserved. Published 2023 by John Wiley & Sons Singapore Pte. Ltd.



4

1 Why Does a Battery Need a BMS?

Charge Controller
and Protection

Safety Alarm
Indicators

Safety
Algorithms

Monitoring s
pacity
System Controller ] — Performance
SoC, SoH o, Indicators
SoC, SoH

Algorithms

Cell Balancing T
ata Logging

and
Communication

Heating and
Cooling Control

Figure 1.1 Block diagram of a battery management system.

A protection IC specifically deals with the over/under-voltage protection, over current protection, imbalance of
cells, and thermal runaway. In addition, protection circuits also include a blocking diode, each of which is out-
fitted with a series string that prevents parallel strings from discharging through a battery with an unforeseen
short circuit [5]. Researchers, such as Kim et al. [6], have also proposed more robust circuits capable of mitigating
the electrical impacts of a single cell failure. Manufacturers of large battery systems typically integrate a proprie-
tary control system as well, in order to control issues such as cell balance, cell temperature, and an estimation of
the battery life.

The battery state indicates the current state and future prediction of the battery by using the State of Charge
(SoC) and State of Health (SoH). The processor runs the battery management algorithms that compute the SoC,
SoH, and property parameters [7]. The subsequent parts in the book will discuss prognostic and diagnostic
approaches for determination of the SoC and SoH. Finally, to establish communication between the BMS and
other devices, most commonly used interfaces are 12C, Modbus, and CAN ports and protocols.

1.1.3 Why a BMS Is Required in Any Energy Storage System

The demand for an energy storage system is increasing day by day with exponential growth in the area of consumer
electronics, portable devices, and e-mobility. In addition, a budding urge for clean energy usage in order to address
the challenge of reducing carbon footprints makes energy storage more popular than other stationary applica-
tions. At present, stationary applications, such as a grid-connected energy storage, are aggressively being tested
around the world. Grid-connected electrical energy storage is a potential candidate for load shifting, PV smooth-
ing, stabilizing the grid, etc. The most popular solution for electric energy storage is a battery pack due to its high
energy density, long life, and cost-effective features. However, challenges lie with its optimum performance and
safety. The requirement for a BMS controller with energy storage is quite obvious when considering the increasing
challenge regarding safety and optimum utilization together with high efficiency. A BMS allows energy storage to
function within the safety limits and provides high-performance capabilities.

1.1.4 How a BMS Makes a Storage System Efficient, Safe, and Dependable

An important aspect of BMS functions is to control the battery charging and usage within safe limits. A BMS
recommends relevant parameters to the battery charger and commands it to use the most effective charging
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algorithm. A charging algorithm helps to reduce the charging time, offers a long battery life, and maintains
high efficiency, while keeping the operation within given safety limits of voltages, temperature, current, and
SoC. The BMS monitors real-time electrical parameters such as terminal voltage, charging and discharging
current, temperature, impedance, and number of cycles [8]. Further, it calculates compensation factors, esti-
mates the SoC and SoH, and determines other performance characteristic parameters such as energy
efficiency, capacity, and remaining life time. The SoC and SoH are the most critical parameters for maintain-
ing the operation under safe conditions [9, 10]. Monitoring battery health is one of the prime factors affecting
the system reliability.
A BMS helps energy storage in the following three ways:

1) Increases efficiency by
« Compensating cut-off voltage with temperature variations, C-rate charge and discharge, and aging.
« Selecting appropriate charging current to maintain the current density limit at the electrode surfaces.
+ Controlling and compensating the SoC range for charging and discharging over the operating range in order
to maintain coulombic efficiency.
« Keeping all cell voltage and SoC balanced to increase its operating range.
+ Thermal controlling the pack in order to maintain the optimum temperature range.
2) Increases battery life time by
« Saving the battery from abuses of over-charging. Over-charging causes heating and out-gassing that reduces
the life of the battery.
« Preventing deep discharging by limiting the discharge at the end of the discharge cut-off voltage. Metal plat-
ing is a major cause of shortening the battery age when operating below the end of discharge cut-off voltage.
« Maintaining current density to prevent electrode surfaces from damage.
« Keeping the SoC within the operating range that provides a balance between capacities in and out at various
operating conditions.
« Cell balancing prevents under-charging of good cells and over-charging of weak cells, which increase the
overall age of the pack.
3) Provides safety and reliability by
« Maintaining and controlling operations within the safety limits.
« Indicating safety alarms for events beyond the operating condition.
« Shutting down the operation during a critical safety threat.
« Employing a thermal controlling system to prevent any thermal runaway conditions
« Giving an indication of the remaining battery life and thus facilitating timely action taken proactively in
alarming conditions, reducing the risk of running into a disaster.

1.2 Example of a BMS in a Real System

1.2.1 LabView Based BMS

A LabView (Laboratory Virtual Instrument Engineering Workbench) based BMS provides easy execution on a PC.
A LabView from the National Instruments Corporation is a software development application that uses a graphical
programming language to create programs in a block diagram. Since a LabView includes libraries of functions for
data acquisition, serial instrument control, data analysis, data presentation, and data storage, it is recommended
for the BMS application. A BMS designed using LabView offers higher flexibility and much better graphic tools
for data visualization. The central unit of a LabView based BMS consists of the following blocks:

a) Data Processing
b) Parameter Adaptation

5
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¢) Monitoring
d) Management

The central unit and input/output interfaces have been recognized as a LabView application.
Due to the flexible design of the LabView BMS, the system is able to perform control and surveillance activities
for any kind of battery application and battery technology (e.g. Pb, VRLA, NiCd, NiMH, etc.) [11].

1.2.2 PLCBased BMS

The PLC (programmable logic controller) plays an important role in the field of industrial automation because of
its excellent performance. Its multiple functions include logic arithmetic, calculation, communication, noise
resistance, and stability. A PLC based BMS design is shown in Figure 1.2. The analog and digital data from the
battery were passed to PLC on real time. This system controls the battery charging and discharging.

It can be seen that the PLC controls the action of relays and delivers the signal to the sensor for judging whether
charging is being done or not. The development cost of a PLC based BMS is high and offers only limited functions.
Thus, it does not match the demand in price.

1.2.3 Microprocessor Based BMS

The microprocessor based BMS consists of (a) a data acquisition unit (DA); (b) an ampere-hours counter unit (AhC)
with a battery current measuring unit, a battery voltage measuring unit, and a battery ambient temperature
measuring unit; (c) a cell or mono blocks voltage measuring unit (CV); (d) a modem; and (e) a personal computer
(PC). In this BMS, AhC and CV units are used to measure the battery parameters. All measured data are read out in
a definite time period with the help of a DA unit, and are then stored in an internal memory of the system. Figure 1.3
represents the use of the central unit — a microprocessor 80C535 — in a DA unit to estimate the battery state.

Personal computer (PC) with utility program is used to read saved data from system memory and to transfer it
in appropriate database files. Data were transmitted from Battery Monitoring System to personal computer PC via
modem.

1.2.4 Microcontroller Based BMS

In this BMS design, an 80C196 KB microcontroller was used
for developing the system hardware to estimate the battery
| SoC and SoH. The general block diagram of the microcon-
Graphcizlll\fr‘gllitoring | pLC Relay troller based BMS is shown in Figure 1.4.
The five battery parameters, which include the current
| drawn, terminal voltage, temperature, internal resistance, and
Lead-Acid time, are supplied as inputs to the microcontroller, which was
Battery programmed according to the Neuro Fuzzy process model.
| The weights, biases, and battery history were stored in
Sensor EPROM. The microcontroller processed the input parameters
and gave the output as SoC and SoH [12]. In the complete
| setup of the microcontroller real-time battery, the parameters
Al ]i/[TZlaIlleer were extracted by the interfacing circuitry. These parameters
o= were applied to a programmed microcontroller as inputs and
Figure 1.2 Schematic diagram of a PLC based BMS.  finally the SoC and SoH were displayed.

Charger
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Figure 1.3 Schematic block diagram of a DA unit of a microprocessor based BMS.
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Figure 1.4 Block diagram of a microcontroller based BMS implementation.

1.3 System Failures Due to the Absence of a BMS

The internal state information of the battery is one of the most important factors used to protect the system from
failure. There are a large number of examples of system failure due to the absence of a BMS or non-accurate BMS
algorithms or malfunctioning in BMS control.

In the recent past, there have been major EV and energy storage failures highlighted in the media. The follow-
ing incidences are a few examples.

1.3.1 Dreamline Boeing Fire Incidences

During 2013 and 2014, a series of incidents of smoke and fire in the battery pack of the Boeing 787 of Dreamline
Airlines were detected, including at Boston airport a jet fire accident and at Narita airport smoke detected by the
maintenance crew. The airline used lithium-ion (Li-ion) batteries to deliver power for its energy-hungry electrical
systems.
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Various agencies including NTSB and US Japanese Joint team carried out investigations and found a few pos-
sible causes:

a) Itwas found that electrolytes, a flammable battery fluid, had leaked from the main Li-ion battery pack and the
entire system was damaged.

b) The Wall Street Journal reported on February 12, 2013: a possible theory is that the formation of microscopic
structures known as dendrites inside the Boeing Co. 787’s Li-ion batteries played a role in twin incidents of
fire and smoke in the battery pack of the Boeing.

c) NTSB declared that overvoltage was not the cause of the Boston incident, as voltage did not exceed the battery
limit of 32 V and the charging unit passed tests. The battery had signs of short-circuiting and thermal runaway.

d) Based on the data and the recorded events, there were several factors that suggest a problem with integration
of the battery system into the plane. Two smoke detectors in the electrical/electronic bay, where the APU bat-
tery is located, failed to trigger an alarm.

e) These include problems that may arise from poor systems integration between the engine indicating and crew
alerting system (EICAS) and the battery management system.

f) Another theory said that it is possible that the fail-safe devices in the battery management system, the charger,
and the battery cells functioned properly and prevented the short circuit from becoming a catastrophic failure
[13]. However, the reboot of the APU by a different subsystem in the plane could have caused the final surge
in the current that led to the fire.

1.3.2 Fire Accident at the Hawaii Grid Connected Energy Storage

Electricity storage using a Li-ion battery with the BMS and system integration caused fire in 2011 and 2012 at
Kahuku, Hawaii. This 15 MW battery energy storage pilot project was connected to a 30 MW wind power plant
and was among the first of a few utility scale projects. The project was developed by First Wind, the Kahuku
facility with a 15 MW battery from VC-funded Xtreme Power and sells power to the island utility, HECO.
Dynapower had supplied the power inverter. Although there were disputes about the cause of the fire, one theory
claimed that both fires were attributed to ECI capacitors in inverters from Dynapower. Xtreme, who designed the
BMS later, sued Dynapower for malfunctioning of the power controller. Besides legal battles between the com-
panies, the BMS design and safety alarms were always questioned. It was found that the BMS should shut down
the process in any extreme conditions and disconnect the AC/DC switchgears for safety.

1.3.3 Fire Accidents in Electric Vehicles
1. The Chevrolet Volt

The Chevrolet Volt recorded the first famous fire when obliterated by the NHSTA (National Highway Traffic
Safety Administrative). A fire occurred in a parking lot due to a failure to discharge the battery after crash testing.
NHTSA found the Volt to meet its five-star crash rating. After the test, they stashed the mangled Volt outside and
three weeks later the vehicle’s battery pack shorted and caught fire — an incident. As a result, NHTSA has opened
an inquiry into not only the Volt’s battery pack performance but also the post-crash performance of all hybrid
vehicle battery packs [3]. The prevailing theory explaining the battery fire is that the coolant lines serving the bat-
tery were probably severed during the crash, leading to a short or eventual overheating condition. However, this
has not yet been confirmed. GM contends that the fire happened because the prototype test vehicle’s program-
ming was incomplete. All production Volts have programming for depowering the battery after a crash, dissi-
pating any remaining charge and rendering the battery inert [14].
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2. Tesla S model battery fire

There has been more than one incidence where Tesla Model S caught fire. A few happened when the driver ran
into something due to high speed at turning or after the driver ran over a chunk of metal on the road.

One theory claimed that the fire did not spread quickly to the whole battery pack and, as a result, no one was
hurt. In a L-ion battery, fire spreads quickly throughout the battery, as the cells within the battery ignite their
neighboring cells. Tesla’s CTO, J. B. Straubel, said that the company had engineered the pack to prevent fires from
spreading and this prevented the fire from spreading throughout the whole battery, and, according to Tesla, it did
not enter the passenger compartment.

There are a couple of schools of thought among battery experts about the causes of fire. In a battery fire, the
main thing that burns is the liquid electrolyte, which burns easiest when it is exposed to air. One school of thought
is that even in the absence of air there are other oxidants within the battery that can create and sustain a fire. It is
thought that the battery electrodes themselves can release oxygen, fueling the fire from within.

Other research suggests that this is not the case. Instead, a possibility is that even once the fire is put out, the
cells stay very hot and keep releasing more electrolyte in the form of vapor. Once firefighters turn off the water
and oxygen can once more come into contact with the vapor, it can reignite.

The second negative is the placement of the battery in the car. The fire accident initiated due to the road debris
raises questions about the packaging and protection of the battery. The Tesla battery spreads out over most of the
floor of the car in contrast to the battery on the Chevy Volt. Does packaging of the battery cause the accidents?

The most recent incident, reported in Norway, is of an S model that caught fire at a super charging station on
New Year’s Day in 2016.

For the five Model S fires that occurred, the true cause of one is still unknown. Different theories claim different
answers for the cause. However, safety aspects cannot be ignored and so has the role of the BMS. It is clear that
more tests are needed and the best ways to put out battery fires are required, especially as battery-powered cars
proliferate.

Certainly, one should keep in mind that mechanical or electrical failures or malfunctions were factors in
roughly two-thirds of vehicle fires.
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2

General Requirements (Functions and Features)

2.1 Basic Functions of a BMS

Electric vehicles are the most typical representatives of BMS applications at present. In this section, the main
functions of a BMS are described by the functional block diagram of the BMS for electric vehicles (Figure 2.1).

The functions of the BMS for the electric vehicle may be different from those shown in Figure 2.1 in different
applications, but the BMS should have the basic functions shown in the figure, for example, voltage monitoring,
SoC estimation, safety protection, etc. The main functions of a BMS are described as follows.

2.1.1 Key Parameter Monitoring

Key parameter monitoring of a battery refers to the monitoring of voltage, current, and temperature. Unlike
voltage and current monitoring, in addition to battery temperature monitoring, the temperature monitoring
includes in-car temperature and ambient temperature monitoring, and the battery can be more reasonably used
by monitoring multiple temperature parameters.

Key parameter monitoring of a battery is the most basic function of a battery management system and the
premise and foundation of other functions. For example, the battery state analysis (SoC, SoF, and SoH evaluations)
described in the next section depends on accurate and timely voltage, current, and temperature monitoring.

2.1.2 Battery State Analysis

The battery state analysis mainly includes an SoC estimation, an SoH estimation, and an SOF estimation. With the
deepening of the research, a state of power (SoP) evaluation, a state of life (SoL) evaluation, a state of energy (SoE)
evaluation, and a state of range (SoR) evaluation have also been gradually considered. The book only discusses the
more common SoC, SoH, and SoF evaluations.

1. State of charge evaluation

Just as the driver of a conventional car is often required to keep an eye on the oil level of the car, the driver of
an electric vehicle needs to know the SoC, which is the function implemented by the SoC evaluation module of
the battery management system. This is the most basic and important function of the battery management
system. If the SoC of the electric vehicle is unknown, the danger of running out of power may happen. Hence,
it is very important to evaluate the SoC. In recent years, more than half of researches have been conducted for
SoC evaluation in the field of battery management systems. The SoC evaluation method is briefly discussed in
Chapter 9.

Battery Management System and its Applications, First Edition. Xiaojun Tan, Andrea Vezzini, Yuqian Fan, Neeta Khare, You Xu,
and Liangliang Wei.
© 2023 China Machine Press. All rights reserved. Published 2023 by John Wiley & Sons Singapore Pte. Ltd.
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Figure 2.1 Basic functions of the BMS for electric vehicles.

2. State of function evaluation

During the use of the battery, as the energy source for the motor, the vehicle, and other loads, the SoF of the bat-
tery is also very important. For the electric vehicle, the SoF can be defined as the power that can be supplied by a
battery pack to a variety of electrical loads, such as the motor, at any given moment. The SoF can be simply con-
sidered as a function of the SoC and temperature:

SoF = f(SoC, T)

In fact, for the powertrains of many electric vehicles, the BMS not only evaluates the SoF of the battery pack at a
given time, but also provides the maximum power at which it is allowed to charge the battery pack, as SoF,. On
the one hand, SoF, should be sent to the motor through the communication bus in order to require the motor not
to exceed a certain limit value during braking energy recovery. On the other hand, SoF, is sent to the charger
together with the charging strategy to avoid damage to the battery resulting from the over-high charging current
provided by the charger.

3. State of health evaluation

The battery performance will gradually decline from the beginning of use, which is an irreversible process, so the
worse the SoH of the battery, the closer the battery is to the end of its life. The degradation of the battery is a
gradual and complex process [1]. Even so, it is hoped that quantifiable indicators will be found to describe the SoH
of the battery. For example, capacity loss and a DC internal resistance spectrum can be used as typical indicators
to judge the SoH of the battery (Chapter 12 will discuss the SoH evaluation in greater detail) [2]. Information of
many aspects is required for an SoH evaluation since the SoH is affected by the operating temperature, the dis-
charge current, and other factors during the use of the power battery. It is necessary to continuously evaluate and
upgrade the SoH during use in order to ensure that the driver obtains more accurate information.



2.1 Basic Functions of a BMS | 13

2.1.3 Safety Management

Safety management is undoubtedly the most important function of the BMS for electric vehicles. This function is
placed in the third place because it is often premised on the above “parameter monitoring” and “state analysis”
functions. The most common contents of the safety management are “over-current protection,” “over-charge and
over-discharge protection,” and “over-temperature protection.”

1. Over-current protection

Over-current protection means that the corresponding safety protection measures should be taken if the working
current exceeds the safe value in the process of charging and discharging. Most lithium-ion (Li-ion) power bat-
teries support short periods of overload discharge, which can provide a higher current to meet the requirements
of power performance during starting and accelerating [3]. However, the overload current rate and overload dura-
tion of the power battery vary with different manufacturers and models. For example, a certain type of power
battery can support 3C overload current for not more than one minute, which must be considered for the over-
current protection function of the battery management system.

2. Over-charge and over-discharge protection

Another basic function of the safety protection is over-charge and over-discharge protection. Over-charge pro-
tection means that a protection measure, such as disconnection of the charging circuit of the battery, is taken
to prevent damage to the battery resulting from continuous charging after 100% SoC [4]. On the other hand, if
the battery is continuously discharged in 0% SoC, the battery may be damaged, so a corresponding measure,
such as disconnection of the discharging circuit, is taken to protect the battery, which is called over-discharge
protection. In the actual operation process, a simple way, namely setting threshold charging and discharging
voltages, is available to realize over-charge and over-discharge protection; that is, if it is detected that battery
voltage is higher or lower than the set threshold voltage, the current circuit is disconnected in time to protect
the battery.

It should be noted that, in the practical application of electric vehicles, battery cells are generally connected
in series to constitute a battery pack [5-7]. As long as one of the cells in the battery pack is lower than the
discharging voltage threshold, the whole battery pack is protected. At this time, other cells in the battery
pack often carry a certain amount of residual charge, resulting in a certain degree of invisible waste, so it is
necessary to carry out “balancing management” for the battery, which belongs to the category of “energy
control management.”

3. Over-temperature protection

Over-temperature protection means that a protective measure is taken to the power battery when the temper-
ature exceeds a certain limit value. The power battery is a chemical product and it is difficult to control the
chemical reaction during operation at high temperature, causing damage to the battery, accidents, and casu-
alties depending on its seriousness. For over-temperature protection, consideration should be given to the
ambient temperature, battery pack temperature, and battery cell temperature. Since the temperature change
needs a process and the temperature control is often hysteretic, some “advance quantities” should be consid-
ered for temperature protection. For example, if the ambient temperature or battery box temperature is
detected to be too high and close to the temperature threshold for battery damage, corresponding protection
measures should be taken. Alternatively, in case of a sudden and rapid temperature rise in a cell, some
protective measures should be taken, such as giving an alarm to the driver through the instrument, although
the safety threshold is not reached.
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2.1.4 Energy Control Management

Energy control management is often classified as “optimal management” of the battery; that is, it does not belong
to the basic and essential functions of battery management systems. In the past, many battery management sys-
tems did not participate in the charge and discharge management of the battery and nor did they have the balance
control management function.

1. Charging control management

Charging control management means that the BMS provides the real-time optimal control for the charging
voltage, the charging current, and other parameters during charging. The optimization objectives include charg-
ing time, charging efficiency, etc. In early applications of electric vehicles, no communication channel was avail-
able between the BMS and the charger. In other words, the BMS could only control the start and stop of the
charging procedure, but could not control the charging parameters. However, this situation has been improved in
today’s mainstream applications. Whether it is the on-board charger or the charging pile on the ground, generally
there is a communication interface with the BMS to control the charging voltage and current according to received
parameter information.

2. Discharging control management

Discharging control management refers to the control of the discharging current based on the battery state dur-
ing discharging. This is a feature that has often been overlooked in simple systems where the battery pack is
thought to supply only power without safety problems. However, after adding the discharging control
management function in a more advanced and perfect system, the power battery pack shows greater efficiency.
For example, if the maximum discharging current of the battery pack is properly limited when the SoC of the
power battery pack is less than 10%, this is helpful in extending the SoR of the car. More importantly, it is useful
in extending the life of the power battery pack, although it may have an impact on the maximum speed of the
electric vehicle [8].

In addition, regenerative braking control is often an important part of energy control management. For example,
in some hybrid vehicles, the SoC of the battery is required to be about 60%~80% through charging and discharging
control management to provide enough charge capacity to receive the regenerative braking energy. Another
purpose is to operate the battery within a smaller equivalent internal resistance range in order to improve the
charging and discharging efficiency.

3. Balancing control management

The difference between the cells of a battery pack is attributable to two factors. The primary factor is the instability
of manufacturing process, while the secondary factor is operational conditions. By balancing control management
certain measures can be taken to reduce the negative effects of cell inconsistency as much as possible in order to
optimize the whole discharging efficiency of the battery pack and extend its life. As mentioned in the “safety pro-
tection,” as long as the discharging voltage of one of the cells in the battery pack is lower than the discharging
voltage threshold, the whole battery pack is protected while other cells in the battery pack often carry a certain
amount of residual charge. The battery balancing management is helpful as it uses the residual charge to improve
the discharge efficiency of the battery pack [9, 10].

2.1.5 Information Management

Due to the large number of cells in the power battery pack for an electric vehicle, a large number of data are gen-
erated in every second, some of which are provided to the driver by the instruments, some of which are sent to the
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components other than the battery management system (such as the car controller, motor controller, etc.), and
some of which are stored as history data in the system.

1. Battery information display

The battery management system displays the battery status to the driver or the vehicle maintainer through the
instruments. The information that needs to be displayed usually includes the following three types.

First, real-time voltage, current, and temperature information. Due to the large number of cells in the
electric vehicle, there is no need to display the information of each cell; it is generally required only to
display the total voltage, total current, maximum battery voltage, minimum battery voltage, maximum bat-
tery temperature, minimum battery temperature, and other information of the battery pack on the instru-
ments [11].

Second, SoC. Like the fuel gauge of orthodox cars, the SoC is displayed as a percentage. In addition, the
estimated SoR is generally displayed on the instrument to help the driver get a visual understanding of the
SoC.

Third, alarm information. If the battery pack has or will have a safety problem, the driver is informed of that
problem by the instrument. In this case, a voice alarm and other methods of alarm are required to catch the timely
attention of the driver.

2. Internal and external information interaction

A vehicle-mounted information network is essential for the control of the advanced electric vehicle. The bat-
tery management system often consists of both “internal” and “external” networks. The internal network is
used to transmit the internal information of the battery management system. For example, in a distributed
battery management system for electric vehicles, the whole power battery pack is first divided into several
“cells,” each of which is managed by a circuit board. The circuit board of each cell then sends the basic
information of each cell to the main circuit board of the battery management system through the internal net-
work [12, 13]. The external network is used for the battery management system to perform information inter-
action with the car controller, the motor controller, and other components. The external network should be
duplex (support two-way communication). On one hand, the battery management system is required to send
voltage, current, temperature, and other information to other components. On the other hand, the car
controller is also required to send information, such as “whether the charger is connected” or “whether charg-
ing is allowed” to the battery management system.

3. Historical information storage

Historical information storage is essential in an advanced power battery management system. The information
storage is divided into “temporary storage” and “permanent storage” according to the duration of storage.
Temporary storage means temporary storage of the battery information by RAM. For example, temporary storage
of the estimated SoC and current change in one minute are used to estimate the SoC at this moment. Permanent
storage may be realized by EEROM, Flash Memory, and other devices, and the historical information can be
stored for a longer time using the permanent storage function.

Historical information storage is of significance in the following functions:

The first is the data buffering and improvement of analysis and estimation accuracy. For example, in case that
errors occur in the voltage and current monitored in real-time due to interference, historical data are helpful
in filtering error data in order to obtain more accurate data.

The second is for battery state analysis. In particular, the aging state of the battery can be evaluated according to
the historical data of the battery over a period of time.
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The third is for failure analysis and removal. The historical information storage of the battery is similar to that of
the black box of an aircraft, and in the case of failure in the electric vehicle, the cause of failure can be analyzed
and identified by the historical data to help to remove the failure.

2.2 Topological Structure of a BMS

In a battery management system, the hardware circuit is typically divided into two functional modules: a battery
monitoring circuit (BMC) and a battery control unit (BCU). The topological structure of a battery management
system can be studied at two levels: first, the topological relationship between a BMC and each cell; second, the
topological relationship between a BCU and a BMC.

2.2.1 Relationship Between a BMC and a Cell

The topological relationship between the BMC and the cells includes the following two types.

1. One BMC corresponding to a single cell

In practical work, each cell can be equipped with a separate monitoring circuit board to monitor the voltage,
current, temperature, and other physical properties of the battery, as shown in Figure 2.2.

As shown in Figure 2.2, the BMC circuit board is responsible for monitoring the voltage, temperature, and
current of the battery [14]. Communication, balance and control functions can be added in the BMC to report
relevant information to the BCU and achieve the energy dissipation balancing management for the controlled
cells by a bypass resistance.

Sometimes such a BMC circuit board can be packaged inside the cell to form a “smart battery,” in which the cell
has some autonomous function. This “one-to-one” topological structure has the following advantages: a shorter dis-
tance between the BMC and the cell, which can reduce the length and complexity of an acquisition line to some
extent, and improve acquisition accuracy and anti-interference. However, its disadvantage is relatively higher cost of
circuit board. At the same time, as the power is often supplied to the battery management system by the monitored
power battery, it is possible to cause relatively higher energy consumption of the whole battery management system.

2. One BMC corresponding to multiple cells

Relative to the “one-to-one” structure, another topological structure for battery monitoring is one BMC
corresponding to multiple cells, as shown in Figure 2.3.
As shown in the figure, one BMC circuit board is responsible

Connect BCU by a bus for monitoring the information of multiple cells. Compared
| | with the “one-to-one” structure, this structure is cheaper as the
bl | Balance resistance circuit board is shared by multiple power batteries. However, it

L (e can be seen that due to a longer acquisition line, it is possible to

increase the complexity of wiring and reduce the anti-

Power SUPPIYI ﬁ Voltage, current and interference performance. Additionally, the voltage acquisition
temperature monitoring accuracy may be reduced because of a longer acquisition line,

O ! and the actual cost of this structure is increased due to the cost

of wires.
Power battery

2.2.2 Relationship Between a BCU and a BMC

Figure 2.2 Structure of one BMC monitoring The topological structure relationship between a BCU and a BMC
one cell. includes three types.
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1. A BCU and a BMC share a board | BMC |

In some application cases of electric vehicles, a T t

relatively small battery management system is required

for less powerful batteries, so the BCU and the BMC
can be designed on the same circuit board to uniformly
manage all power batteries. Under some special condi- Power Power Power
tions, the functions of the BCU and the BMC can even battery (1) battery (2) battery (N)
be combined into the same IC chip. The battery
management system with this topological structure is
relatively cheaper, but it is not suitable for electric
vehicle applications with a large number of cells or a
large system.

Figure 2.3 Structure of one BMC monitoring multiple cells.

2. Star type

Relative to type 1, the BMC is separated from the BCU
in other topological relationships, so it is necessary to
achieve the communication between the BMC and the

BCU. Generally, the communication is achieved by a BMC BMC BMC
specific communication protocol. However, the 1 @ | ™ (N)
physical connections of the communication bus can be

realized by combining different topological structures. Figure 2.4 Star connection of a BCU and a BMC.

The first possible connection is a star connection, as
shown in Figure 2.4.

In appearance, in the star connection, the BCU is located centrally and is connected to each BMC module by a
wiring harness. The BCU generally comprises a centralized bus module to share a communication channel among
multiple BMCs. The star connection has advantages, such as a convenient medium access control and absence of
communication impact with other BMCs while certain BMCs fail or stop working. There are some disadvantages,
such as the difficulty in maintenance for a longer communication line, poor expandability, or failure of the
increase the BMC to the limit of the centralized bus module ports without control.

3. Bus type

Figure 2.5 shows the bus type connection of the BCU and the BMC. As shown in the figure, each circuit board is
a part of the communication bus. Compared with the above star connection, the bus connection has advantages
such as the lower cost of wires used for the communication channel, a more flexible connection, and strong
expandability. If it is required to add the cell in the battery pack and the corresponding number of the BMC, an
additional communication line is only required to implement the addition. Conversely, if it is required to remove
a certain BMC from the system, it is only required to extend the communication line of the adjacent BMC. The
bus connection has a most obvious disadvantage. Due to the interdependency of communication lines, that is, it
is required to use (N-1) circuit boards for communication between the circuit board N and the BCU, in case of
failure in a certain circuit board, it is possible to immediately cause an impact on the communication between
the next BMCs and the BCU.

It is worth mentioning that the physical connection mode, regardless of a star or a bus connection, refers to
its topological form. From the perspective of a communication network, there is “media access competition” in
both modes. Information interaction between the BCU and the BMC is generally achieved by the bus commu-
nication protocols.
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Figure 2.5 Bus type connection of a BCU and a BMC.
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General Procedure of the BMS Design

3.1 Universal Battery Management System and Customized Battery
Management System

It is much better for users to buy a “universal” battery management system like the charger. However, the battery
management system is generally more complicated; for example, the characteristics, such as the operating envi-
ronment and the condition of the battery, should be considered. The universality of the battery management
system is mainly discussed in this section.

3.1.1 Ideal Condition

Ideal conditions of a BMS include feasibility in all types of the batteries, rapidly self adapt to replaced batteries and
wide applicability on different powertrains, such as hybrid electric vehicles, battery electric vehicles, and energy
systems other than vehicles.

However, it is difficult to achieve the ideal condition at present, mainly because of the following causes:

First, the operating characteristics vary with the battery type; for example, there are significant differences in the
threshold voltage for battery charging and discharging protection, as well as balancing implementation measures
among the lead acid battery, the nickel metal hydride battery, the lithium-ion (Li-ion) battery, etc.

Second, there is a difference in the same battery type of different manufacturers or the different batches from the
same manufacturer, which cause different SoC estimation algorithms and balancing management strategies [1].

Third, the power battery pack may be used for different environments or under different operating conditions. For
example, for the balancing management, even if the same balancing strategy is used, different considerations are
required for different environmental conditions. The high-power balancing circuit has advantages, such as a high
balancing speed and a good balancing effect, but there are also disadvantages, such as a larger volume and higher
heating and production costs [2]. In the case where there is no customized development, there may be resource
waste and even failures of the battery management system caused by high heating during balancing. Therefore,
the hardware of the balancing circuit is determined according to different environments and conditions used to
finalize the final design scheme for the battery management system.

3.1.2 Feasible Solution

Since it is impossible to design a powerful and universal battery management system at present, the battery
management system is designed with two tendencies [3].

Battery Management System and its Applications, First Edition. Xiaojun Tan, Andrea Vezzini, Yuqian Fan, Neeta Khare, You Xu,
and Liangliang Wei.
© 2023 China Machine Press. All rights reserved. Published 2023 by John Wiley & Sons Singapore Pte. Ltd.
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1. Design of a universal and simple protection board

As it is possible for the secondary power battery to cause a safety accident during use in over-charging, over-
discharging, and over-current states, a circuit board with a basic protection function can be added to the
power battery. The upper and lower limits of charging and discharging voltages may be set on such a circuit
board so that the current circuit is disconnected once a voltage comparison shows that the operating voltage
of the battery is more or less than the threshold value. Similarly, the corresponding threshold value may be set
for the operating current and operating temperature so that when the threshold value is exceeded, the power
supply circuit of the battery is disconnected in order to protect the safety of the battery pack [4].

The power battery may be charged and discharged safely with the protection of such a circuit board. However,
due to the lack of monitoring of the voltage, current, and other information, the user cannot know the current
status of the power battery or assess the SoC and SoR of the battery pack. Just as an ordinary household flashlight
will stop when it is out of power, it is difficult to know the SoC and usable time at any moment.

2. Customization of a more complicated solution for a specific battery

Due to the smooth electromotive force (EMF) characteristic curve of an Li-ion power battery and the complex
working condition of an electric vehicle, it is necessary to customize the battery management system for different
battery types and different applications. The battery management system design discussed in this section is to
customize the functions of the battery management system according to the characteristics of the power battery
and the application requirements. The battery management system design can be roughly divided into the follow-
ing steps.

First, the working characteristics of the relevant power battery type are obtained according to the data provided
by the manufacturer and the previous battery sample evaluation record. Second, the basic design scheme is deter-
mined for the power battery management system, including:

a) Select a suitable topological structure.

b) Determine the battery safety protection strategy.

c) Establish the power battery model and design the SoC estimation algorithm.
d) Determine the balancing management strategy and energy control strategy.

Third, the corresponding software and hardware systems are designed according to the above schemes and veri-
fied for their reliability [5, 6].

The power battery management system developed according to the above steps is customized based on the bat-
tery type and its application and has high precision. However, the early-stage workload is large, including a full
battery performance test and evaluation, before a design is made of the basic scheme.

3.1.3 Discussion of Universality

There has been a hot discussion in the electric vehicle industry in recent years: “Who should develop the battery
management system? Is it the car manufacturer, power battery manufacturer, or a third party?” It is generally
acknowledged that, if developed by the battery manufacturer, the battery management system is universal, that is,
it can be used for different electric vehicles, but the battery management system is not necessarily optimized
according to the use conditions of the electric vehicle. If developed by the electric vehicle manufacturer, the battery
management system may not be universal, but only applicable to that electric vehicle manufacturer’s own cars, and
the production costs may be very heavy due to the amount of time it took to understand their particular power bat-
tery characteristics. If it is developed by a third party, the two above-mentioned will be burdened by the third party.

However, whoever develops the battery management system, consideration should be given to the operating
environment and working conditions (which seems to be the responsibility of the electric vehicle manufacturers)
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and the working characteristics of the battery (which seems to be the responsibility of the battery manufacturers).
A preliminary conclusion may be drawn according to the previous two sections: the simple protection circuit has
certain universality, but its function is limited; the customized battery management system can have relatively
complete functions, but the workload is large while requiring more human intervention. A battery management
system R&D engineer can consider the following aspects in the near future:

1. Optimization of hardware design

The hardware facilities that are necessary for the power battery pack of the electric vehicle, such as a protection
circuit for the hardware (contactor, current breaker, etc.), balance circuit, heater, cooler, etc., should be optimized
according to the car features including volume, weight, cost, and other factors.

2. Self-adaptation of the software system

On the one hand, according to the batteries of different manufacturers and different batches of the battery of the
same manufacturer, the software system can be adaptively adjusted to acquire the characteristic parameters dur-
ing normal use of the car and reduce the workload required for many characteristic tests of the battery. At the
same time, the software system should have more intelligent algorithms to accurately evaluate the SoC, SoH, etc.

3. Low-power design

Energy consumption is required for operation of the battery management system. Since it is often difficult to
forecast the idle time of an electric vehicle, a power-saving design must be adopted for the battery management
system. The low-power design should be considered from software and hardware aspects.

3.2 General Development Flow of the Power Battery Management System

Figure 3.1 shows the design and implementation flow of the BMS for electric vehicles.

3.2.1 Applicable Standards for BMS Development

Relevant standards should be collected before BMS development. Many standards related to BMS development
have been issued in the past decade. Specific standards are not listed here due to their continuous perfection and
upgrade. In simple terms, the applicable standards can be divided into the following types:

First, standards directly related to BMS quality, performance, and function, which directly specify the functional and
performance indicators of the BMS, such as voltage and current sensor test requirements of BMS, accuracy
requirement of main functions of BMS such as SoC estimation, etc.

Second, BMS requirements deduced according to battery system standards. For example, some standards
specify that the battery system should have a self-protection function during charging and discharging in
order to prevent over-charge and over-discharge. According to these standards, the BMS shall have charg-
ing and discharging protection functions. Therefore, relative electronic and electrical standards and battery
system (battery pack) standards shall be considered during collection of the applicable standards for BMS
development.

Third, BMS requirements deduced according to vehicle standards. For example, the Electro Magnetic Compatibility
(EMC) is specified for the vehicle electronic system in the standards of many countries and regions, so the external
radiation intensity of the BMS shall not be higher than the specified threshold value during operation.
Furthermore, BMS shall resist a certain intensity of external radiation in order to avoid an operation stop result-
ing from any degree of electro-magnetic interference during operation.
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Figure 3.1 General BMS development flow for electric vehicles.

For the above-mentioned standards, more considerations were given to hardware standards in the past. In
recent years, more attention has been paid to software standards, such as the representative standards AUTOSAR

Software Architecture Specification and ISO-26262.

3.2.2 Boundary of BMS Development

In the past, the software and hardware were respectively considered during BMS development. In fact, the prac-
tice in recent years shows that some related fields must be considered during BMS development. In other words,
the BMS engineers should not only understand software and hardware development, but also consider the

professional knowledge of related fields, including:

First, understanding of electrochemical characteristics of cells and establishment of a battery model according
to the cell characteristics. The battery model can reflect the characteristics of the battery in the working
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process [7]. In order to obtain a more comprehensive battery model, a cell test is required. It can be seen from
Figure 3.1 that the cell test is very important and is the precondition for battery management system
development.

Second, combination of BMS and battery pack designs. For quite a long time, the BMS has been separately designed
from the battery pack. In other words, the battery pack designer and manufacturer only consider the BMS man-
ufacturer as a regular supplier who only provides standardized BMS products. As a result, the designed BMS fails
to exactly match the battery system performance and the battery system therefore cannot show its best
performance. Similarly, many electric vehicle manufacturers only consider the battery system manufacturer as a
regular supplier, give less consideration to the battery pack layout at the beginning of the electric vehicle design,
and require the battery pack to fit the vehicle during a later period of design. As a result, “freak” battery systems
are installed in many vehicles.

Asshown in Figure 3.1, the BMS design is combined with the battery pack design, which is specifically embodied
in “mechanical structure design” and “thermal management design.” The former involves the BMS’s hardware
arrangement, acquisition line wiring design, and high-voltage insulation design. The latter involves the thermal
management model, the thermal management algorithm, etc.

3.2.3 Battery Characteristic Test Is Essential to BMS Development

In fact, the battery is indispensable for the BMS development process, mainly reflected by two aspects. First, the
BMS software is based on the battery characteristic; that is, the BMS functions are developed according to the bat-
tery performance characteristic. Second, the BMS is often tested with the battery to ensure its performance and
reliability.

For the relationship between the performance and BMS software, the following examples can be cited: before
development of the BMS hardware, there is often a requirement to determine the voltage acquisition accuracy, but
this accuracy is determined according to the battery characteristics. Compared with the Li(NiCoMn)O, ternary
battery, the EMF curve of the LiFePO, battery is significantly smoother. For the Li(NiCoMn)O, ternary battery, 1%
SoC is approximately 5 mV, while the 1% SoC of the LiFePO,4 battery is 1 mV. For the same SoC estimation accuracy
requirement, the voltage sensor accuracy of the BMS for the LiFePO, battery is five times the voltage sensor accu-
racy of the BMS for the Li(NiCoMn)O, ternary battery (in other words, the allowable error of the voltage sensor of
the BMS for the LiFePO, battery is 20% that of the BMS for the Li (NiCoMn)O, ternary battery) [8].

As another example, attention is given to the battery balance control strategy, which belongs to the software
category. In fact, when the balance function test is performed for the BMS, the management object, namely the
battery pack, must be tested together with the BMS to obtain the balance effect.

3.3 Core Status of Battery Modeling in the BMS Development Process

According to the above analysis, it can be seen that for the boundary of BMS development, there is a require-
ment to take into account the electrical function of the entire automotive system, involve the force and
thermal design of the battery pack, and thoroughly understand the characteristics of the cell. The character-
istics of the cells can be deeply understood only by establishing the battery model based on the cell and battery
pack tests.

It can be seen from Figure 3.2 that, as the basic theoretical part during the development of the battery
management system, power battery modeling can show the BMS designer’s understanding of the battery
performance and degradation characteristics, and provide a basis for development of other battery management
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Figure 3.2 Core status of battery modeling in the BMS development process of vehicles.

functions (such as SoC estimation, battery balance, charge and discharge control, etc.) [9]. It is mainly shown in
the following aspects. First, the accurate battery model is the precondition for SoC estimation. Second, the battery
model is the basis for the battery balancing control strategy to avoid the situation where “the battery is OK during
imbalance, but may be damaged after balancing.” Third, it is beneficial to develop an advanced battery charge and
discharge control method.

Generally, the following specific problems should be solved to establish a battery model.

1. Modeling for dynamic operating characteristics of the battery

Due to the variability and uncertainty of the operating condition of electric vehicles, the dynamic characteristics
of the vehicle power battery are one of the important factors considered for the battery management system [10].
The dynamic operating characteristics of the battery may be simulated by the equivalent circuit model, including
electromotive force hysteresis characteristics, open-circuit voltage rebound characteristics, dynamic temperature
characteristics, etc. [11-13]. The following important issues should be considered in the modeling process:

First, the impact of the battery operation history on the current battery state.

Second, the impact of the battery operating temperature on the battery performance.

Third, the practicability analysis of the battery model, namely the algorithm complexity of the established battery
model during implementation, to provide a basis for selection of the master chip for the battery management
system.
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2. Research and modeling of the battery deterioration mechanism

The “battery degradation” refers to the performance deterioration of the battery. If the person responsible for
developing the battery management system is not clear about the aging and deterioration mechanism of the
battery, the software of the battery management system cannot adapt to the performance deterioration of the
battery [14, 15]. When the deterioration model is established for the battery, the major factors causing the bat-
tery performance deterioration, such as temperature, charging and discharging rates, charging and discharging
degrees, etc., are identified by plenty of samples and experimental data, and the effect of all factors on the deteri-
oration is quantitatively described by mathematical methods [16].

3. Real-time correction of battery model parameters

Since the operation of a power battery is dynamic and battery deterioration is constantly occurring in the operating
process, the battery model parameters should be corrected in real time. In general, the battery model parameters
are corrected in real time using a Kalman filter as the most common method [17].

Nevertheless, the cell and battery pack tests are essential for battery modeling. The battery tests will be dis-
cussed in the next chapter.
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Introduction to Li-lon Batteries

Lithium-ion (Li-ion) batteries are the most promising candidate for all available electrical energy storage options.
It is an interesting exercise to trace back the research and development phases of Li-ion from the last decade and
its technology potential in the future. This chapter will cover the basic history of technology, component struc-
ture, popular recipes of electrodes, separators, and electrolytes.

Two basic classifications are Li-ion and Li-metal batteries based on function, usage, and the electrodes used.
Li-metal batteries are primary disposable batteries using Li-metal and Li-compounds as electrodes, whereas
Li-ion batteries are rechargeable batteries where active Li-ions move between the anode and cathode [1]. Li-ion
batteries use an intercalated Li-compound as the electrode material instead of metallic Li.

With increasing demand for a high-energy density, longer life, and lightweight battery, Li-ion becomes the
superior solution among existing electrochemical energy storage technologies.

4.1 Components of Li-lon Batteries: Electrodes, Electrolytes, Separators,
and Cell Packing

Li-ion battery characteristics vary with the combination of electrodes and electrolytes used. The potential market
and varied applications have created a large number of opportunities for various electrode combinations. Each
pair of electrodes provides diverse capabilities and ensures improvement in existing performances, such as energy
and power densities, operating voltage, current and temperature range, self-discharge, life expectancies, and deg-
radation of electrodes [2].

The cathode mostly limits the energy capability while the anode and electrolytes mainly contribute to limiting
the power capacity. Like in any electrochemical system, interface regions play a more dominating role in affecting
the performance of the system rather than individual components. In a graphite anode, the prime reason for irre-
versible capacity loss is a solid electrolyte interface (SEI) layer between the electrolyte and electrodes (anode). The
SEI layer also broadly affects charge transfer kinetics and storage properties [3-5]. Surface formulation, coating of
positive electrodes, and using appropriate additives are a few of the recently proved excellent techniques used to
control and optimize the SEI layer and to moderately enhance the performance.

On the other hand, at the surface of positive electrodes, interfacial reactions and the growth of a passivation
layer upon cycling have been researched. The research results have established a paramount importance of using
different materials as positive electrodes and have found significant differences to the performance degradation of
the battery upon aging and cycling [6]. The surface reactions at the positive electrode/electrolyte interface have
been clearly demonstrated in subsequent literature [7]. However, experimental conditions of formation, growth,
and modification, as well as their subsequent influences on the electrochemical performance, remain unclear.
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Most popular cathode materials used are LiMn,0,4, NCA, LiNi¥5sMnY3Co0%50,, LiNi%2MnV20,, and LiFePO,.
Surface treated graphite, mesophase pitch, and Titanate are used as anodes. Most Li-ion batteries use organic
solvents as the electrolyte, which is LiFPg mixed with carbonates, and have a low electrical resistance [8].
Although these organic solvents are still used, they are thermally unstable. Polymers and inorganic com-
pounds in gel and solid phase electrolytes offer a compact thermally stable system and hence are safe. However,
they offer high resistance and slow down the kinetics, which increase self-discharge and affect power capacity
adversely.

Figure 4.1 describes a systematic approach in order to improve the Li-ion chemistry, particularly new types of
electrodes. Mostly, these six steps are common regardless of the type of material, crystal structure, or operating
mechanism: (a) dimension reduction, (b) composite formation, (c) doping and functionalization, (d) morphology
control, (e) coating and encapsulation, and (f) electrolyte modification.

a) Dimension reduction at the nano particle level of transition metal oxides has the potential to improve kinetic
properties, surface reactivity, and higher intercalation of ion/electrons. It also subdues the mechanical stress
during intercalation. Higher intercalation and surface reactivity provide a high rate of charging and discharg-
ing capabilities, whereas less mechanical stress at the anode during the intercalation ensures a longer life.

b) Composite formation: conductive media increases the kinetics of the system.

¢) Doping and functionalization are used in order to increase ion kinetics and thermal stability.

d) Morphological changes control ion transportation, increase reactivity, and provide structural stability.

e) Coating and encapsulation stabilize the solid electrolyte interface (SEI) and passivation layer formation. This
protects the electrolyte decomposition and electro surface from degradation.

f) Electrolyte modification and additives help to suppress side reactions and, as a result, it reduces the solubility
of active material and decomposition in the electrolyte.

Table 4.1 is a summary of the frequently used electrodes and their properties. The most common combination
is Li-metal compound as the cathode, such as Li-cobalt, Li-manganese, Li-nickel manganese cobalt, Li-nickel
cobalt oxide, and Li-iron phosphate with carbon-based graphite as the anode [9].

m Dimension Reduction m Composite Formation | m Doping & Functionalization
+ Faster ion & o « Conductive media « Faster ion & electron transport
electron transport « Mechanical - « Improved chemical & thermal stability
« Higher surface (structural)
reactivity support

VS,
* Relief of stress(s)
& improved

mechanical stability

 (d)] Morphology Control [B] Coating & Encapsulation () Electrolyte Modification

* Improved « Protection from « Formation of passivation
structural electrolyte layer(s) on the surface
v ~ s ﬂoeifctlze(sl) bilit \
* Fasterion, electrolyte « Controlled solubility ﬂ
electron, decomposition of active material(s)
S Dhonon - Stabilization of i oaa
Tancho surface reactions \
% g::m;‘; * Conductive media

Figure 4.1 Systematic approach in order to improve Li-ion performance.
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Table 4.1 Summary of Li-ion electrode properties.

Li-ion Li-ion Lithium
cobalt manganese Li-ion NCM  Li-ion NCO Li-ion phosphate titanium
Energy density (Wh/kg) 150-200 100-170 160-300 85-130 140-190 50-80
Power density (W/kg) 150-440 400-2000 380-860 200-1600 250-3300 100-700
Pulse power density duration of n/a n/a up to 2300  up to 2300 up to 6000 up to 3600
2 s (Wh/kg)
Cycle life (to 80% of initial capacity) 500-1000  300-700 1000-2000 1000 1000-4000 3000-7000
Temp. range Discharging -20to 60 40 to 60 -40 to 60 -30 to 60 -40 to 60 -40 to 60
¢ Charging 0 to 45 0to 65 20to 55 0 to 40 20 to 55 -30to 45
Self-discharge per 5% 5% = = 5% 5%
month
Cell voltage (average) 3.7 3.8 3.7 3.65 3.3 2.4
Max. load Constant 1to3C upto1l8C 2.5to5C 3t020C 3t020C 2t010C
AT Pulse (2s) n/a n/a 10 C 15t025C 10to 50 C 10to 18 C
Charge rate  Normal 1C 1to4C 0.5t01C 1C 0.5t02C 1C
Fast n/a n/a n/a 2to4C 3to5C 10C
15 s pulse to 15 C
Safety Low Low safety, Low safety, Low Good safety, Good safety,
safety, thermally  thermally  safety, thermally stable, thermally
thermally  unstable unstable thermally  not flammable stable
unstable unstable

Recently, manufacturers have been using a few graphite alternatives like titanate for extending the life of the
Li-ion battery by compromising energy densities. Medium gray cells in the table relate to a moderate to high
performance, but dark gray cells represent poor features of the electrode chemistries.

4.2 Li-lon Electrode Manufacturing

Li-ion electrode manufacturing is quite an involved process. Most generic manufacturing process flow of the
anode and cathode is given in Figure 4.2. The Li-ion electrode manufacturing process is similar to that used for
nickel cadmium cells and nickel metal hydride cells. The anode and cathode follow similar steps, but their ingre-
dients differ. As a first step, the anode uses a graphite or carbon mix slurry whereas the cathode uses a lithium
compound and binder mix slurry. Then precisely cleaned foils of copper for the anode and aluminum for the
cathode are added to the coating machine. These foils work as current collectors for respective electrodes. The
slurry mix spreads on to the surface of the foil as it passes into the coating machine. The coating and foil runs are
precisely controlled to avoid any differences at the coating process. The next step is to control the thickness of the
coated material to match the gravimetric or volumetric energy storage capacity of the anode and cathode using
compressing techniques. Compressing is followed by drying and slitting processes. Slitting machines cut the foil
into narrower strips suitable for different sizes of electrodes and lengths. Any burrs on the edges of the foil strips
could give rise to internal short circuits in the cells. The entire anode and cathode manufacturing processes run
into different clean rooms to avoid any contamination, which can ruin the cell completely.
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Figure 4.2 Anode and cathode manufacturing process flow.

4.3 Cell Assembly in an Li-lon Battery

The cell assembly slightly differs for prismatic and cylindrical cells. Plates need to be stacked together for a pris-
matic cell and to be wound together for cylindrical cells. Cell assembly steps for both prismatic and cylindrical
cells are shown in Figure 4.3. Before entering a drying room, the anode, cathode, and separator are stacked/
wound together with appropriate connectors and then the electrode stack/jellyroll is inserted for prismatic and
cylindrical cells respectively. Cell stacked/ wound structures undergo procedures for subassembly of connections,
terminals, vents, and safety devices. The final step before the drying room is to be heat sealed or welded. Welding
is the only option used for a cylindrical cell. Later in the drying room, vacuum heat dry and vacuum filling of the
electrolyte are done and the case is sealed. Labeling, formation cycle, and pre-testing for shipping and packaging
are other steps that manufacturers have to follow before they can ship the cell,

Table 4.2 summarizes commercially available Li-ion cell assemblies.

The first stage in the assembly process is to build the electrode subassembly in which the separator is sand-
wiched between the anode and the cathode. Two basic electrode structures are shown in Figure 4.3: a stacked
structure for use in prismatic cells and a spiral wound structure for use in cylindrical cells.
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Figure 4.3 Cell assembly steps for both prismatic and cylindrical cells.

4.4 Safety and Cost Prediction

The Li-ion is a well-received candidate for energy storage applications. Over the years technology has an
exponential research growth rate. The overwhelming research results and varied chemistry created a wide scope
for use. However, safety and cost for high power applications are still among the hot issues to address in Li-ion
batteries.

The energy stored in a cell can self-heat it to over 500 °C. Safety incidents in portable devices are rated at ~ 1 in
5 million. Safety problems must be resolved or government safety action is threatened (concern for fire on an
aircraft). An explosive thermal runaway can result from self-heating reactions of the anode and/or cathode with
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Table 4.2 Type of commercially available Li-ion cells.

Plastic case

Robust. Easy packaging, Flammable, Inexpensive. Stacked or jelly roll electrodes. Retains heat, Poor
thermal dissipation, Sizes up to 1000 Ah

Used by: Thunder Sky, International Battery, China Hipower, HuanYu
Credit: Thunder Sky Winston Battery

Cylindrical steel case

Robust. High energy density cells but packs are wasteful of space, Space allows cooling air flow,
Expensive, Sizes up to 200 Ah

Used by: Gaia, PHET, LifeBatt, BAK, SAFT, A123
Credit: GAIA
Prismatic metal case (Steel/Aluminum)

Robust, Easy packaging, Good space utilization, Expensive, Jelly roll or stacked electrodes, High
energy density, Good heat dissipation, Sizes up to 200 Ah

Used by: BYD, HYB, Lishen, Toshiba, Varta

Credit: Komachine Co

Pouch cell - also known as Lipo cells

Vulnerable, Inexpensive, Design freedom on dimensions, Difficult packaging, High energy density but
reduced by support packaging needed, Prone to swell and leak, Less danger of explosion (cell bursts),
Good heat dissipation, Made in very high volumes, Economical for small volumes, Sizes up to 240 Ah
Used by: Kokam, BAHUP, ATL, Yoku, EIG, Enerdel, LG, and many others

Credit: HYB BATTERY CO., LTD

Small cylindrical and prismatic cells

Metal cans, Low-cost products in standard shapes, Made in very high volumes, Complex and
expensive packaging and BMS electronics due to low unit capacity, Sizes up to 5 Ah

Used by: ATL, BAK, B&K, BYD, Lishen, Panasonic, Sony, Sanyo, Toshiba, Samsung, Valence, and
many others

Credit: Panasonic Corporation of North

Thermal Runaway
Anode SE| Autocatalytic Rxn
layer
| Safe Operating Range | decomposes Cathode Dependent
l | | 1T
=40 °C 50°C 125°C 180°C

Figure 4.4 Safety operation temperatures.

the electrolyte, initiated by internal or external short circuits, voltage, and temperature excursions outside safe
areas (see Figure 4.4).

Another problem limiting use is the cost. For Li-ion batteries to take their place in widespread commercializa-
tion of hybrid electric vehicles (HEVs), plug-in hybrid electric vehicles (PHEVs), and full electric vehicles (EVs),
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the system cost must still be reduced by 3e* to about $125 per kWh. Three important ways to achieve significant
system cost reductions are to:

1) Reduce the electrode processing cost associated with the costly organic solvent and primary solvent drying

time.

2) Substantially increase the electrode thicknesses to ~2 the current “power” levels (to 3.5¢*> mAh/cm?) while

preserving power density.

3) Reduce the formation time associated with the anode solid electrolyte interface (SEI) layer. These Li-ion cell

fabrication steps contribute significantly to the current overall pack cost.
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Schemes of Battery Testing

The battery characteristic tests are an important part of the battery management system development, and have
often been neglected in the past. However, the battery characteristic tests are extensive. Several representative test
items are selected and described in this chapter. It is noted that the power battery characteristic tests are not com-
pletely equivalent to the product tests specified in current automotive industry standards or by ISO. The test items
specified in industry standards are designed to verify whether the battery product is qualified and can be sold on the
market, while the battery characteristic tests discussed in this chapter are designed to understand the characteristics
of the “managed” battery in order to design a practical battery management system.

5.1 Battery Tests for BMS Development

5.1.1 Test Items and Purpose

The power battery characteristic tests discussed in this chapter are related but yet different from the general per-
formance tests. On the one hand, many characteristic test items are the same as the performance test items. On
the other hand, there is a difference in the purpose and significance between the characteristic test and the per-
formance test. The performance tests are designed to evaluate the battery performance, while the characteristic
tests are designed to test the battery management object after selecting the battery type and model, so as to under-
stand the battery characteristics for the purpose of developing BMS software and hardware [1]. The characteristic
tests discussed in this chapter cover many aspects. Possible test items involved are given below:

1. Actual capacity test

The actual capacity refers to the charge a battery can actually release. When the battery is delivered, the battery
manufacturer provides the rated capacity, which is measured at a specific discharge rate and a specific tempera-
ture according to relevant standards [2]. Before the development of BMS, the battery should have been sampled
to measure its actual capacity at different temperatures and discharge rates, so that the SoC estimation algorithm
in the BMS could be applicable under different working conditions and at different ambient temperatures.
Furthermore, this characteristic test is very important for battery balancing management, battery charge, dis-
charge energy control, and other aspects.

2. Charge and discharge efficiency test

The charge and discharge efficiency test refers to measuring the ratio of the effectively discharged energy to
the effectively charged energy of the battery. Similarly, the charge and discharge efficiencies vary with the
temperature and the discharge rate, and so they should be measured at different temperatures and different
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discharge rates. The charge and discharge efficiency test is important for SoC estimation and charge and
discharge energy control.

3. Discharge rate characteristic test

The discharge rate characteristic test refers to testing the maximum current discharged from the battery during its
working condition. The maximum discharge current is related to the operating ambient temperature and the SoC
of the battery. Generally, the higher the ambient temperature, the greater the activity of the material in the battery
and the larger the maximum discharge current are. That is, the higher the SoC, the larger the maximum discharge
current will be. This characteristic test is important for the battery safety protection function and charge and dis-
charge energy control.

4. Electromotive force curve and equivalent internal resistance test

The electromotive force and internal resistance are the important factors that affects power battery’s external char-
acteristics. They are related to the operating ambient temperature and the SoC of the battery [3, 4]. In practice, the
two items can be tested simultaneously. In the process of SoC estimation, it is often necessary to use the open circuit
voltage of the battery to estimate the SoC. Therefore, it is very important to obtain the functional relationship
between the electromotive force and the SoC of the battery (SoC-EMF) curve for an estimation of the SoC.

5.1.2 Standardization of Characteristic Tests

Special power battery test standards have been issued in many countries and can be roughly divided into two catego-
ries. One is applicable to the battery manufacturers to check whether their batteries are qualified and sellable in the
market. Another is applicable to the electric vehicle manufacturers to test whether the selected power batteries can
meet the performance requirements of their electric vehicles. Although these two categories of test standards have
different purposes, their test items are not completely different. Two categories of test standards share many of the
same test items. Due to the different test purposes, the same test items may be tested using different test methods.
The test results may be evaluated using different indicators. For example, although battery capacity and cycle life
tests are specified in two categories of test standards, the test standards applicable to the battery manufacturers focus
on testing whether the battery capacity and the cycle life reach their nominal values at a specific temperature and a
constant discharge rate, while the test standards applicable to the electric vehicle manufacturers focus on testing the
performance of the battery under actual operating conditions at various limiting temperatures [5, 6].

Four vehicle power battery test standards are listed in this section. The first test standard is applicable to battery
manufacturers and the other three test standards are applicable to electric vehicle manufacturers.

1. Auto industry standard of China GB/T 31486-2015 - electrical performance requirements
and test methods for a traction battery of an electric vehicle

This standard describes how to test a single battery and a battery module consisting of multiple batteries respec-
tively. The test items cover battery appearance, polarity, size and mass, discharge capacity, charge retention and
capacity recovery, and cycle life and safety performance. The test standard also specifies a simple simulation test
and a vibration test to verify whether the battery module matches the performance of the electric vehicle. The
GB/T 31486-2015 standard provides the specific test procedures for all test items and also the indicators of the test
items that should be reached by the battery and the battery module during test.

2. SAE J1798 - recommended procedure of battery performance evaluation for electrical vehicles

Founded in 1905, the SAE (Society of Automotive Engineers) is the largest automotive engineering academic
organization in the world. The standards developed by SAE are authoritative and widely used in the automotive
industry and also in other industries, a considerable number of which has been used as national standards in the
United States.
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SAE J1798 lists a number of battery performance tests, including static capacity tests, charge retention test,
charging acceptance test, peak power capacity test, and dynamic capacity test [7]. The standard also stipulates test
module selection, test conditions, test temperature, sensor location, sampling frequency, measurement accuracy,
and other details. It is a very rigorous test standard.

3. IEC 61982-3 - secondary battery for electric vehicles on a standard road: Part III:
performance and service life tests

Founded in 1906, the IEC (International Electrotechnical Commission) was the world’s first international electrical
standardization body responsible for international standardization in electrical and electronic engineering fields.

The IEC 61982-3 standard is applicable to the battery system used in small and low-speed urban electric vehi-
cles, but is not applicable to the battery system used in special-purpose vehicles such as public transport, garbage
collecting vehicles, motorcycles, and large commercial vehicles [8].

The standard specifies a verification test according to the performance requirement of the electric vehicle,
mainly including three basic tests, capacity test, power test, and service life test, and also provides some optional
tests, such as maximum power test, battery resistance test, charge test, and operating voltage range test. This test
standard can help electric vehicle manufacturers to determine whether the batteries under test can meet the per-
formance requirements of the electric vehicles to be developed, and provide a basis for electric vehicle manufac-
turers to compare and screen the desired batteries from multiple brands.

4. PNGV electric vehicle test manual

This test standard is a battery test standard developed by the INEEL (Idaho National Engineering and
Environmental Laboratory) for the PNGV (Partnership for a New Generation of Vehicles).

The PNGV formulated performance targets of the energy storage systems for power-assisted and two-mode
hybrid electric vehicles [9]. The battery tests specified in this standard are designed to test whether the battery
under test can meet the vehicle performance goals set in the PNGN.

This standard defines the static capacity test, hybrid pulse power characteristic test, available energy test, self-
discharge test, and other items. Unlike other test standards, this standard not only defines the test methods of the
above test items, but also provides the test data and results to be recorded and an analysis of some results.
Therefore, this standard is not only a standard test manual, but is also a reference book describing battery charac-
teristics and principles.

The introductions of standards written above are the briefing of these four test standards, those who are interested
in details can refer to the original text. Through the introduction of these test standards, it is easy to see that although
a lot of domestic and oversea battery test standards are available. They are only designed for battery manufacturers or
electric vehicle manufacturers. Almost no battery test standards are specifically designed for battery management
system developers. Because of this, when some battery operating characteristics tests, the battery equilibrium poten-
tial test, voltage rebound characteristics test, electromotive force hysteretic characteristics test, etc., are required, bat-
tery management system developers should design practical test methods based on current test standards.

In general, the battery characteristics tests required by BMS developers can be carried out according to the fol-
lowing three requirements:

1. Test based on actual conditions of the BMS development

The lithium-ion (Li-ion) battery products are constantly updated and more powerful battery products are launched
every year. Their characteristics vary with the manufacturers, therefore, during the BMS development, various
characteristic tests need to be performed for the managed object — the power battery.

2. Use existing standards as much as possible

As some battery characteristic test items are the same as the test items of the battery industry and the vehicle industry,
existing test standards should be complied in order to avoid unnecessary development.

39



40

5 Schemes of Battery Testing

3. Itisimportant that a unified characteristic test standard should be developed as soon as possible
There are three parts in the test including:

1) The developers of electric vehicles and their parts should prepare unified internal standards. During power
battery selection and BMS development, the battery samples from different manufacturers and the different
batches are evaluated to formulate unified test standards, which can not only save the test cost, but also
obtain comparable test results.

2) If different research and development units adopt a unified test standard, it is beneficial to the industrial
development of a battery management system that is an emerging auto part.

3) The unified test standard is beneficial to the production and manufacture of test equipment.

5.1.3 Some Issues on Characteristic Tests

1. Optimization of test steps

It is necessary to optimize the test steps for the battery characteristic test to obtain the results of multiple test items by
using one test step process as much as possible. For example, in Section 5.2, the power battery capacity test and the
charge and discharge efficiency are conducted through the same test process; in Section 5.4, the electromotive force
curve test and the equivalent internal resistance test are also conducted through the same test process.

The benefits of such optimization include:

1) Reduce the number of test samples. The high-power batteries are usually expensive, and reduction of the
number of test samples is equivalent to saving the test cost.

2) Save test time. Many characteristic tests are time consuming. If different test items can be combined for test-
ing in the same test step, the time will be saved while the development period of the power battery manage-
ment system will be shortened.

3) Improve the equipment utilization rate. The test equipment is exclusively required by many test items and
improvement of the equipment utilization rate can reduce the number of items required for the laboratory.

2. Setting of the temperature and charge and discharge rate

Many characteristic test items are required to determine the temperature and charge and discharge rate. Ideally,
the test should be performed at each temperature point and charge and discharge rate as many times as possible,
but this would require a very long test time. Therefore, in practice, representative temperature points and the
charging and discharging rates can be selected for testing. Two suggestions are given below.

First, a small number of samples are selected for large scale and high intensity testing in order to accurately
understand the temperature and charge and discharge rate change rule of a certain battery type. For example, the
test is performed at 5°C intervals from -40 to 60°C with a total of 21 tests and at every 0.1 C charge and discharge
rate once from 0.1 to 1.0 C with a total of 10 tests. Two hundred and ten tests are performed by combining the
above two conditions. Although a higher cost and more time are required for such tests, the characteristic change
rule of the battery under different working conditions can be clearly understood to provide a sufficient basis for
subsequent BMS development.

Second, some representative working conditions are selected to carry out a daily test, as not all working condi-
tions are necessary. For example, during the battery cycle characteristic test, if a deep charging and deep discharg-
ing cycle test is carried out at 0.1 C, the cycle process will be slow and 500 cycles may not be completed in one year,
so a 1 C charge and discharge rate is selected for the cycle test. When the temperature characteristic test is per-
formed by sampling the batteries from different batches to verify whether there is a larger performance difference
between different batches of the batteries, a representative temperature value may be selected for testing.
According to some issued standards, the representative temperature values may be -20°C, 20°C, and 55°C.
However, in any case, once selected for the tests, the selected working conditions are fixed as the internal specifi-
cation of the laboratory needs to obtain comparable test results over different periods.



5.2 Capacity and the Charge and Discharge Rate Test

3. How to fully charge the battery

When carrying out a power battery test, it is often necessary to fully charge the battery in order to test its maxi-
mum discharge performance. “Fully charged” can be defined as “not to be continuously charged otherwise dam-
aging the battery” and abstractly as “a full reaction of all substances participating in the chemical reaction during
charging.” However, in practice, the above two definitions are impractical. Therefore, the “fully charged” is
defined by electrical indicators: when the charge current approaches zero at a specified threshold voltage, the bat-
tery is deemed to have been fully charged. Since it is difficult to quantize “approaches zero,” a smaller current
value is specified for this purpose in many test standards; if the charge current is less than the specified value, the
battery is deemed to have been fully charged. For example, some issued standards specify that if the charge cur-
rent is less than 0.033 C, the battery is deemed to have been fully charged.

In order to save the charging time and ensure that the battery can be fully charged, the “two-stage method” can
be generally used for charging the battery. In the first stage, the battery is charged at a constant current, the maxi-
mum charging current value stipulated by the manufacturer, until the voltage difference between the battery
poles reaches the cut-off voltage. In the second stage, the battery is charged at a constant voltage, the upper limit
of charging voltage specified by the manufacturer. At this time, the charging current will be automatically adjusted
according to the change in the internal resistance of the battery. The second phase ends when the charge current
value is lower than the above-mentioned “smaller current value.”

4. How to fully discharge the battery

There is often a requirement to fully discharge the battery during the battery tests in order to evaluate the quantity of
electric charge stored in the battery. Qualitatively, “fully discharged” means that the chemical reaction has been fully
performed without over-discharging; in other words, all Li-ions in the crystal on the positive pole have disengaged from
Lit. Similarly, it is difficult to determine the above chemical state. Therefore, fully discharged is defined by the electrical
indicators: the battery is discharged at a very small discharge current until the battery voltage reaches the lower limit of
the voltage specified by the manufacturer. In practice, there is a requirement to specify the “very small discharge cur-
rent;” for example, the battery is discharged when the small discharge current is 0.02 C during the specified tests.

5.1.4 Contents of Other Sections of This Chapter
Summary of other sections of this chapter:

1) Sections 5.2 to 5.4 provide common battery characteristic test items for the BMS development, together with
their descriptions, test procedures, and typical test results. It is noted that due to the large number of battery
characteristic test items, this chapter only lists some possible ones, and the R&D personnel can select or for-
mulate more test methods and procedures according to specific work requirements.

2) Sections 5.5 and 5.6 provide evaluation methods for battery cycle characteristics. Section 5.5 describes how to
obtain the aged battery using the deep charge and discharge cycle, while Section 5.6 describes how to evalu-
ate the performance of the aged battery using the test items described in Sections 5.2 to 5.4 after a certain
cycle period. Section 5.6 also provides the time estimated for the test items.

3) The characteristic tests in this chapter are for the LiFePO, battery.

5.2 Capacity and the Charge and Discharge Rate Test

This section describes two test items. First, test the actual battery capacity. The battery is sampled to test its actual
capacity at different temperatures and different discharge rates for the purpose of comparison with the rated
capacity stated by the battery manufacturer, thus providing a basis for SoC estimation, battery balancing manage-
ment, battery charge and discharge energy control, etc. Second, test the charge and discharge rate at different
temperatures and different discharge rates.
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5.2.1 Test Methods

This section provides the test methods used by the laboratory to test the capacity and the charge and discharge
rate during R&D. In practical work, the R&D teams can modify some parameters used in the tests, such as the
temperature, the discharge rate, etc., as needed. The specific operation procedures are given below.

1)

2)

3)

4)
5)

6)

Respectively control the test temperature to T = {0°C, 20°C, 40°C} and the charge and discharge rate to
r={0.2C,0.5C, 1.0 C}, and test the battery nine times at different temperatures and different discharge rates
according to permutation and combination.

During the tests, maintain the constant ambient temperature around the tested battery by a suitable thermo-
stat. During the tests, maintain the constant discharge current by an electronic load with a constant-current
discharge function.

Perform each test according to the following steps:

a) Fully charge for the first time
Fully charge the battery by the charging method defined in Section 5.1.3 (3). The charge cut-off
voltage is 3.6 V (or voltage recommended by the manufacturer).

b) Suspend for the first time
Maintain the battery in the state of no charge and no discharge until the difference between the
temperature of the negative pole and the designated test temperature T is not more than 2°C.

c) Discharge
Discharge the battery at the discharge rate r until the battery voltage is 2.2 V (or voltage recom-
mended by the manufacturer).

d) Suspend for the second time
Maintain the battery in the state of no charge and no discharge until the difference between the
temperature of the negative pole and the designated test temperature T is not more than 2°C.

e) Fully charge for the second time
Fully charge the battery by the charging method defined in Section 5.1.3 (3). The charge cut-off
voltage is 3.6 V (or voltage recommended by the manufacturer).

Record the voltage, current, and temperature measured every second.
Calculate the total discharge capacity using the following equation:

1 la
=——| I,(r)dr(Ah 51
Q=550 [, laMdr(ab) (5.1)
where 1,(7) is the current measured in real time during the discharge and ¢, is discharge time. Due to dis-
charge at a constant current during the test, the total discharge capacity may also be calculated by the follow-
ing equation:

1t
Qd_ d'd

= (am) (5.2)

Calculate the total discharged energy using the following equation:

Wy = [ 10 (dr () (53)
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where U,(7) and I,(7) are the voltage and current measured in real time during the discharge respectively
and ¢, is the discharge time. Due to discharge at a constant current during the test, the total discharged en-
ergy may also be calculated using the following equation:

lg
Wy=1y [ [Ua()dr(D) (5.4)
7) Calculate the total charge capacity using the following equation:

W, = [ LU () 5.5)

where U,(7) and I.(7) are the voltage and current measured in real time during the charge respectively and
t. is the time required for full charge for the second time.
8) Calculate the charge and discharge rate using the following equation:

n=W, /W, x100% (5.6)

5.2.2 Test Report Template

1) The test result of the battery at different temperatures and different discharge rates, such as the charge and
discharge capacity and the charge and discharge rate, can be tabulated after test, as shown in Tables 5.1 and 5.2
(the test sample is a 100 Ah battery produced by a manufacturer).

2) As a byproduct of this test, the operating voltage curve of the battery at different discharge rates may be
drawn, as shown in Figure 5.1.

Table 5.1 Discharge capacity of a battery at different temperatures and different discharge rates (Ah).

Charge and discharge rate (C)

0.2 0.5 1
Temperature (°C) 0 100.49 97.61046536 101.9931171
20 107.6312459 107.8673678 107.890404
40 108.633324 108.3568886 107.804018

Table 5.2 Energy, charge and discharge rate of a battery at different temperatures and different discharge rates.

Charge and discharge rate (C)

0.2 0.5 1

wd(@d) Wwe@  H®%) WdQ) we(@d)  H(%) wdQ) wed)  H(%)

Temperature 0 1947600 2088803  93.24 1864800 2156835  86.46 1900800 2280230  83.36

0,

0 20 2152800 2267537  94.94 2113200 2307994  91.56 2066400 2330438  88.67
40 2181600 2274158  95.93 2131200 2303004  92.54 2084400 2318318  89.91
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Figure 5.1 Discharge voltage and capacity relation curve of a single battery at different discharge rates.

5.3 Discharge Rate Characteristic Test

This section describes the test of the maximum discharge current and SoC relationship of the power battery at
different temperatures. Generally, the higher the ambient temperature, the greater the activity of the material in
the battery and the greater the current discharged in same SoC. At the same time, at the same temperature, the
higher the SoC of the battery, the higher the electromotive force of the battery, the smaller the internal resistance,

and the greater the maximum discharge current.

5.3.1 Test Method

1) Respectively set the test temperature to T = {0°C, 20°C, 40°C}.

2) During the tests, maintain the constant ambient temperature around the tested battery using a suitable ther-
mostat. During the tests, the discharge current regularly drops with the decrease of SoC by the electronic load

with a discharge current regulation function.
3) Perform each test according to the following steps:

a) Set the initial discharge rate to r

b)

d)

The maximum discharge rate r used in this test is set according to the actual operating current
peak of the electric vehicle or is recommended by the battery manufacturer.

Fully charge the tested battery

Fully charge the battery using the charging method defined in Section 5.1.3 (3). The charge cut-off
voltage is 3.6 V (or the voltage recommended by the manufacturer).

Suspend

Maintain the battery in the state of no charge and no discharge until the difference between the
temperature of the negative pole and the designated test temperature T is not more than 2°C.
Discharge at a high discharge rate

Discharge the battery at a continuous current at the discharge rate r for 30 s. Enter step (f) if the
battery voltage is less than 2.2 V (or the minimum voltage threshold value recommended by the
manufacturer) within 30 s; otherwise enter step (e).
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e) Suspend
Maintain the battery in the state of no charge and no discharge until the difference between the
temperature of the negative pole and the designated test temperature T is not more than 2°C, and
return to step (d).

f) Suspend and reduce the discharge rate
Maintain the battery in the state of no charge and no discharge until the difference between the
temperature of the negative pole and the designated test temperature T is not more than 2°C,and set
r=r-1.

g) Determine whether another cycle is required
If r> 0, return to step (d); otherwise, start step (h).

h) Fully discharge
Fully discharge the battery by the method defined in Section 5.1.3 (4).

i) Record the voltage and current measured every second.

5.3.2 Test Report Template

1) The discharge rate characteristic of the battery at different temperatures can be obtained, as shown in Table 5.3.
2) The results of Table 5.3 are shown in Figure 5.2.

Table 5.3 Discharge rate characteristic of a 100 Ah battery at different temperatures.

Temperature (°C)

0 20 40

Charge Discharge Maximum Discharge Maximum Discharge Maximum
accumulation (Ah) rate (C) current (A) rate (C) current (A) rate (C) current (A)
97.5 3 300 3 300 3 300

95 3 300 3 300 3 300

27.5 3 300 3 300 3 300

25 2 200 2 200 2 200

22.5 2 200 2 200 2 200

20 2 200 2 200 2 200

17.5 2 200 2 200 2 200

15 2 200 2 200 2 200

12.5 2 200 2 200 2 200

10 1 100 2 200 2 200

7.5 - - 1 100 2 200

5 - - - - 1 100

2.5 - - - - 1 100

Note: the initial value of r used in the test is 3 (C).
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Figure 5.2 Discharge rate characteristic curve of a 100 Ah battery at different temperatures.

5.4 Charge and Discharge Equilibrium Potential Curves and Equivalent
Internal Resistance Tests

This section describes the electromotive force curve test and the equivalent internal resistance test, namely meas-
urement of the electromotive force value and the equivalent internal resistance spectrum of the battery at differ-
ent temperatures and different SoC values. The two test items are combined to save test time and cost.

Since the open-circuit voltage of the power battery is hysteretic and the equivalent internal resistance is different
during charging and discharging, the tests are respectively performed in the process of charging and discharging.

5.4.1 Test Method for Discharge Electromotive Force Curve and Equivalent Internal Resistance

1) Respectively set the test temperature to T = {0°C, 20°C, 40°C}.

2) During the tests, maintain the constant ambient temperature around the tested battery using a suitable
thermostat. During the tests, maintain the constant discharge current using an electronic load with a
constant-current discharge function.

3) Perform each test according to the following steps:

a) Fully charge
Fully charge the battery using the charging method defined in Section 5.1.3 (3). The charge cut-off
voltage is 3.6 V (or voltage recommended by the manufacturer).

b) Suspend
Maintain the battery in the state of no charge and no discharge until the difference between the
temperature of the negative pole and the designated test temperature T is not more than 2°C.

c) Discharge at a large current
Discharge the battery at a continuous current at a discharge rate of 0.5 Cfor 300 s. Enter step (e) if
the battery voltage is less than 2.2 V (or a minimum voltage threshold value recommended by the
manufacturer) within 300 s; otherwise enter step (d).
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d) Suspend
Maintain the battery in the state of no charge and no discharge for 3600 s and return to step (c).
e) Discharge at a trickle current
Discharge the battery at a continuous current at a discharge rate of 0.01 C for 300 s. Enter step (g)
if the battery voltage is less than 2.2 V (or a minimum voltage threshold value recommended by
the manufacturer) within 300 s; otherwise enter step (f).
f) Suspend
Maintain the battery in the state of no charge and no discharge for 600 s and return to step (e).
g) End the test.

4) Record the voltage and current measured every second.

5) Record the discharge voltage at the last second of step (c) (e.g. 300th, 4200th, 8100th, ... second) as the dis-
charge operating voltage U, (n =1, 2, 3, ...), the discharge voltage of the last second of step (d) (e.g. 3900th,
7800th, 11700th, .... second) as the discharge open-circuit voltage U4, (n =1, 2, 3, ...). Calculate the equiva-

lent discharge resistance of the battery using the following equation:

R

idn (Uocvdn _Udn)/Id @ (5.7)

6) Calculate the discharge capacity at the operating voltage U, (n =1, 2, 3, ...) using the following equation:

1 Lan
Qan —%IO Iy, (T)dr (5.8)

where I,,(7) is the current measured during the discharge and ¢, is the discharge duration. Due to
discharge at a constant current during the test, the discharge capacity may also be calculated using the
following equation:

Tinty
Qg =L (Ah 5.9
" 3600 (Ah) (59

7) Draw the discharge equilibrium potential curve.
Use the discharge capacity as the horizontal axis and the voltage as the vertical axis to draw the discharge
equilibrium potential curve. Use the discharge capacity as the horizontal axis and the internal resistance as
the vertical axis to draw the discharge equivalent internal resistance spectrum curve.

5.4.2 Test Method for Charge Electromotive Force Curve and Equivalent Internal Resistance

1) Respectively set the test temperature to T = {0°C, 20°C, 40°C}.

2) During the tests, maintain the constant ambient temperature around the tested battery using a suitable thermostat.
During the tests, maintain the constant charge current using a charger with a constant-current charge function.

3) Perform each test according to the following steps:

a) Fully discharge
Discharge the battery by the method defined in Section 5.1.3 (4). The discharge cut-off voltage is
2.2 V (or voltage recommended by the manufacturer).
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4)
5)

6)

7)

b) Suspend
Maintain the battery in the state of no charge and no discharge until the difference between the
temperature of the negative pole and the designated test temperature T is not more than 2°C.

c) Charge at large current
Charge the battery at a continuous current at a discharge rate of 0.5 C for 300 s. Enter step (e) if
the battery voltage is more than 3.6 V (or a minimum voltage threshold value recommended by the
manufacturer) within 300 s; otherwise enter step (d).

d) Suspend
Maintain the battery in a state of no charge and no discharge for 3600 s and return to step (c).

e) Fully charge at a low current
Charge the battery at a continuous current at a discharge rate of 0.01 C for 300 s. Enter step (g) if
the battery voltage is more than 3.6 V (or a minimum voltage threshold value recommended by the
manufacturer) within 300 s; otherwise enter step (f).

f) Suspend
Maintain the battery in a state of no charge and no discharge for 600 s and return to step (e).

g) End the test.

Record the voltage and current measured every second.

Record the charge voltage at the last second of step (c) (e.g. 300th, 4200th, 8100th, ... second) as the charging
operating voltage U, (n = 1, 2, 3, ...), the charge voltage of the last second of step (d) (e.g. 3900th, 7800th,
11700th, ... second) as the charge open-circuit voltage U, (n =1, 2, 3, ...). Calculate the equivalent charge
resistance of the battery using the following equation:

Rien = WUowen —Uen) /1. () (5.10)
Calculate the charge capacity at the operating voltage U, (n = 1,2,3, ...) using the following equation:

1 Len
an = % 0 Icn(T)dT (511)

where I, () is the current in real time measured during the charge and ¢, is the charge duration. Due to the
charge at a constant current during the test, the charge capacity may also be calculated using the following
equation:

It

— Zen‘en ( Ap 5.12
Qen _3600( ) (5.12)

Draw a charge equilibrium potential curve.

Use the charge capacity as the horizontal axis and the voltage as the vertical axis to draw the charge equilib-
rium potential curve. Use the charge capacity as the horizontal axis and the internal resistance as the vertical
axis to draw the charge equivalent internal resistance spectrum curve.

5.4.3 Discussion of the Test Method

It is worth discussing some details of this test. The first is about whether different discharge rates have an effect
on the measurement of the electromotive force. In many experiments, the electromotive force is often meas-
ured by “titration;” in other words, the battery is discharged at a very small discharge rate. However, the meas-
urement period is longer, so the discharge at a small discharge rate is not applicable to testing different batches.
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Furthermore, for a theory of electrochemistry, without damage to the battery, the electromotive force of the
battery is only related to the SoC and temperature of the battery, not to the discharge rate. Therefore, it is pos-
sible to discharge the battery at any discharge rate within the safe discharge rate range. The discharge rate of
0.5 C is recommended herein for heat dissipation. In the process of discharge, the battery may heat up, thus
affecting the test temperature conditions. According to the actual work experience, during discharge at the
discharge rate of 0.5 C, the heat generated in the battery test can be quickly removed, so that the battery tem-
perature is close to the set test ambient temperature.

The second is about standing time. This test is designed to obtain the electromotive force of the battery. By defini-
tion, the electromotive force is measured when the charge carried in all polarized capacitors is released. In the opera-
tion, the electromotive force may be defined as follows: if the open-circuit voltage of the battery does not change
within one hour, the charge in the polarized capacitors is considered to have been released. At this time, the open-
circuit voltage is equal to the electromotive force of the battery and the next test can be started. According to an
actual work experience, as the standing time is more than 2 hours during such an operation, a 1 hour standing time
is recommended. However, a 1 hour standing time is not really enough, as the measured open-circuit voltage is not
equal to the electromotive force. However, after careful analysis of the electrochemical microscopic mechanism of
the battery, it can be found that, in fact, the voltage rebound of the battery can be equivalent to a three-order resist-
ance capacitance network in the standing process. Therefore, the electromotive force of the battery can be obtained
by fitting in mathematical algorithms according to the voltage data within 1 hour in order to save test time.

5.4.4 Test Report Template

Figure 5.3(a) to (d) shows the charge and discharge equilibrium potential curve and equivalent internal resistance
curve of a 100 Ah power battery produced by a manufacturer at different temperatures.

5.5 Battery Cycle Test

5.5.1 Features of Battery Cycle Test

The cycle test is designed to test the performance and characteristics of the battery in the life cycle by many charge
and discharge cycles. The cycle test is a relatively special test in all battery tests for the following causes:

1. Longer test time

Only one or two deep charge and discharge cycles are required for the above-mentioned test items, and thousands
of deep charge and discharge cycles are required for the power battery cycle test. Typically, it may take several
months or more than one year to test one cycle test item. Therefore, high-stability test equipment and a high-
reliability test program are required for this test.

2. Irreversibility of each test sample

Ideally, the characteristics of the power battery in charge and discharge cycles can be obtained at different tem-
peratures. After 500 cycles in one battery sample at 20°C, for example, it may be necessary to replace the the bat-
tery sample to obtain the characteristics of the battery at 0°C or 40°C.

3. Selection of the discharge rate

It is often hoped that the BMS developer will obtain cyclic characteristics of the battery at different discharge
rates. However, it is impractical to select a smaller discharge rate. For example, if the discharge rate of 0.1 C is
selected for the charge and discharge cycle test, it takes at least 10 hours to complete the charge and discharge
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Figure 5.3 Charge and discharge equilibrium potential curves and equivalent internal resistance curve of a power battery
at different temperatures: (a) discharge equilibrium potential curve; (b) discharge equivalent internal resistance curve;
(c) charge equilibrium potential curve; (d) charge equivalent internal resistance curve.

process, and almost 1 day to complete one charge and discharge cycle, so less than 500 cycles are completed in one
year (365 days). Such a cycle test is insignificant. Therefore, in the actual operation process, the cycle test is often
performed using two methods: a fixed rate method and a working condition method, which are described below.

5.5.2 Fixed Rate Cycle Test Method

This section describes the cycle test of the power battery at a fixed rate. The charge and discharge cycle tests are
performed for the battery sample at a constant temperature and fixed rate in order to observe the general charac-
teristics of the battery in the cycle and to draw the capacity change characteristic, internal resistance change
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characteristic, and charge efficiency change characteristic curves. These test results provide a basis for the SoC
estimation, battery balancing management, battery charge and discharge energy control, etc.

1) Set the temperature of each cycle test to T = 20°C.

2) During the tests, maintain the constant ambient temperature around the tested battery using a suitable ther-
mostat. During the tests, maintain the constant charge and discharge current using a switching power supply
with a charging function and an electronic load with a constant-current discharge function or a special cycle
test instrument with a constant-current charge and discharge function.

3) Perform the cycle test according to the following steps:

a) Set the number of test cycles.

b) Charge
Fully charge the battery using the charging method defined in Section 5.1.3 (3). Maintain a 1 C
charge rate during the charge at a constant current and a 3.6 V charge cut-off voltage (or a voltage
recommended by the manufacturer).

c) Suspend
Maintain the battery in a state of no charge and no discharge until the difference between the
temperature of the negative pole and the designated test temperature T is not more than 2°C.

d) Discharge
Discharge the battery at a continuous current at a discharge rate of 1 C and stop the discharge
when the battery voltage is 2.2 V (or a value recommended by the manufacturer).

e) Suspend
Maintain the battery in a state of no charge and no discharge until the difference between the
temperature of the negative pole and the designated test temperature T is not more than 2°C. The
cycle numbern=n-1.

f) Determine whether the test is continuously performed
If n> 0, return to step (d); otherwise end the test.

4) Record the voltage, current, and temperature measured every second.
5) Calculate the total charge energy of the cycle n (n =1, 2, 3, ...) by the following equation:

Wor = [ 10U, (P (1) (5.13)
0

where U,,(7) and I, (7) are respectively the real time voltage and current measured during the charge and
t., is the time required for a full charge for n times.
6) Calculate the total discharge capacity of the cycle n (n = 1, 2, 3, ...) by the following equation:
1 Lin

an = % 0 Idn (T)dT(Ah) (514)

where I,,(7) is the real time current measured during the discharge and ¢,, is the discharge time. Due to
discharge at a constant current during the test, the discharge capacity may also be calculated using the fol-
lowing equation:

Qun = I;g%mh) (5.15)
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7) Calculate the total discharged energy of the cycle n (n = 1, 2, 3, ...) using the following equation:
tdn
War = [ Lan(DUgn(D)dr (D) (5.16)

where U,,(7) and I,;,(7) are respectively the real time voltage and current measured during the discharge
and t,, is the discharge time. Due to discharge at a constant current during the test, the total discharged en-
ergy may also be calculated using the following equation:

Wi =1Ly [ V(D)7 () (5.17)

8) Calculate the charge efficiency of the cycle n (n =1, 2, 3, ...) using the following equation:

Ny =W, | W,y x 100% (5.18)

5.5.3 Cycle Test Schemes Based on Standard Working Conditions

This section describes the standard working condition cycle test of the power battery. The charge and discharge
cycle tests are performed for the battery sample at a constant temperature and under standard working conditions
in order to observe the operation characteristics of the battery and to draw the capacity change characteristic,
internal resistance change characteristic, and charge efficiency change and capacity change characteristic curves.
These test results will provide a basis for the SoC estimation, battery balancing management, battery charge and
discharge energy control, etc.

1. Differences and similarities between the standard working condition test and the fixed rate test

As described in Sections 5.2 to 5.4, the power battery has the discharge rate characteristic and the internal
resistance characteristic. During the actual operation of the electric vehicle, the battery performance is limited
and is affected by these characteristics. These characteristics should be tested using the standard working con-
dition cycle to verify whether the battery meets the actual operation requirement of the electric vehicle. In
addition, if the cycle test is conducted at fixed charge and discharge rates, it is impossible to know the effect of
current fluctuations on the battery life during actual operation of the electric vehicle, because, in practice, after
a full charge, the battery is discharged at a variable discharge rate rather than the constant discharge rate that
occurs during operation of the electric vehicle (a short-time charge process is sometimes caused by the braking
energy recovery).

This is like the oil consumption test performed for an orthodox car at a constant speed and under working con-
ditions, the cycle test is also performed for the battery at a fixed discharge rate. The fixed rate cycle test corre-
sponds to the oil consumption test at a constant speed, while the working condition cycle test corresponds to the
oil consumption test under specific working conditions. The results obtained from the two test methods are dif-
ferent and have different reference significance.

In summary, the standard working condition cycle test described in this section has similarities and differences
from the cycle test at a fixed charge rate, described in Section 5.5.2. Their similarities are given below.

First, they have basically the same charging process. During the standard working condition cycle test, although on
the premise that working conditions change, the current is changed upon the discharge, while the battery is charged
basically at “constant current — constant voltage” in two stages. This charging process is completely the same as that
used in the fixed rate cycle test and is consistent with the actual charging process of the electric vehicle. The battery is
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charged in two stages to ensure that the battery is fully charged and both the charge and the discharge depth reach
their ultimate value in each cycle while exhibiting the best performance of the battery in the cycle.

Second, they both limit the battery operating temperature during tests. As mentioned above, the temperature
has a major effect on the operating characteristic of the power battery, so the fixed rate and working condition
cycle tests must be performed at a certain temperature. The test results vary with the temperature.

The above described the similarities while their differences are given as below:

First, during the standard working condition cycle test of the battery, a short-time charging process may be
added to simulate the braking energy recovery during operation of the electric vehicle. At present, the motors
used in most of the electric vehicles have a braking energy recovery function. In other words, in the process of
change from a high speed to a medium speed, some kinetic energy will be converted into electric energy, which is
equivalent to addition of a short-time charging process upon the discharge in the whole cycle. During the fixed
rate cycle test, it is impossible to add the charging process to the discharge.

Second, during the fixed rate cycle test, the (charge) discharge per second is fixed and unchanged; during the
standard working condition cycle test, the (charge) discharge per second is determined by the power spectrum
and may be the same or different from the current of the next second. Therefore, two cycle test methods have dif-
ferent equipment requirements. For the fixed rate cycle test, the equipment is only required to supply a constant
charge and a discharge current, and the current direction is changed only by the control end. For the working
condition cycle test, the equipment is required to support the charge and discharge at variable currents. Generally,
a response time is required for the equipment to respond to the control instruction, the current change range can-
not be too large, and the switching frequency cannot be too high. Generally, it is feasible to choose 1 second as the
execution cycle of the control instruction.

2. Working condition of the car and battery

The driving cycle of the car refers to the “time-speed” course of a certain car type according to the traffic feature
of a region, which is established by data analysis after investigating the actual driving cycle of the car. At present,
a typical driving cycle includes a USA FTP 75 driving cycle, a European ECE4+EUDC driving cycle, and a Japan
10.15 driving cycle. The GB/T 18386-2005 driving cycle is used for some tests in China.

As an example, a typical GB/T 18386-2005 driving cycle is shown in Figure 5.4. Each GB/T 18386-2005 driving
cycle consists of four basic urban cycles and one basic suburb cycle. As shown in the figure, the typical GB/T
18386-2005 driving cycle specifies the relationship between time and speed. The relationship between time and
displacement and the relationship between time and acceleration can be calculated. Therefore, the driving cycle
can be discretized to generate a table, as shown in Table 5.4.
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Figure 5.4 GB/T 18386-2005 driving cycle.
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Table 5.4 Discretized GB/T 18386-2005 driving cycle.

Time (s) Acceleration (m/s?)  Speed (m/s)  Unit displacement (m)
1

2

13 1.04 1.04 1.5808
14 1.04 2.08 4.2016
15 1.04 3.12 7.8624
16 1.04 4.16 12.563
1156 -1.39 7.35 11195
1157 -1.39 5.96 11202
1158 -1.39 4.57 11208
1159 -1.39 3.18 11212
1160 -1.39 1.79 11215
1161 -1.39 0.4 11216

However, all of the above cycles are mechanical working conditions, while an electrical working condition is
required for the actual battery test. In other words, the output power per second, rather than the speed per second
of the car, is required for the battery test. In short, the driving cycle corresponds to the “road spectrum” while the
“power spectrum” is required for the battery test. It is noted that the “power spectrum” strictly corresponds not to
the isolated voltage and current information per second, nor to the consumed power of the battery, but to the
“output power” of the battery. Since each battery inevitably has an internal resistance, for vehicles the “road spec-
trum” corresponds to the external output power of the battery, excluding the power consumed by the internal
resistance of the battery.

The electrical working condition is obtained by two methods.

First, the electrical working condition is generated by the standard working condition of the car according to
the actual parameters of the electric vehicle. For example, if the total weight, wind resistance coefficient, tire fric-
tion coefficient, mechanical transmission loss, motor efficiency, etc. have been determined for the electric vehicle,
the output power per second of the battery pack can be calculated according to the standard working condition.
If such power is divided by the number of batteries, the approximate output power spectrum required for a single
battery test can be obtained. Table 5.5 shows the power spectrum of a single power battery generated according to
the GB/T 18386-2005 driving cycle of a car type, where the operating current is calculated according to the actual
voltage at a certain time.

It is emphasized again that the output power per second is controlled during the above test. Since the voltage is
uncertain during the actual operation of the battery, it is necessary to calculate the working current per second
based on the real-time measured voltage.

Second, this method is directly used for a known electrical standard working condition for the battery cycle test.
The IEC 61982-3-2001 standard provides the electrical working condition for the battery cycle test, as shown in
Table 5.6.



Table 5.5 Power spectrum of a single power battery generated according to the GB/T
18386-2005 driving cycle of a car type.

Time (s) Power (W) Voltage (V) Current (A)
1 0 3.345 0

2 0 3.345 0

13 14.819 3.345 4.430194
14 29.639 3.33 8.900601
15 44.462 3.328 13.35998
16 59.29 3.327 17.82086
1156 -110.85 3.367 -32.9225
1157 -89.911 3.34 -26.9195
1158 -68.957 3.338 -20.6582
1159 -47.991 3.328 -14.4204
1160 -27.017 3.325 -8.12541
1161 -6.0375 3.322 -1.81743

Note: the voltage and current provided in the table are the possible data recorded during the tests
and are not universal.

Table 5.6 Electrical working condition for the battery cycle test of the IEC 61982-3-2001 standard.

Step Duration (s) Power of battery pack (%) Power of battery pack (kW) Power of single battery (kW)
1 16 0 0 0
2 28 -12.5 -6 -0.06
3 12 -25 -12 -0.12
4 8 +12.5 6 0.06
5 16 0 0 0
6 24 -12.5 -6 -0.06
7 12 -25 -12 -0.12
8 8 +12.5 6 0.06
9 16 0 0 0
10 24 -12.5 -6 -0.06
11 12 -25 -12 -0.12
12 8 +12.5 6 0.06
13 16 0 0 0
14 36 -12.5 -6 -0.06
15 8 -100 -48 -0.48
16 24 -62.5 -30 -0.3
17 8 +25 12 0.12
18 32 -25 -12 -0.12
19 8 +50 24 0.24
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3. Specific test operations

It should be noted that the standard working condition cycle test is almost identical to the fixed rate cycle test in
terms of test procedures and data processing methods. For example, the temperature condition of the cycle test
(such as T = 20°C) should be selected, and the charge, energy, charge efficiency as well as discharge efficiency of
each cycle should be recorded.
However, the standard working condition cycle test has the following two differences from the fixed rate cycle test:
First, in step (d), the fully charged battery is discharged at a constant discharge current until the battery voltage
reaches the lower limit during the fixed rate cycle test and the discharge current changed according to a test
requirement during the standard working condition cycle test.
For clarity, the steps of the standard working condition cycle test of LiFePO, batteries are detailed as follows:

a) Set the number of the test cycles.
Set the number of the test cycle to n.

b) Fully charge for the first time.
Fully charge the battery using the charging method defined in Section 5.1.3 (3). The large cut-off
voltage is 3.6 V (or the voltage recommended by the manufacturer).

¢) Suspend
Maintain the battery in the state of no charge and no discharge until the difference between the
temperature of the negative pole and the designated test temperature T is not more than 2°C.

d) Discharge
Discharge the battery at the operating current meeting the standard working condition. The dis-
charge power per second is selected from the “list of predefined standards working conditions.”
If the braking energy recovery test is performed for the battery, the battery is charged when the
discharge current shown in the table is negative. The battery is repeatedly discharged from the
first to last discharge power shown in the “list of working conditions” until the battery voltage is
2.2V (or the value recommended by the manufacturer).

e) Suspend
Maintain the battery in the state of no charge and no discharge until the difference between the
temperature of the negative pole and the designated test temperature T is not more than 2°C. The
cycle numbern=n-1.
Determine whether the test is continuously performed.

f) If n> 0, return to step (d); otherwise end the test.

Second, during data processing, in addition to the calculation based on the equation described in Section 5.5.2,
two calculation processes should be added: (1) according to the duration of step (d), calculate the number of
standard working conditions to be completed after the full charge of the battery. If the duration of a standard
working condition is T, and the duration of step (d) is ¢4, in the cycle n, the number of completed cycles under the
standard working condition is calculated by the following equation:

Cn == thl /Td (519)

Finally, calculation of the equivalent SoR of the cycle n may be made using either of the following two equations
(where L is the equivalent SoR under the standard working condition in km):

R,=LC, (5.20)

R,=Lty, /T, (5.21)
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Table 5.7 Energy charged and discharged and efficiency of the battery cycle test.

Discharge Charge
Capacity
Cycle number (Ah) Wy () W, () Efficiency 7 (%)
1 105.93 1225400 1222800 99.05
2 104.6 1211200 1221700 98.91
3 104.33 1203400 1217200 98.71

5.5.4 Test Report Template

1. Cycle test data table

Table 5.7 shows the data obtained from the fixed rate cycle test, including the cycle number, discharge capacity,
discharged energy, charged energy, and energy charged and discharged efficiency.

It should be noted that the data of the test report template given in Table 5.7 are obtained from the fixed rate
cycle test of a certain brand of battery. In fact, the format of the test report for the standard working condition
cycle test is exactly the same as that in Table 5.7, except that the test result data obtained by the same power bat-
tery are different due to the different cycle conditions.

2. Curve obtained from the fixed rate cycle test

Figure 5.5 shows the capacity curve obtained from 600 cycles of a 100 Ah battery at 0.3 C. The horizontal axis represents
the cycle number and the vertical axis is the maximum discharge capacity of the battery in each cycle. As shown in the
figure, the battery capacity declines monotonously with the increase in the cycle number. In addition, it can be seen
from the figure that the capacity loss rate of the battery in the first 200 cycles is greater than that after 200 cycles.

Figure 5.6 corresponds to Figure 5.5 and shows the charge and discharge efficiency of the power battery in each
cycle. As shown in the figure, battery capacity also decreases monotonously mainly for a continuous increase of
the ohmic resistance in the battery due to battery aging.

Figure 5.5 Capacity curve obtained from the battery 105
cycle test.
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100 Figure 5.6 Charge and discharge efficiency curve
obtained from the battery cycle test.
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3. Curve obtained from the standard working condition cycle test

Figure 5.7 shows the result of the GB/T 18386-2005 working condition cycle test of the battery. Figure 5.7(a)
shows the number of working conditions completed for the battery in each cycle and Figure 5.7(b) shows the
equivalent SoR of the electric vehicle converted according to the working conditions.

5.6 Phased Evaluation of the Cycle Process

Section 5.5 described how to perform an aging cycle for the battery at a certain temperature and current. Each
cycle requires testing of the charge and discharge capacity, energy, and efficiency of the battery. However, it is
impossible to obtain all performance characteristics of the battery using these tests. Therefore, after each phase of
the cycle test, the test is suspended to evaluate the current state of the battery and identify the performance and
characteristics after this stage of the cycle.
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Figure 5.7 Some results of the working condition cycle test: (a) the working condition cycle number curve of each cycle;
(b) the SoR curve of each cycle.



5.6 Phased Evaluation of the Cycle Process

5.6.1 Evaluation Method

This section discusses some detailed problems on the phased evaluation in the battery cycle.

1. How to divide the cycle phase

The phased evaluation is designed to understand the characteristic changes of the battery after the aging cycle.
How often is the phased evaluation made? When the phased evaluation period is determined, consideration is
given to the following two aspects. On the one hand, in the case of a low frequency and long evaluation interval
(for example, once every 500 cycles), it is possible to cause data loss and fail to fully understand the characteristics
of the battery at each stage of the aging cycle test [10]. On the other hand, in case of a short evaluation interval and
high frequency (such as once every 20 cycles), it is possible to affect the effect of the aging cycle test. Therefore,
the phased evaluation period is determined reasonably according to the battery use cycle number provided by the
different battery manufacturers. For example, if 1000 use cycles are provided by the manufacturer, the phased
evaluation should be made once every 100 cycles during the aging cycle test. Similarly, if 500 use cycles are pro-
vided by the manufacturer, the phased evaluation should be made once every 50 cycles during the aging cycle test.

2. Test items of phased evaluation

The phased evaluation is designed to understand the general characteristic of the battery after the aging cycle. In
order to minimize the impact of the phased evaluation on the aging cycle test, the test items should be selected as
carefully as possible, and there should not be too many selected test items. Three test items described in Sections
5.2 to 5.4 cover all the basic characteristics of the battery, such as the battery capacity, the charge and discharge
efficiency, the discharge rate characteristic, the equilibrium potential curve, and the equivalent internal resist-
ance. Therefore, the phased evaluation may be conducted as described in the three sections.

3. Selection of test parameters for a phased evaluation

However, in the test items described in Sections 5.2 to 5.4, the test parameters, such as the temperature and the
charge and discharge rate, are not strictly limited. If the tests are conducted respectively at different temperatures
and different charge and discharge rates, excessive tests may be required, which may affect the effect of the aging
cycle test. Furthermore, in order to ensure the comparability of the phased evaluation, it is necessary to limit the
test parameters for each evaluation, and a similar evaluation should be conducted at the same temperature and
the same charge and discharge rate.

For example, the following provision may be established: for the battery capacity and charge-discharge rate
test specified in Section 5.2, take T = 20°C and the charge-discharge rate as r = 1.0 C; for the discharge rate
characteristic test specified in Section 5.3, take T = 20°C; and for the test specified in Section 5.4, the prescribed
charge—discharge equilibrium potential curve and equivalent internal resistance test, take T = 20°C and the
charge-discharge rate r = 1.0 C.

5.6.2 Estimation of the Test Time

The cycle test is time consuming and is typically conducted through a programmable automatic control system.
The estimation of the test time is necessary to help the tester predict when the results of the cycle tests will be
obtained. As mentioned above, in the testing process, the cycle phase should be properly planned. Take the fixed
rate cycle as an example; if n = 100 is selected as a cycle period, the operations provided in Table 5.8 should be
conducted in each cycle.

In this table, although the phased evaluation item 3 includes two test items (charge test and discharge test), two
test items only constitute one cycle. The operations described in the table are applicable to the fixed rate cycle. The
time required for each step of the tests is estimated as follows:
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Table 5.8 Cycle test operation description.

Cycle number

Operation type

Operation

1
2
3

4~100
101
102
103

104~200
201
202
203

204~300

Phased evaluation item 1
Phased evaluation item 2

Phased evaluation item 3

Phased evaluation of 97 cycles
Phased evaluation item 1
Phased evaluation item 2

Phased evaluation item 3

Phased evaluation of 97 cycles
Phased evaluation item 1
Phased evaluation item 2

Phased evaluation item 3

Phased evaluation of 97 cycles

Battery capacity and charge and discharge efficiency test
Discharge rate characteristic test

Charge electromotive force and equivalent internal resistance tests and
discharge electromotive force and equivalent internal resistance tests

Fixed rate cycle test
Battery capacity and charge and discharge efficiency test
Discharge rate characteristic test

Charge electromotive force and equivalent internal resistance tests and
discharge electromotive force and equivalent internal resistance tests

Fixed rate cycle test
Battery capacity and charge and discharge efficiency test
Discharge rate characteristic test

Charge electromotive force and equivalent internal resistance tests and
discharge electromotive force and equivalent internal resistance tests

Fixed rate cycle test

Table 5.9 Time estimation of the battery capacity and charge and discharge efficiency test.

Operation Estimated time (h) Note

Fully charge for the first time 2 1 h for constant current,1 h for constant voltage,
similarly hereinafter

Suspend for the first time 0.5 0.5 h temperature recovery time according to
experience, similarly hereinafter

Discharge 1

Suspend for the second time 0.5

Fully charged for the second time 2

Subtotal: 6 h

1) Time estimation of the battery capacity and charge and the discharge efficiency test (according to Section
5.2.1, the charge and discharge rate r is 1.0 C) (see Table 5.9).
2) Discharge rate characteristic test (according to Section 5.3.1, the maximum discharge rate is 3 C) (see Table 5.10).
3) Time estimation of the charge electromotive force and equivalent internal resistance tests (according to
Section 5.4.2, the charge and discharge rate ris 1.0 C) (see Table 5.11).
4) Time estimation of the discharge electromotive force and equivalent internal resistance tests (according to
Section 5.4.1, the charge and discharge rate ris 1.0 C) (see Table 5.12).
5) Time estimation of the fixed rate cycle test (according to Section 5.5.2, the charge and discharge rate r is 1.0
C) (see Table 5.13).
6) Estimation of the total time required for 100 fixed rate cycle tests (including a phased evaluation) (see Table

5.14).
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Table 5.10 Time estimation of the discharge rate characteristic test.

Operation Estimated time (h) Note

Fully charge for the first time 2

Suspend for the first time 0.5

Discharge at 3 C 0.66 0.33 X 2 (stop for 30 s every 30 s discharge)
Suspend for the second time 0.5

Discharge at 3 C 1 0.5%x2

Suspend for the third time 0.5

Discharge at 1 C 2 1.0x2

Suspend for the fourth time 0.5

Fully discharge 1

Subtotal: 8.66 h

Table 5.11 Time estimation of the charge electromotive force and equivalent internal resistance tests.

Operation Estimated time (h)  Note

Fully charge for the first time 2

Suspend for the first time 0.5

Charge at large current 22 2+20x1
2+ 20 % 1(0.5 C constant current, charge time 2h, 1 h
suspension per charge, and 20 charge phases (empirical
value))

Charge at small current 5 0.25 X 20

0.25 x 20 (0.01 C constant current, 300 s charge and 600 s
suspension per stage with 0.25 h time, 20 charge stages
(empirical value))

Subtotal: 29.5 h

Table 5.12 Time estimation of the discharge electromotive force and the equivalent internal resistance tests.

Operation Estimated time (h) Note

Fully charge for the first time 2

Suspend for the first time 0.5

Discharge at large current 22 24+20x1
2 4+ 20 x 1 (0.5 C constant current, discharge time 2 h, 1 h
suspension per charge, and 20 charge phases (empirical
value))

Discharge at small current 0.25 x 20 0.25 x 20

0.25 %20 (0.01 C constant current, 300 s discharge and 600 s
suspension per stage with 0.25 h time, and 20 charge stages
(empirical value))

Subtotal: 29.5 h
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Table 5.13 Time estimation of the fixed rate cycle test.

Operation Estimated time (h) Note

Fully charge for the first time

Suspend for the first time 0.5 0.5 h temperature recovery time according
to experience, similarly hereinafter

Fully discharge for the first time 2 1 h for constant current,1 h for trickle
current, similarly hereinafter

Suspend for the first time 0.5

Subtotal: 5h

Table 5.14 Time estimation of the 100 fixed rate cycle tests.

Operation Estimated

sequence Operation time (h) Note

1 Battery capacity and charge and discharge efficiency test 6

2 Discharge rate characteristic test 8.66

3 Charge and discharge electromotive force and equivalent internal resistance tests 59 29.5%2
and discharge electromotive force and equivalent internal resistance tests

4~100 Fixed rate cycle test 485 5x97

Total: 558.66 h, approximately 23.3 days

Table 5.15 Energy (/) charged and discharged and efficiency diagnosis.

Wa () We ) 1 (%)
New battery 1105400 1116200 99.03
After 100 cycles 1024800 1048000 97.78
After 200 cycles 965630 999580 96.60

Table 5.16 Capacity (Ah) diagnosis.

Capacity (Ah)
New battery 95.507
After 100 cycles 88.991

After 200 cycles 84.607
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It takes 23.3 days to complete a phase of 100 cycle tests (including phased evaluation). The above estimation is
applicable to the fixed rate cycle test. For the standard working condition cycle test, the time should be estimated
according to the single-step time, which is not detailed herein due to limited space.

5.6.3 Test Report Template

After the phased evaluation, the performance degradation of the battery, such as efficiency, capacity, etc., can be
tabulated as shown in Tables 5.15 and 5.16, which only indicate the results of three diagnoses respectively corre-
sponding to the tests of a new battery and after 100 cycles and 200 cycles.

Figure 5.8 shows the battery capacity loss obtained by the diagnostic test of the battery capacity. The curve in
the figure is obtained after fitting.

Figure 5.9 shows the result obtained by the diagnostic test of the battery charge and discharge efficiency. The
curve in the figure is obtained after fitting.

Figure 5.10 shows the result obtained by the diagnostic test of the discharge rate characteristic.

Figure 5.11 shows the result obtained by the diagnostic test of the discharge equilibrium potential.

Figure 5.12 shows the result obtained by the diagnostic test of the equivalent internal resistance.

Figure 5.8 Diagnostic test curve of the discharge 100f
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6

Test Results and Analysis

This chapter provides the characteristic test and degradation test results of the LiFePO4 and Li(NiCoMn)O, power
batteries widely used in electric vehicles and their contrasting analysis to provide a reference for BMS research
and development.

6.1 Characteristic Test Results and Their Analysis

6.1.1 Actual Test Arrangement

After the sample of a new battery is obtained, the BMS developers are required to make a characteristic test for the
battery sample to obtain enough parameters. The comparatively complete characteristic tests are given in Table 6.1.
The test items mainly include the battery capacity, the equilibrium potential curve, and the equivalent internal
resistance curve. In order to obtain the characteristics of a certain type of battery at different temperatures, a -10 to
40°C test ambient temperature range was selected and a set of data was collected every 10°C. In fact, the tempera-
ture range of the characteristic test should basically cover the actual operating temperature range of the battery.
The temperature range from -10 to 40°C mentioned in this section is only applicable to the specific application of
a certain battery type. In the actual work, the test temperature range can be selected according to different practical
applications. The specific steps of the characteristic test have been discussed in detailed in Chapter 5 and will not
be repeated in this chapter, which mainly provides the characteristics test results and their analysis. Since LiFePO,
and Li(NiCoMn)O, batteries are widely used in engineering, they are tested and the parameters of the battery sam-
ples are shown in Tables 6.2 and 6.3.

For the purpose of distinction, the LiFePO, cell test samples are numbered with A + Arabic numerals and the
Li(NiCoMn)O, ternary cell test samples are numbered with B + Arabic numerals in this book. The tests include
the characteristic test and degradation test described in this chapter. Furthermore, in order to avoid unreliable test

Table 6.1 Battery characteristic test scheme.

e Test items: battery capacity, equilibrium potential curve, and equivalent internal resistance curve
Test ambient temperature: -10°C, 0°C, 10°C, 20°C, 30°C, and 40°C

Test procedure: see Chapter 5

Type of test sample: LiFePO,4 and Li(NiCoMn)O,

e Parameters of the test sample: see Tables 6.2 and 6.3

Battery Management System and its Applications, First Edition. Xiaojun Tan, Andrea Vezzini, Yuqian Fan, Neeta Khare, You Xu,
and Liangliang Wei.
© 2023 China Machine Press. All rights reserved. Published 2023 by John Wiley & Sons Singapore Pte. Ltd.
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Table 6.2 Parameters of the LiFePO4 power battery test sample.

Battery Nominal Nominal Charge cut-off Discharge cut-off Sample
type capacity voltage voltage voltage arrangement
LiFePO, 15 Ah 32V 3.7V 22V Al, A2

Table 6.3 Parameter of the Li(NiCoMn)O, power battery test sample.

Nominal Nominal Charge cut-off  Discharge cut-off = Sample
Battery type capacity voltage voltage voltage arrangement
Li(NiCoMn)O, 32 Ah 3.7V 42V 2.5V B1, B2

results caused by the poor consistency of the battery products and test equipment error, two independent cell
samples are usually selected for respectively testing a certain test item.

It is worth mentioning that, in order to ensure data accuracy and eliminate the effect of such factors as insuffi-
cient activation of the new battery and the test equipment error, the cell samples are generally charged and dis-
charged in multiple cycles during the capacity test. If the capacity deviation is not more than 2% in three
consecutive cycles, the average of the last three test results is taken as the test result. In order to ensure data stabil-
ity during equilibrium potential and equivalent internal resistance tests, the cells are placed for 2 hours after each
charge and discharge cycle to provide enough time for the completion of the chemical reaction and achievement
of a stable state in the tested cells, in order to avoid the mutual effect between the tests.

6.1.2 Characteristic Test Results of the LiFePO, Battery

According to the test arrangement described in the previous section, this section analyzes the characteristic test
results of the LiFePO, battery and summarizes the general rules for the capacity, equilibrium potential curve, and
equivalent internal resistance curve of the LiFePO, battery at different temperatures.

Capacity test

The capacity of the LiFePO, battery at different temperatures is shown in Figure 6.1, where Figure 6.1(a) shows
the absolute capacity, namely the result of the charge and discharge capacity test at different temperatures; Figure
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Figure 6.1 Absolute capacity and relative capacity of the LiFePO,4 battery at different temperatures.
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6.1(b) shows relative capacity, namely the ratio of the capacity test results at different temperatures to the nominal
rated capacity stated by the manufacturer. As shown in the figure, the available capacity of the LiFePO, battery
decreases with a drop in temperature. However, relatively, the decrease in the battery capacity with the tempera-
ture drop is not obvious between 20°C and 40°C, but obvious when it is below 20°C.

Specifically, the tested battery with a nominal capacity of 15 Ah has an absolute capacity of 16.36 Ah and a rela-
tive capacity of 109.07% at 40°C and an absolute capacity of 10.67 Ah and a relative capacity of 71.13% at -10°C.
The above results mean that for the LiFePO, battery, the available capacity at -10°C (such as use in winter) is
decreased by nearly 40% compared with the available capacity at 40°C (such as use in summer).

Furthermore, it can be seen from Figure 6.1 that the capacity shows an accelerating trend of decrease with the
temperature drop. With a 10°C temperature interval, the decrease is the most obvious and the relative capacity
difference is about 27.41% between -10°C and 0°C. The above results show that the available capacity of the bat-
tery decreases significantly at low temperatures. However, if thermal management measures are taken for the
battery working at low temperatures and the temperature is increased to more than 10°C, the available capacity
of the battery will increase.

Charge and discharge equilibrium potential test

Figure 6.2 shows the charge and discharge equilibrium potential curves of the LiFePO, battery sample at different
temperatures. During the period from SoC = 0 to SoC = 100%, it seems that the equilibrium potential difference
at different temperatures is not obvious, so it is necessary to locally amplify different SoC periods, as shown in
Figures 6.3 and 6.4. Figure 6.3 shows the comparison of the charge equilibrium potential, which is the local ampli-
fication analysis of Figure 6.2(a). Figure 6.4 shows the comparison of the discharge equilibrium potential, which
is the local amplification analysis of Figure 6.2(b).

Contrasting analysis of the charge equilibrium potential of the LiFePO, battery at different temperatures

As shown in Figure 6.3, in order to facilitate the analysis of the difference in the equilibrium potential of the bat-
tery at different temperatures, the horizontal axis (SoC value) is divided into three periods, [0, 10%], [10%, 90%],
and [90%, 100%], for comparison.

Figure 6.3(a), (c), and (e) respectively represent the absolute value of the equilibrium potential of the LiFePO,
battery in three periods, which can be regarded as a local amplification of Figure 6.2. Figure 6.3(b), (d), and (f) are
the relative difference values based on the data at 40°C, which can directly reflect the effect of different tempera-
tures on the equilibrium potential value.
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Figure 6.2 Charge and charge equilibrium potential of the LiFePO,4 battery at different temperatures.
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Figure 6.3 Comparison of the charge equilibrium potential of the LiFePO4 power battery at different temperatures and
during different SoC periods.

As shown in Figure 6.3, the charge equilibrium potential of the LiFePO, battery presents the following rules:

1) As shown in Figure 6.3(a) to (d), during the SoCe [0, 90%] period, the charge equilibrium potential curve at
low temperatures is basically higher than that at high temperatures.

2) In contrast with the above rule, as shown in Figure 6.3(e) to (f), during the SoCe [90%, 100%] period, the
charge equilibrium potential curve at low temperatures is basically lower than that at high temperatures.

3) At the beginning and end of the SoC period, the equilibrium potential difference increases with the SoC
approaching 0 or 100%.
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Contrasting analysis of discharge equilibrium potential of the LiFePO, battery at different temperatures

Similar to Figure 6.3, Figure 6.4 shows the discharge equilibrium potential of the battery during different SoC peri-
ods. As shown in the figure, the discharge equilibrium potential of the LiFePO, battery presents the following rules:

1) Asshown in Figure 6.4(a) and (b), during the SoCe [0, 10%] period the discharge equilibrium potential curve
at low temperatures is basically higher than that at high temperatures.

2) In contrast with the above rule, as shown in Figure 6.4(c) to (f), during the SoCe [10%, 100%] period, the dis-
charge equilibrium potential curve at low temperatures is basically lower than that at high temperatures.
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Figure 6.4 Comparison of the discharge equilibrium potential of the LiFePO4 power battery at different temperatures
and during different SoC periods.
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3) At the beginning and end of the SoC period, the equilibrium potential difference increases with the SoC
approaching 0 or 100%.

According to the above discussion, it can be seen that the charge equilibrium potential and discharge equilibrium
potential of the LiFePO, battery shows basically a consistent rule during SoCe [0, 10%] and SoCe& [90%, 100% ]
periods, that is, the lower the temperature, the “gentler” the equilibrium potential change is. For example, as
shown in Figure 6.4(e), at 40°C, the equilibrium potential is 3.587 V during SoC = 100% and 3.319 V during
SoC = 90%, with a difference of 268 mV, while at -10°C, the equilibrium potential difference is only 26 mV.

There is a difference between the charge and discharge equilibrium potential of the LiFePO, battery mainly
during the SoCe [10%, 90%] period. To visually show the effect of temperature, the data at -10°C and 40°C are
selected here to compare the charge and discharge equilibrium potentials under these two temperature condi-
tions during the [10%, 90%] period, as shown in Figure 6.5.

It can be seen from Figure 6.5 that the charge equilibrium potential at —-10°C is higher than that at 40°C.
Conversely, the discharge equilibrium potential at 40°C is higher than that at —-10°C. This means that for the
LiFePO, battery, the lower the temperature, the more obvious the hysteretic effect will be and the greater the
charge and discharge equilibrium potential difference will be.

According to the above analysis, the impact of the temperature on the equilibrium potential of the LiFePO, bat-
tery varies with the SoC periods, showing different rules and differences. In engineering, the BMS developers are
more concerned about the impact of the temperature on the accuracy of battery state estimation, for example:

1) If the temperature difference is ignored, and only one equilibrium potential table is checked for all tempera-
tures, the sum of SoC estimation will be huge.

2) If only the test data in 40°C is available due to insufficient test samples in the early phase and the data table of
40°C is only checked for 30°C, the estimation will not be accurate.

For this reason, take the charge process as an example (in fact, the discharge process also has similar results);
the rules shown in Figure 6.3 are sorted out to generate Table 6.4. As shown in the table, for the different SoC
periods, the left column shows “the equilibrium potential difference under conditions such as those of SoC and
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Figure 6.5 Comparison of the charge and discharge equilibrium potential curves of the LiFePOy4 battery at —10°C and 40°C.
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Table 6.4 SoC estimation error of LiFePO4 power battery resulting from insufficient test data.

SoC €[0, 10%] SoC € [10%, 90%] SoC € [90%, 100%)]
Maximum Reference Maximum Reference Maximum Reference
Temperature  difference (mV) SoC error (%) difference (mV) SoCerror (%) difference (mV) SoC error (%)
-10°C 260.83 1.83 35.35 31.96 -254.26 4.85
0°C 156.92 1.12 24.18 26.18 -231.63 3.96
10°C 10.02 0.71 15.52 15.93 -149.16 2.52
20°C 9.43 0.68 11.02 9.86 -42.88 1.01
30°C 6.48 0.47 7.98 8.54 -27.94 0.67
40°C 0 0 0 0 0 0

different temperatures based on data at 40°C” and the right column shows “the possible SoC estimation error with
test data at a certain temperature (40°C).”

It can be seen from Table 6.4 that the temperature has an impact on the equilibrium potential of the LiFePO,
battery mainly during the SoC € [10%, 90%] period, which is commonly referred to as the “platform period” of the
LiFePO, battery in engineering. Since the equilibrium potential of the battery changes slowly with the SoC during
this period, the small potential difference may lead to a large SoC estimation error. As shown in the table, if the
data at 40°C is used for an estimation at 30°C, the SoC estimation error is 8.54%. If the temperature impact is
ignored and the data at 40°C is used for an estimation at -10°C, the SoC estimation error is 31.96%.

Of course, Table 6.4 is based on the test data at 40°C. If it is based on the data at 20°C, the error may be smaller
when the data at 20°C is used for an estimation at -10°C. However, during use of the data at 20°C for an estima-
tion at more than 20°C, the maximum SoC estimation error is about 10%. Therefore, it is very necessary to test the
battery at different temperatures and obtain the full details of the characteristic parameters of the battery in dif-
ferent operating environments.

3) DC equivalent internal resistance test

The DC equivalent internal resistance curve of the LiFePO, battery is obtained at different temperatures accord-
ing to the test arrangement and test steps described above, as shown in Figure 6.6. Figure 6.6(a) shows the charge
equivalent internal resistance, while Figure 6.6(b) shows the discharge equivalent internal resistance. According
to the equivalent internal resistance test procedure, when approaching full charge or the discharge state, the
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Figure 6.6 DC equivalent internal resistance of the LiFePO4 battery at different temperatures.
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cut-off voltage is reached before the sufficient charge and discharge time, the equivalent internal resistance value
will be too small to truely reflect of the internal resistance. Therefore, only the effective range of the equivalent
internal resistance is considered here.

According to the analysis of the horizontal axis, the charge equivalent internal resistance of the LiFePO, battery
has the opposite growth trend with the discharge equivalent internal resistance:

1) At the same test temperature, the charge equivalent internal resistance increases with an SoC increase, with a
slow increase during the SoCe [0, 90%] period and a rapid increase during the SoCe [90%, 100%] period.

2) In contrast with the charge equivalent internal resistance, the discharge equivalent internal resistance
increases with a SoC decrease, with the largest increase during the SoCe [0, 10%] period.

3) At the same temperature, the maximum equivalent internal resistance appears when the battery is fully
charged or discharged and the maximum discharge internal resistance is larger than the maximum charge
internal resistance.

According to an analysis of the vertical axis, the DC equivalent resistance of the LiFePO, battery increases with
the temperature drop, and the increase rate increases with each temperature drop. To intuitively analyze the
impact of the temperature on the DC equivalent internal resistance of the LiFePO, battery, the temperature char-
acteristics of the DC equivalent internal resistance of the battery are analyzed by the charge internal resistance at
SoC = {10%, 50%, 80%} and the discharge internal resistance at SoC = {20%, 50%, 90%}, as shown in Figure 6.7. The
sample point of the SoC is selected mainly for, as shown in Figure 6.6, the charge internal resistance, which
increases with the SoC increase. The 10%, 50%, and 80% correspond to the low, medium, and high levels of SoC
respectively, which can reflect the correlation between the DC equivalent internal resistance and the temperature
at different SoC levels. If SOoC = 90% is selected as the sample for the high SoC level, the effective sample point
cannot be obtained in certain low temperature environments (such as -10°C). On the contrary, the discharge
equivalent resistance increases with the SoC decrease, with the opposite trend to that of charge test process.
Therefore, in order to ensure the integrity of the sample points, the SoC points symmetric with those of the charge
process are selected as samples, i.e. 20%, 50%, and 90%.

According to a comparison of Figure 6.7(a) and (b), regardless of a low, medium, or high SoC, the internal resistance
variation trend of the LiFePO, battery is basically the same at different temperatures. In addition, it can be seen that the
charge equivalent internal resistance at SoC = 10% is similar to the discharge equivalent internal resistance at
SoC =90%, the charge equivalent resistance at SoC = 50% is similar to the discharge equivalent resistance at SoC = 50%,
and the charge equivalent resistance at SoC = 80% is similar to the discharge equivalent resistance at SoC = 20%.

For the BMS engineers, if the temperature and internal resistance relationship model can be built and the cor-
responding functional model can be obtained, then the DC equivalent internal resistance of the battery at differ-
ent temperatures can be estimated by using the obtained model and local test data.
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Figure 6.7 Temperature characteristic of the equivalent internal resistance of the LiFePO, power battery.
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According to the test results in Figures 6.6 and 6.7, function fitting is performed for the test data. Through fur-
ther observation, it can be found that with the temperature change, the DC equivalent internal resistance of the
battery varies roughly in the form of an exponential function or power function. The exponential func-
tion f1(x)=ae™ + ce™ and the power function f2(x) = p(x +q)° +¢ are selected here in order to fit the experi-
mental data. A more appropriate function is determined by comparing the fitting error. Where the function input
x is the temperature, the output fis the equivalent internal resistance, and the variables a, b, ¢, d, p, q, s, and t are
the undetermined parameters. The fitting results are shown in Tables 6.5 and 6.6.

Tables 6.5 and 6.6 respectively show the charge resistance and the discharge resistance, the fitting results in two
different function forms, and specific parameter values. In order to visually compare the fitting effect of the two
functions, the correlation coefficient and the maximum relative error are shown in Tables 6.7 and 6.8.

From the data in Tables 6.7 and 6.8, it can be seen that both functions can represent the relationship between
the DC equivalent internal resistance and temperature, of which the fitting effect of the second-order exponential
function is better. This is determined by the morphological characteristics of the two functions. When s is

Table 6.5 Charge internal resistance curve fitting result of two functions.

fi(x) = ae®™ + ce™ F2x)=p(x+q)° +t
SoC a b c d p q s t
80% 3.646 -0.160 42.585 -0.032 5.593e + 04 28.754 -1.897 -3.820
50% 38.598 -0.064 17.995 -0.012 1.1164e + 04 38.996 -1.386 -13.370
10% 88.217 -00.062 2.729 0.028 858.752 26.282 -0.784 -19.961

Table 6.6 Discharge internal resistance curve fitting result of two functions.

FL(x) = ae™ + ce™ f2(x)=p(x+q)° +t
SoC a b c d p q s t
90% 25.550 -0.077 20.380 -9.704e-3 9.963e + 05 43.980 -2.513 2.647
50% 43.230 -0.074 12.030 —-2.532e-3 4.603e + 05 34.240 -2.386 1.551e-09
20% 52.170 -0.214 64.380 -33.690e-3 1780 e + 04 1.770 -1.173 1.137e-07

Table 6.7 Charge internal resistance curve fitting result comparison of two functions.

fAx) = ae™ +ce™ F2x) = p(x+q)° +t

Correlation coefficient Correlation coefficient
SoC R-square Max. relative error (%) R-square Max. relative error (%)
80% 0.9939 8.4177 0.9933 11.4086
50% 0.9984 4.0904 0.9979 12.0845

10% 0.9991 8.1193 0.9990 6.3311
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Table 6.8 Discharge internal resistance curve fitting result comparison of two functions.

FL(x) = ae™ + ce™ f2(x)=p(x+q)° +t
Correlation coefficient Max. relative Correlation coefficient Max. relative
SoC R-square error (%) R-square error (%)
90% 0.9990 3.7105 0.9986 10.8704
50% 0.9981 6.5908 0.9988 8.0170
20% 0.9984 6.1718 0.9980 8.1439

negative, there is a vertical asymptote x = —q, which makes the power function form more suitable for the curve
with a vertical upward trend. From the test data, it can be seen that the equivalent internal resistance of the
LiFePO, battery increases rapidly with the temperature drop, but does not show an obvious vertical rise, so better
results can be obtained by using the exponential function.

Through the above analysis, it can be seen that the internal resistance value at different temperatures can be esti-
mated using a specific exponential function, so as to estimate the power characteristics and heating of the battery,
which is of great significance for the estimation of SoF, SoP, and thermal management in practical applications.

6.1.3 Characteristic Test Results of the Li(NiCoMn)O, Ternary Battery

The characteristic test results of the LiFePO, battery are discussed in the previous section. This section provides
the characteristic test results of the Li(NiCoMn)O, ternary battery, and analyzes the rules of charge and discharge
capacity, equilibrium potential curve, and DC equivalent internal resistance curve.

Capacity test

Figure 6.8 shows the capacity of the Li(NiCoMn)O, sample battery at different temperatures, where Figure 6.8(a)
shows the absolute capacity, which is obtained according to the actual charge and discharge of the battery. Figure
6.8(b) is the relative capacity, which is obtained by actual charge and discharge and rated capacity of the battery.
The relative capacity curve can visually show the capacity loss of the battery with temperature.

It can be seen from Figure 6.8 that, similar to the LiFePO, battery, the capacity of the Li(NiCoMn)O, battery
decreases with the temperature drop on the whole, the battery has a good capacity retention rate at 20-40°C, and
degradation is accelerated with the temperature drop from 10°C. Specifically, the absolute capacity and relative
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Figure 6.8 Absolute capacity and relative capacity of the Li(NiCoMn)O, power battery at different temperatures.
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capacity of the tested sample are 34.85 Ah and 107.23%, respectively, at 40°C, while the absolute capacity and rela-
tive capacity of the tested sample are 18.17 Ah and 55.90%, respectively, at -10°C.

For the tested samples, the capacity of the Li(NiCoMn)O, battery decreases with temperature roughly the same
as the LiFePO, battery samples, with a significant decrease rate in the low temperature range. For example, the
difference is about 35.74% in the relative capacity at -10°C and 0°C.

Charge and discharge equilibrium potential test

Figure 6.9 shows the charge and discharge equilibrium potential of an Li(NiCoMn)O, battery at different tem-
peratures, where Figure 6.9(a) shows the charge equilibrium potential and Figure 6.9(b) shows the discharge
equilibrium potential. Because the voltage range is large in the whole SoC period, it is impossible to effectively
reflect the difference of the equilibrium potential at different temperatures. Therefore, the relative difference of
the equilibrium potential at different temperatures is compared based on the equilibrium potential at 40°C, as
shown in Figure 6.10. In this test, unlike the test results of the LiFePO, battery described in the previous section,
the equilibrium potential of the Li(NiCoMn)O, battery is relatively consistent in different periods, so the whole
SoC period is analyzed here.

As shown in Figure 6.9, the temperature has a certain impact on the equilibrium potential curve of the
Li(NiCoMn)O, battery. As a whole, the equilibrium potential curve rotates clockwise around a central point as
the temperature drops. This phenomenon is also shown in Figure 6.10. Relative to the data at 40°C, the equilib-
rium potential at other temperatures has a positive error during the lower SoC and a negative error during the
higher SoC as the temperature drops.
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Figure 6.9 Li(NiCoMn)O, power battery charge-discharge equilibrium potential at different temperatures.
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Figure 6.10 Comparison of the equilibrium potential difference of the Li(NiCoMn)O, battery at different temperatures.
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For the charge and discharge equilibrium potential, the extreme error value at the same temperature appears
roughly during 0 SoC and 100% SoC. For the charge equilibrium potential, the positive and negative extreme error
values are roughly the same; for example, the difference in the equilibrium potential below -10°C and at 40°C is
106.32 mV during 0 SoC and -97.08 mV during 100% SoC. For the discharge equilibrium potential, the positive
error during 0 SoC is significantly larger than the negative error during 100% SoC; for example, the difference in
the equilibrium potential below -10°C and at 40°C is 317.15 mV during 0 SoC and —-52.78 mV during 100% SoC.

To analyze the impact of the equilibrium potential difference on battery management accuracy further, accord-
ing to the analysis process described in the previous section, extreme error values of equilibrium potential at dif-
ferent temperatures and the SoC error caused by them are recorded, as shown in Table 6.9.

It can be seen that, according to the comparison between Tables 6.4 and 6.9, the temperature has a small effect
on the SoC estimation error of the Li(NiCoMn)O, battery; the extreme error values appear during 0 SoC and 100%
SoC. For the test samples described in this section, the Li(NiCoMn)O, battery is less sensitive to temperature than
the LiFePO, battery, so it is relatively easy to estimate the SoC of the Li(NiCoMn)O, battery.

DC equivalent internal resistance test

Figure 6.11 shows the DC equivalent internal resistance of the Li(NiCoMn)O, battery sample at different tem-
peratures, where Figure 6.11(a) shows the charge equivalent internal resistance and Figure 6.11(b) shows the
discharge equivalent internal resistance.

As shown in Figure 6.11, according to the horizontal axis, the Li(NiCoMn)O, battery (Figure 6.11b) has a simi-
lar discharge resistance rule to the LiFePO, battery, that is, the discharge resistance gradually increases with the
decrease of SoC, and suddenly increases during SoCe [0, 10%]. However, for the change of charge internal resist-
ance (Figure 6.11(a)), the Li(NiCoMn)O, battery does not show a significant increase during the higher SoC
range. For example, the charge internal resistance at the last test point at 40°C, at which the SoC was 97.88% and
the battery is approximately fully charged, is approximately the same as that during other SoC periods, and this
feature is significantly different from the LiFePO, battery.

At the vertical axis, the resistance of the Li(NiCoMn)O, battery increases with the temperature drop. For exam-
ple, the charge internal resistance is increased respectively by 0.991 mQ, 1.633 mQ, 3.467 mQ, 6.438 mQ, and
13.891 mQ for every decrease of 10°C from 40°C. With the temperature drop, the increase of the equivalent inter-
nal resistance is accelerated, causing a higher polarization voltage difference during charging and discharging,
and reaching the charge and discharge cut-off voltages in advance. Therefore, it can explain why the available
capacity decreases at low temperatures in the capacity test. From the perspective of capacity and internal resist-
ance, the operating temperature of the battery is controlled between 20°C and 40°C as far as possible in order to
maintain the best performance of the battery.

Table 6.9 SoC estimation error of the Li(NiCoMn)O, battery caused by insufficient test data.

SoCe [0, 30%] SoCe [30%, 70%] SoCe [70%, 100%]

Maximum Reference Maximum Reference Maximum Reference
Temperature  difference (mV) SoC error (%) difference (mV) SoC error (%) difference (mV) SoC error (%)
-10°C 371.15 12.54 22.31 8.94 97.08 7.56
0°C 298.21 8.06 37.59 6.76 59.77 5.52
10°C 259.78 4.85 13.31 3.83 30.98 2.85
20°C 222.23 3.97 9.90 2.87 21.64 2.21
30°C 85.82 2.45 5.05 1.66 1.42 1.63

40°C 0 0 0 0 0 0




6.1 Characteristic Test Results and Their Analysis

70 ‘ — 70 —
e _10 °C —¥—-10°C
60 0°C 60 0°C |4
—#— 10°C —#— 10°C
50 —¥— 20°C 50 - —%— 20°C ||
—— 30°C —#— 30°C
40 #— 40°C 40 —#— 40°C | |

Resistance (m Q)

D W
oS O

Discharge Equivalent
Internal Resistance (m Q)

Charge Equivalent Internal

0 s T o
e T T o o A e
0 0.1 0203040506 070809 10 0 0.1 02 03 04 05 0.6 0.7 08 09 1.0
SoC SoC
(a) Charge equivalent internal resistance (b) Discharge equivalent internal resistance

Figure 6.11 Charge and discharge equivalent internal resistance of the Li(NiCoMn)O, battery at different temperatures: (a)
charge equivalent internal resistance; (b) discharge equivalent internal resistance.

6.1.4 Characteristics Comparison of the Two Battery Types

According to the characteristic test results provided in Sections 6.1.2 and 6.1.3, it can be seen that the LiFePO,
power battery has the same characteristics with and different characteristics from the Li(NiCoMn), power bat-
tery. The similarities and differences of two battery types are now analyzed.

Similarities

1) Impact of temperature on capacity

According to the capacity test results of the two battery types, it can be seen that the actual capacity of the LiFePO,
battery and the Li(NiCoMn), battery decreases as the temperature drops, with a small change at 20-40°C in the
capacity of the LiFePO battery. From the perspective of capacity, the optimal operating temperature of the two
battery types is 20-40°C.

2) Variation tendency of the equilibrium potential

For the LiFePO, battery and the Li(NiCoMn), battery, the equilibrium potential curves are generally monotoni-
cally increasing, that is, the equilibrium potential of the battery increases with the SoC increase. In addition, at the
same temperature and during the same SoC, the charge equilibrium potential is higher than the discharge equi-
librium potential and there is a certain difference between the two values.

3) Impact of temperature on the equilibrium potential
During a low SoC (SoC: 0-10%), the lower the temperature, the higher the equilibrium potential will be. During a
high SoC (SoC: 90-100%), the lower the temperature, the lower the equilibrium potential will be.

4) Impact of temperature on the DC equivalent internal resistance
During the same SoC, the lower the ambient temperature, the greater the DC equivalent resistance of the battery
will be. The increase rate of the internal resistance increases with the temperature drop.

Differences

1) Variation tendency of the equilibrium potential curve

The equilibrium potential curve of the LiFePO4 power battery has a different variation tendency during different
SoC periods. During a medium SoC (SoC: 10-90%), the equilibrium potential of the battery increases slowly and
there is a so-called “platform period.” During low (0-10%) and high (90-100%) SoC, the equilibrium potential of
the battery changes rapidly.
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On the contrary, the equilibrium potential curve of the Li(NiCoMn), power battery has basically the same vari-
ation tendency during different SoC periods and the relationship between the equilibrium potential and the SoC
is roughly linear [1, 2].

2) Variation tendency of the DC equivalent internal resistance

The DC equivalent internal resistance of the LiFePO, power battery shows a monotonical variation tendency with
the SoC, where the charge DC equivalent internal resistance increases with the SoC increase and the discharge
DC equivalent internal resistance increases with the SoC decrease.

The Li(NiCoMn), power battery has a similar discharge DC equivalent internal resistance with the LiFePO,
battery, that is, it increases with the SoC decrease but the variation tendency of its charge DC equivalent internal
resistance with SoC is not obvious, and the charge DC equivalent internal resistance is basically the same during
different SoC periods.

3) Hysteresis characteristic

Both the LiFePO, battery and the Li(NiCoMn), battery have hysteretic voltage phenomenon, that is, the charge
and discharge equilibrium potential curves do not completely coincide with some differences between them.
However, the LiFePO,4 power battery has different hysteretic properties from the Li(NiCoMn), power battery.

The hysteretic difference in the charge and discharge equilibrium potentials of the LiFePO, power battery and
the Li(NiCoMn), power battery at different temperatures are shown in Figures 6.12 and 6.13.

As shown in Figure 6.12, the hysteretic difference of the LiFePO, battery has a layered change with the tempera-
ture, that is, the lower the temperature, the greater the difference between the charge and discharge equilibrium
potentials. As shown in Figure 6.13, the charge and discharge equilibrium potential difference of the Li(NiCoMn)
O, power battery has no significant change, especially above 10°C, and the hysteretic difference between the
charge and discharge balance potential of the battery is basically the same.

6.2 Degradation Test and Analysis
In this section, four factors that may affect battery degradation, including the charge ratio (C;ae), starting SoC
(SoCqtart), depth of discharge (DOD), and operating temperature (T), are selected to analyze the impact of these

factors on the calendar life and cycle of life of the battery [3]. The degradation rule is discussed in two aspects,
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Figure 6.12 Hysteretic difference of the charge and discharge equilibrium potential of the LiFePO,4 battery.
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Figure 6.13 Hysteretic difference of the charge and discharge equilibrium potential of the Li(NiCoMn), battery.

such as the capacity and the internal resistance. Section 5.5 introduced detailed calendar and cyclic degradation
test procedures.

It should be emphasized that it is not recommended to represent the degradation of the battery only by the
capacity loss, so it is not recommended to represent the state of the battery after the degradation using Equation
(6.1). SoH emphasizes the health state of the battery rather than the capacity loss of the battery:

N 6.1)
Co
In brief, when the battery capacity after the degradation is discussed in this section, the capacity state after the
degradation is represented by Cn/Cy, where Cy and Cn respectively represent the initial capacity and current
evaluation capacity after n cycles of the battery [4].

6.2.1 Capacity Change Rule During Battery Degradation

1. Capacity loss of the LiFePO, battery

Table 6.10 describes the test arrangement of the LiFePO, battery cycle degradation test, where T, C-rate, SOCgtayt,
and DOD are respectively changed in the control variable method to investigate thoroughly the impact of various
factors on the battery capacity during battery degradation.

Figure 6.14 shows the capacity loss of the LiFePO, power battery test samples in the cycle test. The capacity loss can
be expressed in various forms. The cycle number or the cumulative discharged amperage may be selected for the hori-
zontal axis; the actual capacity (Cn) or the ratio of the degraded capacity after the cycle to the initial capacity (Cn/Cj)
may be selected for the vertical axis. The cumulative discharge ampere-hour q, rather than the cycle number, is
selected for the horizontal axis based on the following two main advantages. First, because S0Cg, and DOD may vary
with the test samples, the corresponding cycle number is different within the same test time and the cumulative dis-
charged ampere-hour is more comparable. Second, the accumulative mileage of the car mainly depends on the accu-
mulative discharged amperage, which has more reference significance in practical applications. The ratio of the
degraded capacity after a cycle to the initial capacity (Cn/Cy), rather than the actual capacity (Cn), is selected for the
vertical axis to show the degradation state of the power battery so that the different samples are comparable.
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Table 6.10 Cycle test arrangement of the LiFePO,4 battery.

Battery number T(°C) C-rate SoCstart DOD
A101 20 1C 100% 80%
A102 20 1C 100% 30%
A103 20 0.5C 100% 80%
A104 20 0.5C 100% 30%
A105 20 0.5C 100% 80%
A106 20 0.5C 100% 30%
A107 20 1C 80% 60%
A108 20 1C 60% 60%
A109 20 0.5C 65% 30%
A110 20 1C 65% 30%
Al11 40 1C 66% 33%
All12 40 0.5C 33% 33%
Al113 40 1C 66% 66%
Al14 40 1C 100% 66%
Al15 40 1C 80% 60%
All6 40 1C 65% 30%
Al117 40 1C 100% 30%
Al18 40 1C 30% 30%

C./Co

0.4

0 10000 20000 30000 40000 50000 60000 70000 80000 90000
q(Ah)

Figure 6.14 Capacity loss of the LiFePO4 power battery in the cycle test.
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1) Impact of different C-rates on capacity loss under the same other conditions
Table 6.11 provides the test arrangement for investigation of the impact of the C-rate on the capacity loss.
Figure 6.15 shows the impact of the C-rate on the capacity loss. The capacity loss trend is consistent for the
samples and the charge and discharge rates of 0.5 C and 1 C have basically the same impact on the capacity
loss of the power battery.

2) Impact of different SoCy,,¢ values on the capacity loss under the same conditions
Table 6.12 provides the test arrangement for investigation of the impact of SoCg,, On the capacity loss. Figure
6.16 shows the impact of SoCg, on the capacity loss. The degradation rule of the samples is basically the same
and the impact of different SoCg,,¢ On capacity loss is basically the same.

3) Impact of different DODs on the capacity loss under the same other conditions
The capacity losses of three samples in Table 6.13 have the same other test conditions except the DOD.
Figure 6.17 shows the impact of the DOD on the capacity loss. The samples show basically consistent degrada-
tion curves, indicating that the degradation rate of samples is basically the same.

4) Impact of different T on the capacity loss under the same other conditions
As shown in Table 6.14, four samples are divided into two groups to respectively test the impact of T on the
capacity loss of the test sample under the same C-rate, S0Cg,,1, and DOD. It can be seen from Figure 6.18 that
the capacity loss rate of the test sample at 40°C is significantly higher than that at 20°C. In this section, linear
fitting is carried out for the test data of four samples and the fitting slope k is used to represent the capacity
loss rate. It can be seen from Table 6.15 that, in this test, the absolute value of k at 40°C is about 2.5 times that
at 20°C.

Table 6.11 Test arrangement for investigation of the impact of the different
C-rates on the capacity loss.

Experimental variable A102 A104
T 20°C 20°C
C-rate 0.5C 1C
SoCstart 100% 100%
DOD 30% 30%
1.0 & T T T T T
! —— A102(0.5C)
09| thanﬂ,a, A104(1C) | |
e ) e
08| ‘¥~**"**“\~\\,.,, ]
g
< 07t E
)
0.6 ]
0.5} 4
0.4

0 10000 20000 30000 40000 50000 60000
q(Ah)

Figure 6.15 Impact of the C-rates on the capacity loss of test samples.
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Table 6.12 Test arrangement for investigation of the impact of
different SoCgat ON capacity Loss.

Experimental variable Allé6 A117 A118
T 40°C 40°C 40°C
C-rate 1C 1C 1C
SoCytart 100% 65% 30%
DOD 30% 30% 30%
1.0 T T T T T
A116(SoCstart=100%)
09 | AT17(SoCstart=65%)
A118(SoCstart=30%)
0.8 E
g
=< 0.7r¢ E
]
0.6 | ¥
0.5 | ]
0.4 . . . . L
0 5000 10000 15000 20000 25000 30000

q(Ah)
Figure 6.16 Impact of SoCg,.t ON the capacity loss of test samples.

Table 6.13 Test arrangement for investigation of the impact of
different DODs on the capacity loss.

Experimental variable Al114 Al117
T 40°C 40°C
C-rate 1C 1C
S0Cytart 100% 100%
DOD 66% 30%
1.0 : . .
!
09l e, et A114(DoD=66%) | |
\\,_ A117(DoD=30%)
08| *uw“’. |
=) e,
9 07} e, |
= g
J .,
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0.4 - s s
0 10000 20000 30000 40000
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Figure 6.17 Impact of the DOD on the capacity loss of the test sample.
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Table 6.14 Test arrangement for investigation of the impact of
temperature (7) on the capacity loss.

Factor A107 Al115 A110 All6
T 20°C 40°C 20°C 40°C
C-rate 1C 1C 1C 1C
SoCytart 80% 80% 65% 65%
DOD 60% 60% 30% 30%

. o  Al07(20°C)

0.7 + Fit line of A107 | A
+  Al110(20°0)
0.6 L %'l; Fitline of A10 | |
a All5(40°C)
.......... Fit line of A15
05 A116(40°C) | T
Fit line of A16

04 L L L L L L
0 10000 20000 30000 40000 50000 60000 70000

q(Ah)

Cu/Co

Figure 6.18 Impact of T on the capacity loss of the test sample.

Table 6.15 Linear fitting of the test data.

Fitting slope A107 A115 A110 Al1l6

k(107 -3.275 -9.121 -4.251 -10.512

2. Capacity loss of the Li(NiCoMn)O, power battery

Limited by testing time and equipment utilization, the capacity loss rule and features of the LiFePO, power bat-
tery determined in the cycle test are referenced during design of the test condition for the Li(NiCoMn)O, power
battery. The targeted selection of test conditions that may affect the capacity loss of the power battery is conducted
to reflect the degradation law of the Li(NiCoMn)O, power battery as accurately and completely as possible.

As shown in Table 6.16, the impact of the C-rate, SoCg,,, and DOD is compared to the capacity loss of the
Li(NiCoMn)O, power battery by six test samples. Samples B101 and B102 are used to compare the impact of the
C-rate on the capacity loss, samples B102, B103, and B104 are used to compare the impact of SoCg,,¢ On the capac-
ity loss, and samples B101, B105, and B106 are used to compare the impact of DOD on the capacity loss.

Figure 6.19 provides the impact of the C-rate on the capacity loss of the test sample, where the charge-discharge
rate of 0.5 C and 1 C have basically the same impact on the capacity loss of the power battery. Figure 6.20 shows
the impact of the DOD on the capacity loss of the test sample, where the sample B101 in 33% DOD has a signifi-
cantly larger capacity loss rate than the other two samples, because the cycle number of this sample is 3 times that
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Table 6.16 Comparison of the test arrangement for impact of the C-rate, SoCg,, and DOD on the
capacity loss.

Influence factors B101 B102 B103 B104 B105 B106
T 40°C 40°C 40°C 40°C 40°C 40°C
C-rate 1C 0.5C 0.5C 0.5C 1C 1C
SoCyart 100% 100% 67% 33% 100% 100%
DOD 33% 33% 33% 33% 100% 67%
1.0 ¢ T T
—e— B101(1C)
0.9 + —+—B102(0.5C) | 1
0.8 7
Qm 0.7 1
@)
0.6 - 1
0.5 1
0.4 L . L
0 5000 10000 15000 20000

q(Ah)

Figure 6.19 Impact of the C-rate on the capacity loss of the test sample.
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Figure 6.20 Impact of DOD on the capacity loss of the test sample.

of B105 and 2 times that of B106, at the same discharged ampere-hour. For this type of Li(NiCoMn)O, ternary
battery, the degradation degree varies with the cycle number. The higher the cycle number is, the higher the
capacity loss is.

Figure 6.21 provides the impact of SoCg,,¢ on the capacity loss of the test sample, where the sample in 33%
SoCgare has a significantly larger capacity loss rate than the other two samples. This indicates that, during the
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Figure 6.21 Impact of SoCg,.¢ ON the capacity loss of the test sample.

operation of the low battery, the capacity loss of the Li(NiCoMn)O, power battery is accelerated and the battery
cycle life is shortened.

According to the analysis of the capacity loss rule of the battery capacity in this section, it can be seen that the
capacity loss of the test samples of two types of power battery is approximately linear in the cycle test. In the cycle
test, the impact of different test conditions on the two types of power battery is basically the same and the tem-
perature is the main factor affecting the degradation of the power battery, while other test conditions have a rela-
tively small impact on the degradation of the power battery. Comparatively, the LiFePO, power battery has a
relatively longer service life and discharges a higher cumulative ampere-hour than the Li(NiCoMn)O, power
battery before reaching end of life (EOL). Furthermore, during operation with a small SoC for a long time, the
degradation of the Li(NiCoMn)O, power battery is accelerated, while the LiFePO, power battery does not show a
similar phenomenon.

6.2.2 Internal Resistance Spectrum Change Rule During Battery Degradation

In the whole test, dozens of equivalent internal resistance tests are carried out for the battery samples. In order to
show more clearly the change of the battery’s equivalent internal resistance, for example, the test is made in A109 for
500 cycles to obtain the test results of the charge and discharge equivalent internal resistance during the phased
evaluation, as shown in Figure 6.22. It can be seen that with the increase in cycle number, the equivalent internal
resistance spectrum of the battery presents a trend of increasing monotonously. Compared with the discharge equiv-
alent internal resistance, the charge equivalent internal resistance has two advantages in the actual use of the bat-
tery: first, the change of the charge equivalent internal resistance with the degradation becomes more obvious;
second, it is possible to test the equivalent internal resistance spectrum when charging the battery in practice.

It can be seen from Figure 6.22(a) that, for the result of a certain test, the equivalent internal resistance spec-
trum shows a trend where the equivalent internal resistance increases with the increase of the cycle number. The
charge equivalent internal resistance has a small change when the SoC is below 0.5 and shows an obvious increase
trend when the SoC is more than 0.5. Although the degradation of the battery is accurately evaluated by the whole
equivalent internal resistance curve, the calculation is complicated, and it is difficult to evaluate the degradation
in a practical application.

In order to solve this problem, two relatively simplified parameters are used in this section to represent the
change rule of the DC equivalent internal resistance spectrum.
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Figure 6.22 Phased evaluation result of internal resistance of the A109 sample.

1) Ifafixed SoC is selected and set to z, the DC equivalent internal resistance at this SoC may be used as the char-
acterization parameter of the whole DC equivalent internal resistance spectrum, as expressed as below:

(6.2)

2) A closed region can be formed with two SoC contour lines, the horizontal axis and the DC equivalent internal
resistance curve. The area of this closed region is used as the characterization parameter of the whole DC
equivalent internal resistance spectrum, as expressed below:

(6.3)
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where y and 1 are the characterization parameters of the DC equivalent internal resistance spectrum, y (SoC)
indicates that the internal resistance is the function on SoC, and z; and z, represent the contour lines of two SoC

values respectively.
In order to compare the effect of representation of the DC equivalent internal resistance spectrum by two sim-
plified parameters, four specific characterization parameters are set in this section according to the above two

definitions:

T, =(SoC=0.5) (6.4)

=~(SoC=0.8) (6.5)
v = f (SoC)d(SoC) (6.6)
v, = f (SoC)d(SoC) (6.7)

In Equations (6.6) and (6.7), SoC € [0.5, 0.8] and SoC € [0.7, 0.8] are selected, for when SoC is less than 0.5, the
DC equivalent internal resistance has a small increase with the degradation of the battery, and if this part is
included in %, the characteristics of the equivalent internal resistance will be weakened and the sensitivity will be
reduced. According to the test experience, in the battery life cycle, when the DC equivalent internal resistance is
measured, the SoC cannot be less than 0.8 generally when the external voltage reaches the operating voltage limit
of the battery during measurement of the equivalent internal resistance. The schematic diagram for four charac-
terization parameters of the equivalent internal resistance spectrum is shown in Figure 6.23.

According to the characteristics of the charge equivalent internal resistance spectrum, in this section, the func-
tion y = ae™ + ¢ is used to fit the characterization parameters to judge the characterization effect of the param-
eters. The fitting effect can generally be described by the determination coefficient R? and the root mean squared
error (RMSE) of the fitting result. The function fitting effect of the four parameters is shown in Table 6.17.

It can be found from Table 6.17 that, due to a measurement error, the SoC estimation error and other reasons,
if the charge equivalent internal resistance value during a fixed SoC is used to represent the whole internal
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Figure 6.23 Schematic diagram for four characterization parameters of the equivalent internal resistance spectrum.
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Table 6.17 Function fitting effect of four parameters.

r; T, ¥, ¥,
Battery sample  R? RMSE R? RMSE R? RMSE R? RMSE
A107 0.911 1.442 0.810 3.942 0.977 0.042 0.771 0.232
A109 0.701 1.095 0.866 2.523 0.946 0.066 0.710 0.403
A110 0.895 1.120 0.882 2.892 0.968 0.053 0.886 0.162
Al16 0.814 0.430 0.894 2.726 0.947 0.054 0.540 0.378
Al17 0.920 0.323 0.912 3.146 0.953 0.072 0.758 0.327
A118 0.957 0.860 0.952 2.655 0.079 0.874 0.202

resistance curve, it is impossible to reflect the characteristics of the internal resistance curve. However, the impact
of all errors can be reduced by characterization of the internal resistance spectrum in the cumulative charge
equivalent internal resistance. In general, when the characterization is performed by the cumulative DC charge
equivalent internal resistance during SoC € [0.5, 0.8], the best characterization effect will be achieved. Therefore,
1, is selected as a characterization parameter of the internal resistance spectrum. In order to facilitate the com-
parison between different test samples, normalization processing will be carried out for 1;:

v
0 _ 1,actual 6.8
v (6.8)

1, new

where 1, actual and ¢, new are respectively the characterization parameters of the internal resistance spectrum
calculated from Equation (6.6) under current test conditions and before the cycle test. The characterization
parameter 6 mentioned hereinafter is also defined by Equation (6.8).

1. Internal resistance change of the LiFePO, power battery

The LiFePO,4 power battery samples, as shown in Table 6.18, were selected to compare the impact of the internal
resistance by the cycle test under different conditions. Those six samples are selected because they may be used as
the comparison test in four groups. A109 and A110 are used to compare the impact of the C-rate on the equivalent
internal resistance of the battery under the same T, SoCg,,, and DOD. A110 and A107 are used to compare the
impact of DOD on the equivalent internal resistance of the battery under the same T, SoCg,,, and C-rate. A110
and A116 are used to compare the impact of T on the equivalent internal resistance of the battery under the same
C-rate, SOCg,r, and DOD. A116, A117, and A20 are used to compare the impact of SoCg,,¢ On the equivalent inter-
nal resistance of the battery under the same C-rate, T, and DOD.

Table 6.18 Test arrangement for the impact of the cycle test condition on the change of
internal resistance.

A109 A110 A107 Allé A117 Al118
T 20°C 20°C 20°C 40°C 40°C 40°C
C-rate 0.5C 1C 1C 1C 1C 1C
SoCytart 65% 65% 65% 65% 100% 30%

DOD 30% 30% 60% 30% 30% 30%
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The variation of the equivalent internal resistance of the battery sample at different degradation degrees can be
shown by the characterization parameter  of the equivalent internal resistance spectrum described in the previ-
ous section. The test results of six battery samples are shown in Figure 6.24.

The test results shown in Figure 6.24 can be expressed in a variety of possible ways. According to the description
provided in the previous section, the cumulative discharge ampere-hour q is still used as the horizontal axis in this
section. It can be seen from the figure that the DC charge equivalent internal resistance of the battery changes in a
small range and with the increase in the degradation degree of the battery, the increase rate also rises in the form of
a power function and an exponential function. Therefore, 6 and q are fitted by the power function and the exponen-
tial function respectively, and the fitting result shows a relatively high correlation of 6 and q with the quadratic and
cubic power functions and the exponential functions. The specific fitting results are shown in Table 6.19.

Since the DC charge equivalent resistance changes in the first quadrant of the function image, the exponential
function with a good fitting effect is selected herein to fit the characterization parameter 6 of the internal resist-
ance spectrum. The impact of temperature T, C-rate, SoCg,r, and DOD on the internal resistance of the sample is
compared in the above analysis method.

2.6 T T T T T T

8 1 1 1 1 1 1
0 10000 20000 30000 40000 50000 60000 70000
q(Ah)

Figure 6.24 Change of characterization parameter 6 of the equivalent internal resistance spectrum
with cumulative discharge of the sample.

Table 6.19 Fitting result of 6 and g correlation obtained by different functions.

y=ax+b y=ax>+bx+c y=ax*+bx>+cx+d y=ae®™ +c
Battery sample R? RMSE R? RMSE  R? RMSE R? RMSE
A109 0.777 0.135  0.950 0.064  0.950 0.065 0.946  0.066
A110 0.842 0.118  0.964 0.057  0.964 0.057 0.968  0.053
A107 0.944 0.065 0.968 0.049  0.976 0.043 0.977  0.042
Al16 0.852 0.087  0.943 0.056  0.949 0.054 0.947  0.054
A117 0.884 0.112  0.951 0.074  0.951 0.075 0.953  0.072

Al118 0.853 0.159  0.978 0.062 0.979 0.061 0.964 0.079
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1) Impact of different temperatures T on the change of internal resistance under the same conditions

2

~

A110 and A116 are the test control group using the test temperature as the comparison condition. During the
test, the ambient temperature of the battery is strictly controlled by a thermostat. The dissipation rate of the
heat generated by the charge and the discharge during the battery cycle is improved by strengthening the air
flow in the thermostat to reduce the errors caused by different temperatures. Figure 6.25 shows the fit test
results of the samples A110 and A116. It can be seen that, when the cumulative discharge capacity q is the
same, 6,116 at 40°C is greater than 6,477 at 20°C. According to the test of this group, the temperature rise will
accelerate the aging of the battery.

The impact of different C-rates on a change of internal resistance under the same other conditions

Figure 6.26 shows the impact of different C-rates on 8. When the cumulative discharge capacity q is the same,
the 64109 Of the sample A109 at a C-rate of 0.5 C is more than 641;¢ of the sample A110 at the C-rate of 1 C.
Since the C-rate of the sample A110 is twice that of the sample A109, when the cumulative discharge capacity
is the same, the test time of the sample A109 is twice that of the sample A110. Considering the impact of work-
ing time and calendar life of the battery on its degradation, it is possible that 0,19 is larger than 6,719 due to
the different test time. When the two samples are tested at the same time, that is, 110 is twice as large as qa199»
Oa110 Will be greater than 6,19. This is because, in the same time, the higher the C-rate, the more heat will be
generated inside the battery due to internal resistance, and the higher the temperature. Since it takes some
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Figure 6.25 Impact of test temperature on 6.
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6.2 Degradation Test and Analysis

time to dissipate the heat from the battery, as described in the previous section, the higher temperature will
accelerate the degradation of the battery, so the degradation rate will increase accordingly. With the increase
of internal resistance, the heat of the battery gradually rises, causing more and more significant 6 increases.
The impact of different SoCg,r¢ 0n the change of internal resistance under the same other conditions

Figure 6.27 shows the change of 6 with Q of samples A116, A117, and A118. The SoCg,, of three samples are
respectively 100%, 65%, and 30% and their DOD is 30%.

As shown in the figure, when the cumulative discharge capacity is the same, 65117 and 6,15 are slightly
greater than 64116. The degradation rate at 100% and 30% is slightly higher than that at 65% mainly because:
when the cycle starts from 100%, the charge internal resistance is large during the SoC period; when the cycle
starts from 30%, the discharge internal resistance is large during the SoC period. When it passes through the
high resistance zone during the test, the temperature rise caused by the heat inside the battery will be more
obvious, thus accelerating the degradation rate of the battery, and during the test, the high resistance causes
the more obvious temperature rise by the heat inside the battery, thus also accelerating the degradation rate of
the battery. For the same reason described in part 2 of this list, this phenomenon is not obvious at the begin-
ning of the test, but becomes significant as 8 increases.

The impact of different DODs on a change of internal resistance under the same other conditions

A110 and A107 are used as the test control group to compare the impact of DOD. The test results are shown in
Figure 6.28, where 6,119 is very similar to 6,197 when q is less than 15000 Ah, but after that the increase rate
of 84110 rises for the impact of the cycle number on the battery degradation. Since DOD is 30% for the sample
A110 and 60% for the sample A107, for the same g, the cycle number of A110 is twice that of A107 and the dif-
ference becomes more obvious with the increase in the accumulative discharge capacity of the battery.

Changes of internal resistance of the Li(NiCoMn)O, battery

Compared with the LiFePO, battery, the Li(NiCoMn)O, battery has a different internal resistance spectrum
curve, as shown in Figure 6.29. The internal resistance of the Li(NiCoMn)O, battery does not change significantly
during the whole charging process. When the battery is nearly full, the charge internal resistance does not increase
as significantly as that of the LiFePO, battery. Similar to the LiFePO, battery, the internal resistance of the
Li(NiCoMn)O, battery also increases temporarily during charging, and when the battery is further charged, the
internal resistance decreases again, which is shown in the “bump” form in the figure.
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Figure 6.27 Impact of SoCg,¢ ON 6.
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Figure 6.29 Charge internal resistance spectrum of the LiFePO4 and Li(NiCoMn)O; batteries.

This section discusses the change of the internal resistance during the cycle by the characterization parameter
6 of the internal resistance spectrum. In order to verify whether 0 is applicable to the Li(NiCoMn)O, battery, the
change in the characterization parameter 6 of the internal resistance spectrum is fit for the different test samples
by y = ae™ + ¢ in this section. According to the results shown in Table 6.20, 6 can also better describe the change
of the Li(NiCoMn)O, battery during the cycle.

The impact of the test conditions on the internal resistance may be compared using the characterization param-
eter 6 of the internal resistance spectrum. Figures 6.30, 6.31, and 6.32 respectively show the impact of the C-rate,
DOD, and SoCg,, 0N 6.

As shown in the figures, the impact of the C-rate and DOD on 6 in the Li(NiCoMn)O, battery is similar to that
in the LiFePO, battery. At the same discharge Ah, the sample B102 has a higher 6 than the sample B101 at the
C-rate of 0.5 C due to a longer test time. Since a higher cycle number is required for the sample B101 with 33%



Table 6.20 The O fitting results of the test samples.

6.2 Degradation Test and Analysis

B101 B102 B103 B104 B105 B106
R? 0.9461 0.9305 0.9407 0.9983 0.9291 0.817
RMSE 0.0414 0.0736 0.0391 0.0159 0.0242 0.0294
1.2 T T T T
o BI0I(IC)
Fit line of B101
e B102(0.5C) o
Fit line of B102
- .
10 1 1 1 1
0 2000 4000 6000 8000 10000
q (Ah)
Figure 6.30 Impact of the C-rate on 6.
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Figure 6.31 Impact of the DOD on 6.

DOD, the increase amplitude of corresponding 6 is higher and the sample is close to the EOL. The samples B105
and B106 have a gentler 6 change and can be continuously used for the test. The sample B104 with 33% SoCggayt
has a significantly higher 6 increase rate than the other two samples, suggesting that the characteristic of the

Li(NiCoMn)O, battery degradation is accelerated for a battery with a low SoCygyyy.
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Figure 6.32 Impact of the SoCgat ON 6.

From the above analysis, it can be seen that the characterization parameter © of the internal resistance spectrum
can be used to characterize the change in the equivalent internal resistance spectrum of two battery types during
the cycle test. The characterization parameter 6 of the internal resistance spectrum has an exponential relation-
ship with discharge Ah, the temperature is a main cause for the battery degradation, and other test conditions
impose an impact on the battery degradation, mainly for their impact on the internal or external temperature
during operation of the battery.

In the analysis of capacity loss in Section 6.2.1, only the test temperature T has a significant impact on the capac-
ity loss rate. In the analysis of an internal resistance change in Section 6.2.2, all test conditions affect the change
in the characterization parameters of the internal resistance spectrum, since, compared with the battery capacity,
the internal resistance is more sensitive to the test conditions and can better reflect the impact of battery degrada-
tion on battery performance during the test. Therefore, the relationship between the test conditions and battery
degradation cannot be judged completely based on the changes in the battery capacity. In practical applications,
the battery degradation state can be more accurately identified by comprehensive analysis of the battery capacity
and the internal resistance in order to make a reasonable operation plan for the battery.

6.2.3 Impact of Storage Conditions on Battery Degradation

In this section, the calendar life is tested on the battery to investigate the effect of different storage conditions on
the battery degradation [5]. The test scheme is shown in Table 6.21. A total of nine batteries made of the materials
A and B described in the previous chapter are selected for testing, and the test conditions include different ambi-
ent temperatures and different SoCg,. Specific steps of the calendar life test are as follows. First, the battery
capacity is tested to obtain the current initial capacity of the battery. Then, according to the initial capacity, the
SoC of the battery is adjusted to a certain set value and the battery is stored for a long time at a specific tempera-
ture. During the test, the battery is evaluated regularly to obtain the rule of battery capacity and internal resistance
degradation with storage time.

Figures 6.33 and 6.34 show the capacity and internal resistance degradation rule of the battery under different
storage conditions. It can be seen from Figure 6.33 that the higher the storage temperature, the higher the deterio-
ration rate of the battery will be. In the actual tests, the phased evaluation is conducted on the battery samples
about every four weeks. In order to reduce the data overlapping, 12 weeks are selected as the presentation period
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Table 6.21 Calendar life test arrangement of a
power battery.

Battery number T (°C) SoC
Al119 40 90%
A120 40 90%
Al121 40 50%
Al122 40 50%
A123 40 20%
B107 40 50%
B108 40 90%
B109 20 50%
B110 30 50%
1.00 .
. o B107(40°C)
o ¢ B110(30°C)
B109(20°C
095 © & o ¢ B10S20°C)
e * o
o ¢ o ¢ L, @
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Figure 6.33 Relationship between the storage temperature and battery capacity.

in order to provide more concise and clearer plots. It can be seen from Figure 6.34, during storage of the battery,
that the low SoC may increase the internal resistance of the battery. After about 156 weeks of storage, the battery
samples with SoC 20% upon storage have a significantly higher internal resistance than the battery samples with
SoC 50% and 90%.

The battery is always in a degradation process since its delivery. It can be seen from the above test results that
the capacity loss of the battery is slow during storage. In order to more intuitively compare the degradation rate of
the battery under the storage conditions and cyclic operating conditions, two samples were selected for compari-
son at 40°C, as shown in Figure 6.35.

It can be seen from Figure 6.35, at the same ambient temperature, that there is a difference in the capacity loss
between the storage test sample A121 and the cycle test sample A116. At the same test time, the capacity loss of
the cycle test sample A116 is about three times that of the storage test sample A121, which indicates that, for the
tested samples, during storage without charge and discharge operations, the degradation rate of the storage test
battery is lower compared with the cycle test sample and the storage time has a limited impact on the battery
performance.
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Figure 6.34 Relationship between the SoC and internal resistance during battery storage.
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Figure 6.35 Comparison of battery capacity loss under storage and cycle conditions.
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Battery Modeling

This chapter describes the modeling and simulation of the external characteristics of the battery. The external
characteristics are actually the relationship between current and voltage in the working process of the lith-
ium-ion (Li-ion) power battery, that is, the volt-ampere characteristics of the battery. The battery model is of
great significance in the development of the battery management system. On the one hand, a good battery
model can provide a basis for the estimation algorithm of the SoC and, on the other hand, a good power bat-
tery model can simulate the characteristics and behavior of the battery to help the development of energy
management strategies [1].

7.1 Battery Modeling for BMS

7.1.1 Purpose of Battery Modeling

Generally speaking, battery modeling intends to determine the mathematical relationship between the environ-
mental factors and the characteristic quantities of the battery. The objects to be considered include terminal
voltage, operating current, SoC, temperature, internal resistance, electromotive force, SoH, etc. It is of great sig-
nificance for the development of the battery management system to find their relationships.

On the one hand, various performances of the battery in work can be estimated by the established battery model
in order to simulate various battery management strategies (such as energy control strategy, battery balance
strategy, etc.), and the effectiveness of the strategies can be verified through software. Compared with the experi-
mental test, it is not required to use the hardware circuit board and the actual battery sample during the simula-
tion verification, which not only saves hardware cost and development time, but also shortens the verification
cycle. In the simulation of a balancing control strategy based on energy transfer attached hereinafter, it takes only
a few minutes to simulate a particular initial state by software and the battery model, while it can take hours to
verify the effectiveness of the strategy using an actual circuit board. The simulation verification has more obvious
advantages when there are many samples to be tested.

On the other hand, the accurate battery model is of great significance for the estimation algorithm of the
SoC. SoC estimation, a difficult point in the battery management system, is of great significance to the
development of other functions of the battery management system. In practice, the internal SoC is often esti-
mated by external physical quantities such as voltage, current, and temperature. If a more accurate external
characteristic model can be established, it is very beneficial to find the numerical relationship between the
SoC and various physical quantities that can be directly measured, so as to evaluate the internal SoC through
the monitored external performance.

Battery Management System and its Applications, First Edition. Xiaojun Tan, Andrea Vezzini, Yuqian Fan, Neeta Khare, You Xu,
and Liangliang Wei.
© 2023 China Machine Press. All rights reserved. Published 2023 by John Wiley & Sons Singapore Pte. Ltd.
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7.1.2 Battery Modeling Requirement of BMS
Three battery modeling requirements are proposed for the BMS:
1. The established model should be an external characteristic model

The established model is not required to describe the internal chemical reaction process of the battery, because
the model described herein is established for the development of the BMS rather than analysis of battery design
and production issues. The external characteristic model is sometimes called the performance model, which
mainly considers the physical quantities such as the terminal voltage, main circuit current, and ambient temper-
ature, which are the external characteristics of the battery.

2. The established model may be an equivalent model

Many examples of circuit models mentioned below belong to the equivalent model. The resistance and capaci-
tance in the circuit are all equivalent elements, and their values only reflect the functional relationship between
the voltage and current expressed by the chemical reaction inside the battery.

3. The established model must have stronger practicability

First, the numerical relation reflected by the model should have high accuracy, so as to avoid the “imitational but
untrue” embarrassment. Second, the model should be feasible. The feasibility is shown in two aspects: first, the
parameters in the model are obtainable and calibrated; second, the model must not be too complex, otherwise it
is not easy to realize the model. For example, although the artificial neural network model mentioned below is
helpful in identifying the complicated relationship between the SoC and voltage, current, and temperature, due
to the high complexity of its algorithm, the artificial neural network model is acceptable for the strategy simula-
tion (usually by a high-speed desktop), but not for the embedded systems with a weaker computing power [2].
Therefore, it cannot be used in real-time BMS.

7.2 Common Battery Models and Their Deficiencies
7.2.1 Non-circuit Models

Electrochemistry model

The battery electrochemistry model refers to a series of electrochemistry equations established to express the bat-
tery characteristics according to the electrochemistry process of the battery. By analyzing the electrochemical
process of the battery, some scholars established the electrochemical equations corresponding to all areas in the
battery system, including the diffusion equation, potential equation, and electrochemical process equation
corresponding to positive and negative electrode areas and the diaphragm area [3].

Table 7.1 provides the potential equation corresponding to the positive and negative electrode areas. In the table, ¢, ,
is the solid phase potential and ¢, ; is the liquid phase potential, o ; is the effective conductivity of the solid phase, D§f§
is the diffusion coefficient, J(x,t) is the current density passing through x, and & is the solution electrical conductivity.

Although the battery characteristics can be described by the electrochemical model according to the electro-
chemistry, it is more difficult to establish the electrochemical model due to its more complicated structure. As
shown in Table 7.1, only some electrochemical equations of the battery electrochemical model (the positive elec-
trode part) are given and more complicated equations are required for establishment of the model. Moreover, all
parameters used in the equations need to be measured using the electrochemical method and the test steps are
tedious. In summary, the electrochemical model is not suitable for the development of the battery management
system and is generally only applicable to the development and improvement of the battery.
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Table 7.1 Potential equation corresponding to the positive and negative electrode areas.

Solid phase Potential equation i [DeJZ 0 ef{ ( ) —a (x t)
ox| ox S
Bound diti ing (x,t)= J x=0; iqb (x,t)=0 x=1L
oundary conditions o D= O'eff =0 o Pea )= =L,
Liquid phase Potential equation - (9 D eﬁ" OInC,5(x,t ) 5 D eff 9 ¢e 3(x )
.]s 3(x t) - ( t)
x 8x 8
Boundary conditions
—¢e,3(x,t):0 x=0; ¢e3(x t)= x=1L,
Ox eff

1) Artificial neural network model

Because of characteristics such as high non-linearity, fault tolerance, and a self-learning habit, the neural network
can be used in battery modeling [4, 5]. Generally, the neural network model structure is divided into an input
layer (input experimental data), an output layer (output prediction data), and a hidden layer (weighted processing
of experimental data). A typical artificial neural network with three inputs and two outputs is shown in Figure 7.1.

If x and y provided in the above figure are replaced by the internal and external characteristic parameters of the
battery, the battery model based on an artificial neural network can be obtained. A possible battery model is
shown in Figure 7.2.

The artificial neural network model features full use of the characteristics of the neural network, such as non-
linearity and self-learning, and combines the experimental data to establish the relationship between various
parameters in the battery system. However, it has the disadvantage that a large number of experimental data is
needed to predict the battery performance, and greatly depends on the battery’s historical data.

7.2.2 Equivalent Circuit Models

As mentioned above, the battery models discussed in this chapter belong to the external characteristic models. In
essence, the battery model is used to solve the volt—-ampere characteristics for the battery. That is, it can describe
the relationship between the voltage and current in the operating process of the battery. On the one hand, this can
be expressed by a numerical relationship, but, on the other hand, the battery can be regarded as a two-port net-
work and the circuit network can be used to reflect its volt-ampere relationship. In this sense, an equivalent cir-
cuit can be built to describe the volt-ampere relationship
of the battery during its operation. Because this circuit
follows Thevenin’s law, it is sometimes called the Thevenin
model. Several representative equivalent circuit models
are described below.

i
Equivalent circuit model based on electron motion
theory
According to the internal resistance and electric double Y2

layer theory of the battery, an equivalent circuit model
may be built for the battery [6], as shown in Figure 7.3.
Here Ryis the polarization resistance of the battery, R, is
the ohmic re51s'tance of the b?tteljy’ Ca ls‘ar? electrical dou- Figure 7.1 Typical artificial neural network with three
ble-layer capacitor, two RC circuits consisting of Rrand C4  jnputs and two outputs.
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I (Current)

(Open -circuit voltage)

(Internal resistance)

T (Temperature) —»|

Figure 7.2 Battery model based on an artificial neural network.

are two electrode systems, and R, is the ohmic drop of the battery. This equivalent circuit model describes the
characteristics of the battery well, but neglects the potential difference between the two electrodes (the two elec-
trodes deviate from the equilibrium potential by different degrees). In addition, for the Li-ion batteries, this
equivalent circuit does not show the rebound voltage characteristics of the battery very well.

PNGYV equivalent circuit model

The PNGV model is a standard battery performance model described in the Freedom CAR Battery Test Manual,

as shown in Figure 7.4, where Ryis the polarization resistance of the battery, R, is the ohmic resistance of the bat-

tery, Cyq is the electrical double-layer capacitor, and C, is the accumulative change of the open-circuit voltage with
the time of load current.

The circuit model shown in Figure 7.4 does not reflect the voltage rebound characteristic of the battery, although

it includes the polarization of the electrode and the ohmic resis-

Ry R, R tance of the battery. Moreover, the PNGV model has poor prac-
{ } { —— —+—0 i ahili ;
p C +  ticability due to disadvantages such as a change of each
|"| | i’ parameter with the SoC and temperature of the battery, com-
v, (.,_) [ [ Vs plexity in identification of model parameters, and unsuitability
= for real-time SoC estimation.
o

Circuit model with hysteretic characteristics

Figure 7.3 Equivalent circuit model based on

- Figure 7.5 shows the equivalent circuit model considering the
electron motion theory.

hysteretic circuit of the battery. As shown in the figure, the dotted
Rq R, line represents the equilibrium potential of the battery, Rq is the
—{++—1T ++¢—0O ohmicresistance of the battery, R¢is the polarization resistance of the battery,
Cy is the electrical double-layer equivalent capacitance, and Z,, is the Weber
c,—=— I I impedance, which represents the dispersal behavior of the charge particles in
v,  the battery and is the capacitive impedance, which similarly represents the
¥ parallel RC network with the rebound characteristics of the battery.
* 9 In this model, the equilibrium potential of the battery is considered on the
o Dbasis of the resistance-capacitance equivalent circuit model. That is, the hys-
Figure 74 PNGV equivalent circuit teretic voltage of the battery is represented by V), as part of the equilibrium
model. potential of the battery, so the electromotive force of the battery can be more
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accurately described. However, the internal resistance spectrum of R R;
the battery is required to solve the Weber impedance value and T O
requires a specific electrochemical measurement method during its Va |C|
measurement, for which it is difficult to obtain the required instru- ||
ments. In addition, although the influence of the hysteretic voltage
of the battery is taken into account, this model does not directly —Co ——
reflect the SoC value of the battery, which can only be obtained after
an analysis and calculation of the equivalent circuit. U, C)
In summary, the existing battery models have the following defi- T
ciencies. First, the relationship between the voltage source and SoC =
is not clear enough. Second, some models are too simple to describe
the dynamic characteristics of batteries, such as the voltage rebound
characteristic [7]. Third, some models fail to reflect the hysteretic
effect of some batteries. The following suggestions are given for
battery modeling.

Figure 7.5 Circuit model with hysteretic
characteristics.

First, before establishing the battery model, the characteristics of the battery should be fully understood through
a characteristic test.

Second, the battery models must be specific. Some models can describe the characteristics of lead-acid batteries
well, but they may not be applicable to other battery types, such as Li-ion batteries.

Third, the battery model does not necessarily need to be complex. Although the battery can be more accurately
described by the complex models, the complex models are relatively costly and not suitable for the embedded
systems that require real-time operation in the electric vehicle [8].

Fourth, it is necessary to study the method for determining the parameters of the model. The form of the model
should not be overemphasized, but a set of parameter estimation methods suitable for the model should be
given accordingly.

7.3 External Characteristics of the Li-lon Power Battery and Their Analysis

Section 7.4 provides a new power battery model based on the basic characteristics of the Li-ion battery. In this
section, the observed external characteristics of the battery are described and analyzed to provide a basis for the
three-order RC model described in the next section. In general, the external characteristics of the power battery
include the electromotive force characteristic and the over-potential characteristic, which are described as follows.

7.3.1 Electromotive Force Characteristic of the Li-lon Battery

EMF (electromotive force) refers to the equilibrium potential of the battery, namely the potential difference
between the positive and negative electrodes of the battery system in the balance state, which is an objective
physical quantity in the battery system. This section analyzes the EMF characteristics of the Li-ion battery and
studies its electrochemical mechanism to provide a basis for obtaining the relationship between SoC and EMF
in the battery model.

Since the EMF is the potential of the battery in the balanced state, to obtain the EMF value directly, the
voltage at both ends of the battery must be measured when the battery is in a balanced state. Therefore, the
following method is generally used: intermittent charging/discharging, that is to say, the battery is charged-
discharged for a certain time and then stands for a long enough time to measure the open-circuit voltage of
the battery. Then the measured open-circuit voltage value is considered as the EMF value of the battery.
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According to the characteristics of the Li-ion battery, after standing for about 8 hours, the battery reaches
basically a stable state. However, there is a difference between charging and discharging curves in the
equilibrium potential curves obtained using this method. Figure 7.6 shows the equilibrium potential curve
upon charging and discharging of a Li-ion battery obtained from the experiments.

Figure 7.6 shows that there is a hysteretic voltage in the Li-ion battery (called the hysteretic voltage because the
shape of the battery charging and discharging curves are similar to the magnetic hysteresis curve of a magnetic
conductor) and the hysteretic voltage exists in the Li-ion battery, nickel metal hydride batteries, and other types
of Li-ion battery. The hysteretic voltage is caused by the electrochemical characteristics of the battery. The reasons
for hysteretic voltage are explained in detail later by taking the LiFePO, battery as an example.

For the LiFePO, battery, the diffusion coefficient of Li* and the movement of Li* migration and diffusion will
be different when the battery is charged and discharged. Since the positive electrode material of the LiFePO, bat-
tery is crystal LiFePO, with an olivine structure, its charging and discharging process is the process of Li* disen-
gagement from and engagement to the LiFePO, crystal. The Li* disengagement and engagement lead to the
volume and structure change of an LiFePO,4/FePO, crystal in the positive electrode material, namely the phase
transition [9]. In order to adapt to this phase transition, during Li* disengagement and engagement, the crystal
will generate a certain amount of pressure and tension, which are stored in the crystal in the form of “elastic—
plastic” energy, while the crystal will behave as an elastic and plastic object.

During the discharging of the LiFePO, battery, that is, Lit engages with Li;_yFePO4 (FePO, phase), the elastic-
plastic energy decreases the battery potential; during charging, that is, Li* disengages from Li, FePO, (LiFePO,
phase), the elastic-plastic energy increases the battery potential; the decreased potential AEgjpqr and the
increased potential AE 4, may be expressed by the following equations:

Qttiischarge + Qtsiischarge
AEdisclflarge =EMF — Edischarge = WF

(7.1)

t N
Qcharge + Qcharge
nF

AE,

charge = E. EMF = (7.2)

charge —

where Egjscharge and Ecpqpge are respectively the equilibrium potential of the battery upon discharging and charg-
ing, EMF is the electromotive force of the battery, Q,f,ischa,ge, Qischarge* Qéharge and Q.. are respectively the
elastic-plastic energy upon discharging and charging, n is the stoichiometric number upon electrochemical reac-

tion, and F is the Faraday constant.
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Figure 7.6 Equilibrium potential curve upon charging and discharging of the Li-ion battery. Note: The LiFePO4 battery is
exampled here but other Li-ion batteries have similar hysteretic characteristics.
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During the charging and discharging process of the LiFePO, battery, the elastic-plastic energy increases
with the increase in charging and discharging depth. According to the above equations, the higher the
elastic-plastic energy, the greater the deviation from the EMF will be. Since the “elastic-plastic” energy is
different at the beginning of charging and discharging, the phase transition of LiFePO,/FePOQ, is different,
and different phase transitions generate different “elastic-plastic” energy, which leads to the difference in
the equilibrium potential of charging (discharging). In addition, if the battery in the discharging balance
state is charged, at the same SoC value, the charging equilibrium potential will be lower than that of the bat-
tery in the charging state.

Therefore, according to the experimental charge—discharge equilibrium potential curve and the electrochem-
ical mechanism of the generating hysteretic voltage V},, the EMF of the battery can be obtained by weighting the
charge-discharge equilibrium potential:

Discharging: Vj, = A(OCV_,45e — OCVyi5cnarge ) (7.3)
Charging: V, =(1— /\)(OCVCM,ge - OCVdischarge) (7.4)
EMF = )\OCVCharge +(0- )\)OCVdischarge (7.5)

According to the calculation method provided by the above equations
and the experimental data, the relation curve of SoOC-EMF is calculated
as shown in Figure 7.7.

Therefore, the model can be built respectively according to EMF and
V. Figure 7.8 shows the two parts of the battery equivalent voltage
source, EMF and V}, and the test results can be restored by their
combination, which will be discussed in Section 7.4.

7.3.2 Over-potential Characteristics of the Li-lon Battery

When the electrode reaction occurs in the battery, the electrode poten-
tial will deviate from the equilibrium potential. The deviated
equilibrium potential is called over-potential. The external characteris-
tics of the battery when it deviates from the balance state are the Figure 7.7 Relation curve of SoC-EMF.
equivalent impedance and the rebound voltage. In this section, the

over-potential characteristics of a battery are discussed from these two — 0

aspects. +
+

Equivalent impedance characteristic of battery Vh

When the battery is charged and discharged, the released energy is less than the
energy charged into the battery. Table 7.2 shows the ratio of the energy released
by the battery to the energy charged into the battery at different charge-dis- +
charge rates. EMF C_)
It can be seen from the table that energy loss may be caused in the charging and
discharging cycle of the battery, and the value of equivalent impedance calculated _
with the energy loss is basically the same. Therefore, it can be considered that there —O
is an equivalent resistance in the battery, which will consume a certain amount of  Figure 7.8 Battery
energy when the battery is charged and discharged. equivalent voltage source.

107



108

7 Battery Modeling

Table 7.2 Charging and discharging efficiency at different charge-discharge rates.

Charge-discharge Equivalent

rate Charging (J) Discharging (J) Efficiency resistance value
5A 1284672.060 1280946.511 0.997 0.00207

20 A 1255924.267 1240099.621 0.987 0.00220

40 A 1282355.126 1249783.306 0.975 0.00226

60 A 1269754.883 1219726.541 0.961 0.00232

In the operating process of the battery, due to its composition and polarization, a certain voltage drop will occur
when the current passes through the battery, which is externally manifested as the equivalent internal resistance
of the battery [10]. Figure 7.9 shows the structure diagram of the internal resistance of the battery, which is mainly
composed of ohmic resistance and polarization resistance.

The ohmic resistance refers to the resistance caused by the structural characteristics of the battery system and
the battery materials, including the contact resistance between the electrode, the electrolyte solution, the
diaphragm and other parts, the resistance caused by the surface oxide film of the electrode, and the diaphragm
resistance [11]. The contact resistance between all parts may be considered as a constant. In addition, during the
operating process of the battery, insoluble substances may be produced on the electrode surface; that is, there
may be oxide film, precipitation film and other substances on the electrode surface, resulting in a certain resis-
tance, which can be regarded as a constant for a certain electrode. The diaphragm conducts electricity only when
it is immersed in the electrolyte. When the battery is working, the ions will encounter some resistance while
passing through the diaphragm. This resistance is called the diaphragm resistance. The diaphragm resistance is
mainly related to the resistivity of the diaphragm material and the electrolyte. For a certain diaphragm, its
material properties are basically unchanged, while for a certain electrolyte, its resistivity is mainly related to
temperature. Therefore, the resistance of the diaphragm and electrolyte can also be approximated as a constant.

For a rechargeable battery, a reversible cell, the electrode, is also reversible. This electrode is called a reversible
electrode. When the battery is not working, no current passes through the electrode, the oxidation reaction rate is
equal to the reduction reaction rate on the electrode, the net reaction rate is zero, and the battery system is in
dynamic balance [12, 13]. When current flows through the electrode, the battery system is no longer in a balanced
state, the net reaction rate of the electrode is no longer zero, and the potential of the electrode will deviate from
the original potential upon balance. This phenomenon is called electrode polarization. The resistance resulting
from the electrode polarization is called the polarization resistance. The causes of electrode polarization are
relatively complex. The electrode polarization occurs at the electrode/solution interface, including a series of
steps such as adsorption, disengagement, charge transfer, and electrochemical reaction. These steps are complete
in series in the electrode reaction. When the rate of a certain step is the slowest, that is, the resistance is the

. . Change with
) ) Contact resistance of battery material and all parts batgtery
Ohmic resistance Resistance caused by surface oxide film of electrode ageing and
Internal Diaphragm resistance temperature
resistance change
of battery

Change with battery ageing, temperature,
e .
current and capacity change

Polarization resistance

Figure 7.9 Composition structure of the internal resistance of the battery.



7.3 External Characteristics of the Li-lon Power Battery and Their Analysis

maximum, the whole electrode polarization process is controlled by this step. According to the different control
steps, the electrode polarization can be divided into electrochemical polarization, concentration polarization, and
resistance polarization.

Based on the electrochemical mechanism of the internal resistance of the battery and the external characteristic
curve measured by the experiment, the polarization resistance of a certain battery system is mainly affected by the
temperature and the ageing degree of the battery, and its value can be regarded as basically unchanged within a
certain temperature range and cycle life.

Rebound voltage characteristics of the battery

The external characteristic of battery rebound voltage can be obtained by measuring the open-circuit voltage after
the battery changes from a working state to a standing state. Figure 7.10 shows the open-circuit voltage variation
curve of the battery after standing at the same discharge rate, different SoC values, and 20°C.

As shown in the above figure, the curve shape is basically the same and different voltages correspond to differ-
ent SoCs, mainly due to different SoC-EMF relations.

The electrolyte is one of the important components of the battery. The theoretical decomposition voltage of
water is 1.23 V. The highest voltage is only about 2 V in a battery made up of aqueous electrolyte (for example,
lead-acid batteries). However, as the voltage of the Li-ion battery is 3 ~ 4 V, the aqueous electrolyte is no longer
suitable for the Li-ion battery and therefore a non-aqueous electrolyte must be used instead.

The conductivity of the electrolyte is mainly related to the dielectric constant and viscosity of the solvent. The
higher the dielectric constant, the greater the number of free lithium ions is and the higher the conductivity of the
electrolyte is. The lower the viscosity, the faster the ions move and the higher the conductivity of the electrolyte
is. The water has a much higher dielectric constant than other common non-aqueous solvents. As a result, the
conductivity of the electrolyte in the Li-ion battery is only a few hundredths of that of the aqueous electrolyte
(such as lead-acid or alkaline batteries). Due to the low conductivity, it is impossible for the Li-ion battery to
replenish the Li-ion equivalent of the current from the electrolyte during discharging at a high current, causing a
voltage drop. When the battery stops discharging and no current flows through the battery, the lithium ions that
are not replenished in time enable the battery system to achieve a balance state by two stages, such as diffusion
and phase transition, and the external performance of the battery is that the open-circuit voltage rises sharply first
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Figure 7.10 Voltage curve at the same discharge rate and different SoC values after standing.

109



110

7 Battery Modeling

Rq Ry R, Ry and then slowly, until it rises to the balance
o—7r— — e — °  voltage, that is, the electromotive force of the bat-
tery. This phenomenon is called the battery’s

|| | 1 voltage rebound characteristic.
To sum up, the over-potential of the Li-ion bat-
Figure 7.11  The n-order RC network. tery shows both resistance and capacitance char-
acteristics, so the over-potential characteristics of
the battery can be realized by the resistor-capacitor network. Figure 7.11 shows the structural diagram of the RC
network simulating the over-potential characteristics of the battery.

7.4 A Power Battery Model Based on a Three-Order RC Network

In this section, a new power battery model with a high approximation degree, simple structure, and convenient
parameter acquisition is established. The high approximation degree is defined relative to the external character-
istics of the battery. The external characteristic is actually the relationship between the current and voltage of the
Li-ion battery in the process of operation, that is, the volt-ampere characteristics of the battery. The established
battery model is suitable for use in the environment with a small temperature change [14, 15].

7.4.1 Establishment of a New Power Battery Model

The traditional equivalent circuit model of the battery is mainly composed of an equivalent voltage source and
equivalent impedance. Figure 7.12 shows the circuit of a simple equivalent circuit model, which consists of an
ideal voltage source and internal resistance r in series connection.

After analyzing the external characteristics of the battery and its corresponding electrochemical mechanism using a
large number of experimental data, the equivalent circuit model of the Li-ion battery can be established, as shown in
Figure 7.13. This model has a similar overall structure to the battery model shown in Figure 7.5, and is also composed
of the equivalent voltage source and the equivalent impedance. This model not only accurately reflects the rebound
voltage characteristics of the Li-ion battery, but also adds the hysteretic voltage characteristics of the Li-ion battery,
making the model more perfect and more suitable for the Li-ion battery. The following provides an introduction to the
structure of the new model and detailed discussion of the equivalent voltage source and equivalent impedance.

By this model, not only the operating voltage U and the open-circuit voltage (OCV) of the battery can be obtained
in real time, but the SoC value of the battery can also be directly estimated in real time. Since the circuit components
for the model are common and simple, it is more convenient to implement the model. The circuit components in the
simulation software can be directly used to implement this battery model or the mathematical relationship of the
circuit model can be obtained after a circuit analysis. The power battery model is then established according to the
obtained mathematical relations [16].

The new power battery model mainly consists of two submodules, the
Battery equivalent impedance module and the power module of the battery, namely the
r RC series-parallel network and the OCV power supply as shown in Figure 7.13.

Equivalent voltage source sub-module

Ve H Load The controlled source is a kind of power supply that can be controlled by the
Equivalent current of any other branch in the circuit or the voltage of any single or mul-
voltage source tiple components. The controlled source can be used to express the hysteretic

: voltage characteristics of the Li-ion battery and the non-linear relationship
Figure 712 Simple equivalent between the SoC and EMF [17-19]. Figure 7.14 shows the equivalent voltage

circuit model. source of the established Li-ion power battery model.
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Figure 7.13 New power battery model.

As shown in Figure 7.14, the equivalent voltage source of the Li-ion power battery model consists of branches A, B, and
C. The equivalent voltage source OCV represented in branch C is composed of the EMF and V},. The voltage-controlled
voltage source (VCVS) representing the EMF is controlled by the SoC of the battery, and the current-controlled voltage
source (CCVS) represents the hysteretic voltage V},, which is controlled by the SoC and current Iy of the battery.

The capacitance value of the capacitor C¢,, in branch A represents the rated capacity of the battery. The value
of the current flowing through Cc,j, is the value of the current flowing through the battery. That is, for the current
controlled current source (CCCS) Iy shown in branch A, the voltage Vi, at both ends represents the SoC of the
battery. Therefore, the V. value is between 0 and 1.

The hysteretic voltage of the Li-ion power battery is not only related to the SoC of the battery, but is also affected
by the historical current. To determine whether the hysteretic voltage V), of a battery at a certain time is a charging
hysteretic voltage or a discharging hysteretic voltage, the first thing is to find out whether the battery is charging
or discharging before this time. Therefore, it is necessary to use the circuit components with a memory effect on
the current to indicate that the hysteretic voltage V), is affected by the historical current. The current flowing
through the adjustable inductance Ly, as shown in branch B, is controlled by the current I of the battery. The
voltage V), at both ends of the adjustable inductance indicates that the hysteretic voltage V), of the battery is the
discharging hysteretic voltage or the charging hysteretic voltage; that is, the direction of the hysteretic voltage V),
is decided by V7. The hysteretic voltage V), is controlled by the SoC of the battery, that is, controlled by the voltage
Vioc at both ends of the capacitor C,p in branch A.

Therefore, the relationship between SoOC-EMF and SoC-V}, of the battery can be easily solved by using the con-
trolled source, and the SoC of the battery can be obtained directly and in real time through the established
equivalent voltage source.

Equivalent impedance submodule

According to the characteristic shown in the battery rebound voltage curve and the mechanism of the battery
rebound characteristic, the equivalent impedance model of the battery can be established. Figure 7.15 shows the
open-circuit voltage curve at room temperature after dis-

charging the battery at a discharge rate of 0.5 C.

I/SOC

Vin

o] 0 o ®)
As shown in Figure 7.15, the rebounding characteristic + + e \+\\
curve of the battery, i.e. the changeable AU of the voltage, I |
can be divided into two parts: rapid voltage rises and slow CCi_ I l@ aI i@ Ly i - i ocv
voltage rises, i.e. AU; and AU,. T ? 3"‘7!’] : . !
AU is mainly affected by the ohmic resistance of the battery. i E E
Assuming that the internal resistance of the battery is the series A B ‘w\V-,/C
resistance of the ideal power supply, at the moment when the e

battery circuit is disconnected, the current flowing through the
series resistance will suddenly become zero, that is, the open-
circuit voltage will have a corresponding jump. Therefore, the

Figure 7.14 Equivalent voltage source of the

submodule.
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3.34 voltage change of AU; could be considered as an
C instantaneous voltage response of the ohmic resis-

3.33 tance upon the disconnection.
/ i The voltage change of AU, is mainly affected
3.32 U2 by the phase transition of the positive electrode
33 / material of the Li-ion battery and the polariza-
z T tion of the battery, i.e. the Li* diffusion/migra-
a 330 Mr_) _________________________________________ ¥ tion rate. In AU,, the rise rate of the open-circuit
© ;?‘ voltage of the battery is quite large within 200s,
329 [ decreases within 200 to 500s, and becomes low
IAUL after 500s, after rebounding is started, while
328 the change of the open-circuit voltage of the
& battery is also small. Therefore, AU, can equiv-
3.27 |i"8"" alently correspond to the voltage response of a

0 1000 2000 3000 4000 5000 three-order RC network.

Time (s) According to AU; and AU,, in order to establish
the equivalent impedance model with a high
degree of approximation with the actual external
characteristics of the battery and a relatively

Figure 7.15 Rebound voltage curve.

O—|R:Q ,R_S, ,ﬁ, R o simple structure, the equivalent impedance model
of the battery can be described by the three-order
Cls Clm RC series parallel network shown in Figure 7.16.

I I I I The three-order RC network, rather than the

two-order or four-order or even higher-order RC

Figure 716 Equivalent impedance model. network, is used to establish the model mainly

because the established equivalent circuit model

must have the following characteristics: the external characteristics shown by the established model is highly

approximate to the actual external characteristics of the battery, and the structure of the model is simpler.

However, these characteristics are contradictory. The higher the approximation degree of the model, the higher

the order of the RC network required, and the more complex the structure of the model becomes. Conversely, the

simpler the structure of the model, the lower the approximation is. The choice of RC network order is now
discussed.

Figure 7.17 shows the OCV curve of the battery output by simulating the over-potential characteristics of the
Li-ion battery with RC networks with different orders.

Table 7.3 shows the errors of the OCV of the battery output by the model (compared with the actual measured
OCV of the battery) when the RC network model with different orders is applied to the Li-ion battery. As the char-
acteristics simulated by a one-order RC network, as shown in Figure 7.17, are very different from the actual rebound
characteristics of the battery, the errors caused by two-order to five-order RC networks are compared here.

According to the comparison of the approximation degree of the external characteristics of the battery fit by the RC
network at different orders and their errors, the higher the order of RC network, the higher is the approximation
degree of fitting. However, for a three- to five-order RC network, the error change is not large, and considering the
complexity of the circuit model, a three-order RC network is more suitable for modeling the Li-ion power battery.

7.4.2 Estimation of Model Parameters
Estimation of equivalent voltage source parameters

In the platform area, EMF is the mean value of the charge-discharge equilibrium potential, and its weight is 0.5.
In the non-platform area, SoC has a linear relationship with weight A, that is, when SoCis 0~ 0.1,1is 1 ~ 0.5, and
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Figure 717 Rebound voltage
characteristic simulated by RC networks
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Table 7.3 Errors of external characteristics of battery fit by different orders of RC networks.

Orders of RC network Standard deviation (V) Maximum deviation (V)  Average deviation (V)
Two orders 0.0005751 0.00320 0.000225
Three orders 0.0002144 0.00086 0.000163
Four orders 0.0002313 0.00062 0.000115
Five orders 0.0001398 0.00107 0.000121

when SoCis 0.9 ~ 1, 1is 0.5 ~ 1. Table 7.4 shows the calculation method of hysteretic voltage V), upon discharging

and charging in different SoC values.

Since EMF = OCV = V}, (positive for charging and negative for discharging), after considering the hysteretic
voltage V), the calculation equations for the EMF value corresponding to different SoC values may be established,

as shown in Table 7.5.
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Estimation of equivalent impedance parameters

When the battery stops operation, the voltage rebound starts (drops when the charging stops and rises when the
discharging stops). The curve obtained after discharging the battery at discharge ratio of 0.5 C for 300 s and
standing is shown in Figure 7.18, where the battery is enabled standing before the point A, the battery is dis-
charged during A — B, the battery is enabled standing during B — C, A — B time is the same as B— C time, and
the standing time is enough long, that is, OCV,. is the equilibrium potential. During ¢, =t, =12 min =720s,
the battery is discharged at a constant current and 0.5 C.

During A — B, there is a zero-state response on the RC network u(t) = Ri(t)(1 — e H/(RO)y, According to the
equivalent circuit model shown in Figure 7.19, A is considered as the starting point (¢, =0) and the battery
voltage at any time t during A — B is calculated by

Table 7.4 Hysteretic voltage V;, upon discharging and charging at different SoC values.

SoC V,, upon charging V;, upon discharging

0—0.1 V=5 Soc(ocvcharge - OCVdischarge) Vi, =(=580V + 1)(Ocvcharge - OCVdischarge)
0.1—0.9 V]’l =0.5 (OCVCharge - OCVdischarge) Vh =0.5 (OCVcharge - OCVdischarge)
09—1 Vy, = (5 80V — 4)(OC V4150 — OCVyischarge) Vi, = (=5 S0V +5X(OCV,ar5e ~ OCVyicenarge)

harge

harge

Table 7.5 Calculation equations for EMF values corresponding to different SoC values.

SoC

EMF

0—0.1
0.1—0.9
09—1

EMF = (—5 S0C +1)0CV,q 5
EMF =0.5 (OCVcharge + OCVdischarge)

+ (5 Soc)ocvdischarge

EMF = (—5 S0C + 5)OCV,yge + (5 S0C — )OCVgieenaree

3340
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Figure 7.18 Battery discharging-rebound curve.
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Figure 7.19 Equivalent circuit of a battery-
discharging circuit.

~

Vi

MF(SoC) Vi~

-

SEMF

ug(t)=0CV, —u () —u,, (t) —u,(t)— IR,

t t t

=0CV, —IR|1—e % |- IR |1—e ®% |- IR|1—e RO |- IR,

(7.6)

When the discharging time ¢, =720s , based on the experimental data and the characteristics of the Li-ion bat-
tery, R;, R,, and R, values can be estimated in milliohms, so ¢/(R,C,), t/(R,C,,), and t/(R,C,) values are
10 ~ 100 order of magnitudes, namely ¢ -/(RC) o 7L/(RCa)  ,"L/RC) 3 (¢710 = 4.5400e-005), the operating
voltage at the point B is expressed by

up(t,)=0CV, — IR, — IR, — IR, — IR, (7.7)

Therefore, the voltages of three RC networks at the point B are respectively:

u ()= IR, (7.8)
u,(t,)=IR, (7.9)
u(t,)=IR, (7.10)

It can be seen from Figure 7.18 that the battery is changed from the operating state to the standing state at the
point B, that is, at the moment when the battery circuit is disconnected, the battery voltage jumps mainly for the
ohmic resistance. According to the established equivalent circuit model, this phenomenon corresponds to the
effect of series resistance R, in the equivalent circuit model, that is, during B — D (the time interval between B
and D is very small and they are almost at the same time point), an ohmic drop is caused and the ohmic resistance
R, can be calculated using the following equation:

_[0o -0y

- (7.11)

Ry

Estimation of polarization resistance and polarization capacitance parameters

When the circuit of the battery is disconnected, the external current Iz flowing through the battery is zero
and the net reaction rate of the electrode will not immediately be zero due to the influence of the electro-
chemical mechanism of the battery inside it. As shown in Figure 7.18, B— C area corresponds to the
rebound characteristics upon standing. The battery equivalent circuit model upon standing is shown in
Figure 7.20.
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=0 R, R, Ry In Figure 7.20, there is a zero input response in the RC net-
© A DEEEA :'r €0 work u(t)=U(0)e ) as there is an ohmic drop during
iy A ""C A ”C A B— D,when R, C,, R,, C,,, R, and C, parameters are calcu-

.......... |C [|.Cm. [.&

o ‘ lated by fitting the U, (¢) curve. The data used for fitting should
J | ¢

Y Y Y be selected from the data obtained from the next sampling time

o m “ o after the point B to the point C, namely the data obtained dur-
Figure 7.20 Voltage response of equivalent ing D—> C. If the point D is used as t.he starting point (t = 9),
impedance after discharging and standing of the the initial voltage of the RC network is the voltage at the point
battery. B (or the point D), u,(0) =u,(t,)= IR, u,,(0)=u,,(t,)=1IR,
, 4,(0)=u,(t,) = IR, and the operating voltage of the battery at
any time during D — C is calculated by the following equation:

uc(t)=0CV, —u,(t) —u, (t) —u(t)
=0CV, —u (0)e "Ry (0)e i) _yy (0)e /R (7.12)
=0CV, — IRe "R R o !/RaCn) _ IR e~t/(RED

—URC,) o g t/(R,Co) o, p=t/(RC,

Since the standing time is long enough, e ) ~ 0 the voltage at the point C is calculated

by the following equation:
Ue=u(t,)=0CV(t,)—u,t,)—u,(t,)—ul(t,)=0CV. (7.13)

Therefore, the voltage increment during rebound from the point B to the point C is calculated by the following
equation:

Ue —Up=IR, + IR, + IR, + IR, (7.14)

This equation indicates that the rebound voltage of the battery depends on the equivalent internal resistance of
the battery.
After fitting the rebound voltage and time (OCV-Time) curve according to the function
y=0CV_ —be " —b,e ™ —b,e ™, the parameters b,, 7, b,, T,, by, and 75 can be obtained. The parameters of the
model are calculated by the following equations:

b
RS:71
b

R, =2
Rl:b_3
1

1 (7.15)

C,= p
710y

1
Cm:—b
20,
Cl: I




7.5 Model Parameterization and Its Online Identification

7.5 Model Parameterization and Its Online Identification

The high-precision battery model is necessary in order to estimate the battery’s SoC. On the one hand, it is
necessary to consider whether the model structure conforms to the original electrochemical characteristics of the
battery. On the other hand, the model depends on the accuracy of the model parameters. After the model struc-
ture is determined, the variation characteristics of the battery with environmental conditions are reflected by the
model parameters, so the model parameters should be a function of the external environmental conditions. When
the battery behavior is estimated by the model, the model parameter should be upgraded in real time according
to the operating conditions. The model parameters can be upgraded according to the test data measured in
advance or the real-time voltage and current information of the battery in combination with the optimal estimation
theory. According to different application conditions, this section introduces two parameter upgrade methods:
offline extension and online identification. In general, the equivalent circuit model is used only to perform
approximate simulation by the circuit structure with similar external characteristics, without consideration of the
real operation mechanism of the battery, so its accuracy is limited. The accuracy of the model can be improved by
optimizing the parameter identification method and adjusting the model structure.

7.5.1 Offline Extension Method of Model Parameters

The offline extension method of a model parameter means that the battery parameters under different conditions
are obtained by battery characteristic tests, the zero-response equation of the battery derived according to the bat-
tery model, and fitting the rebound voltage value upon standing. A characteristic parameter database is established
and the optimal parameter value under the current condition is obtained by the multidimensional query method
in the application [20].

According to the DC equivalent resistance test in the battery characteristic test (see Section 5.4 for details), sev-
eral rebound voltage curves corresponding to different SoC values can be obtained, as shown in Figure 7.21. The
model parameters in each SoC value can be obtained by least squares fitting of the voltage response during
standing. This section introduces the parameter identification method based on the zero-input response time
domain equation by exampling the n-order RC network model.
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Figure 7.21 Rebound voltage curves in different SoC values.
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It can be seen from the analysis of Figure 7.15 that the ohmic resistance of the battery can be obtained by the
instantaneous rebound voltage after the current excitation is removed:

UD — UB

R, = (7.16)
1
At the same time, during the standing of the battery, the voltage at two ends of the battery meets
u(t)=U, — IRje /R _[R e /(RC) _[R ¢~ 1/(RC) (7.17)

where Ry, C1, Ry, C», ... R,, and C,, are 2n specific parameters of the polarization resistance and the polarization
capacitance to be determined, I is the discharge current required for the test, and U, is the voltage after full
rebound, which may be considered as a constant; t and u(t) correspond to the sampling data used in the test. These
specific parameters can be obtained by least squares non-linear regression.

The model parameters are generally obtained under specific environmental conditions and vary with different
temperatures, multipliers, and SoC. Therefore, the model parameters are multidimensional functions designed to
function together with different factors. When it is required to extract the model, different conditions can be
entered as queries. If the same data with those under current conditions are available, the data may be directly
read. However, due to limited testing time and resources, it is generally difficult to test under all environmental
conditions. Therefore, how to determine the value under the condition that the sample test cannot cover is a key
problem of offline parameter identification. In this section, by means of multidimensional data extension and the
cyclic interpolation of known test parameters, the parameters to be measured under arbitrary conditions are
obtained in order to determine the model parameters.

First, the values are evenly divided and selected for operation conditions of the battery, such as temperatures
of 0°C, 10°C, 20°C, 30°C, 40°C, 50°C, battery capacities of 5 Ah, 10 Ah, 20 Ah, 50 Ah, 100 Ah, and SoCs of 20%,
40%, 60%, 80%, 100%. The above operating conditions of the battery are combined to form 125 operating condi-
tions of the battery. Under these 125 conditions, the actual battery is tested to obtain 125 sets of parameters to
be tested. Since the SoC change can be carried out in the same test, the actual test number is 25, and the estab-
lishment of a sample database is completed. The larger the data size of the sample database, the more accurately
it can describe the real behavior of the battery under different conditions. However, given the testing time and
cost and the storage capacity of the existing processing units, the database cannot be too large to cover all
conditions.

Since the sample database only contains the parameters to be measured under certain operating conditions,
such as temperature, battery capacity, and SoC, if the parameters to be tested under any operating conditions are
required, a fitting extension method should be adopted to calculate the parameters. The fitting method can be
freely selected according to the actual needs. Considering the computing power of the general processing unit in
the project, a piecewise linear interpolation and a cubic spline interpolation are preferred in this section. The
piecewise linear interpolation is described as follows.

Assuming that the function value on a known node a = x, < x; <---<x, =b is yy,);,...,¥,, forany x € [a,b],
X — X X —X;

i+ —Yia (G<x<x,) (7.18)
X — X4 Xiv1 =X

o(x) =

Extrapolation may be performed for x ¢ [a,b]:

X—Xx X —X,
o(x) = ! Yo+ . N (x<xo) (7.19)
Xo =X X1 —Xo
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X—x X—Xx
o(x)= " n_y o+ nly o (x, <x) (7.20)

n-1 n n n—1

The cubic spline interpolation

3 3
(x; —x) (x—x4) M, b x,—x Mk x—x;_,

x)= M, + M;+(y_, ———H)t—+(y, ——)— 7.21

(%) 6h, ! 6h, Wi 6 h (y 6 ) h (7.21)
where
hy=x; — x4 (7.22)
d; = My +2M; + M, (7.23)
h.

=L 7.24
. W+ hipy 7
T (7.25)

b +hy
6 Yin—V ViV

d = i+1 i Ji i1y __ 61(x: 1,%:,X; 7.26

i hi+hi+1( h A )=6f(X;_1,X;,x; 1) (7.26)

It is assumed that a set of basic databases with 125 samples has been obtained through the basic test, as shown
in Figure 7.22. In the parameters to be identified in the model, each parameter has a specific relationship with
temperature T, battery capacity C, and SoC S. Taking the polarization resistance R as an example, according to
the existing information, the Ry value is calculated under conditions such as temperature T = 35°C, battery
capacity C = 15 Ah, and SoC S = 70%. Other parameters are obtained by similar methods.

First, the SoC S is fitted to obtain 25 circular reference points in Figure 7.22:

R,(Al) =R, (T =40°C,C =100 AH, § = 70%) Battery capacity C
7 100Ah
_70-80, (T =40°C, C =100 AH, § = 60%) (7.27) A 50Ah
60— 80 S
— | 7’ !
MRS(T =40°C,C =100 AH, S = 80%| L 20Ah
80— 60 “ar ek
A 10Ah
A L ! 5Ah
Ry(A2) = R(T =30°C, € =100 AH, 5 =70%) A TP 70C Socs
N 7 20°C
~ 07 (r=30C.c =100 AH, S =60%)  (7.28) EES e
60— 80 20% 60%  100%
70— 60 .
— R, (T =30"C,C =100 AH, S = 80%) Temperature T
80— 60

Figure 7.22 Multidimensional
extension of model parameters.
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Similarly,

Ry(A25) = R, (T —0°C,C =5 AH, S = 70%)
7080
60— 80

70— 60 (7.29)
R(T =0°C,C =5 AH, S = 60%) + R,(T =0°C,C =5 AH, S = 80%)
80— 60

where Al, A2, and A25 represent 25 different operating conditions of the battery obtained by combination of SoC
S = 70%, temperature T, and battery capacity in turn.
The temperature T is fitted to obtain five rhombic reference points in Figure 7.22:

R,(A26) = R,(T = 35°C, C =100 AH, S =70%)
3540
30— 40

35— 40 (7.30)
RS(T =30°C,C =100AH, § = 70%) o 30RS(T —40°C,C =100AH, S = 70%)

Similarly,

R,(A30) = R, (T =35°C,C =5AH, S = 70%)
35-40
30— 40

B (7.31)
R, (T =30°C,C =5AH, S =70%)+ i(s) 48RS(T —40°C,C =5AH,S = 70%)

where A26 and A30 represent five different operating conditions of the battery obtained by combination of SoC
S = 70%, temperature T = 35°C, and battery capacity C in turn.

The temperature T is fitted to obtain the star-like reference points in Figure 7.22, namely the required value of
Ry under the condition of T = 35°C, battery capacity C = 15 Ah, and remaining power S = 70%:

R,(A31)=R,(T=35°C, C=15AH, S=70%|
C15-20
©10-20

15-10 (7.32)

R,(T=35C, C=10AH, §=70%) + % ORS(T:SSOC, C=20 AH, $=70%)

where Rg (A31) is the optimal R, value under the operating condition of T = 35°C, battery capacity C = 15 Ah, and
SoC S = 70%.

In this way, the offline parameter selections can be realized by less piecewise linear fitting of the calculated
value. In order to demonstrate the universality of the value extension method, a complete calculation process is
introduced herein. In practice, the value may be calculated for fewer points during the linear interpolation. Since
the estimation only depends on the information of adjacent points, the value is only calculated for seven adjacent
points including the target points, which can greatly reduce the calculation work. The extension calculation of the
model parameters depends on the external influence factors. The more influence factors, the longer is the
extension step. The relevant steps can be realized through the program and the fitting function can be embedded
in the program after the pre-processing. In the actual calculation, without the need to real-time fit, there is only a
requirement to perform the data retrieval and some primary operations, which does not require a high computing
power of the processor.

In the actual operating conditions, the change of external conditions is relatively slow. Therefore, the calcula-
tion frequency of the parameters can be appropriately reduced in the application. For example, the parameters are
upgraded and extended every 20 s. In addition to the above conditions, such as temperature, capacity, and SoC,
the influence factors of the other parameters, such as the hysteretic effect and battery degradation degree, can be
extended through this method, but it is a requirement to accordingly extend and perfect the database and the
parameter extension steps.



7.5 Model Parameterization and Its Online Identification

7.5.2 Online Identification Method of Model Parameters

In the offline extension method introduced in the previous section, the parameter values under any conditions can
be obtained by using known parameter data with less calculation work, and the method is applicable to most engi-
neering application scenarios. However, the method has a high requirement for test quantity in the early stage and
requires the support of abundant test data. Therefore, in this section, an online identification method of the model
parameters is proposed for the condition of a small sample size. Under this condition of no relying on previous data,
the model parameters are estimated in real time by using the current and voltage information of a period of time.

According to the state equation of the power battery model, the voltage response of the battery can be expressed
by the iterative operation of the equation set, which is a dynamic system using the current as input, model param-
eters as adjustable variables, and voltage as output. The accurate model parameters should correctly reflect the
mapping relation between the input and the output of the system, so that at a specific current output, the output
measured through the model operation is consistent with the battery output.

According to the above analysis, the voltage and current data of the past period are selected to obtain the real
current as the excitation. The model parameters are adjusted by an heuristic algorithm to minimize the error sum of
squares of the estimated voltage and the real voltage, and approximate the real voltage in the sense of the least square,
in order to achieve the optimal estimation of parameters. To this end, the objective function is defined as follows:

N
Z=%" (v
;yk Vi (7.33)

where N is the sample size used for the parameter identification, k is the sampling time, y, is the real voltage at
k time, and v, is the estimated voltage at k time, which is calculated by the state equation corresponding to the
battery model. Each set of model parameters corresponds to a target parameter value, so it can be regarded as an
extreme value optimization by using the parameters as independent variables. In order to avoid local optimization
and improve the calculation efficiency, a Tree Seed Algorithm (TSA) based on group intelligence is used in this
section to identify the model parameters and verify the effectiveness of the algorithm through two dynamic
working conditions [21]. The calculation flow of the algorithm is shown in Figure 7.23.

The optimized model parameters are used as the tree seeds in the algorithm, and the tree seeds are firstly ini-
tialized by random values in the present range; then

T3 = Limin + 1.5 % (H jmax = Lj min) (7.34)

where T, ; is the initialized value at the No. j dimensional position in the tree i, L; ,,;, is the lower limit set for the
value at the No. j dimensional position according to feasible region, H;,,,, is the upper limit of the value at the
No. j dimensional position, and 7 ; is a random number in the range of [0,1].

Then the corresponding objective function value is calculated by Equation (7.33), if the function value meets
the convergence condition, the current parameter is output; otherwise, the parameters are updated. The tree
seeds are upgraded through two strategies:

Sijm =T+ ;x(B; =T, ;) (7.35)
Si,j,m :Ti,j ta, X(Ti,j _Tr,j) (7.36)
where S, ;,, is the No. j dimensional position of the seed m in the tree i, B; is the No. j dimensional position

corresponding to the optimal tree in the population at iterations time, and the optimal tree refers to the tree
sample minimizing the objective function. T, ; is the No. j dimensional position in the tree r, and r is a random
integer that is less than or equal to the number of population NP; ¢ ; is a random mutagenic factor in the range
of [0,1]. The strategy selection is controlled by the search factor 7, which is a constant in the range [0, 1]. When
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Figure 7.23 Model parameter online identification.

each direction is upgraded, a random number in the range [0, 1] is generated for judgment. If the random number
is less than 7, Equation (7.35) is used for an upgrade; otherwise, Equation (7.36) is used for the upgrade.

After the parameters are updated, the objective function value is recalculated. If the function value meets the
convergence condition, output the optimal parameter; otherwise, enter the next iteration update. As the samples
used for the parameter identification can be obtained online, for example, the data at the first 1000 can be acquired
in the data cache in real time to accordingly achieve the online optimization of the model parameters.

In order to verify the accuracy of the different parameter identification methods, Tables 7.6 and 7.7 provide the
tests based on two dynamic working conditions, including the dynamic stress test (DST) and the federal urban
dynamic schedule (FUDS). These two tests for working conditions are recommended in the USABC manual and
can simulate the real operating conditions of city roads, they have strong dynamics, and can be used to verify the
accuracy of the model and the parameters.

The current in DST working condition is shown in Figure 7.24(a). For the purpose of this book, the discharge is
defined as positive, the charge as negative, and the sampling range is 1000 s. The measured voltage and the voltage
estimations calculated by different parameter identification methods are shown in Figure 7.24(b), which provides
the comparison of the estimation results obtained by the offline identification, and the online identification based
on the genetic algorithm (GA) and the tree seed algorithm (TSA) [22]. In order to more clearly compare the pre-
cision of the model with the different parameters, the voltage estimation errors are provided as shown in Figure
7.24(c). The tree seed algorithm error distribution is shown in Figure 7.24(d).

It can be seen from Figure 7.24(b) and (c) that the model parameters obtained by the traditional offline method may
have a large estimation error under dynamic working conditions. The error range can be reduced to a certain extent
by increasing the sample size of the early phase test and improving the offline database. In such a case, the test cost is
increased and a large storage capacity is also required for the processor. On the contrary, the model accuracy can be
effectively improved by online parameter identification based on the optimization algorithm. In order to visually com-
pare the model accuracy under different methods, the mean square error and maximum error of the statistical voltage
estimation are shown in Table 7.6. It can be seen from the table that after the parameter online identification provided
in this section, the RMSE and MAE of the model are 3.28 mV and 12.56 mV respectively, which can basically meet the
needs of the battery state estimation. The estimated results under the FUDS test conditions are shown in Figure 7.25
and Table 7.7. The effectiveness of the proposed method is also verified by relevant results.
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Figure 7.24 Results of the model voltage estimation based on different parameter upgrade methods in the DST working condition.

Table 7.6 Error of the model voltage estimation based on different parameter
upgrade methods in the DST working condition.

Tree seed optimization  Traditional Offline extension
algorithm genetic algorithm  method

RMSE (mV) 3.28 6.96 19.69

MAE (mV) 12.56 27.98 70.04

Table 7.7  Error of the model voltage estimation based on different parameter
upgrade methods in the FUDS working condition.

Tree seed optimization  Traditional genetic Offline extension
algorithm algorithm method

RMSE (mV) 3.06 6.32 13.63
MAE (mV) 18.24 30.41 80.45
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Figure 7.25 Results of the model voltage estimation based on different parameter upgrade methods in the FUDS working

condition.

7.6 Battery Cell Simulation Model

Since some parameters of the equivalent circuit model established for the battery vary with such factors as SoC
and current of the battery, it is not suitable to establish the battery model only by circuit components. Therefore,
the battery model is realized by the standard modules and some components in Matlab/Simulink® [23]. The fol-
lowing provides the specific realization process of the battery model in Simulink and the verification and applica-
tion of the battery model.

7.6.1 Realization of Battery Cell Simulation Model Based on Matlab/Simulink

Based on the equivalent circuit model of the power battery as shown in Figure 7.13, the corresponding equivalent
circuit model is established in Simulink. Figure 7.26 shows the structural diagram of the model simulation.



7.6 Battery Cell Simulation Model

The constant module and the resistance Ry, in the Simulink model shown in Figure 7.26 are the parameters
of the battery model. The ohmic resistance of the battery is represented by the resistance components rather than
the mathematical relationship module, mainly for two reasons. First, the ohmic resistance of the battery is basi-
cally unchanged if there is no large change in the cycle life of the battery. Second, the addition of circuit compo-
nents can prevent algebraic rings in the simulation process, avoid the addition of redundant modules (if there is
an algebraic ring in the model simulation, it is necessary to add a delay module to eliminate the algebraic rings),
and reduce the complexity of the model.

In the model, C,, is the rated capacity of the battery, for example, for the battery with a rated capacity of 100
Ah, C,, =100x3600 = 3.6 x 10° As, the initial SoC is the SoC of the battery before operation, and may be set to
any number in the range of 0 ~ 1 as required before simulation. Ry, Cs, R, Cpy, Rj, Cj, and R, are the parameters
corresponding to the equivalent impedance of the equivalent circuit model of the battery.

7.6.2 Model Validation

For the equivalent circuit model of the battery established in the above section, consideration is given to not only
the rebound voltage characteristic of LiFePO, power battery but also the hysteretic voltage characteristic of the
battery. Therefore, the accurate SoC value can be obtained from the operating voltage and current of the battery
measured in the experiment. In this section, the fifteenth and UDDS working conditions are exampled to verify
the accuracy of the SoC estimated by the model.
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Figure 7.26 Structural diagram of the Simulink model.

125



126

7 Battery Modeling

600 Battery performance simulation and
— 15 working conditions SoC estimation under fifteen working
500 conditions
400 The 15 working conditions are the testing working con-
s 300 ditions specified in the Chinese standard “Exhaust
& Contaminant Emission Standards for Lightweight
200 Vehicles” (GB14671.1-93), including four states of cyclic
operation: idle, acceleration, constant speed, and decel-
100 eration. Therefore, it is of practical significance to verify
|_| the effectiveness and accuracy of the model under 15
O0 100 200 300 400 500 600 700 working conditions. Figure 7.27 shows the power spec-
Time(s) trum under the 15 working conditions.

Figure 7.27 Fifteen working conditions. Figure 7.27 shows the operating voltage vs the time

change curve of the battery obtained by a model simula-
tion verification under 15 working conditions. Due to the large rated capacity of the used power battery and more
cycles of the working condition and a limited picture size, the simulation results of only some of the working
condition cycles are provided here. The simulation results are represented by a solid line and the experimental
results are represented by a dotted line in the figure.

From the voltage curve shown in Figure 7.28, it can be seen that the external characteristics of the battery
obtained by the simulation test of the established battery model under 15 working conditions have a high degree
of approximation with the external characteristics of the actual battery. Table 7.8 provides the error between the
simulated operating voltage and the real operating voltage of the battery.

Figure 7.29 shows the SoC estimation result of the battery obtained by a model simulation verification under 15
working conditions. The simulation results are represented by solid line and the experimental results are repre-
sented by the dotted line in the figure.

It can be seen from Figure 7.29 that accurate SoC estimation of the battery can be achieved using the established
model under 15 working conditions. Table 7.9 provides the estimation error of the SoC.

Based on the above simulation results, the established battery model shows the external characteristics of the
battery with a high degree of approximation with the real external characteristics of the battery during verification
under 15 working conditions; the estimated SoC value is accurate. The feasibility and effectiveness of the model
have been verified.
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Table 7.8 Error between the simulated operating voltage and the real operating voltage of
the battery under 15 working conditions.

Error Standard deviation (V) Average deviation (V) Maximum deviation (V)
Simulation result 0.0226 0.0168 0.0274
1
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Figure 7.29 SoC estimation result of the test under 15 working conditions.

Battery performance simulation and SoC estimation under the UDDS working condition

The UDDS (Urban Dynamometer Driving Schedule) is designed for the lightweight vehicle by the Environmental
Protection Agency. Although the UDDS is originally designed for traditional vehicles, it can also be used for test-
ing the batteries of electric vehicles (e.g. the driving range test, etc.). Figure 7.30 shows the UDDS.

Figure 7.31 shows the simulation result of the battery obtained by model simulation verification under the
UDDS and the experimental result. Due to the large rated capacity of the used battery and more cycles of the
working condition and a limited picture size, the simulation results of some working condition cycles are provided
here. The simulation results are represented by the solid line and the experimental results are represented by the
dotted line in the figure.
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Table 7.9 SoC estimation error of the test under 15 working conditions.

Error Standard deviation Average deviation Maximum deviation

Simulation result 1.186e-004 7.7220e-005 6.22e-004

From the voltage curve shown in Figure 7.31, it can be seen that the external characteristics of the battery
obtained from the simulation test of the established battery model under UDDS have a high degree of approxima-
tion compared with the external characteristics of the actual battery. Table 7.10 provides the error between the
simulated operating voltage and the real operating voltage of the battery.

Figure 7.32 shows the SoC estimation result of the battery obtained by the model simulation verification under
the UDDS. The simulation results are represented by the solid line and the experimental results are represented
by the dotted line in the figure.

Table 7.11 shows the SoC estimation error shown in Figure 7.32.

Based on the above simulation results, the established battery model shows the external characteristics of the
battery with a high degree of approximation with the real external characteristics of the battery during verification
under the UDDS, and the estimated SoC value is accurate.
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Figure 7.30 UDDS.

Figure 7.31 Simulated external characteristics under
the UDDS and the actual external characteristics of the
battery.
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Figure 7.32 SoC estimation result of the test under the UDDS.

Table 7.10 Error between the simulated operating voltage under the UDDS and the real
operating voltage of the battery.

Error Standard deviation (V) Average deviation (V) Maximum deviation (V)

Simulation result 0.0198 0.0202 0.0496

Table 7.11 SoC estimation error of the test under the UDDS.

Error Standard deviation Average deviation Maximum deviation

Simulation result 2.6125e-005 2.2296e-005 1.8988e-004
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Battery Monitoring

8.1 Discussion on Real Time and Synchronization

During battery state monitoring, the state information acquisition, the information transmission, and the infor-
mation process are more or less lagging, while the “real-time” is relative. According to the factors that may cause
delay in the battery management system, this section intends to analyze the reasons for non-real-time and non-
synchronous conditions in the state monitoring process and describe their negative impacts in order to propose
some solutions to solve the problems.

8.1.1 Factors Causing Delay

During power battery state monitoring, the state information delay may be caused by the information acquisition
of the battery monitoring circuit (BMC), the information transmission of the communication network, and the
battery control unit (BCU) responsible for whole decision-making.

1. Delay caused by BMC

BMC consists of a chip closest to the acquired physical quantities and its auxiliary circuits. According
to different applications, the front-end chip comprises a single-chip microcomputer, an analog-digital
converter and some chips specially designed for the battery management system, which are responsible
for converting analog signals, such as battery voltage, into digital information. The delay is mainly
caused by the analog/digital conversion time. Generally, it takes about 100 us to complete an 8-bit
analog/digital conversion of a signal. The time delay of the voltage acquisition increases with the
increase of the conversion bits.

2. Delay caused by the communication network

If a bus network is used to transmit the information in the battery management system, the delay caused by the
communication network cannot be ignored. The delay of the communication network is related to the communi-
cation control mode and the communication baud rate. The following provides a discussion by exampling the
CAN bus network, which is generally used in the battery management system of the electric vehicle. When a baud
rate of 250 kbps is used for the CAN bus, the inquiry frame sent by the BCU to the BMC is 2 bytes and the answer
frame sent by the BMC to the BCU is 8 bytes. The time required for an inquiry and answer is equal to

(2 + 8) x 8/250000 = 0.32 ms (8.1)

Battery Management System and its Applications, First Edition. Xiaojun Tan, Andrea Vezzini, Yuqian Fan, Neeta Khare, You Xu,
and Liangliang Wei.
© 2023 China Machine Press. All rights reserved. Published 2023 by John Wiley & Sons Singapore Pte. Ltd.
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If there are other nodes in the communication bus, a longer delay may be caused by a bus contention.

3. Delay caused by BCU

The BCU comprises the chip that carries out the highest decision in the battery management system, and all func-
tions, including safety management, energy management, and equilibrium management, are completed by the
master chip. The BCU is obviously not often differentiated from the BMC, but sometimes a chip is responsible for
both state monitoring and security and energy management. However, in the practical application of the electric
vehicle, due to the large number of batteries and their scattered locations, even hierarchical management (i.e.
separation of the BCU from the BMC) is adopted. It is required to solve a coordination problem between the BCU
and the BMC. The causes for the delay by the BCU are complicated, maybe including the following causes.

First, a one-to-many relationship between the BCU and BMC. For example, the battery pack used in an electric
vehicle consists of 96 cells, which are managed by eight daughter boards (the front-end chip on each daughter
board is responsible for monitoring the information of 12 cells). A one-to-eight relationship is formed between the
BCU and the BMC. In this case, the BCU often manages the cells by polling each BMC daughter board in order,
and during an information exchange between the BCU and one of the BMC daughter boards, the real-time data
from the other seven BMC daughter boards are delayed.

Second, delay by process scheduling. The master chip not only exchanges the information with each front-end
chip, but also deals with many other functions of the battery management system, such as the charge manage-
ment function, equilibrium control function, information display function, information storage function, etc.
Such a multitask system is usually implemented by multiprocess technology, and it is inevitable that a delay may
be caused during process scheduling.

Third, delay by peripheral devices of the master chip in the BCU. It is usual to install some peripheral devices
in the peripheral of the master chip of the BCU in order to execute all of the control functions of the master chip.
It takes a certain amount of time to execute these functions, so it is possible to cause a delay. For example, during
the historical information management of the battery described in Chapter 14, a memory device is required to
store the historical information of the battery. If 8-byte data (including maximum cell voltage, minimum cell
voltage, maximum temperature, minimum temperature, and an instantaneous charge and discharge current) of
the battery pack in a certain moment are written on a flash card, it takes about 0.2 ms. During the process, in case
of a no higher priority event, the master chip does not process other tasks until the data storage is completed.

8.1.2 Synchronization

The “real time” is relative due to the delay. The synchronization is also relative. For example, in the battery man-
agement system of an electric vehicle, eight BMC daughter boards are responsible for acquiring the voltage infor-
mation from 96 cells (each BMC is responsible for 12 cells), and when transmitting the data to the BCU by the
CAN bus, the bus rate is 250 kbps. Even if the BMC acquires the voltage information of each cell “at full power”
and intermittently transmits the information, there is about a 90 ms time difference between the information of
the first cell and the information of the last cell due to the delay (an analog-to-digital conversion delay and a com-
munication delay need to be considered at this time). Thus, the “real-time” information of 96 cells that appear to
be acquired “simultaneously” is actually neither simultaneous nor real-time. If the chip in the BMC is controllable
and programmable, the synchronization problem can be improved to a certain extent by the acquisition timing.
For example, the BCU can simultaneously send the “start acquisition” instruction to each BMC daughter board
through the bus, and requires the BMC daughter board to start the information acquisition as soon as it receives
the instruction, in order to minimize the negative impact caused by the out-of-sync acquisition. However, not all
chips used in the BMC are programmable or synchronously controlled, so synchronization issues are not neces-
sarily eliminated in the acquisition process.
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8.1.3 Negative Impact of Non-real-time and Non-synchronous Problems

As mentioned above, many other functions of the battery management systems rely on real-time monitoring of the
battery state information. If the information has a long time delay, or the information acquisition from different cells
is not synchronized, it is possible to affect the implementation of other functions of the battery management system.

For example, the battery equilibrium management is based on the battery consistency, and voltage consistency is often
one of the important bases to reflect battery consistency. However, due to an out-sync voltage acquisition, the “real-time”
voltage of different batteries at the same “moment” varies greatly, which will affect the effect of battery equilibrium.

For instance, in the rapid charging process, the charging current is reduced or disconnected based on the volt-
age value of each cell in the battery pack. Due to the large charging current, the battery voltage changes rapidly in
the late stage of rapid charging. If the data acquisition and processing are not “real-time” enough, the best time
for current regulation is missed. It is possible to affect the charging effect of the battery and damage the battery,
or even cause a safety accident in the worst case.

Here is another example. The coulomb counting method (CC method, sometimes called the current integration
method), discussed in Chapter 9, is one of the most important methods commonly used to calculate the SoC of the
battery. Based on the real-time current information acquired at each moment, the master chip accumulates and
estimates the accumulated discharge capacity of the battery by integration or summation, so as to estimate the
SoC. However, if the non-real-time nature is ignored, the SoC estimation accuracy may be affected by failure to
sample the current according to the current change during the operation of the electric vehicle, or non-uniform
current sampling time.

From the above examples, it can be seen that the non-real-time and non-synchronous problems affect the effect
of battery state monitoring, and if their negative impact is ignored, it is possible to affect other functions of the
battery management system.

8.1.4 Proposal on Solution

According to the above analysis, the non-real-time and non-synchronous problems cannot be ignored in the pro-
cess of battery state monitoring; otherwise, it is possible to cause some unpredictable conditions. Necessity and
feasibility are considered to solve the problems. First, for the necessity, according to the requirements of different
applications, the tolerable range of information delay is analyzed, the real-time and synchronicity requirements
of state data monitoring are clarified, and the design indexes are determined. Second, for the feasibility, according
to the requirements of the design index, comprehensive cost, reliability, etc., the appropriate topology, core
devices, network parameters, and so on are selected to get a reasonable solution [1, 2]. The following proposals for
the solution for these problems are provided according to past work experience.

1. Analyze the feature of state signal and select sampling frequency

According to Nyquist’s sampling theorem, when the sampling frequency is greater than two times the maximum
frequency of the signal during the analog/digital signal conversion, the information in the original signal is com-
pletely retained in the sampled digital signals. In practice, the sampling frequency should be 5 ~ 10 times the
maximum frequency of the signal.

For example, when the current signal sampling is determined as mentioned above, to determine the required sam-
pling frequency, the characteristics of the current signals in the operation of the electric vehicle should be studied first.
The possible working current “spectrum” can be obtained through actual on-site sampling or backward simulation
analysis and the spectrum range of the signal is determined through the comprehensive analysis of the current curve,
especially the frequency domain analysis of the instantaneous current upon stepping and releasing the “accelerator”
pedal. The design index of the current sampling frequency is obtained according to the sampling theorem.
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2. Set different sampling frequencies for different physical quantities

Current, voltage, and temperature are the three main battery state monitoring indicators.

Because the power batteries are usually in series and operate at the same current, therefore, at some point,
only one current value is acquired for the entire battery pack of the electric vehicle. Furthermore, as mentioned
above, the higher the current sampling frequency, the higher the accuracy of SoC estimation in the accumulative
charge method will be, so the sampling frequency of the physical quantity “current” should be set to the
maximum.

The voltage sampling frequency should be set according to needs. The safety management, charging manage-
ment, and equilibrium management of the battery should be based on the voltage value of each cell. The lower
limit of the voltage sampling frequency can be determined according to the requirements of different functions.
Due to the large number of cells in the electric vehicle, the high voltage sampling frequency may consume more
system resources (for example, it will occupy the processing time of the master chip). Moreover, since the voltage
acquisition time of each cell may be out of sync, high-voltage sampling frequency is also unnecessary.

The temperature sampling frequency should be the lowest among the three physical quantities because the
temperature measurement has a large hysteresis and error, so the high sampling frequency is of little significance.
However, this does not mean that temperature monitoring is not important, because the battery is a chemical
product and its operating temperature is often closely related to safety. Measures, such as reducing the alarm
threshold and improving the sensitivity of early warning, can be taken to avoid the potential safety risks caused
by the low sampling frequency.

3. Full consideration of the instrument display, history storage, communication load and other factors

Some real-time information of the battery pack should be notified to the driver through the instrument and the
refresh rate of the state information on the instrument is also a factor that needs to be considered for real-time
monitoring. Too high or too low a refresh rate is not appropriate. If the refresh rate is too high, the number on the
screen will jump or the pointer will jitter, resulting in the failure of the drive to see the state information. On the
contrary, if the refresh rate is too low, the displayed information will seriously lag behind the actual operation. For
example, the driver sees the current rise on the instrument 2 s after the acceleration. Such an instrument display
cannot assist the driver in the optimal control of the vehicle.

The storage of historical data is required for some systems. For example, the storage of the measured voltage
and current for accurate SoC estimation or the storage of historical data to facilitate fault diagnosis or post analysis
are factors that should be considered during selection of real-time monitoring and sampling speed. If the sam-
pling frequency is too low, it is impossible to meet the storage requirement. Conversely, if the sampling frequency
is too high, the data may not be timely stored, which is of no significance.

If the battery state information is transmitted by the bus network, it is important to consider the load of the
communication network. Due to the large number of the cells in the power battery pack for the electric vehicle,
many management daughter boards, and large amounts of information, a high burden may be caused to the net-
work by the too-high sampling frequency during state monitoring, which may reduce the real-time performance
of other functions of the battery management system. For example, for safety management, the load margin is
often reserved on the communication network for such operations as “alarming,” “emergency disconnection,” etc.
Therefore, the bandwidth resources occupied by state monitoring should not be too high. In some applications in
the electric vehicle, the battery management system even shares the communication bus with the motor control
system and the vehicle control system. In this case, it is necessary to control the network load caused by real-time
state monitoring.

A common network load reduction strategy is hierarchical management, which means that some responsibili-
ties of the battery management system’s BCU are transferred to the daughter boards to reduce the amount of state
information uploaded from the daughter board to the master chip. In such a system, the daughter board only
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uploads the relevant information necessary for SoC estimation, instrument display, and historical storage at an
appropriate rate, and processes the real-time data within the scope of its authority. Of course, this strategy some-
times deliberately sets a certain level of information redundancy, in order to improve system security and infor-
mation reliability. The redundant design of the battery management system is a more in-depth research topic,
which is not described here due to limited space.

8.2 Battery Voltage Monitoring

The monitoring of voltage, current, temperature and other state quantities is an important function of the battery
management system. However, due to the fact that the high-power battery is usually formed by series connection
of multiple cells, the voltage monitoring is more challenging compared with other two physical quantities. Several
current mainstream voltage monitoring schemes are analyzed and compared in this section.

8.2.1 Voltage Monitoring Based on a Photocoupler Relay Switch Array (PhotoMOS)

In the BMS, the voltage monitoring based on photocoupler relay switch array is one of the common solutions. The
principle is that each cell is selectively connected by the relay switch array, the voltage of the selectively connected
cell is sent to the A/D converter by an isolated operational amplifier, and the voltage of each cell is acquired and
monitored in proper order by polling, as shown in Figure 8.1.

In the figure, the relay switch array can be either a solid-state relay or an electronic switch. Due to the short
life and large volume of the solid-state relay, it is preferable to use a high-speed PhotoMOS relay with a pho-
toelectric isolation function. Compared with other FET type semiconductor relays, the PhotoMOS relay has
advantages such as a high isolation voltage up to 1500V, a high response speed, high sensitivity, no need for a
special driving circuit, a stable on-resistance, a small open-circuit leakage current, and strong interference
immunity.

Of PhotoMOS relays available on the market, the AQW214 is preferred, the electrical principle of which is given
in Figure 8.2.

The voltage monitoring based on the PhotoMOS is adopted to solve such problems as digital signal isolation and
a voltage signal floating ground during voltage measurements taken of the battery packs connected in series that
effectively resist external interference. In addition, it can protect the MCU and other hardware circuits from dam-
age when an external input is connected to an instantaneous high voltage or a high current due to a wrong opera-
tion or for other reasons.
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Figure 8.1 Functional block diagram for voltage monitoring based on the relay switch array.
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1 8 This solution has the following disadvantages: first, polling voltage
oO— ——0 sampling has a lower information acquisition speed and a poor real-time
2 a 7 performance; second, a lower voltage acquisition accuracy; third, many
O W adl O relay array devices and a complicated circuit.
3 6 - . .
oO—— ——0  8.2.2 Voltage Monitoring Based on a Differential
Operational Amplifier
O— ——-0 In a large capacity and high-power DC power supply system, the battery
pack is usually made by a series connection of many cells, and the volt-
Figure 8.2 Electrical schematic age of the battery pack is up to tens of or more than one hundred volts. If
diagram of the AQW214. each cell is directly connected to the conventional differential analog

channel, a high common mode voltage exists at both ends of the cell,
which exceeds the common mode voltage input range of the general electronic analog switches (such as CD4051,
MAX358, etc.). A solution based on a PhotoMOS isolated differential operational amplifier can be used to elimi-
nate the impact of the common mode voltage, the functional block diagram of which is shown in Figure 8.3.

The voltage acquisition circuit is mainly composed of three parts, including a cell channel selection module
based on a PhotoMOS switch and its logic control unit, a high-voltage common mode differential amplifier and
an absolute value circuit, and an MCU circuit with an A/D converter.

In the implementation of this scheme, the high common-mode resistance differential operational amplifier
LT1990 from Linear Technology may be selected, which has features such as supporting high-voltage common-
mode input voltage, low power consumption, high precision, rail-to-rail output, etc. When using a 5 V single power
supply, its common mode voltage range is 85 V; when using a 15 V power supply, the LT1990 is capable of operat-
ing within a range of £250 V common mode voltage, thereby providing fault protection for the input by withstanding
transients of +350 V common mode voltages and differential voltages up to 500 V. The schematic diagram of the
differential operational amplifier and absolute value circuit used in this scheme is shown in Figure 8.4.

The output voltage of the LT1990 differential operational amplifier is calculated by the following equation:

Vour =GV, iy =V_pv )+ Vigr (8.2)

where G is the optional gain coefficient, V, y and V_py are the input differential voltages, and VREF is the refer-
ence voltage. The common mode voltage range is calculated by the following equations:

Vers <27 %V =26 x Vi —23 (83)
L < Logic control unit < /O
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Figure 8.3 Functional block diagram of voltage monitoring based on a differential operational amplifier.
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Figure 8.4 Differential operational amplifier and absolute value circuit.

Ver. 227XV =26 X Vi, +27 (8.4)

where Vi, and Vi, are the common mode voltages, V™ and V- are the supply voltages, and Vggp is the refer-
ence voltage.

In Figure 8.4, a precise absolute circuit is composed of a precision resistance divider circuit and an operational
amplifier (OP07). When U; > 0, the diode D1 is connected and the D2 is disconnected, with U, = U;; when U; < 0,
the diode D1 is disconnected and the D2 is connected, with U, = -U;. The connection and disconnection of
PhotoMOS is controlled by the I/O of MCU. Since the cells are connected in series, the battery voltage needs to be
switched simultaneously by positive and negative electrodes. The voltage signal is first transmitted to the differ-
ential amplifier and the absolute value circuit, and then to the A/D channel of MCU for processing. Absolute
value resistance matching is one of the important factors affecting the precision of battery voltage monitoring. If
the resistance is not matched properly, a large error may be caused. In the absolute value circuit, all resistances
have a high precision resistance with a deviation of less than 1%.

The above voltage monitoring based on the differential operational amplifier has two disadvantages: first, the
cost increase resulting from the use of more photoelectric relays at the front end; second, a higher circuit complex-
ity resulting from the use of positive and negative power supplies for the operational amplifier.

8.2.3 Voltage Monitoring Based on a Special Integrated Chip

With the improvement of semiconductor process integration, many large semiconductor device manufacturers
have developed special integrated chips for battery management systems, such as LTC6802, LTC6803, and
LTC6804 chips from the Linear Technology Corporation, MAX14920 and MAX14921 chips from MAXIM, 0Z8940
chips from O2Micro, and BQ series chips from TI. Compared with the previous schemes, the PhotoMOS photo-
coupler relay or isolator is not required for the circuit based on the special integrated chip. The circuit has been
simplified to significantly reduce the area of the circuit board.

For example, the Linear Technology Corporation has developed three generations of special integrated chips for
the battery management system, including LTC6802, LTC6803, and LTC6804. LTC6804 is a complete battery
monitoring IC, each of which can monitor the battery pack formed by series connection of up to 12 cells, with less
than 1.2 mV measurement error, and can complete the voltage measurement of all 12 cells connected in series in
the system within 290 us. It has a 0~5 V measurement range for the cell, can achieve the undervoltage and over-
voltage monitoring of each cell, and can provide an associated MOSFET switch for battery equilibrium control.
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Each LTC6804 is equipped with an isoSPI interface to achieve high speed and RF anti-interference LAN
communication. The proprietary isoSPI design of the chip enables multiple LTC6804s to be used in series. The
chip may be supplied directly by the monitored battery pack or through the power supply isolated with the bat-
tery. Battery voltage monitoring based on the LTC6804 chip is shown in Figure 8.5.

The battery management system based on the LTC6804 chip is described in more detail in the following sections.

8.2.4 Comparison of Various Voltage Monitoring Schemes

In the traditional BMS for a lead-acid battery, a classic and simple “precision resistance divider” method is used
to monitor the voltage. The precision resistance divider and the above-mentioned three voltage monitoring
methods are compared here to analyze and compare the voltage acquisition accuracy, circuit complexity, leakage
current, resistance matching, and cost. The results are shown in Table 8.1.

8.2.5 Significance of Accurate Voltage Monitoring for Effective Capacity Utilization of the
Battery Pack

In order to avoid over-charge or over-discharge of the battery, the battery management system normally controls the
battery to operate in 5 ~ 95% of the SoC. As for the battery degradation factors, if the battery operates within 20-80%
of the SoC, a very positive effect may be achieved on slowing down battery aging and extending the life of the whole
battery pack. However, in order to optimize the charge and discharge control of the battery, it is necessary to carry
out a relatively accurate SoC estimation for the battery, which depends on accurate voltage monitoring.
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Figure 8.5 Battery voltage monitoring based on the LTC6804 chip.

Table 8.1 Comparison of voltage monitoring methods.

Acquisition Leakage Resistance
Voltage monitoring method accuracy Circuit complexity current matching Cost
Scheme based on precision Lower Simple Larger Yes Low
resistance divider
Scheme based on photocoupler  Higher Complicated switch array Smaller No Higher
relay switch array circuit
Scheme based on differential Higher Complicated power circuit Smaller Yes High
operational amplifier for operational amplifier
Scheme based on special High Simple Larger No Depending

integrated chip on the chip
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The necessity for accurate battery voltage state monitoring is illustrated by the electromotive force curve of a
certain type of NCM lithium-ion battery and the change in the effective SoC range caused by the error, as shown
in Figure 8.6.

In Figure 8.6, (a) shows the EMF-SoC curve of a ternary lithium-ion battery, (b) shows the amplification of the
corresponding EMF value during 20-80% SoC, and (c) shows the possible misjudgment point at SoC = 50% and
voltage measurement error of £10 mV, which means that, when the voltage measurement error is +10 mV, the
results that should have been judged during SoC = 50% will be wrongly judged as those during SoC = 52%.
Similarly, when the voltage measurement error is -10 mV, the results that should have been judged during
SoC = 50% will be wrongly judged as those during SoC = 48%.

The condition shown in Figure 8.6(c) can be generalized to other SoC values; that is, during different SoC
values, the inaccurate voltage monitoring value may lead to the misjudgment of SoC values, which can be under-
stood in combination with those in Figure 8.7.

In Figure 8.7, if the actual SoC value of a battery is 78% and the actual EMF is 3.75 V due to the error of the
open-circuit voltage, the reading range of the voltage sensor is 3.74 ~ 3.76 V. If the SoC value is judged according
to the reading of the sensor, the possible SoC range is 76-80%, that is, the inaccuracy of the voltage sensor may
cause 2% SoC error.
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Figure 8.6 Voltage reading vs SoC relationship (ternary lithium-ion battery).
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Figure 8.7 Change in available capacity resulting from error (ternary lithium-ion battery).

If an inaccurate voltage measurement has been confirmed, in order to ensure that the battery does not exceed
the operating limit, the operating range of the battery must be limited by the “isolation zone.” The principle is
explained as follows:

1. Isolation zone for the upper charge voltage limit

According to the EMF-SoC curve (a), an 80% SoC corresponds to a voltage of 3.76 V in theory. If the voltage moni-
toring error is 10 mV, when the actual SoC is 80%, the minimum measured voltage value may be 3.75 V. When
the voltage reading is 3.75V, the actual SoC may be 78%. In order to extend the battery life, SoC must be strictly
controlled to < 80%, and it is preferable to stop the charge at 3.75 V. As a result, the battery must not be charged
during SoC = 78%, which corresponds to a decrease of the effective battery capacity by 2% (2% corresponds to an
isolation zone set to maintain the battery health).

2. Isolation zone for the lower discharge voltage limit

Similarly, the lower discharge voltage limit may be calculated, where 20% SoC corresponds to a voltage of 3.46 V
in theory. If the voltage monitoring error is +10 mV, when the actual SoC is 20%, the maximum measured voltage
value may be 3.47 V. When the voltage reading is 3.47 V, the actual SoC may be 22%. In order to extend the battery
life, SoC must be strictly controlled to >20%, and it is preferable to stop the discharge at 3.47 V. As a result, the
battery must not be discharged during SoC = 22%, which corresponds to a decrease of the effective battery capac-
ity by 2% (2% corresponds to an isolation zone set to maintain the battery health).

In the above examples, if an inaccurate voltage measurement has been confirmed, in order to ensure the health
of the battery pack, the operating range of the battery is not 20-80%, but may be 22-78%, so it can be seen that the
effective capacity of the battery pack is reduced by 4%.

The above data are calculated according to the characteristics of the ternary lithium-ion battery. Since the
EMF-SoC curve of the lithium iron phosphate battery is gentler, according to a similar calculation, the capacity
loss of the lithium iron phosphate battery may be more serious. Table 8.2 lists the available SoC range of ternary
lithium-ion battery and lithium iron phosphate battery at different voltage measurement errors.

As can be seen from the table, for the ternary lithium-ion battery, if the measurement error of the sensor is
reduced from +10 to =1 mV, the effective capacity of the battery pack will increase from 56 to 59.6%. For the
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Table 8.2 Available SoC range of ternary lithium-ion battery and lithium iron phosphate battery
at different voltage measurement errors.

Available SoC range of ternary Available SoC range of lithium
Measurement error (Mv) lithium-ion battery iron phosphate battery
+1 20.2-79.8% 20.725-79.275%
+5 21-79% 23.625-76.375%
+10 22-78% 27.350-72.650%

lithium iron phosphate battery, the effective capacity of the battery pack will increase from 45.3 to 58.55% under
the same conditions. It can be seen that the increase of voltage monitoring accuracy is of great significance for the
effective utilization of the battery capacity.

8.3 Battery Current Monitoring

The real-time performance has been discussed above for battery current monitoring. Compared with other phys-
ical quantities such as voltage and temperature, current monitoring has the following characteristics. First are
the limited current sampling channels. In the battery pack, there are many voltage sampling points and tempera-
ture sampling points due to the large number of cells. However, multiple cells are often used in series, so the
working current of each cell is the same. Therefore, it is a basic requirement to monitor the total current after a
series connection, with a few sampling channels. Second is the high current sampling frequency. As mentioned
above, the current sampling frequency has an important impact on the SoC estimation accuracy and the system
security, so the current sampling frequency is higher than the sampling frequency of other physical quantities.

8.3.1 Accuracy

Before designing the software and hardware for the system, the accuracy index of current monitoring should be
determined first according to the following three aspects:

1. Safety

Although safety is very important for the whole battery management system, a high accuracy of current monitoring
is not required for safety. Generally, in order to ensure the safety of the electric vehicle, a threshold is set in the bat-
tery management system for charge and discharge currents. Once the operating current of the battery pack exceeds
the threshold value, over-current protection measures will be activated. In this case, a certain amount of error is
allowed in current monitoring, because it is always assumed that the abnormal operating current is much larger
than the normal operating current. For example, the normal discharge current range of an electric vehicle is 0 ~ 300
A and the protection threshold value is set to 400 A (because there are some inductive and capacitive loads in the
circuit, it is necessary to reserve a certain margin for the threshold value). At this time, even if the error of current
monitoring is 10 A, it is impossible to cause too much of an impact on the over-current protection function.

2. Instrument display

There are two possible scenarios. First, in the operation process of the electric vehicle, because the working current of the
electric vehicle is usually large, the current value displayed by the instrument is allowed to have a large error. For exam-
ple, when the actual working current is 50 A, 55 A is displayed on the instrument, and in this case, even though the cur-
rent error is 10%, no large negative impact is caused on the driver’s experience. Second, when the car is parked, the
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driver is sensitive to the absolute value of the error displayed on the instrument. For example, when a car is parked,
almost all the electrical loads are disconnected and the actual working current should be less than 1 A. However, ifa 6 A
working current is displayed on the instrument, with an error of 5 A, it will make the driver feel uncomfortable, because
of no high-power consumption during parking. More seriously, if during parking, the actual discharge currentis 1 A and
-1 A is displayed on the instrument (the minus sign is often used to indicate charging), this will cause a significant nega-
tive impact, because the car is obviously not in the charging state, but the instrument shows that it is in the state of small
current charging. Although the absolute error is small, this case is unacceptable.

3. SoC estimation demand

If more consideration is given to the absolute error in the above discussion of the current monitoring accuracy
based on safety and the instrument display, more consideration is given to the relative error in a discussion of the
current monitoring accuracy based on the SoC estimation demand. It can be considered that, on the premise of a
high enough current sampling frequency (satisfying the Nyquist sampling theorem), the SoC estimation accuracy
evaluated using the current integration method (called the coulomb counting method or CC method) directly
depends on the accuracy of the current monitoring. For example, if the average relative error of current monitor-
ing is 5% in the past hour, the error of the estimated SoC in the current integral in the past hour is also 5%. If there
is a systematic error in the current monitoring, that is, fixed too large or too small, then the estimated SoC value
will be correspondingly too large or too small.

8.3.2 Current Monitoring Based on Series Resistance

The voltage is the most direct measured value. Generally, the A/D conversion chips are mostly used for voltage sig-
nals, so it is often a requirement to convert the current signal into a voltage signal in current monitoring. One of the
conversion methods is a series connection of a shunt on the main circuit of an electric vehicle, as shown in Figure 8.8.
The shunt is actually a resistor with a small resistance value, high precision, and small temperature drift. When the
current flows through the shunt, the current can be calculated by measuring the voltage drop U, at both ends, i.e.

==t (8.5)

The resistance value of the shunt is mainly selected based on the working range of the electric vehicle current. For
example, the working current range of the electric vehicle is 0 ~ 300 A. If it is required to produce a 75 mV maxi-
mum pressure drop on the shunt, the resistance value of the shunt is 0.25 mQ. Of course, the voltage value of 75
mV is relatively small and an appropriate amplifier is usually added before the A/D conversion. The disadvan-
tages of the series resistance method are as follows.

1. Thermal loss

It is well known that a certain amount of heat can be generated when the current flows through the resistor. If the
resistance value of the shunt is r (Q) and the current is I (A), the heat loss in the shunt is I?r (W). Since the working
current of the electric vehicle is usually large, the heat loss on the shunt cannot be ignored.

2. Isolation

The method of using series resistance is strictly a contact measurement, so the problems, such as common ground
and isolation, must be considered in the circuit design. It was originally thought that the greatest advantage of this
current monitoring method was the low cost. However, due to the increase in the isolation circuit, the circuit
complexity is increased, so the cost advantage is not obvious.



8.3.3 Current Monitoring Based on a
Hall Sensor

A Hall current sensor is an electronic device
that detects the current according to the Hall
effect (discovered by the American physicist, E.
H. Hall). It can be used to measure all kinds of
current, from DC to tens of kilohertz of AC. A
typical Hall sensor for current detection in the
electric vehicle is shown in Figure 8.9.

As shown in the figure, the Hall sensor has three
pins: the positive and negative power E* and E~ of
the operational amplifier and the output Vg, of
the sensor (the voltage value of the output Vg is
denoted as Up,). When a current-carried wire
passes through the center hole of the Hall sensor,
the positive, negative, and magnitude of the cur-
rent are directly reflected in U. Figure 8.10 shows
the relationship between the current I passing
through the wire and the output voltage Uy;.

The following three considerations should be
given to the current monitoring scheme based
on the Hall sensor.

1. Amplifying circuit

The Hall sensor measures current signals using
the principle of electromagnetic induction. The
voltage signal “induced” by the electromagnetic
field is usually small, only several mV, while the
general A/D converter requires several V at the
input end, so it is necessary to add an amplifying
circuit to solve this problem. In order to facili-
tate the use and improve the anti-interference
capability, many Hall sensors embedded with
an amplifying circuit are available on the
market, so that the output signal of the sensor
can be used directly. For this reason, the sensor
pin is often equipped with the power supply
input pin of the operational amplifier to supply
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Figure 8.10 Current monitoring scheme based on a shunt.

positive and negative power for the embedded amplifier. The E* and E~ pins shown in Figure 8.9 are the power
supply end of the embedded amplifier. In addition, the embedded amplifier is one of the factors affecting the
accuracy of the current measurement, so it needs to be calibrated.

2. Calibration

The I-U,y, curve shown in Figure 8.9 is an ideal output curve. The actual product may have non-ideal conditions
in two aspects, as shown in Figure 8.11. As shown in Figure 8.11(a), the sensor may have a systematic
error, resulting in a condition where the zero output voltage V,; does not correspond to the zero working current I.
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This is a sensitive situation during parking. As mentioned above, if a car is parked, the actual discharge current is 1
A and -1 A is displayed on the instrument (the minus sign is often used to indicate charging), this may cause the
driver to become uncomfortable. On the other hand, the ideal I-V,; curve is a straight line, but it may have a certain
non-linearity in fact, as shown in Figure 8.11(b). For the above two cases, the Hall current sensor should be cali-

brated before use.

3. Selection of the measuring range

The measuring range of the sensor is selected according to the actual operating conditions of the electric vehicle.
For example, if the current monitoring range of an electric vehicle is -400 ~ 400 A and the input range of the A/D
chip is 0 ~ 4 V, when selecting the Hall current sensor and designing the current monitoring circuit, it is best to
correspond the maximum working current and the maximum voltage output value as far as possible. In other
words, when I is 400 A, Uy is 4 V and when I is —400 A, Uy, is 0 V. At this point, the resolution of current moni-
toring is at its highest. For example, if the resolution of the A/D conversion is 10 bits, then the maximum resolu-

tion of the current monitoring is

400 —(—400) 800

~0.78 A/bit
210 1024

AU,V T Ideal curve
Actual curve

(@

AU, (V) T Ideal curve
Actual curve

(b)

Figure 8.11 Operating curve of the Hall current sensor.

(8.6)

During the SoC estimation in the current integration
method, this resolution is, to some extent, of deci-
sive significance for estimating the accuracy.

8.3.4 A Compromised Method

It can be seen from the above discussion that the
current monitoring based on a Hall sensor avoids
the heat loss problem of the “series resistance
method” and the sensor has a high measurement
accuracy after calibration, which seems to be an
ideal solution. However, the electric vehicles
may have the following problems, which cannot
be solved by the Hall current sensor. For exam-
ple, during parking, the vehicular audio system
is turned on, in which case, the motor driving
system has been turned off, but the weak current
system (equivalent to the 12 V system of a tradi-
tional car) continues to supply the power and the
output current of the battery pack may be less
than 1 A. Two problems may be caused during
the current monitoring by the above-mentioned
Hall current sensor: first, the relative error of the
current monitoring is too large for the current
integral method to use for an accurate SoC esti-
mation; second, due to the limited resolution, it
is even difficult to judge whether there is a work-
ing current. As mentioned above, if a 10-bit A/D
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chip is used, the current value obtained at this time is between 0 bit and 1 bit, which cannot accurately reflect the
real value of the current, and the relative measurement error is large. In this case, a compromised method can be
adopted according to the characteristics of the two current monitoring methods: the Hall sensor is used to monitor
the large current during the driving process of the electric vehicle, while the series resistance is used to monitor the
working current of the weak current system (the input of low-power DC/DC), as shown in Figure 8.12. The larger
current supplied by the battery pack to the motor and its controller is monitored by the Hall sensor, while the
smaller current supplied by the DC/DC converter to the 12 V weak current system is monitored by the series resist-
ance (shunt). In this case, because the power of the DC/DC converter is smaller than that of the motor control
system, the heat loss on the shunt can be tolerated.

8.4 Temperature Monitoring

Careful readers may have noticed that the previous two sections are entitled “battery voltage monitoring” and
“battery current monitoring,” while this section is entitled “temperature monitoring,” meaning that the
temperature information to be monitored is not limited to the battery. In fact, in the battery management system,
in addition to battery temperature monitoring, the ambient temperature and the battery box temperature should
also be monitored, which are of great significance for the SoC estimation and safety protection of the battery.
Temperature monitoring is discussed in this section.

8.4.1 Importance of Temperature Monitoring

The battery is extremely sensitive to its operating temperature. If the temperature is too high, it is possible to cause
shell breakage, electrolyte leakage, explosion, and other safety accidents. If the temperature is too low, it is pos-
sible to cause electrolyte solidification and failure to charge or discharge the battery. The importance of tempera-
ture monitoring is analyzed in the following three aspects.

1. Significance of temperature monitoring to safety protection

Any power battery can be used in the allowable operating temperature range that corresponds to an upper
operating temperature limit and a lower operating temperature limit. If the operating temperature of the
battery exceeds the allowable upper limit, it is possible to cause the following adverse condition:
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o The expansion of active chemicals, which leads to swelling of the cell.

e Mechanical deformation of the battery assembly, which causes a short circuit or open circuit of the battery.
Irreversible chemical reaction, which reduces perpetually the active chemicals while reducing the battery
capacity.

Partial plastic decomposition resulting from operation at high temperature for a long time.

Gas leakage.

Pressure rises in the battery.

Battery damage or explosion.

If the battery’s operating temperature is below the allowable lower limit, the electrolyte may be frozen. For example, at
temperatures below the freezing point of the electrolyte, the battery performance may deteriorate due to the decrease
in the chemical reaction rate. Generally, the LiFePO, batteries do not work normally at less than —30°C temperatures.

2. Significance of temperature monitoring to SoC estimation

All batteries work by electrochemical reactions regardless of the charge or discharge process. We know that these
chemical reactions are temperature-dependent to some extent. The nominal performance of a battery usually
refers to the performance within a specified operating temperature range, such as +20 to +30°C. If the battery
operates at a high or low temperature, the actual performance may be reduced substantially. The temperature
must be fully taken into account during estimation of the SoC, because at different temperatures the battery can
release different charges and provide different amounts of energy.

3. Thermal management of the battery and its significance

The thermal management of the battery packs is generally considered as an optional feature of the battery man-
agement system, but more and more attention has been given to its research. The thermal management of the
battery pack involves electrochemistry and thermochemistry, and the thermal management methods also vary
greatly with the specific application of the electric vehicle. The thermal management of the battery is not tempo-
rarily detailed here due to limited space. However, since temperature monitoring of the battery pack provided in
this section is closely related to thermal management, thermal management is briefly discussed here.

In short, thermal management for the battery is conducted mainly to ensure the safety and high-efficiency opera-
tion of the battery within the temperature range. The difference between thermal management and normal tem-
perature protection is that normal temperature protection only controls or protects the circuit when the battery may
fail or has failed, while thermal management focuses on maintaining the more suitable temperature for the battery
by various measures. For example, in the battery management system only with temperature protection, the com-
mon strategy is to set up the upper and lower temperature limits for the battery. The lithium iron phosphate battery,
for example, can be set to +50 and -30°C respectively, and when the temperature is close to the limit, the working
current of the battery pack is controlled or directly disconnected and the driver is notified by the instrument. For the
battery management system with a thermal management system, the battery is made to work between 20 and 30°C
as far as possible, and if the temperature is lower than 20°C, certain heating measures should be taken to heat the
battery pack; if the temperature is higher than 30°C, cooling measures should be taken to cool the battery pack.

8.4.2 Common Implementation Schemes

Common temperature acquisition schemes are given below.

1. Thermistor

The thermistor is the most common temperature acquisition scheme and its resistance varies almost linearly with
the temperature. If the thermistor is connected in series with another resistance whose value is known, the
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temperature can be determined by detecting the voltage difference between the two resistances. Some chips also
support thermistor connection, such as the LTC6802 described above from LT, which has pins that connect
directly to the specified type of thermistor and the temperature values to be monitored can be obtained directly
through the chip’s internal design.

2. 18B20

18B20 is a common chip-level temperature sensor. The MCU can be connected to multiple sensors by the bus,
thus reducing the number of MCU pins and connection complexity.

3. Special integrated chip

Some chips specially designed for the battery management also integrate the voltage, current, and temperature
acquisition functions, such as the DS2782 special chip of the MAXIM Company, which can sense the temperature
in a certain area of the outer wall of the chip and save it into the register of the chip for reading by the upper com-
puter MCU.

8.4.3 Setting of the Temperature Sensor

The temperature sensor is an electronic device used to acquire temperature. It can be classified into a thermal
resistance type, a thermocouple type, etc., according to the acquisition principle, and can also be classified into an
analog or digital type. In the battery management system, the temperature information to be monitored mainly
includes the ambient temperature, the temperature of the battery box, and the battery temperature. In the actual
design, how to set the temperature sensor is equivalent to the following problems, which are often difficult to
solve and involve contradictions between the cost and performance.

1. Environmental temperature monitoring and battery temperature monitoring

The temperature information finally acquired by the battery management system is the battery temperature
rather than the ambient temperature information. However, ambient temperature monitoring is also important,
for the following reasons.

First, the ambient temperature information is simple and easier to acquire. In the battery pack, the tempera-
ture varies with the cells and the temperature varies with the positions of the same cell in the charging and
discharging process. Therefore, the battery temperature can be estimated by monitoring the ambient
temperature.

Second is hysteresis. In the charging and discharging process, with the increase of the ambient tempera-
ture, the cooling speed of the battery surface slows down, and the battery temperature will gradually increase.
Since the heat of the battery is emitted from inside to outside, if the ambient temperature changes can be
monitored in advance, the temperature increase of the battery surface after a period of time can be predicted.
On the contrary, if only the external temperature of the battery is monitored, when the external temperature
of the battery is found to be high, the temperature inside the battery may actually have reached a higher
dangerous value.

2. Whether to monitor the temperature of each cell

From the perspective of safety, it is necessary to monitor the temperature of each cell, because any cell may exceed
the temperature threshold, causing battery damage or a serious safety accident. However, if every cell is equipped
with a temperature sensor, on the one hand, the cost of the battery management system will increase; on the other
hand, many wires will be added inside the battery box due to the configuration of the temperature sensor, thus
reducing the actual maintainability of the battery pack.
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Table 8.3 Temperature change at different locations of a 100 Ah square battery
discharging at 1 C for 20 minutes.

Sensor location Temperature
Positive terminal of battery 33°C
Negative terminal of battery 36°C
Upper surface of battery (middle position) 37°C
Front surface of battery (middle position) 43°C
Side surface of battery (middle position) 39°C

Note: ambient temperature of 25°C.

3. Selection of the sensor installation location on the battery surface

The chemical reactions take place inside each cell, but in practice, the temperature sensor cannot be placed inside
the battery but only on the surface. Where is the sensor placed on the surface of the battery? Table 8.3 shows the
temperature change of a 100 Ah square battery discharging at 25°C and 1 C for 20 minutes.

It can be seen from the table that the temperature is higher at the middle position of the front surface of the
battery, due to slow heat dissipation and a most obvious temperature rise in the middle part of the large-capacity
square battery. Therefore, the sensor should be arranged in the middle of the front surface of the square battery to
monitor its ultimate temperature.

8.4.4 Accuracy

The power battery management system has a high tolerance of the temperature monitoring error. From the per-
spective of an SoC estimation, however, according to the tests provided in Section 4.2, the effective capacity of the
battery varies with the temperature at the same discharge rate and the temperature measuring error will also
directly affect the SoC estimation accuracy. However, the impact of a 1 ~ 2°C error is basically small, and the error
does not accumulate over time. From the perspective of safety protection, the temperature monitoring error does
not cause a serious impact.

It is worth mentioning that temperature monitoring is vulnerable to electromagnetic interference, because the
voltage difference on the analog thermistor is relatively small, while the strict error verification mechanism is not
available for a data message in the digital 18B20 chip. For such interference, the best solution is to add a digital
filter to filter out a high-frequency signal change, because for the electric vehicle, the temperature is a gradual
variable without a “step” change.
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SoC Estimation of a Battery

9.1 Different Understandings of the SoC Definition

The SoC estimation is an important function of the BMS and is the basis for the implementation of the control
strategies. For example, many battery equilibrium control methods are based on SoC estimation results. If the
same BMS development team has different understandings of the SoC definition, it is detrimental to the efficiency
and robustness of the system.

9.1.1 Difference on the Understanding of SoC

It is found that the SoC is an interesting term: people acknowledge its importance and propose a variety of differ-
ent ways to implement it, but there is little literature to strictly define the SoC, with the subtext “you should
understand such a simple problem without explanation.” However, in fact, if the SoC is not strictly defined, the
definition may vary with the people, and it is difficult to verify a certain SoC estimation method.

However, in any case, most people still have some basic consensus to the definition of SoC. The SoC is often
defined often by the following equation:

Remaining dischargeable
Battery capacity

SoC = x100% 9.1)

where the numerator and the denominator refer to the electric charge quantity (rather than energy), in coulombs
(C) or ampere-hours (A h or Ah), and

1 Ah=3600 C

According to Equation (9.1), the SoC value is in the range of [0, 1] or 0 ~ 100%.
The difference in the understanding of the SoC is caused by the different definition of the numerator and the
denominator.

1. How do we define the remaining dischargeable charge (Qremain)?

The remaining dischargeable charge, i.e. the remaining charge, has generalized and narrow definitions.
The generalized remaining charge refers to the amount of charge released by all possible chemical reactions, i.e.
the maximum charges dischargeable at a suitable temperature and discharge rate without damage to the battery.

Battery Management System and its Applications, First Edition. Xiaojun Tan, Andrea Vezzini, Yuqian Fan, Neeta Khare, You Xu,
and Liangliang Wei.
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The narrow remaining charge refers to the charges dischargeable from the battery at a limited temperature and
discharge rate. In the case of a discharge at room temperature and a small discharge rate, the generalized remain-
ing charge is equal to the narrow remaining charge. However, for the power battery for the electric vehicle, due to
a larger change in the operating ambient temperature, and the higher discharge rate of the electric vehicle, the
difference on the understanding of the remaining charge may cause different SoC estimation results with more
than a 20% error.

2. How do we define the battery capacity (Q.)?

In Equation (9.1), the denominator is the “battery capacity,” which is not defined. The different definition of the
“capacity” may lead to a different understanding of the SoC. The mainstream opinions are given below.

9.1.1.1 Use of Nominal Battery Capacity
Many engineers define the SoC by the rated capacity (Q,¢eq)- However, the author considers that the rated capacity
is not suitable to define the SoC for the following two reasons:

First, the rated capacity is different from the actual capacity (Qe)- Table 9.1 shows the comparison of the
actual capacity and rated capacity among the new batteries provided by the manufacturers A, B, and C. It can be
seen from the table that the actual capacity is not fully equal to the rated capacity.

Second, the rated capacity does not reflect battery aging. The maximum Q. is reduced with the battery aging.
This is a good explanation for why the SoC can be accurately estimated for the new battery in some estimation
methods and a large deviation is caused with the increase in the charge and discharge cycle of the battery.

9.1.1.2 Regard the Battery Capacity as a Function of the “Degradation Degree” and “Discharge Condition”
Many engineers understand the “battery capacity” used in Equation (9.1) as

Q.= erated (9.2)

where k is the compensation factor added outside the rated capacity. Then

k=f.pp) ©:3)

where o, p, and p are respectively the apparent temperature, discharge rate, and aging degree of the battery.

In fact, for a fully-charged battery, the maximum dischargeable charge is affected by the discharge rate, the
ambient temperature, and other factors and it is not a constant value. Table 9.2 shows the discharge capacity
of a 100 Ah new battery provided by the manufacturer A at different temperatures and different discharge
rates.

The SoC is estimated using Equation (9.2) for the following benefits. The denominator of Equation (9.1)
is no longer regarded as a static value, but is determined by considering the dynamic factors, such as the
capacity loss after battery aging, coulomb efficiency, and the impact of temperature on the discharge rate.

Table 9.1 Comparison of the actual capacity and the rated capacity of three new batteries (test temperature
25°C and discharge rate 0.02 C).

Sample of manufacturer A Sampler of manufacturer B Sampler of manufacturer C

Q rated 100 Ah 100Ah 80 Ah
Maximum Q true 115 Ah 103 Ah 83 Ah




9.1 Different Understandings of the SoC Definition

Table 9.2 Discharge capacity of the same battery sample at different
temperatures and different discharge rates.

Discharge

rate (current) 0.2C 0.5C 10C
Ambient
temperature (20 A) (50A) (100 A)
25°C 110 Ah 105 Ah 100 Ah
40°C 112 Ah 108 Ah 103 Ah

Note: the rated capacity of the battery sample is 100 Ah.

Therefore, the estimated value of the SoC becomes a function of the degradation degree and “discharge
condition,” which is more realistic.

However, according to Equation (9.3), used to define the compensation factor k, although the ageing factor u
can be used to compensate for the battery capacity to some extent, it is not easy to identify the function relation-
ship of o, p, and k. Furthermore, the independent variables o and p are variable during the operation of the
electric vehicle, and it is more difficult to forecast the ambient temperature and the discharge rate in advance.

3. The “maximum capacity” of the battery is defined and corrected with battery ageing

Before an in-depth discussion of the battery capacity, consider the working principle of the lithium-ion battery,
which can be analyzed by referring to Figure 9.1.

In general, during the charging, under the influence of the external electric field, the lithium ions escape from the
positive electrode of the battery and reach and “engage” with the negative electrode of the battery through the electrolyte.
During the discharging process, the negative electrode loses a lot of electrons, the positive electrode gains the electrons,
and the lithium ions engaged with the negative electrode go back to the positive electrode through the electrolyte.

As shown in Figure 9.1, in a sense, there is actually a more objective measurement index for the battery capacity,
i.e. the size of the space of the negative electrode for engagement with the lithium ions.

Let us think about it this way: the total lithium-ions engaging with the negative electrode after full charging the
battery may be regarded as the battery capacity. Although the “total” may vary slightly due to some microscopic
factors, we can still understand at the macro level that the total

Current
lithium ions engaging with the negative electrode are limited, and collector
the maximum of the limit is defined as the battery capacity. o TNegative Positive "
Of course, this “maximum value” decreases continuously with electrode electrode
p— — —
battery ageing, which macroscopically means the battery capacity < D>
decreases. However, this “maximum value” is not affected by the o o Lithium ‘; ‘_c,ﬁ,_‘p.,
discharge rate and the ambient temperature upon discharging. s - T“
}
That is to say, compared with the above understanding (2), this *:H’:g/ \‘»E\"
value is not affected by the “future” and is an objective value. (:} ,:, ) *F‘ ﬂ““?\ S.h 1
In contrast, the author prefers to use the last definition of Q.. e B %:; fh, ?‘u?‘\ ¢
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In the practical work of the electric vehicle, the concepts of SoP =
(State of Power) and SoE (State of Energy) are close to that of SoC. Electrolyte
This section intends to discuss the easily confused three concepts

and provide their relation. Figure 9.1 Structure diagram of the lithium-

ion battery.
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1. Definition of SoP

For the electric vehicle, SoP can be defined as the power provided by the battery pack to various electrical loads
such as the motor at a specific moment. It can be simply considered that the SoP is a function of the SoC and the
temperature, namely:

SoP= f(SoC,T) (94)

The SoP is often used as a real-time parameter provided by BMS to the motor controller and other electrical con-
trol systems of the electric vehicle to represent the power provided by the battery at a specific moment. In actual
work, the unit (W) of power or current (A) is used as the unit of SoP, mainly because the BMS provides the total
voltage of the battery pack simultaneously, and the product of the total voltage and the current is the total power
that the battery pack can provide, so it can also be expressed only by the current.

In fact, for the powertrain of many electric vehicles, BMS not only estimates the external output power SoP of the
battery pack at a particular time, but also provides the allowable maximum charge power SoP2 of the battery pack. On
the one hand, SoP2 is sent to the motor through the communication bus to tell the motor that it should not exceed a
certain limit value during braking energy recovery. On the other hand, it is sent to the charger together with the charg-
ing strategy, so as to avoid damage to the battery resulting from the high charging current provided by the charger. To
distinguish it from the SoP, the maximum discharge power provided by the battery pack is expressed by SoP1.

2. Definition of SOE

Just as its name implies, the SoE refers to the rest energy of the battery, which can be expressed by percentage (%)
or as a unit of energy (J), but often by kWh for the electric vehicle, namely “how many kilowatt-hours are left.”
Their conversion equations are given below:

1 Wh=3600 J (9.5)
1 kWh=3600000 J (9.6)

However, detailed analysis shows that the SoE also has two levels of meaning. The SoE refers to the “chemical
energy” of the battery pack at a certain moment, which is expressed as SOEO, and the energy that the battery pack
supplies to the load, which is expressed in SoE1.

In fact, the SoR (state of range) of an electric vehicle is related to the external output energy SoE1 of the battery,
rather than to the rest energy SoEO of the battery. However, the SoE1 is not only an independent variable of SoC,
but also changes with different temperatures and discharge currents, namely:

SOE, = f(SoC,T,I) 9.7)

where I is the discharge current of the battery pack.
That is to say, in the case of the same SoC, during discharge at different currents, the power battery can supply
different energies.

3. Relationship between SoC and SoP1 as well as SoE1

According to the above analyses, it is not hard to see that the user of an electric vehicle is actually more concerned
about SoP1 and SoE1 than SoC. Because the SoP1 reflects the maximum power the battery pack can provide
at this point in time, which means whether an electric vehicle with the battery system can be started on a ramp or
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is driven at a certain speed (e.g. 100 km/h) on a
highway. The SoE1 generally corresponds to the
kilometers that the electric vehicle travels.

The relationship between SoC and SoP1 as well as
SoE1 can be identified by the above Equations (9.4)
and (9.7), as shown in Figure 9.2.

It can be seen from the figure that the SoP1 can be
derived from the SoC and the temperature T.
Specifically, according to Equation (9.4):

SoP, = f(SoC,T) =u,I, (9.8)

Figure 9.2 Relationship between SOC and SOP; as well as SoE;.

where u,, is the operating voltage of the battery at maximum power, I} is the operating current of the battery at
maximum power, and they are mutually constrained to decide the maximum power SoP of the battery. Based on
voltage analysis,

u,=EMF(SoC)—1r(SoC,T) 9.9)

or
1=[EMF(SoC) — 1]/ r(SoC,T) (9.10)

where r(SoC,T) is the internal resistance of the battery, which is affected by SoC and temperature T, y; is the dis-

charge cut-off voltage of the battery, and [ is the current at ;. In the case of I <I,,, where [, is the allowable

maximum discharge current of the battery, then u, =u, and I, =I:

SoP, = f(SoC,T) = uI = u[EMF(SoC) — ] / r(SoC,T) (9.11)
Based on the current analysis,

u=EMF(SoC)—1I,,.r(SoC,T) (9.12)
In the case of u>u;, up=u,and I, =1,

SoC, = f(SoC,T) =ul,,,, = I,,,, EMF(SoC) - I, .r(SoC,T) (9.13)

SoE; can be derived from the SoC, the temperature, and the operating current. Specifically, the specific form of
Equation (9.7) is

[ utmicryar
SOE, = f(SoE,T,[) =~ — (9.14)
N

where the battery starts discharging at t; and is fully discharged at ¢, u(7) and i(7) are respectively the voltage and

current change during discharging, and Ej, is the nominal energy of the battery. The operating voltage u(7) can
be expressed by

u(7) =EMF(SoC(71)) —i(T)r(SoC(7),T(T)) (9.15)
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In case of discharge at constant current I,

j; ' TEMF(S0C(7)) — Ir(SoC(7), T(r))dr

SoE, = f(SoC,T,I) =— = (9.16)
N

According to the above analysis, the SoP and the SoE are different from SoC and can be deduced by the SoC, the
temperature, the current, and other factors. The temperature (T) is a key factor affecting the output power (SoP)
of the battery pack and for the SoE, in addition to the temperature, the current (I) during operation of the electric
vehicle should be considered.

9.2 C(lassical Estimation Methods

In past 50 years, scholars have proposed a number of classical methods for estimation of battery level or SoC in
their literatures, all of which have their own scope of application. This section provides several classical
estimation methods applicable to the lithium-ion batteries, such as the coulomb counting method, the open-
circuit voltage method, and their combination. This section also gives a brief description of some classical
methods that are not applicable to the lithium-ion batteries, such as the internal resistance method, the load
voltage method, etc.

9.2.1 Coulomb Counting Method

The coulomb counting method (CC method) refers to calculation of the current SoC based on known SOC at a
previous moment, and the charge and discharge capacity of the battery recorded during a certain period.

Suppose that the SoC is Q, at a previous moment #; and the SoC is Q, at the current moment f,; then the
cumulative charge and discharge capacity during the period from £ to ¢, is

Q- = ft “i(r)dr (9.17)
Then

Qt2 = Q11 - Qttf (9.18)

In Equation (9.17), i(7) can be either positive or negative. In the case of i(7) > 0, the battery is discharging and in
the case of i(7) < 0, the battery is charging. Similarly, in Equation (9.18), in the case of Qt’f > 0, during the period
from t; to t,, the discharge capacity is higher than the charge capacity and, on the contrary, in the case of Qflz <0,
this means that during the period from ¢, to t,, the charge capacity is higher than the discharge capacity.

After calculation of Q, by Equation (9.18), the SoC at the current moment can be calculated by proportional
calculation.

However, the coulomb counting method has following three disadvantages:

1. Dependence on the initial value

In fact, the coulomb counting method is used only to solve the capacity change sz over a period of time, and we
are ultimately concerned with the SoC Qtz, which depends on Qll accuracy. If there is an error in the initial value,
it is impossible to make corrections during use of Equations (9.17) and (9.18).
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2. Accumulative error

For causes such as insufficient accuracy of the current sensor, a low sampling frequency, and signal interference,
the current i_ used for the integral has some errors compared with the real value. The cumulative charge esti-
mated by Equation (9.17) for a period of time has an error, which will be accumulated to Q, at the next moment
by Equation (9.18), so that the SoC estimation error is increased.

In order to eliminate the cumulative error, it is necessary to correct the estimated SoC. The effective
correction method is to fully charge or fully discharge the battery. Of course, such an operation cannot be car-
ried out frequently in the practical application of the electric vehicle, thus reducing the practicability of this
method.

3. Failure to cope with the self-discharge of the battery

Almost all storage batteries have a self-discharge problem, in which the battery is discharged at an extremely
low rate. It is difficult to cope with the self-discharge in the coulomb counting method for the following reasons.
First, the equivalent current of the self-discharge is very small, so the general current sensor cannot measure it
accurately. Second, a considerable part of the self-discharge current does not flow through the operating current
circuit and cannot be detected by the sensor installed in the operating current circuit. Third, the self-discharge
may occur when the battery management system is not working, for example, when the electric vehicle is parked
in the garage after “turning off the engine,” so the BMS is not required to work and naturally cannot monitor the
self-discharge of the battery.

In addition to above three considerations, some other details are considered during use of the coulomb counting
method. For example, the BMS is required to record the SoC Qtl at the last moment. Otherwise, when the driver
starts the electric vehicle the next day, no initial value is available for an SoC estimation. In addition, after the
power pack is replaced, the SoC must be corrected once by a full charge of the battery pack.

9.2.2 Open Circuit Voltage Method

The open circuit voltage (OCV) method refers to an estimation of the SoC by measuring the OCV of the battery
when the battery is neither charged nor discharged, that is, when the operating current is zero.

The OCV method is generally used based on three preconditions.

First, it is considered that the SoC has a one-to-one correspondence with the electromotive force (EMF) of the
battery, that is, any given SoC value between 0 and 100% corresponds to the unique EMF value.

Second, it is considered that the OCV is equal to the EMF of
the battery when the operating current is zero. 3600

Third, the factors, such as the temperature and aging
degree, are not considered, that is to say, it is considered that
the batteries with different aging degrees have the same SoC- 32007

3400

EMF curve at different temperatures. E 3000}
Figure 9.3 shows the SOC-EMF curve obtained through the %
battery test procedure described in Chapter 5. § 2800}
In practical applications of the electric vehicle, the bat- 2600
tery voltage UO is measured usually at zero operating
current in the OCV method and then the SoC of the battery 2400
is reversely calculated according to the curve shown in Mmool
Figure 9.3. 0 10 20 30 40 50 60 70 80 90 100

0,
However, in the specific application of the electric vehicle, SoC (%)

the OCV method also has shortcomings: Figure 9.3 SoC-EMF curve of the battery.
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1. Problem with the zero operating current

First, the above-mentioned OCV method is used based on the precondition of a zero operating current. However,
it is often necessary to know the SoC when driving the electric vehicle or charging the battery, namely when the
operating current is not zero. In this case, the OCV method is obviously not applicable.

Second, even if the electric vehicle is in static state without operation or charging, it cannot be considered that
the operating current of the battery is zero, since the weak current system of the car is still operating. For example,
the controller is not turned off, the communication network is still in a working state, the instrument desk may
be on, and at least the BMS is still working, which means the operating current of the electric vehicle is not nec-
essarily absolutely zero. In practice, a threshold value of the current can be set. When the current value is less than
the threshold value, the OCV method can be used to estimate the SoC.

2. Acquisition and use of the EMF-SoC curve

The hysteretic characteristic of battery voltages discussed in Chapter 7 undoubtedly has a significant impact on
the representation of the EMF in OCV. Although the difference between the charging and discharging equilibrium
EMF of the battery in the voltage platform area is a few millivolts and the total voltage drop is not more than 200
millivolts when the SoC is reduced from 90 to 10%, the estimated SoC may have an error of about 10% if the hys-
teretic characteristic is ignored. In a practical application, since the users pay more attention to the SoC of the
battery during discharge, the discharge EMF-SoC curve is used as the standard for the SoC estimation. However,
due to the braking energy recovery and the cell equilibrium control in the use of the electric vehicle, it is possible
to alternately discharge and charge the battery and the impact of the hysteretic characteristic on the OCV method
can only be reduced, but not removed.

3. Voltage rebound problem

The voltage rebound effect must be considered for the OCV method. When the electric vehicle is parked for a
short time for some reason (such as waiting for a green light), it is also necessary to consider whether the SoC can
be estimated using the OCV method. If the parking time is too short, due to the voltage rebound effect, the voltage
has not rebounded to a stable state, so the estimated SoC value must be small, and the size of the error is related
to the parking time. Two solutions are available for the voltage rebound. On the one hand, a time threshold can
be set in the practical application, if the period during which the operating current is continuously less than the
current threshold value is greater than the time threshold, the OCV method can be used to estimate the SoC. On
the other hand, the battery model can be used to estimate the limit value of the voltage rebound through the
voltage rebound trend within 10 to 30 seconds, and then the limit value can be used to estimate the SoC.

In addition, some problems are considered for the OCV method. For example, the precondition for use of the
OCV method is that the OCV is equal to the battery EMF at a zero operating current, but in fact the OCV is not
only related to the EMF, but is also related to the temperature, battery usage history, and other factors. In addition,
because there is a platform area on the OCV-SoC curve, in order to obtain a higher SoC estimation accuracy, a
higher resolution is required for the voltage sensor, which will also increase the cost of the SoC estimation.

To sum up, compared with the CC method, the OCV method also has many shortcomings. However, the biggest
limitation of the OCV method is that it cannot be used when the battery is in normal operation, but can only be
used after the battery is stopped for a certain period of time.

9.2.3 A Compromised Method

From the discussion provided in the above two sections, it can be seen that the CC method and the OCV method
are obviously complementary in their advantages and disadvantages, so many researchers proposed to combine
these two methods to estimate the SoC, which is a compromised method.
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The compromised method is used as follows. When the battery is in an operating state (the operating current is
greater than the set threshold value), the SoC value is updated in real time by the CC method. At the same time,
in order to eliminate the accumulated errors caused by the CC method and solve the problems of the CC method,
such as estimation of the initial SoC, the OCV method is used to calibrate the SoC when the battery is started, or
when the battery pack is temporarily out of work.

Obviously, the deficiency of the CC method can be removed by the compromised method to a certain extent,
such as by regularly eliminating the accumulated error and solving the initial SoC problem after there has been
no use of the battery for a long time, and also by the self-discharge problem. At the same time, the compromised
method also solves the problem where the SoC cannot be estimated in the OCV method when the battery pack is
working normally.

Is the compromised method perfect? Sadly, the answer is “no.” During the use of the compromised method, the
SoC is calibrated by the OCV-SoC curve. However, the deficiencies of the OCV method can be removed by the
compromised method, such as zero current, the voltage hysteresis effect, and the impact of temperature and usage
history on the EMF. In addition, the combination of the two methods also causes a new problem: SoC fluctuation.
In the process of an intermittent discharge, since the OCV method can eliminate the accumulated error resulting
from the CC method, the SoC is likely to fluctuate, depending on the accumulated error resulting from the CC
method between two calibrations and after the SoC is calibrated by the OCV method. For example, the SoC calcu-
lated by the current accumulation method is 70% after driving the electric vehicle for a period, and the driver may
find that the SoC had fluctuated to 65% upon restarting the electric vehicle. This is the result of eliminating the
accumulated error resulting from the CC method by using the OCV method for the SoC calibration. However, the
driver does not know this principle and may think the battery or battery management system is out of order. That
is obviously not what we want.

Therefore, although this compromised method has been widely used in the actual BMS, the improvement of the
SoC estimation method is still a topic worth studying.

9.2.4 Estimation Methods Not Applicable for the Lithium-lon Battery

In addition to the above methods, other common SoC estimation methods are disclosed in the literature, some of
which do not apply to the electric vehicle and some of which do not apply to lithium-ion power batteries. The
“internal resistance method” and the “load voltage method” are now briefly analyzed.

1. Internal resistance

The internal resistance of the battery is generally divided into AC impedance (also known as AC internal resis-
tance) and DC internal resistance. The AC impedance is a complex variable, indicating the resistance of the bat-
tery against an AC current, which can be measured by an AC impedance meter. The DC resistance represents the
resistance of the battery against a DC current, which can be calculated by the ratio of the voltage change to the
current change in the same short period of time.

In some literature, a large number of experiments have proved that the AC impedance and the DC internal
resistance of the battery are closely related to the SoC. If a certain functional relationship can be obtained from the
battery sample, the SoC value can be estimated by monitoring the internal resistance of the battery in real time.
This is the basic idea of the internal resistance method.

However, the internal resistance method is rarely applied to the electric vehicle for at least three reasons:

First, the relationship between the internal resistance and the SoC is very complex, and no accurate conclusion
has been reached for its wide application. Because the internal resistance of the battery is not only related to the
SoC, but also to the temperature, SoH, and other factors, it cannot be concluded that an internal resistance state
corresponds to a certain SoC.
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Second, the internal resistance of the battery is a milliohm level value. Because its value is too small, it is
difficult to accurately measure the internal resistance of the battery using the conventional measuring circuit.
Moreover, due to a complex electromagnetic interference in the electric vehicle, it is difficult to accurately mea-
sure the internal resistance of the battery.

Third, the internal resistance is quite different in the same manufacturer’s model and the same batch of the bat-
teries for the physical and chemical characteristics of the battery. The product tolerance cannot be eliminated, so it
is difficult to obtain the “internal resistance SoC” characteristic curve of the battery through the battery sample.

In spite of this, the DC internal resistance of the lead-acid battery will increase significantly in the late stage of dis-
charge, and the impact of the above three points can be ignored within a certain range of accuracy requirements.
Therefore, some people also use the internal resistance method to estimate the SoC value of a lead-acid battery in the
late stage of discharge. However, this method is not applicable to the lithium-ion batteries because the internal resis-
tance is still small at the end of charging and discharging and the characteristics of the internal resistance are not clear.

2. Load voltage method

The load voltage method is based on the principle of the OCV method and an improved method proposed for
failure to real-time estimate the SoC in the OCV method. The principle is as follows: according to the discharge
equivalent circuit of the battery pack in Figure 8.8, when the internal resistance r and working current I of the
battery are known, the EMF of the battery can be calculated by the following equation after measuring the
operating voltage UL at both ends of the load RL:

EMF =U, + Ir (9.19)

The SoC can be calculated according to the EMF-SoC curve as shown in Figure 9.3.

This method is feasible in theory, but there are many difficulties in practical application: first, the internal resis-
tance r of the lithium-ion battery is related to various factors and cannot be accurately measured due to large
differences in the cells. Second, in the practical application of the electric vehicle, a large fluctuation in the current
I causes a great negative impact on the accuracy of the calculation. Third, it is required for the load voltage method
to estimate the OCV or EMF, so this method cannot avoid some defects of the OCV method, such as the large error
of the platform area list. Therefore, the load voltage method is rarely applied to the electric vehicle, but it is often
used to determine a stop in the charge and discharge process.

9.3 Difficulty in an SoC Estimation

It is difficult to accurately estimate the SoC for the following causes.

9.3.1 Difficulty in an Estimation Resulting from Inaccurate Battery State Monitoring

The SoC cannot be directly measured but is estimated indirectly through the measured value of the state quantity,
such as voltage and current. Because the error of battery state monitoring is inevitable, the SoC estimation error
is also inevitable. The inaccurate battery state monitoring is caused by the following two aspects.

1. Inaccurate battery state monitoring resulting from sensor accuracy

In the process of monitoring physical quantities such as voltage and current, the error is inevitable, which will
lead to difficulty in estimating the SoC. Two typical examples are provided.
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Example 1 The SoC is estimated in the CC method by refer- I
ence to Equations (9.17) and (9.18). In this example, the accu- —Ll:,_.P_
mulated charge during the period from ¢; to t, is calculated _T_ r
tZ
by Q:Z = f i(T)dr, where the error of i(7) is directly reflected T
1 t
t

in szdue to the error of the current sensor. Generally, the

error of i(7) includes systematic error and random error. For a

longer operation time, the random error will be offset in the —IV—
integration summation process, while the systematic error
will be retained proportionally. Assuming that the systematic
error i_caused by the current sensor is 2%, the error of calcu-
lated fois also 2%. This error will be transferred to the estimated SoC by Equation (9.18).

As shown in Figure 9.4, during 10 ~ 95% SoC, the battery is in the platform area, the voltage is 3.18-3.32V, that is to
say, 85% SoC change corresponds to 0.14 V voltage change. Assuming that the platform area voltage changes approx-
imately linearly, this means that a 0.01 V voltage error may cause about a 6% SoC estimation error or a 0.005 V
voltage error may cause about a 3% SoC estimation error. The voltages of 0.01 V and 0.005 V are discussed because the
mainstream voltage sensors used for the current battery management systems meet this sampling accuracy.

I9[[01IUOD I0JOJA]

Figure 9.4 Schematic diagram of the driving
platform for an electric vehicle.

2. Inaccurate battery state monitoring resulting from electromagnetic interference

As analyzed above, the SoC estimation error is caused by the sensor accuracy, and it seems that the error can be
removed by improving the sensor accuracy at a higher cost. In fact, that is not the case, because in the process of
work, electromagnetic interference factors will also cause inaccurate state monitoring, resulting in the SoC estimation
error. Figure 9.4 shows a simple schematic diagram of the driving platform for the electric vehicle. As shown in the
figure, the driving platform consists of a battery pack, a motor, and a motor controller matching the motor, and r is
the equivalent resistance produced by the wire connection. In the operating process, the interference from the motor
and the motor controller is transferred to the point P by the bus, so the operating voltage and operating current of
point P contain rich AC components. As a result, the monitored voltage and current values are not accurate enough.

Figures 9.5 and 9.6 show the waveform of the voltage at the point P and the current flowing through r. Due to
the rich working frequency spectrum of the motor for an electric vehicle, many high-frequency harmonics are
superimposed (as shown in Figure 9.7). Although the resistance-capacitance filter circuit is generally added at the
sampling end before A/D conversion, it is impossible to completely eliminate the impact of electromagnetic inter-
ference on the sampling accuracy. Moreover, in an electric vehicle, the sampling circuit will be subject to various
non-conductive forms of radiation interference, resulting in errors in the monitoring values of state quantities
such as the voltage and current.
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Figure 9.5 Voltage waveform at point P.
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Figure 9.6 Current waveform flowing through r.

9.3.2 Difficulty in an Estimation Resulting from
Battery Difference

In the manufacturing process of the power batteries, due to the
differences in materials, technology, and other aspects, a great
[on lemmal— | || difference is caused between different batches of batteries and
||||”[ (1] even between the different batteries of the same batch. The

' (1l difference causes difficulty in the SoC estimation for the follow-
ing two reasons:

1. Difference between the battery sample and
the actual battery

The current SoC estimation methods are based on the char-
acteristics of the battery samples. The characteristics of the
sample are compared with those of the battery used practically.
The difference between the battery sample and the actual bat-
tery imposes an impact on the SoC estimation accuracy. Two common conditions are provided below.

First, when the SoC is estimated by the CC method, capacity non-uniformity may cause an inaccurate estimation.
For example, if the capacity of the sample battery is 100 Ah, while the capacity of the actual battery is 105 Ah,
when the accumulated capacity discharged in a certain actual process calculated by the CC method is 95 Ah,
according to the capacity of the sample, the SoC should be 5 Ah, while the SoC of the actual battery is 10 Ah.

Second, the SoC is estimated by the OCV method based on the SoOC-EMF curve of the battery sample, that is,
after measuring the OCV of the actual battery, the SoC is reversely estimated for the actual battery through the
curve. However, due to the difference in the characteristic curves of the actual battery and the sample battery, the
SoC estimated by the OCV method will have errors.

Figure 9.7 Spectrogram of voltage at point P.

2. Difference in cells of a battery pack

In practical work, attention should be given to the following three conditions:

First, in the battery management system, it takes a lot of time to evaluate each cell. In addition, if more precise
voltage sampling is performed for each cell, the device required is more expensive. In order to solve these problems,
in some battery management systems, voltage sampling is performed only for some cells in the battery pack, in
order to estimate the SoC of the power pack. This method greatly saves the SoC estimation time and cost. However,
due to the difference in the cells of the battery pack, certain errors are inevitable in the estimation results.
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Second, in the working process of the electric vehicle, due to the different position of the cells in the battery box,
the heat absorption and heat dissipation vary with the cells, and the temperature has a greater impact on the SoC
and even the cycle life of the battery. Therefore, at a certain time, there are some differences in the SoC and SoH
of the cells in the battery pack. If the SoC is estimated using a uniform method, the error may be large.

Third, after the battery pack of an electric vehicle has been used for a period of time, it is sometimes necessary
to replace a particularly poor performing cell. However, once replaced, the difference between the new cells and
the original cells may cause more difficulty in the SoC estimation.

9.3.3 Difficulty in an Estimation Resulting from an Uncertain Future Working Condition

In the working process of the electric vehicle, the possible working conditions are ever changing and so the driver
cannot predict the working condition at the next moment, which causes certain difficulties in the battery level or
SoC estimation.

On the one hand, the SoC is affected by many factors and it is impossible to fully discharge the battery. For
example, in practical work, if it is required to discharge a larger operating current at any time in the future, the
dischargeable capacity of the battery pack is lower; on the contrary, if the electric vehicle requires a small operating
current in the future and is used under stable working conditions, the dischargeable capacity of the battery pack
is higher. In addition to the operating current, the operating temperature of the battery pack will also affect the
maximum dischargeable capacity of the battery.

On the other hand, in the case of a given SoC, the dischargeable capacity varies with the battery packs.
Qualitatively, at a constant operating temperature and a constant internal resistance, the larger the operating
current, the less the dischargeable capacity is and the shorter the endurance mileage of the electric vehicle will be.
At the same time, in the case of a given working current, the higher the operating temperature, the smaller the
internal resistance is, the larger the dischargeable capacity is, and the longer the endurance mileage will be.

9.3.4 Difficulty in an Estimation Resulting from an Uncertain Battery Usage History

The battery usage history has an impact on assessing its current capacity. However, it is difficult to understand the
battery usage history. Without an understanding of the battery usage history, it is difficult to assess its current
state.

1. Importance of understanding battery usage history to an SoC estimation

The power battery is a chemical product. Many characteristic quantities of the battery are process quantities,
which are related to the battery usage history. Understanding the battery usage history is important to estimate
the SoC for three reasons.

First, the EMF of the power battery has a hysteretic effect. The EMF is of great significance to the estimation of
the SoC. However, due to the hysteresis effect of the EMF of the power battery, the EMF of the power battery at a
certain moment depends on the charging and discharging operation for a long time before that. If these historical
data are insufficient, it is difficult to estimate the current EMF of the battery and thus it is difficult to estimate the
SoC by the operating voltage or the open-circuit voltage.

Second, due to the polarization capacitance effect, the open-circuit voltage of the power battery often has
rebound resilience. It can be seen from the previous chapters that when an electric vehicle is parked, the operating
current is close to zero, while the battery voltage is not necessarily zero. Due to the existence of the polarization
capacitance, the battery voltage will rebound over a period of time. Without historical data, it is difficult to deter-
mine whether the battery’s voltage rebound has ended and it is difficult to estimate the current SoC of the battery
from the voltage. Let us imagine the following situation: a driver parks the electric vehicle and shuts down the
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engine while the BMS stops its operation, but he/she remembers that there is something unfinished and immedi-
ately restarts the electric vehicle while the BMS restarts its operation and the interval time between the shutdown
and the restart is not more than 10 s. In this case, if BMS does not know the working history of the electric vehicle
and will think that the battery voltage at this time has no rebound action. Therefore, it will correct the SoC of the
battery by using the open-circuit voltage at the time, which will cause a large error. Therefore, it is suggested that
for the BMS of the electric vehicle, it is necessary to record the last parking time in order to correct the SoC in the
open-circuit voltage method.

Third, the battery’s SoH is related to the battery usage history. After the battery leaves the factory, its performance
will decline monotonously with time, that is to say, the SoH of the battery will decrease continuously and the SoH
is of great significance for the estimation of the SoC. It can be seen that the accurate SoH can be estimated by
understanding the battery usage history, which is beneficial to an accurate estimation of the SoC.

2. Difficulty in a full understanding of the power battery history

As mentioned above, it is important to obtain as much historical information of the battery as possible for an accu-
rate SoC estimation. However, it is difficult to fully understand the historical information of the power battery for
three reasons.

First, it is difficult to obtain complete historical information about each cell. To obtain historical information
about each cell, the voltage, current, and temperature of each cell must be monitored at every moment, and not
every battery management system has sufficient BMC to accomplish this task. For example, as mentioned in the
previous sections, many battery management systems cannot collect temperature information of each cell in real
time, making it impossible to obtain the historical information of each cell.

Second, it is difficult to store all historical information of each cell. On the one hand, resources of the BCU are
occupied by the stored data, and the BCU of the general battery management system is implemented by the
embedded system, so the system resources are scarce. Occupation of a large amount of BCU resources by the
stored data may affect other functions of the battery management system. On the other hand, a large amount of
memory banks is required to store all the historical data, which is not practical for the embedded systems.

Third, even if all historical information is recorded, a large number of operations is required to process the his-
torical data in the actual work. Since it is required to estimate the SoC in real time, such operations are an almost
impossible task for the embedded battery management system.

9.4 Actual Problems to Be Considered During an SoC Estimation

Due to the difficulties in an SoC estimation of the battery for the electric vehicle detailed in Section 9.3, it is almost
impossible to estimate the SoC of the battery pack 100% accurately. What SoC error is acceptable in practice? This
section will attempt to discuss some practical considerations relating to the electric vehicle.

9.4.1 Safety of the Electric Vehicle

For electric vehicles, safety is the first consideration, so the SoC estimation error of the remaining capacity must
not threaten the safety of people and electric vehicles. Let us hypothesize the following two conditions. First, for
the electric vehicle, the battery of which has been fully charged, the actual SoC is 100% and the estimated SoC is
90% due to an estimation error. In such a case, the battery is not fully charged according to the estimated SoC and
energy recovery is allowed when the electric vehicle slides down a long slope. Therefore, the BMS sends out the
“allow charging” message to other control systems and a part of the mechanical energy is converted into electrical
energy to charge the battery, resulting in the battery becoming overcharged, which may cause irreversible damage
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to the battery, battery performance degradation, and even battery explosion and other safety accidents. Second,
for the electric vehicle with 5% actual SoC, the estimated SoC is 10%, which is twice as much as the actual SoC. If
the driver knows the mistaken information of 10% from the instrument, according to his or her experience, he or
she may consider that the SoC is enough for him or her to go home, and the battery may be charged at home.
However, in fact, due to an SoC estimation error, the battery may be fully discharged several hundred meters from
home.

According to the analysis provided in the previous section, although the SoC is important, its estimation error
is inevitable. Therefore, the following two suggestions are given for practical working of the electric vehicle.

First, redundancy is set for vehicle safety. The redundancy design is often used in a vehicle design. For example,
for the performance degradation after the motor system is used for a certain period of time, it is often necessary to
provide a certain degree of power redundancy when designing the motor for the electric vehicle [1]. Some redun-
dancy should be considered for the battery management system, for example, the linear transformation is per-
formed for the estimated SoC and the transformed result is displayed in the instrument. That is, when the
estimated SoC is 10%, 5% SoC is displayed, and when the estimated SoC is 95%, 100% SoC is displayed. In this way,
redundancy is provided not only to ensure the safety of the electric vehicle but also to reduce the charge and dis-
charge depth of the battery, which is beneficial to extend the battery cycle life. Of course, the specific linear trans-
formation algorithm is calibrated according to the SoC evaluation error of the battery management system by a
large number of reliable experimental data.

Second, a protection mechanism independent of the SoC must be set up in the BMS. Although the SoC
estimation has an important guiding significance for many other functions of the battery management system, it
is also often an important reference index for the safety protection function of the BMS. However, in the process
of battery management system design, a set of safety protection mechanisms independent of the SoC estimation
must be set up for two reasons. First, if the SoC is used as the sole safety protection criterion, the estimation error
will affect the vehicle safety. However, as analyzed in the previous section, since the SoC estimation error is inevi-
table, the vehicles must have safety risks. Second, some faults or accidents happen so fast that the system has not
yet had time to finish the state monitoring and information calculations. Therefore, it is of great significance for
the safety of an electric vehicle to additionally set up a set of simple and reliable protection mechanisms. For
example, the simplest voltage comparator analog circuit can be used to reliably and effectively protect the battery
voltage.

9.4.2 Feasibility

It is difficult to 100% accurately estimate the SoC, but the estimation accuracy can be improved under certain con-
ditions. However, during the accuracy improvement, it is important to take the system feasibility into account,
including technical feasibility and cost feasibility.

1. Technical feasibility from the perspective of the software algorithm

With the development of digital signal processing technology and artificial intelligence, many complex com-
puting methods have been proposed in the past few decades, in order to improve the accuracy of numerical
processing. However, for a special application, the electric vehicle, the SoC estimation algorithm should not be
too complex, because the vehicle battery management system basically relies on the embedded system, with
limited computing capacity and memory space. This requires the battery management system designers to
select the appropriate algorithm for the embedded system so that the system can effectively estimate the SoC
in real time.
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2. Cost feasibility from the perspective of hardware

No matter how sophisticated the software algorithm is, the SoC estimation still relies on accurate battery state
monitoring. The monitoring accuracy mainly depends on the hardware. Admittedly, the choice of high-precision
hardware and the increase in the number of sensors have a positive significance on the SoC estimation. How-
ever, the cost inevitably increases with the increase in the quantity and quality of the hardware. Therefore, it is
necessary to make a trade-off between the hardware cost and estimation accuracy.

9.4.3 Actual Requirements of Drivers

One of the main purposes of the battery level or SoC estimation is to report the state of the battery pack to the
driver through the dashboard, in order to help the driver determine the endurance mileage of the electric vehicle
and choose the appropriate charging time. Therefore, the following actual requirements of the drivers must be
considered when selecting the SoC estimation algorithm.

1. Information content and accuracy

As mentioned above, the SoC and the estimated endurance mileage are the information drivers care about. How-
ever, as described in Section 9.1, the remaining charge of the battery pack may be shown to the driver in the form of
the battery level (Ah) or the SoC (%). Should the remaining charge be displayed in Ah or a percentage? Let us ima-
gine the following two situations. First, since the driver may not understand the definition of Ah, if told that “the
SoC of the electric vehicle is 10 Ah”, the driver will not be able to judge how much energy corresponds to 10 Ah.
Second, for the battery pack operating in the platform area, if the driver is not sensitive to the SoC error, for example,
he or she may consider that “70%” SoC and “75%” SoC displayed during driving have a similar meaning.

Therefore, when designing the motormeter for the electric vehicle, many large vehicle manufacturers use a
relatively intuitive graphic scale to display the SoC of the battery so that the SoC is displayed in the same display
mode as the fuel gauge of the orthodox car to meet the driving habit. Although the accurate value becomes fuzzy
by the use of a graphic scale to display the SoC, the graphic scale is not inappropriate because, in fact, the graphic
scale is used to display the battery level in many electronic products, such as mobile phones, and people do not
feel it is inconvenient to use.

2. Consideration of the driver’s subjective feeling

An SoC estimation error is inevitable as the driver cannot judge whether the SoC estimation algorithm used in the
BMS is accurate, but will judge whether the estimated SoC is reliable based on his or her own subjective feelings.
The following four aspects are considered.

First, there should be no great fluctuation in the data shown to the driver. For example, the error of a certain
SoC estimation algorithm, a high-accuracy estimation algorithm, is not more than +3% of the full range. However,
if the actual SoC is 70%, the SoC estimated by the algorithm evaluation is 72% at a certain moment and 68% after
10 s in theory, the error of two estimated values is not large, but if two values are displayed on the instrument, the
driver is surprised by a 4% loss of SoC within 10 s. Thus, for an electric vehicle, the accuracy is not the only crite-
rion by which to judge the SoC algorithm.

Second, an abnormal numerical fluctuation may affect the driver’s trust in the system. For example, the error of a
certain SoC estimation algorithm, a high-accuracy estimation algorithm, is not more than +3% of the full range.
When the electric vehicle is normally driven without the braking energy recovery, if the actual SoC is 70%, the SoC
estimated by the algorithm evaluation is 69% at a certain moment and 71% after 10 s, so, in theory, the error of two
estimated values is not large and the fluctuation is small. However, a 2% fluctuation of the SoC within 10 s may cause
distrust of the driver in the system, because the SoC may not be increased when the electric vehicle is being driven.
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Third, the driver’s sensitivity to the error increases at the end of a battery discharge. The driver may not be
sensitive to the SoC estimation error when the battery is operating in the platform area (15 ~ 90%), but the driver
would be very concerned about the SoC estimation error at the end of a battery discharge, because of the direct
impact on the driver in judging whether the battery capacity is enough to arrive at the destination.

Fourth, information uniformity. The following facts are considered: for the battery pack with 100 Ah actual
capacity, the dischargeable capacity during the first 50 Ah (corresponding to 50 ~ 100 SoC) is not equal to that
during the second 50 Ah (corresponding to 0 ~ 50% SoC). As known from the SOC-EMF curve, at the same
operating current, the dischargeable capacity is higher during the first 50 Ah corresponding to the higher electro-
motive force and lower during the second 50 Ah. Therefore, the same SoC reduction may correspond to different
travel distances. For example, if the travel distance is 100 km during the reduction from 100 to 50%, it does not
mean that the travel distance is 100 km during reduction from 50% to 0. However, the driver may not have the
relevant experience and may think that the whole process is uniformly linear. Therefore, the battery management
system designers must consider this actual condition.

9.5 Estimation Method Based on the Battery Model and the Extended
Kalman Filter

9.5.1 Common Complicated Estimation Method

Different technologies (such as fuzzy logic, Kalman filtering, neural network, recursion, the self-learning method,
etc.) are often used to improve the accuracy of the algorithm for difficulties in the SoC estimation. Several repre-
sentative methods are described below.

1. Fuzzy logic algorithm

Fuzzy logic is a simple method used to extracting exact conclusions from vague, ambiguous, or inaccurate
information. Its ability to extract exact answers from approximate data is similar to a human decision.

Unlike classical logic, which requires a deep understanding of the system, precise equations, and precise
numerical values, fuzzy logic allows modeling with higher abstractions derived from our knowledge and experi-
ence. It allows expression of such knowledge by subjective concepts such as big, small, very hot, bright red, long
time, fast, or slow. This qualitative linguistic description of professional knowledge is more like nature than a
numerical description of a system, and its algorithm development is relatively simple compared with a numerical
system. The system output can then be mapped to a precise range of values to characterize the system. The fuzzy
logic is widely used in automatic control systems. Using this technique, all available information about battery
performance can be used to estimate the SoC or SoH of a battery more accurately.

2. Kalman filter algorithm

The Kalman filter solves an age-old problem: how to get accurate information from inaccurate data? More precisely,
how to select a “best” value as the latest data of the system state to update the system data when the input data are
still inaccurate? Hybrid vehicles are an example of this condition. The SoC of the battery is influenced by many
factors and will change with the change of the user’s driving mode. The purpose of a Kalman filter is to remove
noise from the data stream [2]. It is achieved by predicting the new state and its uncertainty, and then calibrating the
predicted value with the new measured value. It is suitable for multi-input systems and is widely used in predictive
control circuits of navigation and targeting systems. The accuracy of the SoC estimation model with the Kalman
filter can be improved, and it has been reported that the system accuracy is now improved by 1% [3, 4]. As with the
fuzzy logic, standard software packages are available to assist the implementation of Kalman filter algorithms [5, 6].
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3. Artificial neural network algorithm

The neural network, a computer architecture model based on the interconnection of the human brain nerve sys-
tem, mimics the processes of information processing, memory, and learning in the human brain. It mimics the
brain’s classification patterns and the ability to learn from trial and error to distinguish and extract the relation-
ship between the presented data and the hidden information. Each neuron in a neural network has one or more
inputs and produces an output. Each input has a weighting factor that modifies the input value of the neuron.
The neuron precisely manipulates the input and then outputs the result. The neural network is made by a simple
combination of the neurons, with the output of one neuron acting as the input of the next neuron until the final
result is obtained. The neural network completes the learning phase by the samples submitted to it (with known
results). The final output of the system is adjusted on the basis of the sample by human intervention or program-
ming algorithm weighting factors to approximate the known result. In other words, the neural network “learns”
from the sample (as a child learns to recognize a dog from a given example of a dog) and then gets some ability to
generalize beyond the sample data. Thus, the neural network resembles the human brain in two ways: first, the
neural network acquires knowledge through learning; second, the knowledge of the neural network is stored in
the cross-neuron connection strength of synaptic weights.

When the battery performance is affected by many quantized parameters and the mathematical accuracy of
most of the parameters cannot be defined, the neural network technology is very useful in the SoC estimation. The
algorithm accuracy can be improved by the experience in a similar battery performance.

9.5.2 Advantages of a Kalman Filter in an SoC Estimation

A variety of more complicated estimation methods are described in the previous section to solve some problems
that cannot be solved by classical estimation methods. A special SoC estimation method based on the Kalman
filter is described in this section. This method is based on the lithium-ion battery model proposed in Chapter 7 and
the extended Kalman filter (EKF), and is applicable to application in the electric vehicle.

It is not difficult to imagine that the application of a Kalman filter will increase the algorithm complexity and
the system cost. However, it must be hoped that a certain result will be obtained by such efforts. Let us first iden-
tify the advantages of the Kalman filter and the reasons for its use for an SoC estimation in an electric vehicle.
Compared with some classical estimation methods described in Section 9.2, the Kalman filter has the following
advantages.

First, it is usable at any time. The OCV method mentioned in Section 9.2.2 is used only when the battery is idle
for a period of time and the voltage rebound is sufficient. However, the OCV method cannot be used when the
battery is in normal operation. The Kalman filter method is applicable to the battery in any state (“idle,” “dis-
charge,” or “braking energy recovery”), and can be used to estimate the SoC of the battery.

Second, it helps to correct the initial value. The CC method mentioned in Section 9.2.1 has fatal disadvantages,
such as dependence on the initial value and error accumulation. In other words, if there are errors in the initial
value of the SoC, such an error will continue to accumulate. Although Section 9.2.3 proposes a compromised
method to correct the accumulated error by an open circuit voltage, certain conditions, for example stopping the
battery for a period of time (or enough small working current), must be met during the correction. The error may
not be corrected for an hour for a vehicle that has been running. The Kalman filter can overcome this deficiency
to correct such an error at any time, and even if the error of the initial SoC is very large, after a period of time the
filter will eliminate such an error.

Third, it is helpful in solving insufficient sensor accuracy. Since the vehicle-mounted BMS is restricted by
many factors such as cost and reliability, the sensor accuracy is often limited, resulting in a large SoC estimation
error. The Kalman filter is helpful in removing this defect. The principle is analogous to removal of the random
errors by multiple observations of a measured object. For example, if the voltage measurement resolution of 5 mV
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is achieved by a 10-bit A/D chip, less than a 5 mV measured value may have a certain random error. The mea-
sured value may have a larger random error for single sampling, and the use of the Kalman filter is equivalent to
the measurement of the same test object many times in order to eliminate random error and obtain higher
precision.

Fourth, it is helpful in the removal of the impact of electromagnetic interference. As described in Section 9.3,
inaccurate battery state monitoring may be caused by electromagnetic interference to the sensor. Such
electromagnetic interference is particularly pronounced in the electric vehicle. It is helpful in the removal of the
impact of electromagnetic interference with the use of the Kalman filter. Of course, according to theoretical anal-
ysis, the Kalman filter is only helpful in eliminating the noise that follows normal distribution.

9.5.3 Combination of an EKF and a Lithium-lon Battery Model

This section intends to describe the basic framework of the complicated algorithm. It is required to answer the
following questions: What is the EKF? What is difference between the EKF and the classical Kalman filter? How
can the EKF be combined with the lithium iron phosphate battery model described in the previous chapter? Why
are EKFs chosen?

1. Kalman filter and EKF algorithm

The classical Kalman filter needs to satisfy the following linear model:

X = AXp_ +Bup_ +wy (9.20)

Ly = ka + Vi (921)

where x, € R" is the state variable of the system, g, € R™ is the observational variable of the system, the
random signals w, and v, are respectively the process excitation noise and observed noise of the system,
and u, is a control function, or so-called system excitation. Equation (9.20) is called the random state
difference equation (hereinafter referred to as the state equation or the difference equation), where A is an
nxn matrix reflecting the mapping of the state (k — 1) at the last time to the current state (k) and B is an nxI
matrix representing the impact of the system excitation on the state vector. Equation (9.21) is called the
measurement equation, where H is an m xn matrix reflecting the impact of the state variable x;, on the mea-
sured variable z;.

It can be seen from the above relationship that, in the classical Kalman filter, the relationship between state vec-
tors, system excitation, and observed variables is all linear. However, if their relationship is not linear, that is, at
least one of Equations (9.20) and (9.21) is not valid, the classical Kalman filter is no longer applicable and the EKF
may be used [7-9].

The state equation and measurement equation of the EKF are as follows:

X = f(Xp_ps Uy, Wye_y) (9.22)

2 = h(x,v) (9.23)

The variables used in two equations have same meaning with those for the classical Kalman filter, but the two
equations are no longer formally linear, but can be non-linear.
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According to the forms of the above two equations, the big difference between the EKF and classical Kalman
filters cannot be seen. In fact, their differences are reflected in the specific algorithm. If two equations are
non-linear, some additional processes are introduced and some approximations are made at some point dur-
ing the calculation. In short, the algorithm of the EKF is more complex than that of the classical Kalman filter.
If the relationship between the state variable and the observational variable is linear, the EKF is not used very
much.

2. Selection of main variables for the EKF

After the EKF has been determined to solve the problem of SoC estimation, it is necessary to clarify the specific
forms of the state variable, observational variable, and system excitation [10, 11]. After the analysis of recent liter-
ature, these values are determined by the following ideas generally.

First, the operating current of the battery is used as a system excitation. In this case, it is generally accepted that
the current is the factor that drives the “state” change of the whole system, because the change of the current
affects the change in other parameters of the battery, including the battery level or SoC, the EMF, and of course,
the operating voltage at both ends of the battery. In fact, the ambient temperature can be used as another excita-
tion factor, but the relationship between the temperature and other state variables is not very clear, and in a
certain working process of an electric vehicle, it is considered that the temperature does not change very much, so
people often abandon this excitation factor. As an introduction to the principles, the temperature is not used as
the excitation herein. A more rigorous demonstration should be performed to determine whether this factor is
discarded.

Second, the operating voltage of the battery is used as an observational variable. A close inspection of the bat-
tery’s working process shows that the operating voltage at two ends of the battery is a physical quantity that can
be accurately measured. Other variables, such as the SoC and the EMF, cannot be accurately measured from the
outside during the actual operation of the electric vehicle. Therefore, the working voltage of the positive and neg-
ative electrodes of the battery is selected as the observational variable.

Third, the state parameters are determined for the variables changing over time under the system excitation and
are combined to form the state variables in vector form. The state parameters are various in form. The equivalent
ohmic resistance of the battery can be used as the state parameter or the voltage at both ends of the polarization
capacitance of the battery can be used as the state parameter. The parameter, the SoC to be estimated, is basically
indispensable.

3. Establishment of the state equation based on the lithium iron phosphate battery model

However, after the above variables are determined, the Kalman filter algorithm cannot start to operate because
the specific form has not been determined for a state equation and measurement equation, that is, the specific
relationship is determined between variables in Equations (9.22) and (9.23). The algorithm discussed in this sec-
tion is based on the lithium iron phosphate battery model presented in Chapter 7, so two equations are also
established based on this model.

According to the lithium iron phosphate battery model, the following several elements are determined for

the Kalman filter: the system excitation is i, (the operating current of the battery), the observational variable is

T
u, (the working voltage at both ends of the battery), and the state variable is x; = [uff up uy ul SoCy | .

The first four terms of the state variable are based on the model described in Chapter 7, which respectively rep-
resent the voltage at both ends of the equivalent ohmic resistance and the voltage at both ends of the three RC
networks. The last item of the state variable is the SoC value of the battery that we are most concerned about.

The state equation is determined below for the Kalman filter. According to the battery model described in
Chapter 7, under the action of current excitation, all state parameters have the following relationship:



9.5 Estimation Method Based on the Battery Model and the Extended Kalman Filter | 173

0 .
W =i 1Rg
S __ Rs Rscs s
U = b k-1
1+RC, 1+RC,
m __ - Rm Rmcm m
U =L Uiy
1+R,C, 1+4+R,C, (9.24)
L R RC,
U =l : S,
1+RC, 1+RC
SOCk — ik*l 1 + SOCk71
cap
where C,,, is the battery capacity, in ampere seconds.
The above equation is modified as a matrix, as follows:
Ry R 0 0 0 0 0
1+RC 0o —— 0 0 0
ARG 1+ R,C,
R R.C
X, =0 _4|14+R +10 0 —mm 0 0fx, 9.25
k =b-1|1+R,C,, 1+R,C, k-1 (9.25)
R
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Assuming that
0 0 0 0 0
R
1+RC,
A=|0 0 M 0 0
1+R,C,
0o 0 _RG
1+RC,
0 0 0 0 1
then
B=|R, R, R, R, 1
1+RC, 1+R,C, 1+RC, Cg
After consideration of the noise factor, the following state equation can be obtained:
X = AX;_, + Bi_; +w_, (9.26)

where the random signal w represents the process excitation noise, which is related to the measured current
noise, and can be ignored sometimes and set to zero directly. The characteristics of w, may be analyzed according
to specific problems.
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4. Establishment of the measurement equation based on the lithium iron phosphate
battery model

From Equation (9.26), it can be seen that the state equation is linear. If the measurement equation is also linear, the
classical Kalman filter can be used to avoid the use of EKF. In fact, the measurement equation is not linear, because
according to the battery model described in Chapter 7, when the battery is in a discharge state, the operating
voltage of the battery is related to the equilibrium EMF of the battery, the voltage at both ends of the three RC net-
works, and the voltage at both ends of the ohm resistance, and has the following circuit relations equation:

o =u =UM —u} —uf —ul —up 9.27)

where U,?MFis the equilibrium EMF of the battery, which has a non-linear functional relationship with the SoC of
the battery, namely

UM = g(SoCy) (9.28)

Since the function g (-) is non-linear according to the model, Equation (9.27) is also non-linear. Equation (9.27) is
just the observational equation reflecting the relationship between the state variables and the observational vari-
ables. Therefore, the EKF, rather than the classical Kalman filter, is used to obtain a variable estimation [12].

9.5.4 Implementation Rule of the EKF Algorithm

In the previous section, the framework of the SoC estimation algorithm is established according to the basic prin-
ciple of the EKF and the LiFePO, power battery model described in Chapter 7. It is worth discussing a few details.

1. Hysteretic voltage of the model

In Chapter 7, the hysteretic voltage is described and it is proposed that there is no clear functional relationship
between the hysteretic voltage and the SoC, and if not handled properly, it is possible to cause an SoC estimation
error. For pure electric vehicles, however, it is relatively easy to solve the problem. Since the pure electric vehi-
cles are in the state of “charging” or “discharging” for a long time, that is, charging or discharging always lasts
for quite long periods of time, the value of the hysteretic voltage in the model can be fixed as the value of the
“charging” or “discharging” state. However, for the hybrid vehicles, since the battery pack often is switched bet-
ween “charging” and “discharging,” it is not easy to solve the hysteretic voltage problem, and the resulting SoC
estimation error is often 10%. Fortunately, hybrid vehicles have a much higher tolerance to SoC estimation
errors than pure electric vehicles, because there is no need to worry about misjudging the endurance mileage
due to the SoC estimation errors.

2. Function g(+) and its applicable scope

Function g(), a non-linear function according to the model in Chapter 7, reflects the relationship between the
SoC and the electromotive force U™™" of the battery and can be approximately expressed by higher-order polyno-
mials. It can be seen from the previous contents of this book that the EMF of the lithium iron phosphate battery
has an obvious three-stage characteristic, that is, the curve is relatively flat and approaches linear during SoC
10 ~ 90%, and is significantly changeable during more than 90% SoC and less than 10% SoC. Function g(+) has two
understandings. First, the function applicable to 0 ~ 100 SoC is established so that the order is higher and
estimation fluctuation is larger during function derivation. Second, the function applicable to 10 ~ 90% SoC is
established to achieve a relatively simple operation and more accurate estimation. It is required to identify the
estimation method for more than 90% SoC and less than 10% SoC.
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3. Initial value

It is unavoidable for the Kalman filter to identify the initial value for each operation. The initial value is set for
each element of state variable x; at the beginning of a recursive operation. In this algorithm, X, includes five ele-
ments, i.e. uf’, ul, ul, ul, and SoC,, which cannot be directly measured. In fact, the Kalman filter has a good
adaptability. Even if the initial value is set incorrectly in the operation process, the estimated value close to the
real value of the estimated object can be obtained after several steps of calculation. Therefore, the following solu-
tion is given for the initial value of the state variables

First, the initial values of the four state variables, i.e. u,?, uy, uy,, and u,l{, are set as 0. Second, the initial value of
SoC,. is set by two methods. First, the initial value is estimated in the OCV method according to the initial open-
circuit voltage of the battery (if available). Second, the last estimated SoC, namely the SoC obtained by the BMS
before shutdown of the electric vehicle, is called from the stored historical information (if the BMS has a historical
information storage function).

4. Specific operation process

After all details are determined, the EKF algorithm can be completed according to the classical recursive method,
specifically as follows [13].
First, according to Equation (9.26), the estimated value of the state variable at moment k can be obtained as follows:

x, = Ax, , +Bi,_,+w,_, (9.29)

The “*” is marked above the state vector to indicate that this is a value estimated by the state equation. Accordingly,
the covariance matrix after completing the state recursion is obtained as

B =AB AT +Q, (9.30)

Second, this is a crucial step, the gain K of the Kalman is solved by
Ky =B H{ (HP,H{ +R)" (9.31)

where R, is the covariance matrix of the observation noise. In addition, Hy is the Jacobian matrix obtained
according to the non-linear relation of Equation (9.23), and the elements in the matrix H; meet the following
equation:

8 i *

Hyij = %[xk,o] (9.32)
X1

Third, the estimated value of the state vector and the corresponding covariance matrix are modified according to

the gain of the Kalman:

X :xz + K, (2, —Hkx;:) :x; + K, (u, —Hka) (9.33)

B.=(I—-K.H,)P, (9.34)

where I is an element matrix. In addition, since the operating voltage at both ends of the battery is used as the
observational variable, z, = u,.
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After the third step is completed, the time
indicator k is increased by 1 and the steps
are repeated to continue the calculation. So
far, a recursive algorithm has been achieved
for the estimation method based on the bat-
tery model and the E [14].

9.5.5 Experimental Verification

Experiments are conducted to verify the above
SoC estimation methods. The experimental
sample is a lithium iron phosphate battery
with a rated capacity of 100 Ah. The charging
and discharging of the battery under “10-15”
conditions are simulated by the high-power
battery tester. The step length is 1 second.

The experiment result is shown in Figure
9.8. During the whole experiment, the SoC of
the battery is estimated by two methods
simultaneously. The combination of the OCV
method and the CC method are described in
Section 9.2.3, which is represented by a dash-
dotted line in the figure, and the estimation
method based on the battery model and EKF
described in this section, which is represented
by a solid line in the figure. Both methods
have a common premise that voltage and
current sampling values are not accurate or
precise enough. The resolution of the voltage
sampling value is 0.005 V and the average
error of the current sensor is 1%. This arrange-
ment is designed to simulate the actual
situation that may occur in the onboard sen-
sor. At the same time, the true value of the
SoC is obtained as a reference by verification
of charge and discharge data, as shown by the
dotted line in the figure.

Figure 9.8(a) shows the whole process. It
can be seen that the SoC estimation result
obtained by the EKF fluctuates to a certain
degree, but is basically close to the real
value all the way, and the maximum error
is not more than 5%. The estimation result
obtained by a combination of the OCV

method and the CC method fluctuates slightly, and has a higher accuracy in the beginning, but over time, the
error of this method becomes bigger and bigger for the sensor, and at the end of the discharge, the accumulated

error is more than 10%.
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Figure 9.8 Validity verification of the algorithm described in this
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section by experimental results. Note: in the above figures, the
horizontal axis is time, s, and the vertical axis is SoC.
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Figure 9.8(b) is a partial enlargement of Figure 9.8(a), which reflects the situation from the 6000th to the 7000th
second. It shows the comparison result of two algorithms: the value estimated in the method described in this
section fluctuates but has no accumulated error; the value estimated in the method described in Section 9.3.2 is
stable but has a higher accumulated error.

In order to test the sensitivity of the EKF algorithm to the initial value, we deliberately set the initial value
of the algorithm in this section as 0.5 (in fact, it is 1.0). The result shows that, under the effect of the EKF
recursive algorithm, the estimated SoC value rapidly converged from 0.5 to 1.0 after about 10 seconds, as
shown in Figure 9.8(c).

9.6 Error Spectrum of the SoC Estimation Based on the EKF

The error is inevitable for any SoC estimation algorithm, including the SoC estimation method based on the
extended Kalman filter (EKF). In the process of estimation, the errors of the voltage and current sensors and the
errors of the model affect the algorithm accuracy to different extents. Moreover, even if all other factors are the
same, the battery level also has an impact on the SoC estimation accuracy. For example, when the SoC is esti-
mated for a battery, if the reading of the voltage sensor has a 0.05V error, the SoC estimated in the same algorithm
at a 50% battery level and a 10% battery level has different errors. Therefore, it is necessary to make a quantitative
analysis of the SoC estimation errors caused by various factors, which is to study the “error spectrum” of the
algorithm.

The error of the algorithm is analyzed in this section from two aspects. First is an analysis of the estimation
error caused by the inaccurate battery model. Second is an analysis of the estimation error caused by the
measurement error of the sensor.

9.6.1 Estimation Error Caused by the Inaccurate Battery Model

As described in Chapter 7 of this book, the model includes an “equivalent voltage source” and an “equivalent
impedance.” The “equivalent voltage source” is mainly used to describe the relationship between the equilibrium
potential (Eg) and the SoC of the battery. The equilibrium potential (Eg) comprises the electromotive force
(EMF) and the hysteretic voltage (V},). The former is controlled by the Vgoc, while the latter is controlled by the
Vin- The “equivalent impedance” is mainly used to simulate the voltage rebound characteristic of the lithium
iron phosphate battery with a third-order resistance-capacitance network, where R, is mainly used to describe
the ohmic resistanceR,, Cy, R,,, C,,, R, C;, and so on, which reflect the polarization resistance characteristic of
the battery. However, such a battery model may have an error. Three causes for an SoC estimation error are ana-
lyzed below.

1. SoC estimation error resulting from negligence of the hysteretic voltage

First, it is necessary to clarify that the EMF of the battery is conceptually different from the equilibrium potential
(Ep) of the battery. The former is only related to the current SoC and temperature of the battery, while the latter
is required to consider the voltage hysteresis characteristics. In general,

Ey = EMF +V, (9.35)
The definitions of the EMF, the equilibrium potential (Eg), and the OCV) are analyzed below:

First, the EMF is the quantity value of chemical energy carried in the battery. It is related to the SoC and the
temperature of the battery, but is not related to the charging or discharging state of the battery.

177



178 | 9 SoC Estimation of a Battery
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Figure 9.9 Voltage rebound curve of a battery at room
temperature after discharge at 0.5 C.
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Figure 9.10 Hysteretic voltage curve of the lithium
iron phosphate battery. Note: In the figure, 1 is the
charge equilibrium potential (Echarge) CUrve, 2 is the
EMF curve, and 3 is the discharge equilibrium potential

(Edischarge) curve.

Second, the equilibrium potential (Eg) refers to a
steady-state potential of the battery after it has been
charged and discharged. It has a relational expression
with the EMF and the hysteretic voltage:
Eg = EMF + V;,, where V}, is less than 0 when the bat-
tery is charged, more than 0 when the battery is dis-
charged, and is an uncertain value when the battery is
in the process of switching between the charging and
discharging states. It can be seen that the magnitude of
Egdepends on the EMF and V}, and is indirectly related
to the SoC and the temperature of the battery. Since Eg
is defined as the “equilibrium potential,” its magnitude
will not change in the case of no change in the “charg-
ing” and “discharging” states of the battery. That is, if
the temperature is constant and the battery is not
loaded (equivalent to no use of the battery), then the Eg
value remains unchanged.

Third, the OCV is the voltage measured between the
two electrodes of the battery without any load. Because
the battery is made of chemical materials, the voltage at
the two ends of the battery is not a constant value, even
without a load. Figure 9.9 shows the open-circuit voltage
curve of the battery at room temperature after discharg-
ing at a discharge rate of 0.5 C and disconnection of the
load and standing for some time. It can be seen from the
figure that, although the battery is not loaded, the OCV at
both ends of the battery is still changing (rebound) for
more than an hour. It can also be seen from the figure
that after standing for some time, the OCV of the battery
will rebound to the equilibrium potential (Ep) of the bat-
tery. Therefore, it can be understood that at a certain tem-
perature, if the battery is not loaded, the OCV of the
battery converges to the equilibrium potential (Ep) of the
battery.

For convenience of expression, the equilibrium potential

of the battery during charging is expressed by Ecparge and the equilibrium potential of the battery during discharg-

ing is expressed by Egischarges that is:

E

Egischarge»  During discharging

charge»  During charging

Ey=

(9.36)

In general, for the lithium iron phosphate battery, the charge equilibrium potential Ecparge is slightly higher than
the EMF, while the discharge equilibrium potential Egjscharge i slightly lower than the EMF due to the hysteretic
voltage characteristic of the lithium iron phosphate battery, as shown in Figure 9.10.

When the SoC is estimated using the battery model, if the hysteretic voltage (V) is ignored and it is consid-
ered that EMF = Echarge = Edischarge 1S possible, a large estimation error will be caused. Figure 9.11 shows an
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Figure 9.11 Spectrum of the SoC estimation error
caused by ignoring the hysteretic voltage during
charging and discharging. Note: 1 is the SoC estimation
error caused by considering the EMF curve as the charge
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the EMF curve as the discharge equilibrium potential
(Edischarge) curve during discharging.
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error spectrum, which suggests that the SoC estimation
error is caused by ignoring the hysteretic voltage at dif-
ferent actual SoC wvalues during charging and
discharging.

Table 9.3 shows the SoC estimation error caused by
ignoring the hysteretic voltage during charging and dis-
charging. As shown in the table, the standard error of the
SoC estimation error caused by ignoring the hysteretic
voltage during charging and discharging is more than 5%
and the maximum error may be up to 20%.

For Table 9.3, a further understanding is required.

First, it can be seen from the Figure 9.11 and Table 9.3
that, in general, if the hysteretic voltage characteristic of
the battery is ignored, the estimated SoC is larger during
charging and smaller during discharging.

Second, the above data are obtained from the lithium
iron phosphate battery. The EMF-SoC curve of the
lithium iron phosphate battery is relatively flat and the
estimation error is relatively large. For the ternary
lithium-ion battery, each value listed in the table can be
reduced by more than half. Therefore, it is considered

that it is easier to manage the ternary lithium-ion batteries compared with the lithium iron phosphate
batteries. This view is reasonable from the point of view of the above error spectrum.

Table 9.3 SoC estimation error caused by ignoring the hysteretic voltage during charging and discharging.

Error cause Standard error Maximum error Mean error
Negligence of V}, during charging 0.0540 0.1955 0.0848
Negligence of V}, during discharging 0.0538 -0.1982 -0.0832
3.8 Figure 9.12 The EMF-SoC curve of the lithium iron
phosphate battery at 20°C.
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Figure 9.13 Fitting result of the EMF-SoC curve obtained in

different fitting methods.

2. SoC estimation error resulting from an
inaccurate EMF-SoC curve

Even if the hysteretic voltage is taken into account,
if the inaccurate EMF-SoC curve is used in the
model, it is possible to cause a certain SoC
estimation error. The EMF refers to the electromo-
tive force at two ends of a battery, which is related
only to the material type and the operating temper-
ature of the battery. For the lithium iron phosphate
battery, the EMF value is unique at the same tem-
perature. Figure 9.12 shows the EMF-SoC curve of
the lithium iron phosphate battery at 20°C.

Since the EMF-SoC curve has good stability
and can be used for accurate measurement, why
would it cause the SoC estimation errors? The
reasons are as follows.

First, due to the error of the temperature sen-
sor for the battery management system and the
different positions of the temperature sensor, it is
impossible to accurately obtain the true operating
temperature of the battery in the actual work. In
this case, the EMF-SoC curves at various tem-
peratures can be measured and an analysis is
performed by comparing the curves. The follow-
ing second reason is detailed.

Second, due to the limitation of the storage
unit of the embedded system, the look-up table is
replaced by the fitting function method in the
actual control unit, in order to reduce the huge

EMF-SoC look-up table. The author fit the measured EMF-SoC curves respectively by different functional forms,
such as the Gauss function, power function, and higher-order polynomials, as well as the MATLAB fitting tool
[15]. Figure 9.13 shows the error of the EMF-SoC curves fitted by the several common functions, and the obtained
composition error is shown in Table 9.4.

Table 9.4 Composition error of the EMF-SoC fit in different fitting methods (unit: V).

Fitting method Gaussian function Power function Polynomial
Corresponding function £ = a;e’«x’bl)/cl >z . Fx) = RN Foo)= p;x7 n p;x6
g, B + png + piix;‘

+PsX” + PeX
+ ;X +py

Standard error 0.0449 0.0761 0.0216

Maximum error 0.1480 -0.1643 0.0623

Average error 0.0129 -0.0573 -0.0082
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Figure 9.14 SoC estimation error spectrum of different fit EMF-SoC curves.

Notes:

1. SoC estimation error spectrum of the Gaussian function-fit EMF-SoC curve.
2.SoC estimation error spectrum of the polynomial function-fit EMF-SoC curve.
3.SoC estimation error spectrum of the power function-fit EMF-SoC curve.

It can be seen from Figure 9.13 and Table 9.4 that it is better to use higher-order polynomials to fit the EMF-SoC
curves in terms of comprehensive indexes. Even so, the errors are inevitable. When the fitted function is used to
estimate the SoC, a large error may be caused. In order to quantitatively describe such errors, we assume that the
voltage sensor used in the battery management system does not have any errors, and the SoC is estimated by all
fitted EMF-SoC curves. The relationship between the obtained estimation error (SoCError) and the SoC is shown
in Figure 9.14.

It can be seen from the figure that, in the platform area of the EMF-SoC curve (0.1 < SoC < 0.9), three fitting
methods have a large fitting error for the EMF-SoC curve characteristic of the lithium iron phosphate battery.
When the SoC is in the platform area, the EMF of the lithium iron phosphate battery changes relatively gently. In
this case, if a slight EMF error is generated during fitting, the large SoC error can be caused. It is noted that the
above error is obtained by the assumption that the measurement error of the voltage sensor is zero. If the voltage
measurement error exists, the SoC estimation error will be larger.

In order to reduce the fitting error, the piecewise fitting
method can be used. The EMF-SoC curve is divided into

o three sections (0 < SoCl1 < 0.1 is the first section,
34 0.1 < SoC2 £ 0.9 is the second section, and 0.9 < SoC3 <1
B : is the third section), which are respectively fit by different
= o T polynomials. The fitting results are shown in Figure 9.15.
E 32 ; It is not difficult to find that the SoC estimation error
E '[ can be effectively reduced in the EMF-SoC curve fitted by
3.0 a piecewise polynomial. Table 9.5 shows the comparison
"1 of the error statistics between piecewise fitting and non-

28 : piecewise fitting.
I - E:ﬁ E?g polynomial in three sections | | It can be seen from the table that the maximum error and
2.6 L the standard error of the SoC are reduced to about one-

0 0.1 02 03 04 05 06 0.7 0.8 09 1 , It
SoC third of the original ones when the EMF-SoC curve fitted

by a piecewise polynomial is used for the SoC estimation.
Figure 9.15 Fitting result of the EMF-SoC curve y p hp y h . . ¢
obtained by a polynomial in three sections. (Note: two Figure 9.16 shows the estimation error spectrum of an
curves in the figure almost coincide.) EMF-SoC curve fitted by a piecewise polynomial.
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Table 9.5 Error statistics of different EMF-SoC fitting methods.

Fitting method Standard error Maximum error Average error
Whole fitting of polynomial (non-piecewise) 0.0216 0.0623 -0.0082
Fitting of polynomial in three sections 0.0068 -0.0229 -0.0011
0.015 — Therefore, for lithium iron phosphate batteries, it is
0.010 | advocated for the EMF curves to be fitted using the poly-
nomial in three sections in order to reduce the SoC
0.005 1 estimation error.
‘é 0
@ 0005 | 3. Error resulting from inaccurate equivalent
% 0010 impedance of the model
In the equivalent circuit model of the lithium iron phos-
00154 phate battery, the resistance capacitance network is often
-0.020 | used to show the external characteristic relationship bet-
20.025 e ween the battery voltage and current. However, in prac-
0 01 0203 04 0506 07 08 09 1 tice,the set parameter of the model may not be completely
SoC close to the real value for the following reasons.
Figure 9.16 SoC estimation error spectrum of the EMF- First, due to the manufacturing process of the battery
SoC curve fitted by a polynomial in three sections. and other reasons, it is impossible for the current power

battery to guarantee exactly the same equivalent internal
resistance of all the cells, so the equivalent impedance of the cells has some errors. If all cells are calculated with the
same parameters, the error can be caused in a real situation. The errors were inevitable during the SoC estimation.

Second, the SoC estimation error may be caused due to battery degradation (aging) and the gradual change in
the internal parameters of the battery during use. Failure to 100% accurately evaluates the battery degradation
and obtains the true impedance parameter of the battery after degradation.

Third, if the battery management system has an error in the temperature (T) monitoring fails to accurately
estimate the SoC at the current moment, and the impedance of the battery is a partial function of T and the SoC,
it is difficult to accurately set the impedance value for the battery model.

The reasons for the inaccurate equivalent impedance of the battery model are summarized as above, and the
inaccurate SoC estimation caused thereby is analyzed qualitatively. Then the SoC estimation error caused by the
inaccurate impedance value is analyzed quantitatively.

The equivalent circuit model of the battery has multiple values of resistance and capacitance, including R, R,,
C,, R,, C,, Ry, C,, etc. Since the impedance values have an equivalent impact on the relationship between the
voltage and the current, the impact on the estimation error of these parameter values is not analyzed respectively,
but as a whole. For example, the overall equivalent error of impedance is set to +5% manually, that is, Ry, R, C,,
R, C,,, R, and C, of the model are respectively increased by 5%.

Simulation experiments can be designed to analyze the impact of the model parameter error on the estimation
results. The following simulation experiments can be similarly generalized to the following analysis of an
“estimation error resulting from inaccurate measurement of the sensor.”

1) Apply NEDC operating conditions to the power battery: the corresponding current spectrum is generated
according to the parameters of an electric vehicle under the NEDC operating condition (see Section 5.5.3 of
this book for specific methods), and the current spectrum can be applied to a battery model. The simulation
step size (namely the current sampling step size) can be set to 1 second.
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Figure 9.18 SoC estimation error spectrum by the EKF
at a +10% impedance error added in the model.
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2) A set of “reference data” can be obtained using the
above simulation steps, and includes the output
voltage, working current, and SoC value of the battery
per second.

3) The errors are manually added to the various imped-
ance values of the battery model and the SoC of the
battery is estimated by the EKF (extended Kalman
filter). The step size and implementation period of the
algorithm are consistent with those used in the above
simulation steps, and thus a set of “estimated data”
can be obtained.

4) The “estimated data” generated in Step 3 is compared
with the “reference data” obtained in Step 2 (contra-
puntal subtraction), in order to obtain the estimation
error of the algorithm.

If a +10% impedance error is manually added to the
battery model and the SoC is estimated by the EKF, the
SoC estimation error spectrum obtained based on the
above steps is shown in Figure 9.17.

Based on Figure 9.17, the SoC estimation error spec-
trum can be obtained at a +10% impedance error, as
shown in Figure 9.18.

The impedance error can be manually set to more values
in order to analyze further itsimpact on the SoC estimation
(e.g. +20%, -10%, -20%), and the SoC is estimated by the
EKF once every modification of the model parameters,
which is equivalent to estimation of the SoC by the EKF
many times in the same process. Combined with the above
+10% error, four operation results can be obtained and
compared with the reference SoC value, as shown in
Figure 9.19.

The estimation error spectrum is obtained by subtract-
ing the true SoC from the four operation results, as shown

in Figure 9.20. At the same time, the statistical value of the error spectrum of the four operations is tabulated, as

shown in Table 9.6.

It can be seen from the table that the estimation error is approximately in direct proportion to the impedance

error, that is:

1) If the impedance error is doubled, the SoC estimation error will approximately double.

2) The estimation error caused by an impedance error of +10% is digitally equal to the estimation error caused
by an impedance error of +10% approximately with a difference in signs (+ and -). The estimation error
caused by the impedance error of +20% is digitally equal to the estimation error caused by the impedance
error of -20% approximately with a difference in signs (+ and -).

It is not difficult to understand the above rule, because, if the impedance value in the model is smaller than
its real value, the equilibrium potential Eg (EMF + V}) of the battery is smaller at the same measured current
and voltage value, and the estimated SoC value of the battery is also smaller. On the contrary, if the impedance
value of the model is larger than its real value, the estimated SoC of the derived battery is also larger. It can be
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Figure 9.19 Comparison of the SoC estimated by the EKF
after modifying the impedance parameter of the model and the
reference SoC value.

Note:

1. Value estimated by the EKF at the +20% impedance error
2. Value estimated by the EKF at the +10% impedance error
3. Reference SoC value

4. Value estimated by the EKF at the -10% impedance error
5. Value estimated by the EKF at the —-20% impedance error

Figure 9.20 Error spectrum of the SoC estimated by the EKF
after modification of the impedance parameter in the model.

Ilv.oéz"cimation error spectrum by the EKF at the +20% impedance

2. E;Ecci);ation error spectrum by the EKF at the +10% impedance

3. E;rt(i)r;ation error spectrum by the EKF at the -10% impedance

4. E;Ec?;ation error spectrum by the EKF at the -20% impedance
error

Table 9.6 Error caused by the inaccurate equivalent impedance of the model.

Impedance error Standard error Average error Maximum error
-20% 0.0332 -0.0375 -0.1003
-10% 0.0162 -0.0174 -0.0473
+10% 0.0146 0.0183 0.0455
+20% 0.0292 0.0320 0.0848

seen that the sign of the impedance error is the same as the sign of the SoC estimation error, and the SoC
estimation error also increases with the increase of the impedance error. From this point of view, the internal
resistance error has a similar rule for the impact on an SoC estimation with the systematic error of the current

sensor mentioned later.

Meanwhile, since most of the EMF-SoC curve (10 ~ 90%) is quasi-linear, if the impedance error is increased by
10%, the error of the estimated voltage value is increased by 10% and the error of the estimated SoC is also increased
by 10%, approximately showing the direct proportional relation.
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9.6.2 Estimation Error Resulting from a Measurement Error of the Sensor

The SoC estimation error caused by an inaccurate battery model has been analyzed in the previous section.
Another factor causing an SoC estimation error, namely the inaccurate measurements of the sensor used in the
battery management system, is analyzed in this section. The SoC estimation errors caused by the inaccurate mea-
surements of the sensor are discussed based on the current and voltage measurement errors respectively.

9.6.2.1 SoC Estimation Error Resulting from the Measurement Error of the Operating Current

In practice, the measurement error of the current sensor can be divided into systematic error and random error.
Among them, the systematic error is the fixed error of the current sensor. The fixed current error may be caused
when the current is measured at any moment. The random error is caused by inaccuracy of the current sensor,
and can be considered as the superposition of the measured current value with a Gaussian noise.

9.6.2.1.1 Estimation Error Resulting from the Systemic Error of the Operating Current Measurement

The Hall sensor is often used to measure the operating current in the application of a high-power battery pack. As
described in Section 8.3.3, due to the defects or inaccurate calibration of the sensor, the systematic error may be
caused while the actual measurement is being taken. Such systematic errors can be positive or negative. When the
EKF is used to estimate the SoC in the discharge process of the battery, a +5 A systematic error may be artificially
added during the estimation process. The SoC estimation curve before and after the addition of the systematic
error is shown in Figure 9.21.

The reference SoC value is subtracted from the value estimated after introducing the sensor error to obtain the
estimation error per second, as shown in Figure 9.22. It can be seen that when the current sensor has a +5 A
systemic error, the maximum SoC estimation error can exceed 7%.

The following rule can be found according to the above two figures:

First, the systemic error of the current sensor has the opposite sign to the SoC estimation error.
Second, the error spectrum curve features “large in the middle and small at both ends”.

The above rules can be understood as follows:
First, it can be seen that, if the error of the current sensor is “positive,” this means that the charge “discharged”
from the battery increases and the SoC estimation error is “negative.” Although the error may be modified by the
observed value of voltage (U) in this process, since the

1 " " " " " state equation is also acting at this time, the systemic error
0.9 1 can be partially offset by the correction of the measurement
0.8 1 equation but cannot be eliminated completely.

0.7 Second, the shape of the error spectrum curve is as
Reference SoC value K i

0.6 1 shown in Figure 9.12, where the EMF-SoC curve of the
% 05 | lithium iron phosphate battery is a “monotone increasing”
04l SoC estimated after | fuTlctlon curve featuring §teep. at two eFlds and.ﬂat in th.e
03l adding systemic error | middle.” Since the SoC estimation algorithm using EKF is
0'2 +5A of current sensor based on the EMF-SoC curve of the battery, in the case of
’ ] the same systemic error of the current, the estimation

0.1

error is “big in the middle and small at both ends.” In
0 . . . . . s .

0 2000 4000 6000 8000 10000 12000 other words, when the discharge depth is less than 60%,
Time (s) due to the systematic error of the current measurement
and the existence of the state equation, the accumulated

Figure 9.21 Comparison of the SoC estimated after . ' d i1 the 1 disch
adding a systemic error of +5 A of the current sensor Systematic error will Increase until the late discharge
and reference value. period. The accumulated error is gradually eliminated
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0.01 Figure 9.22 Error spectrum of the SoC estimated by the EKF after
0 | adding a systemic error of +5 A of the current sensor.
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Table 9.7 Impact of the systemic error of the operating current on the SoC estimation error.

Systemic error of current Standard error Average error Maximum error
-5A 0.0275 0.0498 0.0839
-3A 0.0163 0.0288 0.0493
-1A 0.0054 0.0092 0.0161
+1A 0.0053 -0.0088 -0.0157
+3A 0.0154 -0.0253 -0.0455
+5A 0.0243 -0.0386 -0.0712

under the effect of the EKF with the continuous decrease of the SoC, the EMF curve becoming steeper, a Kalman
gain increase, and the function improvement of the measurement equation.

The above provides an analysis of the SoC estimation error spectrum at a +5 A systemic error of the current
sensor. In addition, other systemic errors of the current sensor can be set manually, and the same method can be
used for a simulation analysis in order to obtain the statistical value of the SoC estimation error at different
systemic errors of current measurement, as shown in Table 9.7.

It can be seen from Table 9.7 that the SoC estimation error has the opposite sign to the systemic error of the
current sensor, but their absolute values are approximately directly proportional.

9.6.2.1.2 Estimation Error Resulting from a Random Error of the Operating Current Measurement

While measuring the operating current, the sensor is often found to have a random error, whose feature is that the
magnitude of the current measurement error is random at every moment, but the average error is zero. The
reason for this is the measurement noise of the sensor and the resolution of the A/D converter at the back end of
the sensor. The measurement error of the Hall current sensors available on the market is 1%, 3%, 5%, etc.

First, the maximum measurement error condition is analyzed, the current sensor is assumed to have a 5%
random error, and the EKF is used to estimate the SoC in the discharge process of the battery. The SoC estimation
curve before and after addition of the random error is shown in Figure 9.23.

It can be seen from Figure 9.23 that, even if the current sensor has a 5% random error, the error of the SoC esti-
mated by the EKF is negligible. Therefore, it can be predicted that, if the random error is less than 5%, the SoC
estimation error can be ignored.
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Figure 9.23 Comparison of the SoC estimated by the
EKF at a 5% random error of the current sensor and the
reference value.

Note:
1 1.The SoC estimated after addition of a 5% random error.
2. Reference SoC.
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Table 9.8 Impact of a random error of a current measurement on the SoC estimation error.

Random error of current Standard error Average error Maximum error
1% 0.0001 0.0002 0.0011
3% 0.0002 0.0002 0.0020
5% 0.0008 0.0015 0.0051

In order to verify the above opinion, according to the accuracy grade of the current sensors available on the
market, different random errors (1% and 3% respectively) of current measurement are set in the process of simu-
lation to get the statistical value of the SoC estimation error at various random errors. This is shown in Table 9.8,
together with the error caused by a random error of 5% shown in Figure 9.23.

According to the analysis of the above two cases, (1) and (2), the systemic error has a major impact on the SoC
estimation accuracy, while the random error has a small impact. It is not difficult to get such a conclusion, because
the Kalman filter itself can suppress the random noise.

9.6.2.2 SoC Estimation Error Resulting from Measurement of the Error of the Operating Voltage

In practice, the measurement error of the voltage sensor can be divided into a systematic error and a random
error, where the systematic error is the fixed error of the voltage sensor. The fixed voltage error may be caused
when the voltage is measured at any moment. The random error is caused by the resolution ratio of the voltage
sensor and can be considered as the superposition of the measured voltage value with a Gaussian noise.
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Figure 9.24 SoC estimated by the EKF at different systemic errors of voltage sensor and reference values.

(a) Note:

1. Value estimated by EKF at +20 mV systemic error of voltage
2.Value estimated by EKF at +8 mV systemic error of voltage
3.Value estimated by EKF at +1 mV systemic error of voltage
4. Reference SoC

5.Value estimated by EKF at -1 mV systemic error of voltage
6.Value estimated by EKF at -8 mV systemic error of voltage
7.Value estimated by EKF at -20 mV systemic error of voltage

(b) Note:

1. Estimation error spectrum at +20 mV systemic error of voltage
2. Estimation error spectrum at +8 mV systemic error of voltage
3. Estimation error spectrum at +1 mV systemic error of voltage
4 Estimation error spectrum at -1 mV systemic error of voltage
5.Estimation error spectrum at -8 mV systemic error of voltage
6. Estimation error spectrum at -20 mV systemic error of voltage

Table 9.9 Impact of the system error of the voltage measurement on the SoC estimation error.

Systemic error of voltage Standard error Average error Maximum error
+20 mV 0.0235 0.0269 0.0648
+8 mV 0.0093 0.0100 0.0261
+1mV 0.0013 0.0010 0.0041
-1mV 0.0013 -0.0022 -0.0045
-8 mV 0.0089 -0.0097 -0.0248

-20 mV 0.0220 -0.0247 -0.0623




9.6 Error Spectrum of the SoC Estimation Based on the EKF

9.6.2.2.1 Estimation Error Resulting from a Systemic Error of the Operating Voltage Measurement

Generally, for any voltage monitoring scheme, the measured voltage must have the systematic error due to the
limitation of chip precision. For example, in several schemes described here, the systemic error of the measured
voltage may be £8 mV for the LTC6802 chip scheme, =1 mV for the LTC6804 chip scheme (although the maximum
error given in the datasheet of LTC6804 is +1.2 mV, the absolute error of the measured voltage of LTC6804 is more
than 1 mV at 0 ~ 40°C), and +20 mV for the poor voltage monitoring scheme used previously. Based on the above
typical systematic error values, the NEDC operating condition is applied to perform the same simulation
experiment as described above, where the systematic error is manually added to the measured voltage value and
the SoC is estimated by the EKF. The value estimated in each simulation is compared with the reference value, as
shown in Figure 9.24(a). Meanwhile, the SoC estimation error spectrum is obtained by subtracting the estimated
value from the reference value, as shown in Figure 9.24(b).

The data shown in Figure 9.24(b) is tabulated as shown in Table 9.9.

It can be seen from Table 9.9 that the SoC estimation error has the same sign and is approximately proportional
to the systemic error of the voltage sensor. This phenomenon is analyzed similarly to the analysis of “the estimation
error caused by an inaccurate equivalent impedance.” Readers may understand this error to be according to the
analysis provided after Table 9.6, which is not described here.

9.6.2.2.2 Estimation Error Resulting from a Random Error of the Operating Voltage Measurement

The resolution ratio of the voltage sensor is always limited, which may cause a random error in the voltage reading.
According to the common voltage acquisition schemes available on the market, several typical values are selected,
including 20 mV (corresponding to the resolution ratio of the poor accuracy schemes), 5 mV (corresponding to the
resolution ratio of LTC6802), 1 mV (corresponding to the 12-bit ADC scheme), and 0.01 mV (corresponding to
the resolution ratio of LTC6804). Such random noise is manually added to the SoC estimation algorithm based on
the EKF.

First, a maximum measurement error condition is analyzed when the noise intensity of the voltage sensor is 20 mV.
In such a case the EKF is used to estimate the SoC in the discharge process of the battery. The SoC estimation curve
before and after adding the error is shown in Figure 9.25.

Figure 9.25 shows the comparison of the SoC estimated after the addition of voltage measurement noise and the
reference value. It can be seen from the figure that, even if the voltage sensor has 20 mV of random measurement
noise, the error of the SoC estimated by the EKF is negligible. It can be predicted that the SoC estimation error can
be ignored when the random error of the voltage is less than 20 mV.

In order to verify the above opinion, according to the accuracy grade of the voltage sensors available on the
market, different random errors of voltage measurement are set in the process of simulation to get the statistical
value of the SoC estimation error at various random errors, as shown in Table 9.10.

It should be noted that the random errors set above are 20 mV, 5 mV, 1 mV, and 0.01 mV respectively, which
correspond to the 8 bit, 10 bit, 12 bit, and 16 bit resolution ratios respectively of the A/D converter at a 5V refer-
ence voltage. These are exactly the parameter indexes of most A/D converters available on the market at present.
For example, when the 10-bit A/D converter is used for voltage acquisition, there are 210 = 1024 possible read-
ings. If the reference voltage is 5V,

—V ~5mV

1024
Therefore, when the 10-bit A/D converter is used for voltage acquisition with a resolution of 5 mV, it corresponds
to the second line of Table 9.10.

Similar to the above estimation error rule of the inaccurate current measurement, the analysis of the above two
cases (1 and 2) shows that the systemic error has a greater impact on the SoC estimation accuracy, while the
random error has a smaller impact. Such a conclusion can be expected, because the Kalman filter can suppress
the random noise.
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Figure 9.25 Comparison of the SoC estimated
by the EKF after the addition of a 20 mV voltage
1 measurement noise intensity and reference
value.

Note:

1 1. SoC estimated after the addition of a 20 mV
random error of voltage

2. Reference SoC value
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Table 9.10 Impact of the random error of voltage measurement on the SoC estimation error.

Random error of voltage Maximum
Resolution ratio (bit) measurement Standard error Average error error
8 20 mV 0.0006 0.0013 0.0054
10 5mV 0.0005 0.0009 0.0028
12 1 mV 0.0003 0.0004 0.0011
16 0.01 mV 0.0002 0.0001 0.0009

9.6.3 Factors Affecting SoC Estimation Accuracy

This section intends to analyze the SoC estimation error spectrum of a Kalman filter caused by various factors.
The error spectrum is distinguished from the isolated error after considering the SoC error distribution.

In addition, in order to compare the impact of various factors on the SoC estimation accuracy, the data of a
lithium iron phosphate battery are tabulated, as shown in Table 9.11.



Table 9.11

Impact of various factors on the SoC estimation error.

References

Error sources Specific causes

Approximate conversion relation

Typical maximum value

Inaccurate battery
model

Hysteretic voltage neglected
Inaccurate EMF-SoC curve
fitting

Inaccurate equivalent
impedance model

Inaccurate sensor Operating Systemic
measurement current error
Random
error
Operating Systemic
voltage error
Random
error

General 5~ 10 error

Error controllable to 1 ~ 2% by
piecewise fitting

Error increased by 1% every
impedance error increase by 5%

1 A systemic error convertible to
0.53% estimation error

Basically ignorable

1 mV systemic error convertible
to 0.13% estimation error

Basically ignorable

+20% error in an extreme case

3 ~ 5% error for non-
piecewise fitting

+4% error when the
impedance error is +20%

5 A systemic error of current
corresponding to 7 ~ 8% error

5% random error
corresponding to 0.15% error

20 mV systemic error
corresponding to 6.48% error

20 mV random error
corresponding to 0.54% error

1) The “approximate conversion relation” is obtained from the statistical standard deviation. The “typical
maximum value” refers to the statistical maximum. (Please refer to the “standard error” and “maximum error”
columns of the relevant above-mentioned tables.)

2) The extended Kalman filter can remove the impact of the random error caused by an insufficient sensor reso-
lution and fails to remove the estimation error caused by the systemic error.

3) The data shown is based on the lithium iron phosphate batteries. The error value in the table can be roughly

divided by 4 for the lithium-ion batteries made of other materials, such as lithium manganate and ternary mate-
rials, in order to get their approximate error distribution. In this sense, the SoC of the lithium iron phosphate
batteries estimated by the EKF has a maximum error. In other words, it is most difficult to estimate the SoC of the
lithium iron phosphate battery because the EMF curve of the lithium iron phosphate battery is relatively flatter.

According to the analysis in this section, the SoC estimation accuracy depends on the parameter accuracy of the
battery model and the measurement accuracy of the sensor.
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Charge Control

10.1 Introduction

The huge demand placed on a rechargeable battery creates a need for efficient battery chargers. An objective of a
battery charger is to put the energy into the battery by forcing current through. The charging process should not
damage or affect the battery’s capabilities. A battery charger should be efficient in order to minimize any loss of
energy during the charging, should be reliable to help the battery charge when needed, and should have a high-power
density to avoid a longer charging time [1]. In addition, a charger should be of low cost and portable with a lower
volume and weight. Designers and manufacturers are trying hard to make a universal charger that can serve all of
these items; however, it is hard to achieve a compact design with all the necessary features. The charger operation
depends on the components used, switching strategies, and its controller design. Chargers also depend on the size
and type of the battery being charged. The control design includes the charging algorithms. These define the charg-
ing steps by combining current, voltage, and pulse charging methods with termination conditions at various levels.

A simple battery charger is either a current source or a voltage source that can charge the battery with more
tolerance to over-charging. Over-charging is when the battery continues to receive current even after being fully
charged - in most battery chemistries, over-charging damages the battery components. Simple chargers do not
have efficient control of over-charging or intelligent termination conditions from charging. Charging ends at the
end of the charging cycle by a manual disconnection or with a fixed timer setting. The simple charger is inexpen-
sive and carefully designed for a lower charging rate that takes longer to charge a battery than otherwise. Even so,
many batteries left on a simple charger for too long will shorten the life and be subject to over-charging.

On the other hand, complex chargers are used for sensitive battery chemistry with efficient control over the
charging steps and on the termination of charging are able to avoid any damage from over-charging. Over-
charging reduces battery life by over-heating, increasing the risk of thermal runaway, excessive gassing, and even
fire. In such cases, the charger must have an inbuilt temperature, voltage, and current sensors to collect information
about the battery voltage, temperature, and the input current while charging. With the information, the charger
can calculate the state of charge in the battery and employ safe termination conditions to stop the charging. For
example, a heavy-duty automatic has “intelligent charging” systems that can be programmed with complex charg-
ing cycles specified by the battery manufacturers. With the configurable system, there is a universal charger avail-
able, i.e. it can charge all battery types under limited conditions.

The battery needs an efficient charger, not only to save the charging time but also to increase its performance
and expected life. The charging methods help in preventing over-charging by appropriate terminations and con-
trol heating by making the charge current high and low. For the lithium-ion (Li-ion) battery, specific charging
methods have been developed to suit the chemistry that can prevent metal plating at the electrode surface, provide
a limited SoC operating window for extending the life of the battery, and avoid excessive heating.

Battery Management System and its Applications, First Edition. Xiaojun Tan, Andrea Vezzini, Yuqian Fan, Neeta Khare, You Xu,
and Liangliang Wei.
© 2023 China Machine Press. All rights reserved. Published 2023 by John Wiley & Sons Singapore Pte. Ltd.
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Designing the charging method in a battery charger varies with the chemistry, size of the battery, and with the
application of the battery. For a small consumer, electronic products like smart phones, power bank, and laptop
chargers are portable and lightweight. The available voltage varies from +5 V to +12 V. Other common battery
charger applications are stationary battery plants: a grid-connected energy storage plant, a data warehouse power
backup, a UPS power backup, and a telecommunication tower power backup. Such chargers are permanently
equipped with temperature compensation and supervisory alarms for various system faults. Chargers for
stationary battery plants should have adequate voltage regulation and filtration. These chargers should be capable
of supporting a DC load while the battery plant is under maintenance.

This chapter mainly emphasizes the battery charger and charge controller used for automotive applications [2].
The other chargers are beyond the scope of the book.

In an automobile, a three-stage charger is used to recharge a fuel vehicle’s starter battery, but the case is very
different for recharging an electric vehicle (EV) or hybrid electric vehicle (HEV) battery pack [3]. The chargers for
an EV and HEV are categorized according to power rating, charging methods, charging time, and suitability with
infrastructures. The charging systems are also classified on technical grounds, such as on-board and off-board,
conduction and induction chargers, and unidirectional and bidirectional power flows.

For an example, Figure 10.1 illustrates a basic electric drive of the EV and categories of charging systems. The
figure shows the charging facilities outside the vehicle and the on—off board charging system inside the vehicle.
Inside the vehicle, the on—off board battery charger system consists of an AC/DC inverter followed by a power
factor correction or controlled rectifier and a DC-DC converter. The DC-DC converter output is directly connected
to the DC bus that feeds into the battery pack and electric load and is connected to an electric motor through a
DC-AC converter. The left side of on/off board battery charger is connected to the outside charging facility. The
diagram shows three different options:

a) Vehicle can be plugged into a grid connected to an on-board charging system which is a level-2, three-phase
240V facility available either in a public vehicle or a privately owned vehicle.

b) Vehicle can be plugged into a home garage level-1, single phase of a 120 V socket.

c) Alternately, it can be charged via a commercially off-board level-3 facility of a three-phase AC-DC system
such as a gas filling station.
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Figure 10.1 On/off board EV/ HEV battery charger.



10.1 Introduction

On-board chargers are limited in power capabilities due to weight, space, and cost constraints. Thus, most on-
board chargers are typically integrated into the electric drive to avoid limits on high power.

On-board charger systems can be conductive or inductive. Conductive charging systems use a direct physical
contact between the connector and the charge inlet whereas an inductive charger uses inductive coupling to
charge the vehicle battery without any physical connection.

An off-board battery charger is less constrained by size and weight and are at a commercial station where the
vehicle battery can be charged.

The other most popular charger used is the intelligent charger. The intelligent charger communicates with the
BMS to receive information about the battery characteristics and conditions to control and modify the charging
actions. An intelligent charger may monitor the battery’s voltage, temperature, or time under charge to determine
the optimum charge current and termination condition. The intelligent chargers employ a combination of cut-off
systems, which are intended to prevent over-charging.

Various charging methods can regulate the reaction rates in the battery in order to increase the system efficiency
and extend the battery life. Control charging steps prevent over-charging and over-heating, which limit the
damage in the battery electrodes and prolong the battery life. High-rate charging reduces the charging time and
restores most of the capacity much faster. However, current density of the electrode material limits the maximum
allowed charging rate. A high charging rate increases the overall heat in the battery. It also damages the electrode
surface by generating a localized high current density point on the surface. High-rate charging is ideally needed
for an EV with especially a public infrastructure charging facility. Very rapid charging rates, 1 hour or less, gener-
ally require the charger to carefully monitor battery parameters such as terminal voltage and temperature to
prevent over-charging and damage to the cells.

The charge control method varies with the type of battery chemistry. For example, due to a high self-discharge
rate, it is necessary to use trickle charging in a lead-acid battery. The trickle charge is a very slow charging
step used in the last part of the charging process. Most batteries are left on trickle charging for a long time for
maintenance. In contracts with a lead-acid battery, most of the Li-ion batteries may be damaged by trickle
charging with the risk of over-charging. The nickel-cadmium cell is another exceptional chemistry that shows
a significant voltage drop at the end of charging. The voltage drop is an indication for an NiC battery charger
to stop charging at a AV drop, but the voltage drop at the end of charging is not a universal phenomenon for
other battery chemistries. Each manufacturer defines a special method and safety limits for charging the bat-
tery in order to obtain the highest coulombic and energy efficiency. Usually, the range of charging rates, steps
of charging, operating temperature window, end of the charging steps, and termination conditions are defined
for a rated performance of the battery. Under the scope of the book, we will focus only on the Li-ion automo-
tive battery charger.

An ideal charger should also have built-in safety features to avoid any consequences of over-charging and
accidents. The safety standards recommend that battery charger design should include all the protection
circuits to ensure common safety measures. These protection circuits are over-voltage protection, over-charge
protection, over-current protection, over-heat protection, as well as short-circuit protection and over-discharge
protection.

Isolation is another safety precaution needed between the EV charging board and the charging station.
This includes isolation between the high-voltage battery, DC-DC converter, inverter for driving the electric
motor, and also for a charger module connected to the grid. Therefore, the key component in the interface
between the existing electrical system and the electric vehicle supply equipment (EVSE), i.e. the charging
station, is the transformer. The EV body should be connected to the earth while being charged with on-board
or off-board chargers. An inexpensive simple AC powered battery charger may suffer from a high ripple
current and ripple voltage. Usually, the ripple current should remain within the battery manufacturer’s
recommendations.

With non-isolated DC/DC converters, a line-frequency transformer is needed to isolate the battery from the
charger.
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EVs and HEVs are slowly becoming popular, but still need to appeal at the mass level. High cost, battery life,
complexity of chargers, and lack of charging infrastructure are the important barriers to gaining an acceptance for
EVs/HEVs on a larger scale. Often, battery charger manufacturers struggle with minimizing charging time,
cutting down the cost, increasing the power capacity and component ratings, reducing the volume and weight,
and designing an appropriate charger according to location and infrastructure.

10.2 Charging Power Categories

Based on the infrastructure and power capacity, battery chargers are categorized in three levels.

Level 1 is a slow charging system for typically home garage overnight charging or work place charging, where
the EV can be plugged into a convenience outlet, AC 120 V for the US and AC 230V for the EU. It uses a single-phase
grid outlet. It is suited for private domestic installations where extra authentication and billing are not required.
Level 1 is an on-board charger that is equipped in the vehicle with most of the safety features built inside. A level
1 charging station, however, has very simple and limited safety features, like ground fault detection and discon-
nects. Figure 10.2 gives examples of the level 1 chargers. Figure 10.2(a) is an external cord set level 1 charger that
users carry to charge the EV at a level 1 outlet. Figure 10.2(b) is a level 1 EVSE system that allows the user to con-
nect a vehicle directly. Figure 10.2(c) is a level 1 charger mainly for workplaces offering the facility.

The level 2 charging system can be a facility for both private and public use (see Figure 10.3). It uses semi-
fast charging methods through an AC 240 V outlet, provides enough power, and can be implemented in

(a) (b) (c)

Figure 10.2 Level 1 chargers: (a) Nissan line-cord EVSE; notice the NEMA L6-30 plug on the cord. Credit: Nissan, (b) BOSCH
power maximum level 1 EVSE. Credit: Bosch Automotive Service Solutions Inc, (c) L1 power post EVSE charger 120 V/16 A.
Credit: Konnectronix, Inc.
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Level 1 & Level 2 Battery
AC Chargers Controls Monitoring
2 kW t0 20 kW Charging
Single or 3 Phase Station P s .
ower Contro
AC Supply bt Safety q Unit Protection
AC AC | Interlocks Rectifier |DC Variable DC L CCICV Charge Battery
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Figure 10.3 Level 2 charger.
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most environments. The self-contained system gives the charger the
flexibility to connect to different AC charging sources. The level 2
system, when installed for public use, is suited for parking lots, shopping
centers, hotels, rest stops on highways, theaters, restaurants, etc. The
system needs to incorporate intelligence features to communicate with
the charging station. The charging station would verify and authorize
the user to draw power from the source and allow the source to bill the
customer for the energy transferred unless the charger is installed as a
free service in the workplace or shopping mall. Figure 10.4 shows a
Siemens level 2 charging station.

The level 3 charger uses high power. It is a three-phase, AC 208 V or DC
600V connected outlet and has a fast-charging system (see Figure 10.5). It is Figure 10.4  Siemens VersiCharge
intended for commercial and public applications, similar to a gas filling E\é?f ;eggtti r;hfnrlgeltngasrfzaeflfn with
station. It can be installed in parking lots, shopping centers, hotels, rest VC30BLKB. Credit: SIFI;MENS
stops, theaters, restaurants, etc. Having a high-power system design, AC/DC
conversion, control circuits and power conditioning components it becomes very large and expensive. The level 3
system keeps all heavy-duty components and complex circuits at the charging station. This saves vehicle costs and
reduces the on-board charger weight in the vehicle. In this system, an on-board BMS and charge controller must
communicate with the power controller at a charging station to control the process of charging.

An example of a level 3 fast charging system is the CHAdeMO system developed by Japanese auto industries, as
shown in Figure 10.6. The CHAdeMO is a direct current source that can deliver up to 62.5 kW. The voltage level
varies from 50 to 500 V. CHAdeMO uses a proprietary electrical connector that is a global standard for a charger.
The vehicle charger sends the battery information and set points of the voltage to the charging station through a
CAN bus. The charging station then follows the CHAdeMO specified constant-current and constant-voltage
charging profiles and terminates the charging process according to the set points. The charging station also

Metering and Billing

Battery
CAN Bus Control & Authentication  Controls Monitoring
Charging BMS
20 kW to 240 kW Stati
n
3 Phase AC atio Level 3 DC Charger
Supply Variable| Safety
AC DC |Interlocks -
Supply Variable DC (Controlled Voltage and Current) Protection |~y Charge )| Battery

Level 3 Circuits

Figure 10.5 Level 3 charger schematic.

Figure 10.6 CHAdeMO connector. Credit: C-CarTom / Wikimedia Commons / CC BY-SA 3.0 and Nissan CHAdeMO level-3
Charger. Credit: Caxton & CTP Printers and Publishers Ltd.
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Table 10.1 Categories of a charging system.

Charger Energy supply  Expected power
Power level types location Typical use interface level Charging time Vehicle technology

Level 1 (opportunity) On-board  Charging at Convenience 1.4 kW (12 A) 4-11 hours PHEVs (5-15 kWh)

AC 120 V (US) 1-phase home or office outlet 1.9kW(20A)  11-36hours EVs(16-50 kWh)
AC 230V (EU)

Level 2 (Primary) On-board  Charging at Dedicated 4kW (17 A) 1-4 hours PHEVs (5-15 kWh)
AC 240V (US) 1-or private or EVSE 8kW (32 A) 2-6 hours EVs (16-30 kWh)
AC 400V (EU) 3-phase  public outlets 192kW(B0A) 2-3hours  EVs(3-50 kWh)
Level 3 (Fast) Off-board ~ Commercial Dedicated 50 kW 0.4-1 hours EVs (20-50 kWh)
(AC/DC 208-600V)  3-phase analogoustoa EVSE 100 kW 0.2-0.5 hours

filling station

ensures the initial safety conditions by checking the vehicle charger and battery fault conditions, such as a short
circuit, over-voltage, over-heating, or any high leakage current.
Table 10.1 summarizes the charging system and their power levels.

10.3 Charge Control Methods

Battery charging methods include constant current (CC), constant voltage (CV), constant power (CP), pulse
charging, and trickle and float charging. The constant current charging is the most efficient method for putting
bulk capacity in the battery; however, it does not charge the battery completely. In addition, usually CC is
combined with CV to charge the battery up to 100%. In a few applications of fast charging with specific chemis-
tries, pulse and power charging methods are also used.

Often, in an automotive application, the Li-ion batteries are charged with a two-stage CC-CV profile, where the
battery is charged with CC up to a certain threshold voltage (set as the end of the charge voltage) and moves to CV
charging until charging current drops to 3-5% of the rated current. Often this is the acceptable definition for com-
pletion of the charge state. However, with some definitions, a battery is fully charged when the current becomes
constant or levels off and does not drop further. The condition is often difficult to achieve within the limited time.

The charging methods affect the battery life significantly, even if an applied charge rate remains the same in
each method. At the initial stage of charging while the SoC is below 1%, a low charging rate is desirable. Because,
at a low SoC, resistance remains high, a high-rate charging can generate more heat. On the other hand, at a high
SoC, due to electric polarization near the end of charging, the graphite anode potential falls below with respect to
Li+/Li and allows metallic lithium plating. At this stage, continual intercalation into graphite generates the
secondary reactions between Li-ions with an electrolyte surface. The loss of Li-ions in secondary reactions reduces
charging efficiency and increases the resistive surface layer. Slow rate charging or CV charging can limit the metal
plating at the end of charging and can help maintain a healthy battery life.

For most of the Li-ion batteries, the threshold voltage varies from 4.1 to 4.2 V/cell, but a 4.3 V/cell is typically
for a high-capacity Li-ion. By contrast, LTO charges up to 2.7 V/cell. Commonly, for all chemistry, boosting the
voltage increases the capacity, but going beyond the specified voltage may challenge the safety. Over-voltage
results in over-heating and thermal runaway. In most of the battery packs, BMS does not allow voltage to go
beyond the specified value. A continuous trickle charge can cause plating of metallic lithium on the electrode sur-
face and compromise safety by short circuiting the electrodes. Thus, the charge current should be cut off as soon
as charging ends.
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Figure 10.7 Li-ion battery charging steps.

Figure 10.7 shows four stages of charging an Li-ion battery. Stage 1 is a constant current of 1 C rate or a rated
current where the voltage rises almost linearly with the input Ah capacity and then attains the threshold voltage.
Stage 2 defines the starting of the CV step or saturation charge stage, where the voltage remains at the threshold
voltage and the current starts dropping. A drop in the charging current continues until it reaches 3% of the rated
current. At this stage the battery is considered fully charged. After removing the charge load at Stage 3, the voltage
drops to the open circuit voltage (OCV). In some cases, Stage 4 is required where the battery charges push a little
top-up current to bring the battery voltage up.

A higher charge current mostly fills up the battery faster, but it does only approximately 80% up to the voltage
peak. In such a case, the saturation charge will take much longer to fill the battery completely. Some chargers
follow only a bulk charging step without going to the saturation charge. This may fill the battery up to 80-85% of
SoC, which is acceptable for a few applications. However, it affects the life of the battery.

The high rate of charging in the Li-ion battery is mainly limited due to heat generation as well as Li-ion inter-
calation. The charging stations and the chargers should limit the charge current to maintain the temperature
within the specified limit. Most of the chemistries allow heating of 5-7°C at the rated charging current. The
heating is further intensified in the older battery due to high internal resistance. The charger and charging station
often disconnect or terminate charging if the temperature rises to higher than 10°C while charging and/or beyond
the specified limit.

Table 10.2 lists the performance comparison of the most commonly used charging methods of the battery.

10.3.1 Semi-constant Current

The method uses impedance of the circuit to control the charging current. As the voltage of the battery increases
with charge, the current starts to decease. As the name suggests, the charge current does not vary significantly,
but it is not controlled accurately during the end of the charge, which increases the risk of over-charging.
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Table 10.2 Battery charging methods.

Charging method Advantage Disadvantage

Semi-constant current charging Fast Not completely charge the battery
Risk of over-charging

Constant current charging Fast High cost
Protecting circuit is need to prevent over-charging

Constant voltage Best suited for trickle charging Slow
Risk of over-charging
Constant current constant voltage Controlled process
No risk of over-voltage charging
No risk of over-charging

Two-step constant voltage charging ~ Reasonably fast High cost
Recovery step is possible
Pulse charging Fast, low heat generation, Expensive, needed more controls
increase in battery life
Constant power charging Fast
= g Charge Current
> O
-
g3
< S
m O Battery Voltage

— Charge Time

Figure 10.8 Semi-constant current charging characteristics.

This method, referred to as a simple method, is easy to adopt and is widely used for cycle service batteries. The
charger consists of a transformer, diode, and resistor. Impedance from these elements ensures charging without
an excessive charging current. With this method, the battery voltage increases while the charging current
decreases as the charging proceeds. The problem occurs when at the end of the charging a large charging current
flows and causes over-charging. Care should be taken to avoid over-charging by limiting the charging duration.
Figure 10.8 provides the current and voltage profile of a cell while charging with semi-constant charging
methods.
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10.3.2 Constant Current (CC)

Constant current charging is an easy way to characterize the battery behavior and so it is a standard method
applied during analysis, as shown in Figure 10.9. The battery behavior remains uniform as the coulombic charge
is forced at a constant rate throughout the charging process. The process is comparatively fast, but needs an
expensive charging circuit to control the constant current output. Circuits using voltage regulators and combina-
tions of a diode and resistors are a simple design used to generate a constant current. Alternatively, accurate con-
trollers and charging chip sets are available. Some examples are LT1510 or LT1510-5 from Linear Technologies,
CCR-AND9031 from On Semiconductors, BQ 24650 from Texas Instruments, and IC7805 Electcircuit.

The basic circuit of a constant current regulator (CCR) is given in Figure 10.10. It uses a simple charging
terminating circuit that compares battery voltage with reference voltage in the controller. The current control is a
combination of transistors.

10.3.3 Constant Voltage (CV)

A constant voltage charging method is mostly used in conjunction with CC, as shown in Figure 10.11. It is used
as a saturation charging step. The method mainly prevents over-charging with a carefully selected threshold
voltage. A constant voltage unit applies voltage to the battery. The charging method basically applies the current
based on the difference between the battery voltage and the threshold voltage. The charging unit should have a

Charge current /‘

Battery voltage
Charge current

Battery voltage

——P Charge Time

Figure 10.9 Constant current charging.
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Figure 10.10 Basic constant control regulator (CCR) circuit.
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Figure 10.11 Constant voltage.

high capacity in order to control the initial high current flow. This method is slow and does not allow a uniform
charge transfer rate for the electrochemical system. The termination of charging is mostly defined by achieving a
very low current (3-5% of the rated current) state.

The charging threshold voltage is technology specific and varies with the operating temperature. An inaccurate
voltage causes an over-charge or an under-charge.

CV is widely used in conjunction with CC for both cyclic and stand-by applications.

10.3.4 Constant Power (CP)

CP charging is suitable for a fast-charging requirement as the initial current is very high in order to maintain a
constant power during the charging process. A high starting current gradually decreases with charging time in
order to keep CP-correlation between the current and the voltage. Most commonly, the CV step follows the CP in
a similar way as described for CC-CV. During the CP, the charge transfer resistance increases with aging. In the
beginning of charging, the high current generates heat due to the high initial resistance. However, CP offers a low
overall heating loss compared to CC.

The CP method accelerates aging in the battery by increasing resistance and losing Li-ions in secondary
reactions due to metal plating at the end of charging.

10.3.5 Time-Based Charging

When pre-set, the time-based chargers are low cost and easy to implement and are mostly used for Ni-based bat-
teries, for example Ni-Cd. Ni-Cd batteries are not very sensitive to over-charging. Therefore, it is safe to use a
pre-set time to charge those technologies that are insensitive to over-charging, but, unfortunately, Li-ion batteries
are not among them.

The charges often provide a large number of charging timers to match varying capacity batteries. However, it is
difficult to avoid the possibility of under-charging and over-charging. For example, if the battery is in a pre-charge
condition, the pre-set timer cannot adjust the time accordingly and results in over-charging.

10.3.6 Pulse Charging

Pulse charging is another fast-charging technique that uses controlled pulses. Pulses break the DC current by insert-
ing a short relaxation time in between. Pulses have a strictly controlled rise time, pulse width, frequency, and
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amplitude. Pulse charging is a uniform method that suits all sizes, 5
capacities and chemistries of batteries. This is widely implemented 4
in the automotive applications. Pulse charging allows relaxation 3 _/__F—ﬁ\l"
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10.3.7 Trickle Charging

This method provides a relatively small amount of current for sufficiently long to charge a small capacity battery
or to maintain a charge in larger batteries. Trickle charging is typically the last leg of a charging process. In most
of the application the trickle charging current is equal to the self-discharge current. The typical trickle current
compensates for the self-discharge of a battery that has been idle for a long time. However, this charger is a slow
battery charger and may take several hours to complete a charge. During the maintenance, these chargers remain
connected to the batteries for an infinite time. Most of the Li-ion technologies cannot handle the over-charging so
cannot be connected to trickle charging for long. These batteries either employed with smart charge terminators
or avoid using trickle charging.

There are few other specific chargers available. They are either based on technology used or are application
specific, such as inductive chargers, intelligent chargers, motion-powered chargers, and solar chargers. Specific
chargers are beyond the scope of the book.

10.4 Effect of Charge Control on Battery Performance

Ideally, during charging and discharging cycles of the Li-ion battery there is no active material degradation. The
charging and discharging cycles are supported by intercalation and de-intercalation of Li-ions rather than any
chemical reaction. In contrast to a lead-acid battery, where lead sulphate is formed on the electrode surface while
discharging and is reversed when charging, the charging method has therefore a major influence on the battery
performance. The Li-ion battery has a different charging mechanism ideally considered to be unaffected by charg-
ing methods. However, this is not true. Charging methods affect the performance of the battery drastically and
influence the ability to deliver energy and power.
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A charger allows over-charging when the end of the charging is not controlled. Over-charging triggers metal
plating on the negative electrode and challenges safety and increases cell impedance. In addition, over-charging
gives rise to secondary reactions that are responsible for the loss of Li-ions, thus making the battery life short.

Typical constant current charging raises the concentration polarization, which slows Li-ion diffusion. This
reduces the overall power transfer rate of the battery. Instead, pulse charging introduces relaxation intervals that
break concentration polarization and improve Li-ion diffusion. As a result, the pulse charging method helps to
provide a higher power transfer rate.

In addition, when pulse charging combines with small negative charging, it helps to utilize the active material
completely and prevents metal plating on the electrode surface during charging, thus improving battery health.

It is well known that Li-ion batteries do not accept over-charging. This is because, at the end of the threshold
voltage, the Li/Li+ voltage becomes close to the over-potential of the negative electrode that allows Li metal plat-
ing at the negative electrode. This negative plating increases the risk of a short circuit. The voltage beyond the
threshold voltage may raise a secondary reaction and form a passive layer at the surface of the electrode. The
passive layer increases the impedance and aging in the battery. The CV step after the CC prevents over-charging
and thus ensures safe and prolonged battery health.

Charging with an optimum C,, also improves the performance of the battery, particularly coulombic efficiency.
A high C,, charging heats up the battery and aggravates the aging. 1; also forces higher intercalation, which
increases mechanical stress at the graphite electrodes and degrades the electrode quality.

Without a load current, the battery voltage drops from an elevated voltage. After an optimum relaxation time, it
achieves an open-circuit voltage that is less than the elevated voltage. The battery, which is charged with complete sat-
urated voltage (with CV steps), keeps the elevated voltage longer compared to one that does not have any saturation.

Some chargers compensate the battery for its self-discharge and for the power consumed by its safety and pro-
tections circuits. The compensation is mainly by long-time charging with a very small current and top-up of the
charge to make the voltage level ready to use. For example, after removing charging in the LFP battery, the voltage
drops to 4.05 V/cell from 4.20 V/cell. The charger tops the voltage back up to 4.20 V/cell. Sometimes a charge
starts only when the voltage drops to 4.0 V/cell and recharges the voltage only to 4.05 V/cell instead of 4.20 V/cell.
Charging to a smaller voltage removes the voltage stress on the electrodes and increases the battery life.

A fully discharged state of the Li-ion battery is not considered a best choice, neither for storing nor for charging.
An Li-ion discharge below a certain voltage is not advisable because of some secondary reactions that possibly
create safety concerns.

However, if Li-ion cells are discharged below a certain voltage a chemical reaction occurs that make them dan-
gerous if recharged, which is probably why all such batteries in consumer goods now have an “electronic fuse”
that permanently disables them if the voltage falls below a set level. The electronic fuse draws a small amount of
current from the battery, which means that if a laptop battery is left for a long time without charging it, and with
avery low initial state of charge, the battery may be permanently destroyed.

10.5 Charging Circuits

Charging circuits are improving at a fast pace in terms of high-power capabilities, less losses within the circuits,
light weight, high efficiency, and a low charging time. This chapter will cover only a few examples for providing
an overview about basic topologies and elements in the circuits.

10.5.1 Half-Bridge and Full-Bridge Circuits

Charges are composed of diode rectifiers or controlled rectifiers, a switching network, boost converters, and fil-
ters. Half-bridge and full-bridge topologies are used with a single phase and three phases. Obviously, the half
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bridge has less components and a low-cost system, but the operation forces high stress on the circuit components.
The full-bridge topology has a high cost due to a higher number of components, but it offers high durability by
reducing the stress on the components. Figure 10.13 shows the basic bidirectional half-bridge and full-bridge
topologies. A few topologies also need a controller and PWM input control to the switch.

10.5.2 On-Board Charger (Level 1 and Level 2 Chargers)

As stated in the introduction section, on-board chargers typically control charging as a part of the power train of the
vehicle. This charger can be conductive/non-isolated or inductive/isolated. Isolated chargers make no direct metal
connection with the batteries. These chargers can be used in parallel to increase the charging current for reducing
the charging time. Non-isolated chargers connect to the battery directly and cannot be used in parallel. Figure 10.14
shows a basic circuit of a unidirectional charger. The circuit has an AC outlet connected to the diode bridge rectifier,
followed by a switching network of an interleaved boost converter. The boost converter operates at 180° out of phase.
The interleaved boost converter offers a limited power capacity but provides ripple cancellation. Lastly, the capaci-
tive filter provides a controlled DC current at a stable DC voltage at the input of the DC/DC converter. Figure 10.15
is a multilevel charger that controls the charging levels with a series of connected switches S1 and S2. A complete
charger off-board and on-board is given in Figure 10.16, together with an electromagnetic interference filter (EMI).
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Figure 10.13 Bidirectional chargers: (a) single-phase half-bridge, (b) single-phase full-bridge, and (c) three-phase
full-bridge.
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Figure 10.14 Interleaved unidirectional charger topology.
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Figure 10.15 Single-phase multilevel unidirectional charger.
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Figure 10.16 Combined on-board and off-board circuit elements of the charging system.
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Figure 10.17 Three-phase diode clamp bidirectional charger.

10.5.3 Off-Board Charger (Level 3)

Off-board chargers are high power chargers and have built-in controllers. These are expensive chargers and
mainly used as level 3 chargers for EV and HEV automotives. The three-phase level 3 charger diode clamp circuit
is shown in Figure 10.17, where each phase of the AC outlet is connected to a switch control network. A diode
path provides rectification for each phase. The capacitive filters provide a constant DC at the output.

10.5.4 Fast Charger

Fast chargers offer rapid charging by employing a high C,,, charging or combinations of pulse-changing and
polarization-curve-based methods. These circuits are often equipped with a controller and cooling system. A
controller circuit may be part of the battery or charger or may be split into two. A cooling system helps to control
the temperature to a safer limit for the battery while charging at a high C,e.

The CC-CV method is simple in function but has a limitation due to heat generation during a high C,, charg-
ing and concentrated polarization. Both factors damage the cells. Thus, pulse charging is the more efficient way
to achieve the charging without damaging the cell by heat generation or by concentrated polarization. Most
common quick chargers are given by CHAdeMO. Fast chargers are fixed at the location and have effectively no
limit of the charging voltage or current. Such high-voltage and high-current chargers are named as a DC fast
charger (DCFC) or a DC quick Charger (DCQC).

CHAdeMO is the well-known charging standard for EV quick charging, developed by the CHAdeMo Association.
CHAdeMO was formed by its executive members, including the Tokyo Electric Power Company, Nissan,
Mitsubishi, and Fuji Heavy Industries (the manufacturer of Subaru vehicles). Toyota later joined as its fifth exec-
utive member.



10.5 Charging Circuits

CHAdeMO is an abbreviation standing for “charge de move” or “charge on move.” It offers quick charging
methods for EV up to 62.5 kW (500 V, 125 A) of direct current with a special connector. The special electric con-
nector combines the charging levels and communication signals through CAN. It is included in the IEC standard
IEC62196 (type 4) as a global standard for charging the EV system. CAN communication signals ensure the safety
and operating limit control.

Due to cost and thermal issues, AC chargers have limited 240ACV and 75A. In such case, external high-rate DC
chargers are appropriate. Table 10.3 provides a most conventional AC charging solution and limits in various parts
of the world.

CHAdeMO ensures fail-safe of the charging control at various levels. It offers two communication lines, CAN
and Pilot, to avoid any fail during malfunctioning of either communication lines. To control charging, the charger
halts DC output immediately with a vehicle coupler drop. Charger runs a “Pre-charge Automatic Safety Check”
to examine the circuit insulation and short circuit between the charger and the EV contactor. Figure 10.18 shows

Table 10.3 Conventional AC charging solution and Llimits in various countries.

Country Voltage limit Current limit
USA and Japan 240 30
Canada 240 70
Europe and Australia 230 15

400-39 32
SAE J1772-2009 Australia 240 80
VDE-AR-E 2623-2-2 400-39 63
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Figure 10.18 CHAdeMO sequence circuit.
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the CHAdeMO connector interface and three basic categories of lines. CHAdeMO combines with the DC Power
line, Analog control lines for a 12 V supply, and the CAN Bus. A power line provides high DC voltage and current,
the Analog line provides 12 V control of various operational and safety switches, and CAN provides the commu-
nication link between the vehicle BMS and the charger.

10.5.5 Ultra-Fast Charger

The concept of ultra-fast charging is to provide repetitive high-power charging up to 350 kW/300 A for less than
20 min to extend the driving range. Currently, with the fast charger (500 V, 125 A) it takes 1.5 to 2 hours to fully
charge the battery for providing a long-distance driving range up to 500 km. The ultra-fast chargers will not charge
the vehicle completely; however, they charge it multiple times to cover the distance. An ultra-fast charger fills the
battery according to the need, which is driving speed, required distance to cover, and the initial charged condition.

Big automotive companies like BMW, Ford, Daimler AG, and Volkswagen are teamed up to create an ultra-fast
charging infrastructure/network in Europe. The network will be based on a combined charging system (CCS)
standard technology. The new infrastructure will extend the DC fast-charging capacity up to 350 kW. These ultra-
fast chargers will be used by buses and trucks, as well as, eventually, passenger vehicles.

All Li-ion technologies do not favor ultra-fast charging. Ultra-fast charging reduces the life of the battery and
raises safety concerns. In ultra-fast charging, Li-ions are transferred at a fast rate from the cathode to the anode.
Graphite anodes cannot accept the fast rate ions and form metallic layer/dendrites. This surface film and den-
drites lead to fast capacity loss, increase impedance, and aggravate the risk of a short circuit. Therefore, chargers
display a warning of fast degradation in battery health on using ultra-fast charging.

The ultra-fast charging station (UFCS) mechanism and circuit design depend on many factors such as: objective
charging time, useful battery capacity at an objective charging time, SoC in the beginning of charging; efficiencies
of total energy conversion stages, and UFCS utilization. This mechanism needs to be formulated in terms of two
distinctive EV-related terms, i.e. autonomy and the autonomy flow rate.

Autonomy is the average distance an EV is able to cover with the maximally recharged battery in given condi-
tions (capacity, charging current, initial state of charge, etc.).

The autonomy flow rate is the driving distance augmentation in time, expressed in km/min or km/h.

The above two values decide the amount of charge and time of intermediate recharges during the trip. These
values also determine an average speed for the total travel time.

The idea of ultra-fast charging is making the charging time (t.,) significantly smaller compared to the actual
driving time (t4,):

Len <y (10.1)

where driving time (¢4,) is defined as a function of the energy capacity of the battery EEV given in kWh, the
difference of the SoC from the starting point to the next stop point, Egg(v), which is in kWh/100 km, and the
average speed of the vehicle, v:

SOCstart(ifl) - Socstop(i)

(10.2)

tor = Epy
Eigo(w) v

Charging time (f.,) is defined as a function of the desired SoC level of charge, energy capacity of the battery, and

available power capacity of the charger R:

Socstart(i) —SoC

Phi

C

stop(i)

ty =Epy (10.3)



10.6 Infrastructure Development and Challenges

There are infrastructural issues that need to be discussed for
accommodating the UFCS load. The short-time peaks due to
UFCS on the grid are highly fluctuating and require
over-dimensioning of the grid capabilities. These demanding
peaks force over-sizing of the infrastructure, including cables,
transformers, and switchgears. A possibility of peak mitigation
lies in using energy storage buffering between the UFCS and the
utility grid. The complete EV charging capacity is delivered by
the combination of utility grid and energy storage buffer. This
will keep grid balancing. A buffered EV charging station concept
is given below in Figure 10.19, where the grid charges the buffer
through low power charging (LPC) and later high-power charg- Poy | + l” _
ing (HPC) provides a full charging capacity of EV for ultra-fast _F b
charging. ¢

HEV

Buffer

Figure 10.19 Buffered EV charging station R.
10.6 Infrastructure Development and Challenges

It has been claimed that EV is not widely accepted because of two major reasons: (a) due to its cost; (b) due to
inadequate charging infrastructure. Charging infrastructure development needs multilevel initiatives from the
government and private sectors. The government could give support by making generous and universal policies,
standardizing the charging stations capacity and connectors, supporting infrastructural cost, and speeding up the
pace. Private sectors, on the other hand, lead in designing and developing compatible systems, providing flexible
charging options, planning for utility grid infrastructure, placing metering and billing systems, and reducing the
installation and construction cost.
Charging infrastructures are driven by three major factors:

e Penetration rates: which defines how much energy/power is utilized from the grid
e Degree of charging: which defines the levels of charging stations
e Range anxiety: that derives the number of charging stations required within the city and on the highways

The following sections give the available infrastructure scenarios.

10.6.1 Home Charging Station

Home charging stations mostly are level 1, referred to as overnight chargers/garage chargers. These are low-cost
systems and mostly customized for the specific car and the user requirements. These systems do not need a sepa-
rate billing system. However, the systems cannot function as rapid chargers.

10.6.2 Workplace Charging Station

Workplaces can provide level 1 charging with an outlet for employees to plug into their own charging equipment
or with the EVSE charging equipment installed at the workplace. Also, an employer can facilitate level 2 chargers.
However, proper charging policies and fee structure should be in place for a full utilization of the system. For
example, a level 1 outlet may be an easy workplace charging scenario for an employer, but for the employee it may
be difficult to bring and use their own cord-sets. Employees may prefer to have a level 1 EVSE installed at the
workplace. There should be an appropriate system that caters for the needs of the user and providers.
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10.6.3 Community and Highways EV Charging Station

These charging infrastructures are categorized mostly as fast chargers and level 3. An infrastructure development
consideration is to satisfy driving range anxiety. Fast chargers and ultra-fast chargers are used to reduce the charg-
ing time and make the system at a par with a conventional fuel-filling system. The combination of a rapid charg-
ing system with buffering energy storage will improve the level of perpetration into the grid and support the gird
balancing. However, these systems are expensive and need government policies in place.

10.6.4 Electrical Infrastructure Upgrades

The existing electrical grid is neither equipped for multiple penetrations from rapid charging stations and nor is it
designed to stratify the surge in power due to rapid charging stations in the area. Higher utilization of the localized
multiple charging station could easily overload the grid infrastructure. Particularly, a power surge increases distribu-
tion transformer losses, voltage deviations, harmonic distortion, and peak demand. This forces the need for additional
costs on upgrading the grid distribution system including underground cables, overhead lines, and higher capacity
power systems. Typical research shows that the 50% penetration from the uncontrolled EV charging reduces the
transformer life by 200-300%. Control charging at the charging station can save fast degradation of the transformers.

10.6.5 Infrastructure Challenges and Issues

e Expensive infrastructure for rapid charging: Although level 3 fast charging provides a method to alleviate range
anxiety, the installation and operative cost of the system is high. The cost is further increased with a require-
ment for grid upgradation or installation of an energy storage buffer.

e Metering and billing policy: Policies and standardization are required for billing and metering systems for the
customer and the owner of the charging station. This will involve government utility owners and owners of
charging stations. Later a metering and billing data exchange should be built into the vehicle as well.

10.6.6 Commercially Available Charges

Big players of the commercial charger are Siemens, ABB, Zivan, Manzanita Micro, Elcon, Quick Charge, Rossco,
Brusa, Delta-Q, Kelly, Lester, Soneil, etc.

Typically, slow chargers vary from a 1 kW to 7.5 kW maximum charge rate. They follow the charging algorithm
as charge curves of simply constant voltage or constant current. Public EV charging stations provide 6 kW (host
power of 208 to 240 VAC from a 40 amp circuit), where 6 kW will recharge an EV roughly six times faster than 1
kW overnight charging. Fast charging can offer 62.5 kW and ultra-chargers can offer as high as a 350 kW charging
system. Table 10.4 summarizes the commercial EV system and available levels of their chargers.

Table 10.4 Summary table for commercial EV chargers.

Level-1 Level-2 Level-3
Capacity Range Connector Demand Charge Charge Demand Charge
EV charger (kWh) (miles)  type (kW) time (h) Demand (kW) time (h) (kW) time (h)
Mitsubishi 16 96 SAEJ1772 1.5 14 3 7 50 30
i-MiEV JARI/TEPCO
Nissan Leaf EV. 24 100 SAEJ1772 1.8 12-16 33 6-8 50 plus  15-30
JARI/TEPCO

Tesla Roadster 53 245 SAEJ1772 1.8 30 plus  9.6-16.8 4-12 N/A N/A
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10.7 Isolation and Safety Requirement for EC Chargers

EV chargers require safety at various levels due to the sensitivity of the commonly used Li-ion technologies and
increasing capacity of high DC charging. Over-voltage protection, over-charge protections, over-current protec-
tions, over-heat protections, short-circuit protections, and over-discharge protections are a few of the common
safety measures that should be part of any charger. These safety measures are also covered by the standards.
Table 10.5 summarizes the common standards for EV chargers.

Safety measures for relatively low-power level 1 charging stations are fairly simple and may be limited to a
ground fault sensing device and a circuit interrupting device (CID) or “circuit breaker.” However, the charger
includes more comprehensive safety measures through communicating with BMS. BMS usually has in-built
safety precautions and safety limits.

Uncontrolled over-voltage charging in an Li-ion battery leads to an unsafe direction. On an over-voltage charger,
beyond the manufacture specified limit, the cathode material becomes an oxidizing agent, loses stability and pro-
duces carbon dioxide (CO,). The cell pressure rises. If the charge is allowed to continue, the pressure rises further
and the safety membrane on some Li-ion batteries burst open. Moreover, the cell might eventually vent with
flame. Flame increases the temperature and further raises the risk of thermal runaway. Safety precautions, such
as an automatic cut off on charging upon completion or a cut off at a conservative voltage threshold or preventing
an over-charge, even after a long-extended charging by controlling the charge current, should be essential.
Inexpensive AC powered chargers may cause high ripple voltage and ripple current. This may damage the system.
Thus, it should be ensured that ripple should be under the specified limit of the manufacturer.

The charging characteristic is heavily influenced by temperature. Thus, a temperature compensation circuit is
needed in the charger to regulate the charging process.

Table 10.5 Safety Standards for EV chargers and connects.

Document name Document title/section

SAE J-2344 Guidelines for Electric Vehicle Safety

SAE J-2464 EV/HEV Rechargeable Energy Storage System (RESS) Safety and Abuse Testing

SAE J-2910 Design and Test of Hybrid Electric Trucks and Buses for Electrical Safety

SAE J-2929 EV/HEV Propulsion Battery System Safety Standard - Lithium-Based Rechargeable Cells

UL 2202 Safety of EV Charging System Equipment

UL 2231 Safety of Personnel Protection Systems for EV Supply Circuits

UL 225a Safety of Plugs, Receptacles, and Couplers for EVs

NFPA 70E Electrical Safety in the Workplace

NFPA 70 National Electrical Code (NEC); Article 220, Branch Circuit, Feeder and Service
Calculations; Article 625, Electric Vehicle Charging Systems; Article

DIN VVDEV 0510-11 Safety Requirements for Secondary Batteries and Battery Installations — Part 11

ISO 6469-1:2009 (IEC) Electrically Propelled Road Vehicles - Safety Specifications - Part 1: On-board rechargeable
energy storage system (RESS)

IS0 6469-2:2009 (IEC) Electrically Propelled Road Vehicles - Safety Specifications - Part 2: Vehicle Operational
Safety Means and Protection Against Failures

ISO 6469-3:2001 (IEC) Electric Vehicles - Safety Specifications — Part 3: Protection of Persons Against Electric
Hazards

IEC TC 69 Safety and Charger Infrastructure

IEC TCs 64 Electrical Installations and Protection Electric Shock
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Improper design of the battery chargers can produce deleterious harmonic effects on electric utility distribution
systems. The active rectifier front end can mitigate this impact. Parasitic load alters the charging cycle and hence
it should be avoided while charging. A parasitic load confuses the charger by depressing the battery voltage and
preventing the current in the saturation stage from dropping low enough by drawing a leakage current. A battery
may be fully charged, but prevailing conditions will prompt a continued charge, causing stress.
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11.1 Balancing Control Management and Its Significance

11.1.1 Two Expressions of Battery Capacity and SoC Inconsistency

As discussed in Chapter 9, the battery level is conceptually different from the SoC. Therefore, the battery incon-
sistency can be described in two different expressions.

The balancing control model discussed in this chapter is applicable to the battery pack with series structure.
Supposing the number of the cells in the battery pack is n, and the following two expressions are given.

Expression by battery capacity combined with battery level

For the k cell shown in Figure 11.1, the maximum capacity of  + -
the battery is expressed as C, (Ah) and the current battery D—{ }—{ }—* -——- __{ }—{ }—0
level of the cell is expressed as Ry (Ah). The battery level of all

B] BZ Bn—l Bn

cells is respectively expressed by R;, R,, ..., and R, and the

capacity of all cells is expressed by C;, C,, ..., and C,. The Figure 11.1 Battery pack formed by series connection
above model can be represented graphically, as shown in the  of  cells.

Figure 11.2.

It can be seen in Figure 11.2 that the columns have the same width and their height represents the battery
capacity Cy, C,, ..., and C,,. The dark color parts represent the current battery level Ry, R», ..., and R, of the cell. By
analogy, the cells may be considered as a bucket, the bucket capacity corresponds to C;, Cy, ..., and C,, and the
water stored in the bucket corresponds to Ry, Ry, ..., and R,,.

Expression by battery capacity combined with SoC

The battery pack shown in Figure 11.1 may be expressed by another method. For the k cell, the maximum capacity
of the battery is expressed as Cj, (Ah) and the SoC is expressed as Sy (%), k = 1, 2, ..., n. The battery pack may be
expressed as shown in Figure 11.3.

As shown in the figure, the SoC corresponds to the bucket height, which is the same as the maximum SoC
of 100%. The battery capacity corresponds to the bucket width (if seen from a three-dimensional perspective,
it is the cross section). The water height in the bucket corresponds to the SoC Sy, k =1, 2, ..., n.

Of course, the above two expressions are equivalent, because of the following relationship:

R, =C, S, (Ah) (11.1)
Battery Management System and its Applications, First Edition. Xiaojun Tan, Andrea Vezzini, Yuqian Fan, Neeta Khare, You Xu,

and Liangliang Wei.
© 2023 China Machine Press. All rights reserved. Published 2023 by John Wiley & Sons Singapore Pte. Ltd.
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C, c Figure 11.2 Expression by battery capacity
C -l c_ combined with battery level.
R] R2 Rn-] Rn
Bl B2 Bn-l Bn
C G, Cphi C, Figure 11.3 Expression by battery capacity
—r — —r — combined with SoC.
S S2 o o o S
: sn-l "
Bl B2 Bn-l Bn

where k=1, 2, .., n.
The power battery inconsistency is inevitable for the electric vehicles for the following two causes.

1. Inconsistency resulting from the battery production process

The inconsistency resulting from the battery production process is “innate.” As a chemical product, the batteries
are delivered with some inconsistency due to the limitation of materials, technology, and other factors. For exam-
ple, the different batch of the raw materials for the battery may have different chemical characteristics; the same
batch of the raw materials has a different granular size and electrical conductivity due to the grinding and storing
process; and the battery inconsistency may be caused by the random formation of SEI film around the electrodes
during battery formation [1, 2]. These inconsistencies can be manifested in many aspects of battery performance.
Here are two examples:

First, the inconsistent battery capacity, namely the difference in Cy, Cy, ..., and C,, shown in Figure 11.2. Second,
the inconsistent self-discharge coefficient, that is to say, all cells have a similar SoC when the electric vehicle is
parked in the garage and the SoC of the cells may be different due to the self-discharge at a different discharge rate
when the electric vehicle is restarted after being idle for one or two weeks.

2. Battery inconsistency resulting from the operating environment

The operating environment had a larger impact on the power battery performance. The factors affecting the
battery performance may include temperature, vibration, etc., among which temperature is an important factor
causing the power battery inconsistency.

Itis not difficult to imagine that the cells in a power battery pack are installed in a relatively closed space accord-
ing to waterproof, dustproof, compact installation, and other requirements. It is impossible that the cells have
fully the same conditions, such as heat conduction, air convection, and heat dissipation in the battery pack, and
heat absorption and a release effect is inevitably caused for the chemical reaction and the polarization resistance
during operation of the battery. Therefore, it is difficult to achieve an even temperature field distribution in the
battery pack, resulting in a battery inconsistency. In the long term, such unevenness may cause different chemical
property degradation of the battery, i.e. the different degrees of aging.
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11.1.2 Significance of Balancing Control Management

A great deal of practical experience and experimental data show that, due to the objective inconsistency between
the cells of the battery pack, if the balancing control management is added in the battery pack, the overall perfor-
mance of the battery pack can be improved to a certain extent for the following two causes.

1. The balancing control management is helpful to increase the overall capacity of the battery pack

If the balancing control is not performed for the battery, when the cell of the battery pack is fully charged, the bat-
tery management system will stop the charge of the whole series battery by its protection mechanism. Similarly,
the discharge of the whole series battery is stopped when the cell with the lower SoC is fully discharged. In other
words, the effective capacity of the battery pack meets the cask theory, resulting in failure to effectively use the
capacity of the battery pack. Here is a typical example.

As shown in Figure 11.4, a battery pack consisting of four cells (B;, B,, B3, and B,) has a consistent capacity,
namely C; = C, = C3 = C4 = Chax. The initial capacity of the cells is different before charging due to the different
self-discharge rates of the cells, and it is assumed that the initial capacity is highest for the cell B, and the lowest
for the cell B, as shown by the dark color part in Figure 11.4.

The battery pack is charged. The remaining capacity of four cells rise evenly since the battery pack is charged in
series. After a period of time, the voltage of the cell B, first reaches the protection limit, as shown in Figure 11.5.
Without the balancing control, it is not allowed to charge the
battery pack due to the safety management mechanism; other- C o s C
wise, an undesired safety accident may be caused by over-
charging the cell B,.

At this point, the charging of the battery pack is deemed $,(1) S, S.1) S4(I)

completed due to failure to continuously charge the cells, 3
although the cells By, B3, and By are not fully charged. After B, B, B, B,
charging, the battery pack starts to work, namely discharg- -
) . . ) . Figure 11.4
ing. Since the cells are connected in series, the capacity of
the cells is reduced evenly, and the state shown in Figure
11.6 appears after a period of time.

At this point, the cell B3 has been fully discharged. Although
other cells have a dischargeable capacity, the battery pack
cannot be continuously discharged since the cells are con-
nected in series. Otherwise, an undesired safety accident may

Initial capacity of the cells.

be caused by over-discharging the cell B;. Therefore, the
effective dischargeable capacity of the battery pack is equal to
Cy = Sy(I11) = Cppax — S5 (I11), or S5(11).

If the balancing control management is performed, all cells
can be fully charged on the basis of those shown in Figure 11.5,
as shown in Figure 11.7.

During use of the battery pack, the cells connected in series in
the battery pack can be fully discharged simultaneously, as
shown in Figure 11.8.

Therefore, the effective dischargeable capacity of the battery
pack is the maximum capacity Cp,.y [instead of Cy, — So(IID)].
From the practical effect, the overall effective capacity of the
battery pack has been improved.

Cl C2 C3 C4
S,(1D)
iE(H) I2 i?}(n) T(II)
B, B, B, B,

Figure 11.5 After the charge without the
balancing control.

C G,
S,(111)
S,(11)
B; B,

Figure 11.6 After discharge without the
balancing control.

C3 C4

S,(I10)

S5(11)

B; B,
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Balancing
charge

Cl C2 C3 C4
Sy(ID)
i(ll) I ig(ll) T(II)
B, B, B, B,

Gy

I ClI Cz I C3
B, B, B;

Figure 11.7 After a charge with the balancing control.

¢ G (&

Gy

B, B, B;

Figure 11.8 After discharge with the balancing control.

2. Balancing control management is helpful in controlling the charge and discharge depth of a power

battery

If the SoC is considered changeable from 0 to 100% during the full discharge state to the full charge state, in a
practical application, it is best to use each cell at 5%~95%. It is possible to over-charge the battery while causing
an irreversible chemical reaction, affecting the battery life, if the SoC is more than 95%. Similarly, it is possible to
over-discharge the battery, while causing an irreversible chemical reaction, affecting the battery life, if the SoC is

less than 5%.

Theoretical analysis and experimental data show that it is of great significance to implement balancing control
management on the battery pack and reduce the charge and discharge depth of the power battery to improve the
battery safety, extend the battery life and improve the battery aging (SoH) consistency, specifically discussed

below.

3.6

0 0.1 02 0304 0506 0.7 0809 1.0
SoC

Figure 11.9 Electromotive force curve of a
lithium iron phosphate power battery.

First, improvement of battery safety by balancing management.

Figure 11.9 shows the electromotive force curve of a lithium
iron phosphate power battery. As shown in the figure, when the
SoC is close to 100%, the electromotive force (EMF) of the bat-
tery rises steeply. If the charging balancing management is not
provided for the battery pack, the following situation may be
caused: one (B,) of four cells is fully charged approximately
(that is, the SoC of B, is more than 95%), as shown in Figure
11.10, and due to the EMF and the internal resistance, the oper-
ating voltage rises quickly, resulting in an over-charge. Similarly,
at the end of a battery discharge (SoC is less than 5%), the oper-
ating voltage drops sharply, resulting in an over-discharge. If
the battery management system provides the balancing man-
agement, the balancing control is performed when the SoC is
more than 95% or less than 5%, in order to effectively avoid a
possible safety accident.
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Second, extension of the battery life by balancing

C c, Cs c,
management.
As mentioned above, when the SoC is more than 95%
or less than 5%, it is possible to cause some irreversible
chemical reaction in the battery, thus affecting the bat-
tery life. For example, an electric vehicle with several
B; B, B; B,

cells connected in series travels about 200 km per day
(roughly corresponding to 80% SoC) and four cells of the  Fjgyre 11.10  SoC of four cells without charging balancing
battery pack are selected for investigation. management.

Two conditions (as shown in Figure 11.11):

For the first battery pack without the balancing control (Figure 11.11(a)), the initial SoC is 100% for cell B, and
80% for other cells, while the final SoC is 20% for cell B, and 0 for other cells. The performance degradation (aging)
of cell B, accelerated due to frequent work during more than 95% SoC and, similarly, the performance degrada-
tion (aging) of other cells is accelerated due to frequent work during 0~ 5% SoC.

For the second battery pack with the balancing control (Figure 11.11(b)), four cells have an initial SoC of 90%
and final SoC of 10%. Compared with the first battery pack, the discharged capacity per day corresponds to 80%
SoC, i.e. travelling 200 km. Since the battery does not work at SoC during which it is possible to cause the irrevers-
ible chemical reaction, after a period of time, four cells have a lower performance degradation than the first bat-
tery pack.

Third, even battery aging can be achieved by the balancing management to improve the SoH consistency.

The SoH inconsistency is detrimental to the battery management system. It will bring greater challenges to the
battery level (or SoC) estimation, which is already difficult, and will also affect the implementation of the optimal
charging management strategy of the battery pack. In order to improve the SoH consistency of each cell in the
battery pack, it is necessary to make the factors affecting battery aging as fair as possible for each cell. The imple-
mentation of the balancing control management to ensure the same discharge depth of all cells is an effective way
to achieve uniform battery aging [3].

In the example shown in Figure 11.11, the same discharge depth has been achieved in the cells by the balancing
control during their working process. As mentioned above, it can not only improve the cycle life of the battery
pack but also achieve the uniform aging of the battery pack so that the SoH of the cells is relatively close.

(a)

i I

B, B, B, B, B, B, B, B,
(a)

(b)

I I

B, B, B; B, (b) B, B, B; By

Figure 11.11 Comparison with and without the balancing control.
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11.2 Classification of Balancing Control Management

Various methods are available for battery balancing control, and new methods emerge one after another. It is dif-
ficult to classify these balancing control management methods, because different classification standards will lead
to different classification results. The following attempts to use the form of a table to summarize some common
classification criteria and the corresponding types are given in Table 11.1.

It should be noted that there are no absolute criteria for the classification of balancing schemes and nor are
there clear boundaries among various methods according to different classification criteria. The same method is
classified to “active balancing” according to the criterion of “capacity protection” and can be called “charge bal-
ancing” according to the criterion of “action process” [4]. The methods are not absolutely suitable, but the most
suitable one should be selected according to the actual demand and cost budget.

11.2.1 Centralized Balancing and Distributed Balancing

Balancing may be classified into centralized balancing and distributed balancing according to the topological
structure of the balancing circuit [5].

In centralized balancing, an equalizer is shared by the cells of the battery pack and the energy of the battery
pack is distributed by a voltage divider to equalize the capacity transmission among the cells and the battery pack.
In distributed balancing, the balancing module is dedicated to individual cells [6].

Figure 11.12 shows a typical centralized balancing topology, in which the same equalizer is used for the balanc-
ing management of all the cells in the battery pack (equalizing capacitance).

Table 11.1 Classification of balancing control management.

No.  Classification standard Main classification

1 Topological structure of balancing circuit Centralized balancing
Distributed balancing

2 Balancing action process Discharge balancing
Charge balancing

Bidirectional balancing

3 Protection of battery capacity Passive balancing
Active balancing

|
I
T
:
I
Soo b k S Sy . ksﬂ_ __________ Su+1

Figure 11.12 Typical centralized balancing topology.
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B, B, B,
| | o .
1 1 | 1
Switch Switch Switch
f Bypass A Bypass A Bypass
resistance i resistance | resistance
BMU

Figure 11.13 Typical distributed battery balancing topology.

Figure 11.13 shows a typical distributed battery balancing topology. As shown in the figure, balancing control
is achieved by a bypass resistor connected with each cell in parallel and an electronic switch.

The comparison between these two balancing methods shows that the centralized balancing scheme can
quickly collect and transfer the power of the battery pack to the individual cell to be equalized, has a higher bal-
ancing speed due to the good performance of its public equalizer, and, moreover, on the whole, the centralized
balancing module is smaller than the distributed one [7]. However, in the centralized balancing scheme, the cells
are competitive and cannot be equalized in parallel, and a large number of wire harnesses are required for con-
nection between each cell and the equalizer [8]. Therefore, the centralized balancing scheme is not suitable for a
battery pack with a large number of cells.

11.2.2 Discharge Balancing, Charge Balancing, and Bidirectional Balancing

According to the different balancing action processes, the balancing control management can be divided into
discharge balancing, charge balancing, and bidirectional balancing.

The discharge balancing mode means that the discharge of the cells is equalized to ensure that the discharge of
the remaining capacity of each cell in the battery pack is 0, to avoid the situation where some cells have been fully
discharged while others still have a dischargeable capacity. After a full discharge, the battery pack is charged at a
constant current by the series charge mode until the remaining capacity of each cell in the battery pack is 100%.
The whole process is shown in Figure 11.14.

As shown in Figure 11.14, the discharge balancing mode can ensure that the dischargeable capacity of the bat-
tery can be fully discharged every time. During the charge, according to the cask theory, the upper cut-off limit is
determined by the cell with the minimum capacity. In such a case, the capacity of the battery pack is not fully
utilized during charging.

Discharge balancing has disadvantages, such as a high energy loss, and cannot be performed at any time (for
example, a high energy loss may be caused by the discharge balancing when the remaining capacity of the battery

Discharge balancing
Initial stage completed Charging Charge completed

DD...DD DD...DD iﬂ...ﬂi ii.“il
Bl B2 Bn-l Bn Bl BZ Bn-l Bn Bl B2 Bn-l Bn Bl B2 Bn-l Bn

Figure 11.14 Discharge balancing mode.
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Initial stage Charging Charge balancing Charge completed
D D o D D i i - ‘i i i I o i I I I B .I I
B, B, By1 By B, B B, B, B By1 By B, B B,1 By,

B
is higher). Furthermore, the discharge balancing requires fully discharge of the cells to improve the discharge
depth, and this may affect the cycle life of the battery.

The charge balancing mode refers to balancing the cells by top-aligning the charge mode to ensure that the
capacity of each cell in the battery pack reaches 100% during the charge, as shown in Figure 11.15.

The charge balancing mode can ensure that the actual capacity of each cell plays a role during the charge.
However, the charge balancing mode does not provide any control for the discharge process, the discharge pro-
cess meets the cask theory, and the discharge capacity of the battery pack depends on the cell with the minimum
capacity. The opposite of discharge balancing is the charge balancing, which is applicable to the battery pack in
any state.

The bidirectional balancing mode has the advantages of the discharge balancing mode and the charge balanc-
ing mode to provide balancing control during the charge and the discharge. The bidirectional balancing mode can
ensure that each cell is discharged until SoC is 0 and is charged until SoC is 100%. Due to addition of the discharge
balancing mode, the bidirectional balancing mode still has disadvantages, such as a high energy loss and damage
to the battery. However, this mode is conducive to the assessment of the maximum battery capacity (i.e., it is help-
ful to obtain the maximum capacity Cy of each cell) and can be used to diagnose the SoH of the battery during
maintenance of the electric vehicle [9].

n-1

Figure 11.15 Charge balancing mode.

11.2.3 Passive Balancing and Active Balancing

The balancing control scheme may be classified into the passive balancing scheme and the active balancing
scheme according to the protection of energy in the battery pack during the balancing.

The passive balancing scheme refers to dissipation of the energy in the cells with a higher SoC by parallel resistance
and other methods until balancing with other cells in the battery pack. This scheme is implemented as follows: the
voltage of each cell is regularly checked. When the voltage of any cell is higher than the average voltage of the battery
pack, the parallel resistance of the high-energy cell is connected to dissipate some energy on the parallel resistance
until the voltage of the cell is equal to the average voltage of the battery pack. The passive balancing scheme has
advantages such as simple control logic and easy hardware implementation, lower cost, and a most common balanc-
ing control scheme in the early stage [10]. However, the passive balancing scheme is completed by dissipation of some
energy in the battery pack; additionally, the heat may be caused by energy dissipation of the resistance, and a potential
safety hazard may be caused for the electric vehicle due to over-heating resulting from poor ventilation.

The active balancing scheme (also called lossless balancing) refers to transfer of the energy from the cell with a
high SoC to the cell with a lower SoC by an energy storage element and a series of switch elements to achieve the
balancing. The energy storage element used for the lossless balancing scheme includes a capacitor and an induc-
tor. The lossless balancing can remedy the passive balancing, but has disadvantages such as a complicated control
logic circuit, and so on.

It should be noted that the active balancing is designed to retain the existing charge and energy of the battery as
much as possible during establishment of the balancing control strategy, but the active balancing cannot be truly
lossless due to the energy loss of the device. However, in any case, in the same initial state, the active balancing
has a lower total energy consumption than the passive balancing and is the mainstream of future development.
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11.3 Review and Analysis of Active Balancing Technologies

Existing active balancing technologies are described and compared in this section. The active balancing control is
divided into “independent charging type balancing control” and “energy transfer type balancing control.”

11.3.1 Independent-Charge Active Balancing Control

It is considered that each cell is charged independently in order to achieve a balancing control of the battery
without energy waste. Although it has disadvantages such as a large volume and high cost, this method is quite
popular. For example, the independent-charge active balancing control method is widely used in the bus with
little sensitivity to volume and weight, and a back-up source for communication. Common schemes are given in
Figure 11.16.

Figure 11.16 shows a circuit consisting of one independent charge unit and an » + 1 electronic switch. The electronic
switches are uniformly controlled by the BCU. The basic idea of this circuit is that the “behindhand” cell is indepen-
dently charged by the charge unit to achieve the balancing. This method has advantages such as a low energy loss and
a high energy efficiency, and disadvantages such as failure to simultaneously complete the balancing control for multi-
ple cells due to competition of the charge unit and poor balancing time efficiency.

Unlike the low charge efficiency of the circuit shown in Figure 11.16, in the scheme shown in Figure 11.17, an
independent charge unit is configured for each cell and each charger is controlled by the BCU. Balancing the bat-
tery can be rapidly completed using this method with a minimum energy loss, but this method has disadvantages
such as large volume, high cost, and more elements of each charge unit resulting in a high failure ratio of the
circuit [11]. Additionally, if the battery pack consists of 10 cells, one of which reaches the upper charge limit, it
takes plenty of time to alternately charge the other nine cells.

The circuit shown in Figure 11.18 is also an improvement on the

scheme shown in Figure 11.16. The “behindhand” cell is charged T

from the energy of the battery pack by a switching power supply n:l
circuit to achieve the balancing effect. Compared with the scheme BCU m
shown in Figure 11.16, this scheme has advantages such as a high gy S

time efficiency, cost reduction to some extent, and wire reduction, R N N N S
with disadvantages such as a lower flexibility and a lower energy ks ] | S, S, S, lsnﬂ
efficiency, since the energy is only transferred from the battery | R A AR

pack, rather than from the cell with a higher SoC.

11.3.2 Energy-Transfer Active Balancing Control

. . . . Figure 11.16 Balancing control scheme
The balancing control is designed to equalize the cells. The  (gnsisting of an independent charge unit and an

independent charge balancing control described in the previous electronic switch.

Figure 11.17 Balancing control by |
installation of an independent charge unit ° | |
for each cell. ' | ' |

-

B, B, B; B,
Charger Charger Charger
! [ . - 4 }
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section may be understood as respectively charging
the cell with a low SoC. The mode described in this
section may be understood as a transfer of the
energy from the high-energy cell to the low-energy
cell, namely an energy-transfer active balancing
control, which may be implemented using the fol-
lowing methods.

Capacitor switching balancing scheme

Figure 11.19 shows the circuit structure of the
o capacitor switching balancing scheme. This method

is a typical active balancing strategy, where a balanc-

ing capacitor is used as the energy storage element
Figure 11.18 Balancing control by an independent charge and a switch is used to switch the capacitor between
of the “behindhand” cell from other cells. two adjacent cells.

The circuit consists of an n + 1 electronic switch
and a transfer buffer capacitor C, where the elec-
tronic switch is uniformly controlled by the BCU.
The basic idea of this method is to transfer the energy
from the high-energy cell to the low-energy cell to
achieve the balancing. This method has a prominent
disadvantage such as an energy transfer only based
on battery voltage, a lower energy efficiency, and a
high safety risk.

Sn+1

Buck-boost-based adjacent-cell
energy transfer scheme

Figure 11.19 Capacitor switching balancing scheme. In 2002, Hsieh et al. proposed an adjacent-cell
energy transfer method adapted from [12], as
shown in Figure 11.20(a), which was improved by

Zhao et al. in 2003 [13], as shown in Figure 11.20(b). In this scheme, a buck-boost circuit is provided for each
cell. During the balancing, a corresponding switch Q; is connected to discharge the cell and the discharged
energy is stored in the inductor L, parallel connected with the cell. After the switch is disconnected, the
energy stored in the L, is charged into the cellsi + 1, i + 2, ..., n (Where n is the total number of cells). The basic
idea of this scheme is to transfer the energy from the cell with a high SoC to the adjacent cell with a low SoC
to achieve the balancing. This scheme has advantages, such as a relatively simple circuit structure and fewer
components. It is noted that, since the current superposition may be caused on the bypass during simultane-
ous transfer of the charges from the cell i to the cells i + 2 and i + 1, relevant parameters must be carefully
designed to ensure system stability.

PowerPump-based improvement scheme

To control the balancing better, Gary Davison et al. founded the PowerPrecise Company in 2002 and proposed
solutions PowerPump and PowerLAN to control the balancing using a special chip.

The TI Company acquired PowerPrecise Company in October 2007 and launched three integrated battery man-
agement circuits with a “bq78PL114S12” core on the basis of PowerPrecise’s solution, in order to achieve a stronger
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practicability of this technology. This scheme 0, D,
has a low flexibility; in other words, the TI Hr g =
Company considers that the balancing strategy T B Ly Do i
. . . + 23 =~ r
and the setting of specific balancing parameters 1, C) - B 0,! g L o D
are completed by the special chip, and there- A . 11|43 e
fore it is difficult for users to modify the strat- T Bs § Ls 0, D, 9
L+ -

egy and the parameters and expand the 1S =Crl g
) . o T By + T
information interaction interface.

In order to overcome the deficiency of the TI (a) Method proposed by Hsieh ez al. [12].
Company’s scheme, the author proposes an
improved scheme in the book Design of EV —I—__T v, L _|E: 0 p,%
Battery Management System, in which the " !
“bq78PL114S12” chip is replaced by any suita- To Vv, L, —IE: 0, D, %
ble MCU, so that the balancing strategy and =
the specific balancing parameters are con- T L; —'E: 0; D; ¥
trolled by the BMS in order to improve the flex-
ibility of this scheme [14]. Although this
scheme is improved, the energy is still trans-

. . +

ferred between two adjacent cells and this —|—, Vy Ly | oy Dt
scheme has a lower time efficiency and energy
efficiency if the distance is larger between the (b) Improvement method proposed by Zhao et al. [13].

high-energy cell and the low-energy cell. Figure 11.20 Buck-boost-based adjacent-cell energy transfer scheme.

11.3.3 How to Evaluate the Advantages and Disadvantages of an Active Balancing Control
Scheme (an Efficiency Problem of Active Balancing Control)

In fact, for BMS developers, no matter what active balancing scheme is adopted, the following factors should be
considered: cost, reliability, and efficiency. It is easy to understand the first two factors. The efficiency can be
understood from the following aspects.

Time efficiency

Time efficiency is not a priority for energy-storage battery management systems, but for the electric vehicle, it is
hoped to eliminate the battery disequilibrium in a short period of time. Thus, it is hoped to rapidly transfer the
capacity from the cell with a higher SoC to the cell with a low SoC in a short period of time, and the balancing
control system is required to have a higher charge transfer ability. Generally, for a 100 Ah battery pack, if the dif-
ference in the capacity of the cells is 5 Ah, the balancing control system is required for balancing the battery capac-
ity within 1 h to support not less than a 5 A effective transfer current. Therefore, time efficiency is related to the
equalizing current. Now the characteristics of the existing active balancing schemes are compared.

1) For the “adjacent-cell energy transfer” scheme, the charges are only transferred between adjacent cells. In
addition to the transfer current set for the circuit board, the transfer time efficiency depends on the location of
the disequilibrium cells. If the energy is transferred from the first cell to the last cell of the battery pack, a
longer balancing time is required.

2) For the “independent charging unit” scheme, each cell is independently controlled, the balancing time is
shorter than that of the “adjacent-cell energy transfer” scheme, and the balancing time efficiency depends on
the ability of the charge unit.
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3) The LTC3300-based control scheme allows the transfer of the charge from a designated cell to the specific cell.
Since a high-efficiency charge transfer is achieved in the whole balancing, the balancing time of this scheme is
half that of scheme 2.

Charge efficiency

Compared with the passive battery management system, the active battery management system intends to save the
energy of the battery to the greatest extent, in order to achieve the purpose of energy saving. Therefore, energy effi-
ciency is a major factor to be considered in battery balancing. However, the definition of the energy efficiency of
battery balancing is often vague. For the balancing control efficiency of the battery management system, it may be
said that “the efficiency is more than 90%,” However, two questions are raised to consider this expression: what does
90% mean - energy efficiency or the charge efficiency? What is the denominator for calculation of the efficiency?

During calculation of the charge efficiency and the energy efficiency, it is possible to cause misunderstandings
without having their strict definition, for example,

As shown in Figure 11.21, assume that, before the balancing, the charge level is Qg + Q; for cell By, and, respec-
tively, Q,, Qs, and Q4 for B,, B3, and By; during the balancing, cell B, is discharged to charge the cells B,, B3, and
B, (charge transfer); the charge level is Q; + Qs for the cell By, and, respectively, Q, + Qg, Q3 + Q, and Q4 + Q for
B,, B3, and B, after balancing. Of course, in the actual process, in the case of no external charging, it is not difficult
for us to know that there must be

(Q+0Q)+(Q+Qe)+(Q+0Q7) +(Q+Q)<Qy+Q +Q +Q; +Qy (11.2)

Moreover, since loss is unavoidable, the above equation cannot generally be equated.
Which of the following three definitions is the most appropriate definition of “efficiency?”

1. This definition is based on “total,” which is the total battery level before and after balancing:

nl:(QlJrQs)JF(QzJFQG)JF(QS +Q)+(Qu +Qs) (11.3)

Q+Q+0Q,+Qs+0Q,
There is an issue on this definition: the efficiency #; relates to the initial and last disequilibrium degrees of the
battery and is irrelevant to the performance of the balancing circuit and the balancing scheme.

It can be imagined that, if (Q; + Q, + Q3 + Q4) is very high and the absolute value of Q,, Qs, Qg, Q7, and Qg is
low, even if the balancing circuit is poor, the calculated balancing efficiency is very high and even up to 100%. On
the contrary, if (Q; + Q, + Q3 + Q) is very small and the absolute value of Qp, Qs, Qs, Q7 and Qg is high, the effi-
ciency calculated in Equation (11.3) approximates the transfer efficiency of the circuit.

2. This definition is based on the “ratio of charged and discharged charge:” the efficiency is calculated
by dividing the charged charge of the cells by the discharged charge of the battery:

gy = L0
2 -Q

This definition is applicable if the charge is completely different from discharge in the balancing process. In
other words, the cell is only in the charging state or the discharging state. This definition is not applicable if the
cell is charged and discharged in the balancing process. Why is the cell charged and discharged in the balancing
process? For example:

First, as mentioned above, the battery balancing is based on the adjacent-cell energy transfer. For example, as
shown in Figure 11.21, if the energy is transferred only between adjacent cells, the energy cannot be directly trans-
ferred from the cell B; to the cell By, but only through the cells B, and Bs. The cells B, and B; are charged and then
discharged in the balancing process.

(11.4)
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Figure 11.21 Active balancing process based C, C, (N Cy
on a charge transfer. (Note: as shown in the
figure, B4, B,, B3, and B4 are four cells, C; is the
capacity,and Q; is the charge level.) Q
Q Q, Q3 Q4
Bl BZ B3 B4

(a) Before balancing

Cl C') C3 C4

Q| Q| Q| Q|

Q Q, Q; Q4
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(b) After balancing

Second, since the cells B,, B3, and B4 have a better consistency, the energy is transferred from the cell B; with a
higher SoC to other cells in the battery pack. Since By, B,, B3, and B, are connected in series, some energy is trans-
ferred from cell By and is transferred back to it by a series discharge. The cell B; is charged and then discharged in
the balancing process.

3. Definition based on the total transferred energy:

p =&+t 40y

11.5
3 % (11.5)

This definition is applicable to judge the performance of the balancing circuit hardware, because it may be con-
sidered as the total efficiency of all single transfers. Such a statistical pattern is similar to that of the gross domestic
product (GDP): although, at first sight, it seems that sometimes the same data is simultaneously counted in sec-
ondary and tertiary industries, but the overall wealth growth ratio of the whole country is not so high, such a
statistic can reflect the active degree of the whole national economy operation.

Of course, although this definition is clear, it is not easy to implement it in practice. For the LTC3300-based
balancing scheme (to be understood in combination with Figure 11.21), during the balancing, the energy is trans-
ferred from the cell B; with a higher SoC to the other cells in the battery pack. Since B;, B,, B3, and B, are con-
nected in series, some energy transferred from cell B, is transferred back to it by a series discharge. During the
actual charge measurement, it is easy to measure (Qy—-Qs) since it corresponds to the decrease of the charges,
while it is difficult to accurately measure Qs, which is estimated only by the model.

The energy efficiency is not equivalent to the charge efficiency

The above three definitions are based on the charge efficiency. However, the charge efficiency used for the equi-
librium statistics is not equivalent to the energy efficiency as the equilibrium potential or open-circuit voltage of
the battery varies with the SoC.

The relationship between the charge efficiency and the energy efficiency is understood from three aspects.

225



226

11 Balancing/Balancing Control

1) The charge transfer is accompanied by the energy transfer with the same sign and they are close numerically.
Since the increase or decrease in the charge is accompanied by the increase or decrease in the energy, the
above defining methods are also applicable to define the energy efficiency. Since the equilibrium potential of
the Li-ion battery is similar in the platform area, their difference in numerical value is not large. Generally, the
difference is less than 10%.

2) More attention should be paid to the energy efficiency. The charge efficiency is firstly defined since it is easier
to understand. However, for a practical balancing circuit, more attention should be paid to the energy effi-
ciency, because, for a real balancing circuit, the index that best reflects its performance is essentially energy
efficiency.

3) Attention should be paid to the absolute value of the energy loss while paying attention to the energy
efficiency.

In many cases, the “efficiency” is expressed by a percentage. However, for the battery management systems, it
is important to consider the absolute value of the energy loss.

First, the following evaluation standard may be designed to judge the merits and demerits of two active balanc-
ing schemes: regardless of the single-step transfer strategy, the total energy loss of two balancing schemes is com-
pared when the SoC value is the same before and after the balancing.

Second, the calorific value in the battery pack directly depends on the absolute value of the energy loss, which
increases the difficulty of thermal management in the battery management system. This issue is elaborated
below.

Thermal management issue caused by time efficiency and energy consumption

In general, it is hoped that the heat generated in the battery pack is as little as possible, so as not to make thermal
management more difficult. However, both passive balancing and active balancing will cause additional heat to
the battery pack. The “additional” heat described here is relative to the heat produced during the normal charge
and discharge process of the battery. The time efficiency and energy consumption discussed above are directly
related to the thermal management of the battery management system.

First, it is hoped to perform the balancing control of the battery at a higher current in order to save the balancing
time and improve the balancing time efficiency. However, in the case of a given internal resistance of the battery
and circuit impedance, the greater the balancing current, the greater is the heat generated in the balancing pro-
cess, in which case the thermal management of the battery management system is more difficult. Therefore, the
“heating” becomes a factor restricting the improvement of the balancing time efficiency.

Second, even in the active balancing control mode, more or less energy consumption may be caused and the
consumed energy eventually remains in the battery system in the form of “heat energy.” Therefore, the energy
consumption should be reduced as much as possible in order to reduce the heat in the balancing process. The
battery management system designers must accurately evaluate the energy consumption of the balanced system
designed by them in order to determine the corresponding thermal management measures.

Third, unlike the heat produced in the normal charge and discharge process of the battery, the heat produced in
the balancing process is not uneven. The uneven heat has an inconsistent impact on the battery degradation and can
deteriorate the inconsistencies of the cells in the battery pack if they have accumulated for a long period of time.

11.4 Balancing Strategy Study

How can a balancing control strategy be developed in the case of a given balancing topology? Or, what are the
problems to solve during development of the balancing strategy? The “general problems” or “common problems”
of the balancing control strategy are discussed in this section. That is to say, these problems must be solved during
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the development of any balancing control strategy. In other words, the answer to these questions is the design
process of the balancing control strategy [15].

11.4.1 Balancing Time

Researchers who are engaged in the research and development of electric vehicles often argue about “whether the
balancing should be implemented only at the end of charging,” “whether the balancing should be started during
the discharge of the battery,” and other issues that involve the balancing time. According to the early research on
the management strategy of BMS, a consensus has been reached that the balancing control should be imple-
mented at the end of charging. However, with the development of research, there is a need to discuss the necessity
and feasibility of starting the balancing control during discharging or charging.

Balancing at the end of charging

Balancing at the end of charging is the most easily understood mode and is widely used at present. This means
that, when any cell in the battery pack is fully charged at the end of charging, the balancing control is imple-
mented until all cells are fully charged.

Figure 11.22 shows balancing at the end of charging. As shown in the figure, the cells in the battery pack are
charged in series and are expressed as By, By, ..., B,. The column height is the same, the column width represents
the battery capacity, and the dark color part represents the remaining capacity of the cell. When any cell of the
battery pack is fully charged, the balancing control is implemented until all cells are fully charged.

It is generally considered that the balancing at the end of charging can prevent over-charging of the cells while
ensuring all cells are fully charged. However, in the case of a small current on the balancing circuit, it may take a
long time to complete the balancing at the end of charging.

It is necessary to implement the balancing control in the process of discharging or charging in order to achieve
consistency of the cells in the battery pack as soon as possible. The two balancing times are discussed below.

Balancing control in the discharging process

The balancing control in the discharging process means that, if the disequilibrium degree of any cell in the battery
pack exceeds a given threshold value during discharging, the balancing is implemented until “the disequilibrium
state” is removed from the battery pack.

In fact, if the “passive” balancing mode is used, the discharging balancing is of little significance, because it
cannot increase the endurance mileage of electric vehicles. However, if the “active” balancing mode is used, the
disequilibrium state may be found in the cells of the battery pack in advance. The energy is transferred from the
cells with a high SoC to the cells with a low SoC in order to avoid over-discharging the cells with a low SoC while
there is a high remaining capacity in other cells, so as to increase the endurance mileage of the electric vehicle.

Figure 11.23 shows the discharge process without balancing. If series cells are discharged without the balancing
measure, the cell with the lowest remaining capacity is the first to be fully discharged and the cells cannot be
continuously discharged although they have a high remaining capacity.

Figure 11.24 shows the discharge process with a balancing control. The BMS detects that the SoC of cell B, is
lower, and the balancing control is implemented in the discharge process in order to avoid discharging cell B, to
0 while other cells still have a higher SoC. Therefore, the energy of all of the cells can be used to increase the
endurance mileage of the electric vehicle, compared with the discharge process shown in Figure 11.23.

Since the EV battery pack works in series and the cells discharge the same capacity by a series discharge mode,
the balancing control in the discharging process depends on a more accurate estimation of the “control in the
discharge of each cell,” namely, the dark-colored part shown in Figure 11.23. What this part represents is not the
capacity of the battery, nor the SoC of the battery, but the “remaining power” of the battery.
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Figure 11.22 Balancing at the end of charging.
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Figure 11.23 Discharge process without balancing.
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Figure 11.24 Discharge process with balancing control.
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Since implementation of the balancing control in the discharging process is beneficial to improving the endur-
ance mileage of the electric vehicles, why has this method not been widely used in practical applications? This is
because the SoC estimation error is large in the discharge process.

It is generally believed that the balancing control in the discharging process has the biggest disadvantage of
“criterion failure”. Suppose that a balancing control algorithm is based on the SoC in the case of a large SoC esti-
mation error. The balancing may be started at the wrong time and the battery’s energy will be wasted due to the
frequent energy transfer. Furthermore, the transfer of the charge from the cells with a lower SoC to the cell with
a higher SoC may do great harm to the endurance mileage of the electric vehicle.

Balancing control in the charging process

The balancing control in the charging process means that, although none of the cells is fully charged in the charg-
ing process, the BMS detects that the disequilibrium degree of any cell in the battery pack exceeds a given thresh-
old value and the balancing is implemented until the “disequilibrium” state is removed from the battery pack. The
balancing control in the charging process has advantages, such as a short balancing time and removal of cell
inconsistency in the battery pack as soon as possible.

Figure 11.25 shows the balancing control in the charging process. The BMS detects the cell inconsistency in
advance and decides that it may take a long time to complete the balancing control at the end of charging. The
BMS starts the balancing control in the charging process to ensure that those parts other than the dark-colored
part are the same and accelerate the balancing of the battery pack.

If the balancing control in the charging process is designed to fully charge all cells simultaneously, the BMS is
required to estimate the capacity required to fully charge the cell in the balancing process (i.e. those other than
the dark colored part in Figure 11.25). For this, the BMS is required to accurately estimate the capacity and cur-
rent SoC of each cell. Additionally, it is noted that, if any cell is fully charged in the charging or balancing process,
the balancing control is switched to the balancing control at the end of charging.

11.4.2 Variable for Balancing

The balancing control is designed to remove, or at least reduce, the inconsistency of the battery pack. The inconsist-
ency of the battery pack mainly includes capacity inconsistency, inconsistency of the current remaining capacity
(Ah), SoC inconsistency (%), inconsistency of the internal resistance, inconsistency of the self-discharge rate, etc.

- -u EE

h 4

Initial Charging (charge balancing started)
BI BZ Bn—l Bn B| B2 Bn—l Bn
Charging completed Charging (charge balancing completed)

Figure 11.25 Balancing control in the charging process.
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Figure 11.26 Equivalent circuit model of a battery.

When the balancing strategy is developed, which variable should be used as the “battery consistency” criterion?
Scholars give different answers, mainly including “terminal voltage,” “SoC,” and “remaining capacity.”

Terminal voltage

The terminal voltage of each cell in the battery pack may be directly measured and many previous balancing
strategies were based on the terminal voltage of the cells. However, as shown in Figure 11.26, according to the
battery model, due to the effect of the polarization resistance, the EMF hysteresis effect, and other factors, the
terminal voltage of the cells cannot reflect the SoC and the remaining capacity of the battery under dynamic con-
ditions. Therefore, it is unreliable to start or stop the balancing control according to the terminal voltage of the
cells in the discharging or charging process.

It is assumed that, in the charging process, the cells A and B have different degradation degrees and the same
capacity and current SoC, namely

EMF(A) +V, (A) = EMF(B) + V,,(B) (11.6)

In this case, the balancing is not required. However, two cells have different internal resistances, specifically:

Ro(A) + Ry(A) + Ry (A) + Ri(A) = Roy(B) + Ry(B) + Ry, (B) + Ri(B) (11.7)

When the operating current of the battery pack is not 0, the terminal voltage of the cells is not equal, namely:

V5(A) = Vy(B) (11.8)

In this case, if the balancing is implemented only according to the terminal voltage of the cells, two cells with a
consistent SoC and remaining capacity become inconsistent, damaging the battery consistency and causing
energy waste.

Of course, the use of the terminal voltage as the balancing implementation criterion is not all bad. If the balancing
at the end of charging is selected (i.e. “at the end of balancing mode”), the passive topology is used and the battery
pack is charged at a lower charge current and the cells can be fully charged according to the terminal voltage.
Specific operations are as follows: the passive balancing topology is used when the voltage of any cell exceeds the
pre-set upper limit, the cell is discharged by the bypass resistance to reduce its SoC, the battery pack is charged in
series after the discharge for some time, and the above operation is repeated while the charge current and the bypass
discharge time are reduced, until the SoC of all cells in the battery pack approximates 100%. In this special case, the
balancing circuit topology and corresponding control policy are quite simple, but the balancing time is longer.

SoC

Unlike the passive balancing mode, when the active balancing topology is used, it is very unreliable to start the
balancing according to the terminal voltage, but it is more advantageous to start the balancing according to the SoC.
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For example, as shown in Figure 11.27, two cells (cells 1 and 2) in the battery pack have poor consistency, a 20%
difference in the initial SoC, and a 0.11 V difference in the terminal voltage. The energy is therefore transferred
from cell 2 to cell 1 by the active method. In this case, for cell 2, which is being discharged, the terminal voltage is
lower than the equilibrium EMF, and for cell 1, which is being charged, the terminal voltage is higher than the
equilibrium EMF.

If the terminal voltage is used as the criterion, the balancing control will be stopped since two cells have the
same terminal voltage (point P in the figure) at 1100th of a second on the timer shaft. However, the SoC of two
cells is not the same at this moment and the difference in the SoC is 12% between two cells according to the verti-
cal coordinate.

If the balancing criterion is the SoC rather than the terminal voltage, the balancing control should be continued
after point P. The charge is continuously transferred from cell 2 to cell 1 until about 2500th of a second (consider-
ing the SoC estimation error, the SoC of two cells is not fully equal but has about a 2% difference upon stopping
the balancing).

Of course, the SoC-based balancing control strategy has a strong dependence on the SoC estimation accuracy and
its control effect is also related to the SoC estimation error. For example, the SoC estimation error of the algorithm
is + 3%, and during the balancing control based on the SoC, the balancing stop threshold value can only be greater
than 6%. Because the true SoC of the two cells may be 30% when the estimated SoC is 33% for cell 2 and 27% for cell
1, in this case the charge transfer must be stopped; in other words, the active balancing must be stopped.

Remaining capacity

As mentioned in the discussion of the SoC estimation in Chapter 9, if the battery capacity is known, there is a
conversion relation between the SoC and the remaining capacity, as shown in the Figure 11.28.
The relation shown in Figure 11.28 can be expressed by

_ Remaining Cap?.Clty <100%
Battery capacity

SoC

(11.9)

According to Equation (11.9), the balancing strategy based on the remaining capacity is performed according to
the remaining chargeable or dischargeable capacity of the battery after the capacity of the cell is measured and the
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Lt
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current capacity of the battery is estimated by the SoC. The
balancing is not performed for the cells with the remaining
capacity falling within the set range. The discharge balanc-
Battery capacity ing is performed when the remaining capacity exceeds the
upper limit to reduce the charge of the battery by transfer or
dissipation. When the remaining capacity is lower than the
lower limit, the cell is charged to obtain the charge from the
battery pack so that the remaining capacity of the cells in the
battery pack is relatively balanced.

According to different application requirements, the balancing strategy based on the remaining capacity may
be classified into the “balancing strategy based on the remaining chargeable capacity” and the “balancing strategy
based on the remaining dischargeable capacity.” Their difference can be understood according to Figure 11.29,
where each capacity state of the battery can be expressed as a dot at a specific location, the horizontal axis repre-
sents the battery capacity, and the vertical axis represents the remaining capacity in the current state.

Ideally, when the remaining capacity of all the cells is equal to their capacity, the battery pack is fully charged,
and in this case, all dots are connected to produce a ray with a 45° angle from the coordinate axis, as shown by the
dotted line in Figure 11.29.

When the remaining chargeable capacity is used as the balancing variable, the balancing target is determined
as follows: the cells have the same difference between full capacity and current capacity, as shown by the line
parallel to the 45° dotted line in Figure 11.29(b).

Similarly, when the remaining dischargeable capacity is used as the balancing variable, the balancing target is
determined as follows: the cells have the same difference between 0 capacity and current capacity, as shown by
the line parallel to the x axis in Figure 11.29(c).

In order to make the best use of the remaining capacity of each cell, the balancing may be performed simultane-
ously based on the remaining chargeable capacity and the remaining dischargeable capacity. Balancing the target
is determined as follows: the balancing is performed according to the remaining chargeable capacity during
charging, in order to fully charge each cell. The balancing is performed according to the remaining dischargeable
capacity during charging, in order to fully discharge each cell. As shown in Figure 11.29, this balancing mode may
be understood as the dynamic regulation of those shown in Figure 11.29(b) and (c), and can always ensure that
the cells can be fully charged simultaneously and fully discharged simultaneously.

Chargeable capacity

Remaining capacity

¥y

Figure 11.28 Relation between SoC and the
remaining capacity.
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Figure 11.29 Difference between the balancing based on the remaining chargeable capacity and the balancing based on
the remaining dischargeable capacity.



11.4 Balancing Strategy Study

The process shown in Figure 11.29 may be understood in combination with the balancing controls described in
Section 11.4.1: all cells are fully charged simultaneously by the balancing based on the remaining chargeable
capacity, but during discharging, the dischargeable capacity of the battery pack cannot achieve “low alignment”
subject to the cell with a minimum capacity. On the contrary, all cells are fully discharged simultaneously by the
balancing based on the remaining dischargeable capacity, but during charging, the cells with the minimum capac-
ity are first charged fully. After their combination, the capacity of the cells can be fully used and the maximum
dischargeable capacity of the battery pack depends of the average capacity of the cells. According to the above
analysis, when using different balancing variables, the dischargeable capacity of the battery pack may be expressed
as follows:

NC

min?

based on remaining chargeable capacity
Ciischarge = | NCimin,based on remaining dischargeable capacity (11.10)

N C,based on remaining chargeable capacity and remaining dischargeable capacity

where Cyjseharge is the maximum dischargeable capacity of the battery pack, C, is the minimum capacity of the
cell, and C is the average capacity of the battery pack.
The balancing based on remaining capacity can be performed as follows:

1. Estimation of cell capacity

Under offline conditions, cell capacity can be obtained by fully charging and then discharging the cell. However,
a more convenient and rapid online estimation method is required for the battery pack. The common online
capacity estimation may be deduced from the equation of the CC method:

[1
[ i(e)ae
Cp=—e (11.11)
" SoC(ty ) —SoC(t; )
The estimation accuracy of the cell capacity depends on the SoC estimation accuracy and the sampling accuracy
of the current sensor. The balancing strategy based on the remaining capacity is required to find the remaining
capacity of the cells, which is calculated using the following equation:

j: “ie)de
Q(t) = SOC(t) Cnew = SOC(t) W (1112)

In Equations (11.11) and (11.12), Q(¢) is the remaining capacity at time ¢, C,,,, is the estimated battery capacity,
the current i is the function of time ¢; and SoC(¢) is the SoC of the battery at time .

The remaining capacity of the battery is calculated by estimating the SoC many times. Regardless of the CC
method or the open-circuit voltage method, a single SoC estimation may cause more estimation errors of the
remaining capacity of the battery than many SoC estimations.

2. Start balancing

If the real-time capacity of the cell is obtained using the CC method during the balancing, the current sampling
circuit needs to be set for each balancing channel, increasing the difficulty of developing the balancing circuit
board and causing accumulated error during coulomb counting. The balancing target is that during charging,
each cell of the battery pack needs to be fully charged and the cells should have the same remaining chargeable
capacity, while during discharging, the energy is transferred from the cell with a high SoC to the cell with a low
SoC in order to ensure that the capacity of the battery pack is fully used.

233



234

11 Balancing/Balancing Control

For the balancing variable, the balancing starting condition and the variable estimation error should be consid-
ered in the balancing strategy.

The balancing strategy achieves balancing of the battery pack by controlling the consistency of the terminal
voltage, the SoC, or the remaining capacity. The first problem analyzed in the balancing strategy is selection of a
more suitable variable according to different topologies. These variables are analyzed and compared to select the
control variables most applicable to the balancing strategy.

11.5 Two Active Balancing Control Strategies

Based on the key indicators and design process of the balancing control strategy discussed in the previous section
and the topologies of two representative active balancing schemes, this section introduces the development pro-
cess of the balancing control strategy by analyzing the variables, the balancing time, and the balancing
parameters.

11.5.1 Topologies of Two Active Balancing Schemes

This section proposes two active balancing topologies, including low-level balancing based on small charger, and
the lead-acid battery transfer balancing for the EV battery system, and analyzes the development process of the
balancing strategy.

Hierarchical balancing based on a small charger

The low-level balancing (LLB) based on a small charger means that the battery pack is divided into multiple
groups, the LLB control strategy is implemented in groups while the high-level balancing (HLB) is implemented
between the groups. Figure 11.30 shows the specific topology.

As shown in Figure 11.30, the hierarchical balancing consists of LLB and HLB. The battery system is divided
into several battery groups, where each group is connected to an independent small charger, the balancing is
controlled by the central control unit, the LLB is implemented in the groups, the HLB is implemented between
the groups, and the balancing state communication is completed by the control bus between the groups. The bal-
ancing topologies of the LLB and HLB are described below.

1. LLB topology

Figure 11.31 shows the LLB topology in the hierarchical balancing based on a small charger. As shown in the
figure, the LLB topology is designed according to a bidirectional synchronous fly-back circuit. The balancing cir-
cuit consists of a switch circuit and a bidirectional transformer [16].

Control bus Figure 11.30 Schematic diagram
N | | of hierarchical balancing based on
HLB a small charger.
Small charger (1) Small charger (N)
Central Battery group (1) Battery group (N) .
. 1l 1yl 1l 1yl
control unit| © '|_|I '|_|I '|_|I '|_|I °
Y
- LLB

Balancing of | Balancing of
group (1) group (N)
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Since the cells in the system are not always evenly distributed, the number of cells in each cell group may not
be the same, but the balancing logic is the same. Additionally, the cost and the balancing efficiency are considered
when grouping the battery system. In the case of too many battery groups, more chargers are required, causing
difficulty in the practical application. Conversely, in the case of too few battery groups, the intra-group balancing
efficiency may be reduced, making it impossible to equalize each cell. In a practical application, it is recom-
mended that one group consists of 12 cells.

In the battery group, the cells are connected to the group by a bidirectional transformer. The energy may be
transferred between the cells in the group by charging and discharging modes. However, consider that the num-
ber of cells controlled by the balancing control chip is different from the number of cells in the battery group; for
example, typically LTC6804/LTC6811 series chips of ADI Company are mainly applicable to the control of the
battery group with less than six cells. If the battery group consists of 12 cells, at least two chips are required.
According to the chip channel number, the battery group would need to further divide the balancing units and
consider the balancing relation between the units.

Figure 11.31 shows the battery group consisting of n cells, where 2m cells are used as the balancing unit. The
energy can be transferred from the cells in the battery group to the balancing unit by the discharging mode, in
order to charge other cells in the balancing unit; a cell may be charged from the other cells of the balancing unit
by the charging mode. The balancing units are connected and m cells are shared by adjacent balancing units.
Charging is completed between different balancing units by using the shared cells as a transmission medium to
achieve balancing in the battery group.

Specifically, each cell is connected in parallel with a bidirectional transformer. The primary coil of the transformer
is connected in parallel with the battery and the secondary coil of the transformer is connected to the positive and nega-
tive electrodes of the balancing unit, where the single cell is located, and is controlled by a switch. Each balancing unit
is expanded in the form of a “daisy chain” to accommodate any number of cells. As shown in Figure 11.31, the cell of
the first balancing unit consists of 2m bidirectional transformers, one end of the secondary coil of the transformer is
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connected with the negative electrode of the balancing unit, the other end of the secondary coil of the transformer is
connected with the positive electrode of the balancing unit, and so on. Since the topmost balancing unit cannot be con-
nected to the next unit in a similar manner, the last m cells can form a balancing unit independently.

Through this connection mode, the problem of matching the balancing chip channel number and the cell num-
ber in the battery group can be solved. The balancing chip directly manages m cells and is connected by the bal-
ancing unit to cover any number of cells. It has good expansibility. At the same time, each cell can be balanced
with the balancing unit and can also achieve energy flow with other cells in the battery group, ensuring the integ-
rity of the battery group.

LLB topology can support bidirectional battery balancing, and the cell can be not only charged through the bat-
tery pack but also discharge its energy to other cells in the battery group.

Without considering energy consumption, it is assumed that for the bidirectional transformer in the balancing
circuit, the charge current is Ioq/ge and the discharge current is Ijjscparge- Each cell may discharge or receive the
charge to or from other cells. Therefore, the actual balancing current of each cell is affected by the balancing state
of other cells, which is the superposition of all currents acting on the cell.

If, in the battery balancing unit of the battery k, k; cells are in a charging mode and k, cells are in a discharging
mode, the balancing current of the balancing unit (excluding the topmost balancing unit) is calculated by

1 1,
Ik =TI+ kl charge + kz discharge (11.13)
2m 2m

where the charge current is defined as positive and the discharge current is defined as negative. If the battery k is
in the charging mode, I = I, if the battery k is in the discharging mode, I = Iy 4., and if the battery k is
charged and discharged, I =0.

Since the cells of the topmost balancing unit are not connected with the next battery balancing unit, its balanc-
ing current is calculated by the following equation when the battery k is located in the topmost balancing unit:

I, =1+ (ky—ks)

Icharge + (k4 . k6) Idischarge + k5 Icharge + k6 Idischarge (1114)
2m 2m 2m 2m

where k; and k4 represent the number of cells in the charging mode and the discharging mode in the second top

balancing unit and ks and kg represent the number of the cells in the charging mode and the discharging mode in

the top balancing unit.

The LLB topology structure can reasonably distribute the balancing unit according to the number of cells and
the number of specific control chip channels, and has good expansibility. However, according to the topology,
when the energy is transferred from the cells of the first balancing unit to the cells of the top balancing unit, the
balancing time may be prolonged with the increase in the number of cells. Therefore, for the entire battery pack,
especially for a large battery such as the EV battery system, it is necessary to perform hierarchical balancing using
the HLB topology. When the battery pack is divided into one group, only level 1 balancing is performed, which is
a special case of a hierarchical balancing topology.

2. HLB topology

As shown in Figure 11.30, after grouping the battery packs, a separate small charger is provided for each battery
group to charge the battery group and complete the inter-group balancing. The small charger is relative to the
large charger of the battery pack, but has a smaller power and volume. The positive and negative electrodes of the
charger are connected to the positive and negative electrodes of the battery group respectively, and are connected
to the external power supply.

During the hierarchical balancing based on a small charger, the LLB control strategy starts to equalize the cells in
the battery group. After LLB of the cells in the battery group, HLB is performed to charge the battery according to “top
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alignment” to fully charge the battery groups and achieve D

inter-group balancing. The specific control strategy of hierar-

chical balancing will be detailed in the following chapters. —5 : o——!_ B,
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Lead-acid battery transfer balancing i
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blower, lighting and wiper, of the cars are supplied by a 12 battery —_

V or 24 V lead-acid battery, the cars must be equipped with e : o— B,

a lead-acid battery as the power supply for weak current  — " -
systems. Because the voltage of the lead-acid battery is

similar to that of the cell, charge transfer balancing can be P
realized by using a relatively simple voltage conversion cir-
cuit using the lead-acid battery as an intermediate carrier
of the battery balancing.

Figure 11.32 shows the topology of the lead-acid battery
transfer balancing. As shown in the figure, each cell in the
battery pack is connected in parallel with a bidirectional transformer, where the primary coil of the transformer
is connected to the cell and the secondary coil of the transformer is connected to the lead-acid battery, with the
energy transfer process controlled by a switch. When it is required to charge the cell due to its lower energy, the
energy is transferred from the lead-acid battery to the cell through the transformer. When it is required to dis-
charge the cell due to its higher energy, the energy is transferred from the cell to the lead-acid battery through the
transformer. The topology can realize the synchronous energy transfer and avoid the complicated circuit design
and high cost.

According to the above analysis, the balancing control chip is required for the active balancing schemes: the
hierarchical balancing based on the small charger and the lead-acid battery transfer balancing. The LTC3300
balancing chip and the LTC6804/LTC6811 voltage acquisition chip of ADI Company form a feasible scheme in
practical applications. Each piece of LTC3300 can be used for bidirectional balancing control of six cells in series
and each piece of LTC6804/LTC6811 can simultaneously monitor the voltage of 12 cells. Therefore, the balancing
daughter board can be based on 2 x LTC3300 and 1 X LTC6804 in order to equalize the entire high-power battery
pack after it has been divided into several battery groups.

é&o— B,

Figure 11.32 Topology of lead-acid battery transfer
balancing of the battery pack.

Comparison of two active balancing topologies

Due to the simple topology and low cost of passive balancing, unidirectional passive balancing is used at present
in most battery management systems to discharge the cells with a high SoC. In the traditional passive balancing
topology, the connection of each cell is controlled by a switch array and the excess energy in the cell is dissipated
through a resistor to equalize the battery pack.

The topologies of two active balancing schemes are compared by comparison with the traditional passive bal-
ancing topology from device complexity, balancing independence, expansibility, balancing type, and vehicle
space requirements.

As shown in Table 11.2, two active balancing topologies require the same number of DC/DC conversion circuits
as the cells. When the voltage at two ends of the battery group in the hierarchical balancing is more than the volt-
age of the lead-acid battery, the cost of the DC/DC conversion circuits is more than that of the transfer balancing
topology. The LLB of the hierarchical balancing is achieved by the transfer of the energy between the cells. As the
cells are mutually affected during the balancing, the control model and the algorithm are relatively complicated.
For the lead-acid battery transfer balancing and the traditional passive balancing topologies, the energy is not
directly transferred between the cells, the balancing process is independent, and the control strategy is relatively
simple.
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Table 11.2 Comparison of balancing topologies.

Lead-acid battery transfer Traditional passive
Hierarchical balancing balancing balancing
Device complexity n DC/DC conversion circuits and n DC/DC conversion circuits No DC/DC conversion
several small chargers required required circuits required
Independence HLB independent balancing and Non-direct energy transfer No energy transfer of
LLB dependent balancing and independent balancing of cells and independent
each cell balancing
Expansibility Expansion of battery group generally ~ Expansion of cell Expansion of cell
Balancing type Active Active Passive
Space requirement  Location reserved for small charger =~ Smaller Smaller

Note: n is the number of the cells in the battery pack.

11.5.2 Hierarchical Balancing Control Strategy

Following the hierarchical balancing topologies described in the previous section, corresponding balancing con-
trol strategies are developed in this section and the parameters used in the strategy are discussed.

Selection of balancing variables and balancing time

Different balancing variables may share the same balancing logic. The balancing is described here by the variable
SoC because of similarity with the terminal voltage and the remaining capacity. As shown in Equation (11.15)
below, the variables used for evaluation of the battery consistency include the variance s, the maximum balanc-
ing deviation &y, and the average deviation of &, in each cell, where s* can reflect the discrete state of the whole
battery and &; can reflect the loss of the available capacity of the battery pack due to the “cask effect.” The capacity
difference between the maximum capacity and the minimum capacity of the cells in the battery pack cannot be
effectively utilized and &, ; is used to evaluate the deviation of the cell i from the average value of the whole battery
pack. During balancing, the balancing judgment can be made according to §; and &, ;:

SoC=>"" SoC;

s =31 (soc, —So—C)2 /n (11.15)

8, =S0C,. —SoC
8,; = S0C; —SoC

min

where SoC; represents the SoC of the cell i, SoCis the average SoC of the battery pack, and SoC,,,, and SoC,,;,
respectively represent the maximum and minimum SoC of the cells in the battery pack.

During development of the specific balancing strategy, the balancing start and stop conditions of the battery
pack may be determined by the SoC deviation §, and the threshold value ASoC, of the battery pack. In the case
of 6, > ASoC,, the balancing starts to perform equilibrium charging or discharging of the cells according to their
conditions. In the case of §; < ASoC,, all balancing is stopped.

Similarly, the balancing start and stop conditions of each cell may be determined by the SoC deviation 6, ; and
threshold value ASoC, of the cell. The range of threshold is set to [SOC—ASOCZ,SOC—FASOCZ]. When the
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deviation 6, ; of the cell is positive and more than ” SoC,, the cell is discharged; when the deviation 6,; of the cell
is negative and less than ASoC,, the cell is charged; and when SoC is within the range of threshold, no balancing
is required.

It can be seen from the above description that for a particular balancing strategy, ASoC, and ASoC, are fixed
values and do not vary with the balancing process, and SoC, s*, SoC SoC,,;,» 01, and 6, ; variables are changing
dynamically with the balancing process.

This process is described by Figure 11.33. The battery balancing is determined for the battery according to the
current SoC and the pre-set threshold value of the battery. The battery balancing is divided into three conditions:
(1) the equilibrium discharge: the cell with a higher energy is discharged to reduce its energy; (2) the equilibrium
charge: the cell with a lower energy is charged from other cells of the battery pack; and (3) no balancing: the cells
are in an equilibrium state without a demand for balancing.

Since the terminal voltage of the cell is easily affected by the internal resistance and the balancing current of the
cell, and cannot directly reflect the current SoC of the battery, the capacity of the cells during estimation of the
remaining capacity should be estimated by considering accuracy and complexity. The SoC is used as the balancing
variable for the hierarchical balancing strategy.

While the electric vehicle is being used, the battery pack will not be fully discharged. The discharge process of
an electric vehicle battery pack has the following two characteristics. First, during operation of the electric vehi-
cle, it is possible to cause a balancing failure due to relatively complex operating conditions, the unstable dis-
charge current of the battery, and the estimation error of balancing variables. Second, if the balancing is started at
the end of a discharge, since the disequilibrium has been formed in the battery, it is impossible to effectively
improve the capacity available to the electric vehicle in a short time after starting the balancing. Therefore, it is
not suitable in practice to implement the balancing during a discharge. However, under special conditions, such
as parking, transient balancing can be carried out, because the current is zero or very small during parking, which
is conducive to improving the effect and accuracy of the balancing.

Unlike the discharge process, the EV battery pack is often fully charged. At the same time, the charging time is
relatively long and sufficient time is available to carry out the balancing. At the end of an equalizing charge, when
a certain cell is fully charged, the battery pack cannot be continuously charged, so the balancing can be started in
order to equalize the battery pack and achieve its consistency and “top alignment.”

Compared with unidirectional balancing, bidirectional balancing can improve the capacity utilization rate of
the battery. Therefore, based on the above considerations, charge balancing can be selected from the perspective
of a capacity utilization rate and discharge and parking balancing can be used as a supplement.

max? min?

Balancing variables 44

voltage, SoC and
Discharge / Discharge
___________________ ;Zz --------------g~----- Upper balancing limit

capacity

N ° Estimated balancing variables
i (average voltage, average SoC
. . and average capacity)
-——--———--———-j! ---------------------------- Lower balancing limit
Charge
Charge

Cell number

Figure 11.33 Schematic diagram of active balancing.
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Hierarchical bidirectional balancing strategy
1. Hierarchical bidirectional balancing control strategy

Figure 11.34 shows the flow chart of the hierarchical bidirectional balancing control strategy, where, when the
battery pack is charged and any cell in the battery pack has been fully charged, charge balancing is started and
discharge balancing is started during parking.

As shown in Figure 11.34, the hierarchical bidirectional balancing model mainly consists of the following
steps:

(a) Battery voltage detection. Any strategy depends on the detection of the battery’s basic data. The charg-
ing and discharging modes of the battery are determined by the data. When the battery pack is charged,
charge balancing is started, and either step (b) or step (d) is performed.

(b) First the battery pack is charged by the main charger and then step (c) is performed after detecting that
any cell in the battery pack has been fully charged.

Battery voltage
detection

Is the batttery

Yes pack being

Has any cell Is the electric

| | |
I I ! :
I I ! I
| No ! I |
: v been charged : — No | vehicle :
| Wait until any fully? | [ parked? |
: cell has been | : |
| charged fully Yes : | :
: l }l : : Yes :
I l I ! |
: I : I

v
| @ TNo—T <« @ - :
I ' I !
|

: Y+es : : Yes i

|
| Start LLB | | !
: : : Start LLB :
| . | |
| The battery pack is : | :
: charged by the main | : |
| charger until the any cell : | :
: has been charged fully | | : |
! I

| | |
I i I ! :
| Start HLB ! | !
I | I |
S, | S, -

Charge balancing v Discharge and parking balancing

Figure 11.34 Hierarchical two-way balancing control strategy.
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(c) The selected balancing variable is determined by whether the balancing has started. When the selected
variable exceeds the range of the threshold, namely 6, > ASoC,, LLB is started to equalize the cells in the
battery group; otherwise the charge balancing is stopped. Steps (b) and (c) are repeated until the charge
balancing is completed. For hierarchical balancing, the battery pack is first charged by the main charger
and then the HLB is started, because it is easier to control the fine charging of the battery pack to the
SoC = 100% target.

(d) The selected balancing variable determines whether the balancing is to start. When the selected variable
exceeds the range of the threshold, namely 6§, > ASoC,, LLB is started; otherwise balancing is stopped.
Only LLB is started because no condition exists where the small charger can be used during discharging
until the cells in the battery group are at an equilibrium.

2. LLB control strategy

For charge balancing and discharge and parking balancing of hierarchical balancing, the LLB can only start after
meeting the balancing conditions, in this case the algorithm flow of balancing as shown in Figure 11.35. The main
steps, (a) to (d), of the LLB control strategy are given below:
(a) Judge the equilibrium state, monitor the battery voltage, estimate the SoC, judge the equilibrium state
of each cell in the battery pack according to the balancing conditions, and then determine the required
balancing modes. When completed, start step (b).
(b) Calculate the balancing time and start the balancing. Estimate the SoC for a period of time after the bal-
ancing and then perform step (c).
(c) Repeat steps (a) and (b) until 6; < ASoC, and then start step (d); otherwise, repeat steps (a) to (c).
(d) LLB ends.

The battery pack may be equalized by steps (a) to (d). The judgment of the equilibrium state and the balancing
operation are discussed below: L

As shown in Figure 11.35, the equilibrium state is judged for each cell in the balancing unit and the average SoC of
the balancing unit is set as the balancing target, the battery balancing scope is set to |SoC — ASoC,,SoC + ASoC, |, and
the cells are discharged when the SoC is more than the upper limit and charged when the SoC is less than the range of
threshold; otherwise, no balancing is required.

During balancing, if the SoC or the remaining capacity is used as the balancing variable, it is difficult to accu-
rately estimate the SoC due to changes in the equilibrium current, energy consumption, and temperature.
Therefore, balancing is started by steps such as “calculate the balancing time — start the balancing — estimate the
SoC and judge the equilibrium state,”, with the steps continuously repeated (see Figure 11.36). Balancing accuracy
can be improved by estimation of the SoC using the voltage one period at a time after balancing. If the SoC is esti-
mated by the CC method or other methods that do not require idling, the idling time is 0. If the SoC is estimated
using the open-circuit voltage method, it is necessary to reserve time in order to estimate the open-circuit voltage.

In order to avoid over-balancing and balancing failure in the balancing process of the battery pack, the balanc-
ing time is calculated using the SoC with the smallest deviation and capacity of the cell:

SoC, —SoC

t = kC|min (11.16)

i

where the minimum difference between the SoC and gq is selected for calculation of the balancing time in order
to avoid over-balancing. After the balancing is started, the SoC change in the equalized cell should not be less than
0.1% in order to avoid a balancing failure and not more than 2% in order to avoid over-balancing. In the equation,
I; is the balancing current of the cell i, C is the battery capacity, and k is the correction coefficient. The over-bal-
ancing resulting from a capacity or current error is avoided.
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Figure 11.36 Balancing operation.

Assuming that ¢, is the SoC estimation time, k; is the SoC estimation number during the balancing, and t, is the
LLB time (the working current is not 0), the total balancing time is calculated by

T =t +kt, (11.17)

According to Equations (11.16) and (11.17), the LLB time can be optimized by changing the balancing current and
the correction coefficient k and optimization of the SoC estimation method.
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According to Equation (11.17), the total time of the charge balancing based on a small charger is calculated
by

T= tl + ttotal charge + t2 + kltO (1118)

where, 14 charge 18 the total charging time, ¢, is the longest HLB time, and ¢; + k{j is the longest LLB time of all
battery groups.
Similarly, the energy consumption of the whole process is calculated by

E= Etotal charge + EZ + Ewireloss + Econsumptionofbattery + Econsumptionof board (1119)

where Ejoq) charge a0d E; are the energy consumption caused by the charge efficiency of the main charger and the
small charger. Eyre loss a0d Ecopsumption of battery @€ the energy consumption caused on the wire and the internal
resistance of the battery. Econsumption of board 18 the energy consumption caused by boards, including wires of the
circuit board, electron component, etc. Because the main charge is an external type, the heating resulting from its
charge efficiency does not affect the temperature in the battery box. The following equation is used to calculate
the average heat dissipation power in the battery box in the whole balancing process:

P= (EZ + Ewire loss + Econsumption of battery + Econsumption of board) / T (11‘20)

11.5.3 Lead-Acid Battery Transfer Balancing Control Strategy

This section discusses the balancing variables and balancing time of the lead-acid battery transfer balancing con-
trol strategy and the development of the specific strategy.

Selection of balancing variables and balancing time

The impact of balancing variables on the balancing process is similar. In order to continuously and finely tune the
balancing according to the terminal voltage at the end of the balancing, a balancing method based on the remain-
ing capacity is required to accurately estimate the battery capacity, which is quite difficult to realize [17]. Therefore,
SoC is selected as the variable to judge the consistency of balancing the lead-acid battery transfer. The balancing
is completed for the battery pack in the case of 6, <ASoC, but in the case of §, > ASoC,, the balancing needs to
start. If the conditions are not met, no balancing is required.

According to an analysis of the capacity utilization ratio, the bidirectional balancing can effectively improve
the capacity utilization ratio. This balancing can be achieved by discharge balancing of the hierarchical bidirec-
tional balancing only for the battery group, but not for the battery pack. The lead-acid battery transfer balancing
strategy is applicable to the battery pack, enabling the balancing of the whole battery pack to be achieved.

Bidirectional lead-acid battery transfer balancing strategy

The lead-acid battery transfer balancing can be divided into bidirectional balancing (target: SoC = 100% for a
charging process and 0 for a discharging process), charge balancing (target: SoC = 100%), and discharge balancing
(target: SoC = 0) according to the different action processes and balancing targets.

Figure 11.37 shows the specific flow of the bidirectional lead-acid battery transfer balancing, which consists of
the following steps:

(a) Battery voltage detection. Determine the charging or discharging mode of the battery pack, start the charge
balancing when the battery is being charged, and start step (b); otherwise, start the discharge balancing and
start step (d).

(b) Charge the battery pack using the main charger. Start step (c) after detecting any cell in the battery pack that
has been fully charged.
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(c) Equalize the cells in the battery pack. When the selected variable exceeds the balancing threshold, namely
6, > ASoC,, start the lead-acid battery transfer balancing to equalize the cells in the battery pack (the battery
pack is not charged or discharged when the cells in the battery pack have the same SoC); otherwise, stop the
balancing. Repeat steps (b) and (c) until the charge balancing is completed.

(d) Startthe discharge balancing. When the selected variable exceeds the balancing threshold, namely ¢, > ASoC,,
start the lead-acid battery transfer balancing to equalize the cells in the battery pack; otherwise, stop the
discharge balancing.

From the above process, it can be seen that the steps of the lead-acid battery transfer balancing are similar to
LLB of the hierarchical balancing shown in Figure 11.34, except for the balancing objects. The LLB of the hierar-
chical balancing is applicable to the cells in the battery group, while the lead-acid battery transfer balancing is
applicable to the battery group pack. During the balancing by the lead-acid battery, each cell in the battery pack
has stronger independence, and the energy is not directly transferred between the cells, but by the lead-acid bat-
tery, so as to independently perform the charge and discharge balancing for each cell.
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Figure 11.37 Bidirectional balanced control strategy for a lead-acid battery transfer.
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It is worth noting that, due to the current limitations of the lead-acid battery, the balancing current cannot
exceed the upper limit of the lead-acid battery. When the charging and discharging limitation is reached, the
number of corresponding charging and discharging cells should be reduced to reduce the current. In addition, in
order to avoid over-charging and over-discharging the lead-acid battery, in specific applications, when the SoC of
the lead-acid battery is < 10%, the lead-acid battery is charged by the battery pack. Similarly, when the SoC of the
lead-acid battery is > 90%, the energy is transferred to the cell with lower energy in the battery pack to always
maintain the reasonable capacity of the lead-acid battery.

11.6 Evaluation and Comparison of Balancing Control Strategies

When balancing control strategies are developed, it is necessary to discuss “which strategy is better.” In previous
sections, balancing in terms of “required balancing time” and “energy consumption” were evaluated. Based on
that, this section will enrich the evaluation indexes of the balancing control strategies.

11.6.1 Evaluation Indexes of Balancing Control Strategies

For the balancing control strategy, the actual balancing effect (whether the equilibrium can converge), time con-
sumption, energy consumption, and impact on the battery life are mainly considered. The balancing evaluation
system is established according to the balancing effect, impact on the battery life, time consumption, and energy
consumption.

Consumption effect
1. Convergence

The balancing effect is reflected in balancing convergence, that is to say, the balancing strategy converges balanc-
ing to a given threshold in any case. For example, if the battery balancing target is set as the average variable +
ASoC, balancing is deemed to normally converge when each cell in the battery group converges
to [SoC — ASoC, SoC + ASoC|. The balancing convergence is an important balancing index. If the balancing can-
not be converged and the balancing operation cannot be stopped normally, the energy will be continuously con-
sumed in the balancing process, and this strategy will result in continuous battery energy waste until the battery
capacity is 0.

The convergence is the most basic balancing index and discussion of other indicators depends on the normal
convergence of the strategy.

2. Capacity utilization ratio 7,,,

The balancing is designed to eliminate the inconsistency of the battery pack and improve the capacity utilization
ratio. The capacity utilization ratio can be defined as the ratio of the maximum discharge capacity C;qq Of the
battery pack to the mean capacity C of all cells:

o N Cdischage o Cdischage
77cap - N 5 - 5

(11.21)

The most ideal situation is where there is no energy loss in the battery balancing process. After the balancing
operation, each cell can be fully charged in the charging process and each cell can be discharged fully in the dis-
charging process. When the capacity of the battery is fully utilized, the capacity utilization ratio is 100%. The
capacity utilization ratio of the battery pack is another important index for an evaluation of the balancing effect.
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Impact on battery life

During battery balancing, the battery is usually charged or discharged. Research shows that the capacity loss of the
battery is related to the accumulated charge and discharge capacity of the battery. The impact of balancing on the
battery life is reflected in the accumulated capacity during balancing. When the balancing strategy is evaluated, the
impact on the battery life is quantitatively compared to the average accumulated charge-discharge capacity:

Q—%mzlf lide (11.22)

where Q is the accumulated charge-discharge capacity and i is the equalizing current. During the analysis of battery
life, Q is used as the evaluation index for the impact of balancing on the battery life. The greater the accumulated
charge—discharge capacity in the balancing process, the worse the protection of balancing to battery life becomes.
The protection effect of the balancing strategy on the battery life is also one of the strategy evaluation indexes.

Time consumption

Although the time consumption is not a top priority for an energy-storage battery management system, it is hoped
that the battery imbalance of the battery management system will eventually be eliminated. Therefore, it is hoped
to quickly transfer the energy from cells with a higher SoC to cells with a lower one.

After the initial balancing conditions, such balancing variables, balancing time, balancing parameters, and the
initial capacity of the battery pack, have been determined, the balancing time is fixed. However, all possible initial
balancing conditions should be comprehensively analyzed for the whole balancing strategy to obtain overall eval-
uation indexes. The time distribution, maximum time, and average time of balancing are the parameters repre-
senting the balancing time. The balancing time distribution reflects the dispersion degree of the final balancing
effect under different initial conditions, which reflects the stability of the balancing strategy. The maximum bal-
ancing time reflects the balancing time under extreme conditions. In a practical application, the maximum time
tmax can be defined according to the actual demand, for example, the charging balancing must be completed dur-
ing charging at night and the total balancing time cannot be more than 12 h. The average balancing time reflects
the overall time consumption level of the balancing strategy.

Energy consumption

In the process of charge-discharge balancing, the charge “acquisition” and “loss” are accompanied by energy
“acquisition” and “loss.” In the process of an energy transfer, the energy consumption may be caused because of
the efficiency. The energy consumption can reflect the overall performance and energy protection of the balanc-
ing scheme. The absolute value of the energy consumption is directly related to the thermal management of the
battery management system. The less energy that is released by the battery pack in the balancing process, the
lower the difficulty of the thermal management of the battery management system corresponding to this strategy
becomes. The energy consumption distribution, the maximum energy consumption, and the average energy con-
sumption of the balancing are the parameters representing the energy consumption of the balancing. Similar to
the time consumption, the average energy consumption of the balancing reflects the overall energy protection
level of the balancing strategy.

As shown in Figure 11.38, the energy difference (E, — Es — E, — E, — E;) before and after balancing is the
energy consumption of balancing.

In addition, heat dissipation power inside the battery box is also one of the parameters to be considered. The heat
dissipation power is defined as the ratio of the energy consumption inside the battery box to time, as shown by

P== 11.23
T (11.23)
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where E is the energy consumption inside the battery (the heat generated outside the battery box is not included
in the statistics) and T is the balancing time.

Furthermore, the evaluation of the balancing system also covers safety, feasibility, etc., and the six indexes,
including balancing convergence, the capacity utilization ratio 7,,,, the impact of balancing on the battery life Q,
balancing time T, energy consumption of balancing E, and battery heat dissipation power P, are often combined
to comprehensively evaluate the strategy. Among them, the balancing convergence is the most important index
of the balancing strategy, because, if the balancing strategy cannot converge, the energy will always be consumed
by the balancing. The remaining five evaluation indexes are discussed on the basis of convergence.

11.6.2 Comparison of Flows for Balancing Strategies

In this section, the balancing control parameters are analyzed for two balancing control strategies developed in
Section 11.5 by the balancing evaluation indexes described in the previous section and the overall performance of
two strategies are compared.

The similarities and differences of two balancing strategies developed in Section 11.5 are summarized and ana-
lyzed from the balancing target, the balancing time, balancing parameters, and the balancing operation according
to the above-mentioned description of the balancing strategies (see Tables 11.3 and 11.4).

In the case of a given balancing variable and balancing time, the equalizing current has a major impact on the
balancing time consumption, energy consumption, and heat dissipation power. The simulation results of hierar-
chical balancing, lead-acid battery transfer balancing and passive balancing are shown in Figures 11.39, 11.40,
and 11.41 respectively. With the increase of the equalizing current, the balancing time decreases, but the energy
consumption and heat dissipation power increase gradually. All of the time consumption, the energy consump-
tion, the heat dissipation power, and so on are often not optimal. This section compares the strategies in different
aspects and obtains the desired balancing strategy by comparing the optimal solution of each strategy.

Table 11.3 Similarities of flows for balancing strategies.

Hierarchical balancing strategy, lead-acid battery transfer balancing strategy,

Similarity passive balancing strategy

Selected balancing variable SoC

Balancing time Two-way balancing

Selectable balancing parameter Equalizing current (1-10 A), number of equalized cells, battery capacity,
battery type

Charge balancing starting criterion Any cell has been charged fully and the battery pack is in a disequilibrium state

Charge balancing stop criterion The battery pack has been charged fully and the SoC of the battery pack is
within the threshold value

Discharge balancing starting criterion  The electric vehicle is parked and the battery pack is in a disequilibrium state
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Table 11.4 Difference of flows for balancing strategies.

Hierarchical

Difference balancing Lead-acid battery transfer balancing Passive balancing

Charge LLB combined Achieve the consistency of the cells in the Achieve the consistency of the cells in

balancing with HLB battery pack by the energy transfer and the battery pack by energy dissipation
then charge the battery pack and then charge the battery pack

Discharge Only LLB Start lead-acid battery transfer balancing Start passive balancing

balancing

Discharge LLB completed Maximum difference in SoC of cells is less Maximum difference in SoC of

stop criterion

than ASoC,

battery pack is less than ASoC,
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Figure 11.39 Simulation results of
hierarchical balancing.

Figure 11.40 Simulation results of
lead-acid battery transfer balancing.
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It should be noted that the larger the capacity utilization ratio, the better the balancing effect will be, and the
larger the heat dissipation power, energy consumption, time, and cumulative charge and discharge capacity, the
worse the balancing effect will be. Therefore, in Figures 11.39, 11.40, and 11.41, the capacity utilization ratio is
100% at the origin of its coordinate axis and 0 at the origin of other axes. The closer each index is to the origin, the
better the balancing effect will be.

11.6.3 Comparison of Balancing Time

The balancing time efficiency may be analyzed for the balancing strategy by relative time consumption. The pas-
sive control strategy is used here for a comparative study. After the energy consumption and time consumption of
the active balancing control strategy are understood, those of the passive balancing strategy are used as the “stand-
ard quantity of the passive time consumption” relative quantity. For example, under an initial condition, the
balancing time is 1 h for passive balancing, 0.5 h for hierarchical balancing described in Section 11.5, and 0.8 h for
lead-acid battery transfer balancing. The “relative time consumption” is 50% for hierarchical balancing and 80%
for lead-acid battery transfer balancing. The relative energy consumption may be defined similarly. The relative
time consumption and relative energy consumption of balancing are conducive to a better understanding of
strategies.

In order to compare and analyze the strategies, the same balancing conditions, equalizing current (3.3 A), and
other parameters are used.

Comparison of the relative time consumption

1. Relative time consumption distribution diagram

Two balancing strategies are simulated with the passive balancing model to obtain the relative time consumption
as shown in Figure 11.42.

(a) Lead-acid battery transfer balancing
At a 3.3 A current, 81.8% of the samples have a time consumption of 50 ~ 60%. Generally, the average balancing
time of the lead-acid battery transfer balancing is 55.3% of that of the passive balancing under the same conditions.
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Figure 11.42 Relative time consumption distribution diagram of balancing (/ = 3.3 A). Note: 0 ~ 10% represents [0%, 10%],
10 ~ 20% represents [10%, 20%)], 20 ~ 30% represents [20%, 30%)], and so on.

(b) Hierarchical balancing based on a small charger
At a 3.3 A equalizing current, the relative time consumption of LLB is 53% of the total time consumption of the hierar-
chical balancing. In the relative time distribution diagram of the hierarchical balancing, 40% of the samples require a
longer balancing time than that of the passive balancing. The balancing time is not effectively optimized and the aver-
age balancing time is 1.07 times that of the passive balancing, mainly because, under this simulation condition, a longer
charging time is required due to the charge current of the small charger used in the HLB, which is 11% of the charge
current of the main charger. If the difference in the charge current between the small charger and the main charger is
reduced, the time of the hierarchical balancing is gradually close to the time of the lead-acid battery transfer balancing.
Under this balancing condition, the time of the lead-acid battery transfer balancing is shorter.

Comparison of the optimal time

According to the simulation results of the two active strategies and the passive strategy at different equalizing currents
shown in Figures 11.39, 11.40, and 11.41, the balancing time of the battery decreases with the increase of the current.

As shown in Table 11.5, the balancing time of two active balancing strategies are shortest at a current of 10 A.

As shown in Table 11.5 and Figure 11.43, in the case of a maximum current, the time consumption of the lead-
acid battery transfer balancing and the hierarchical balancing is respectively 62.6% and 87.7% of that of the passive
balancing. For the optimal time, the shortest time is required for the lead-acid battery transfer balancing.

In this case, the relative time distribution diagram is shown in Figure 11.44 and is compared with that shown
in Figure 11.42, where the relative time distribution is offset towards the left and the absolute balancing time
consumption and relative time consumption decrease with the increase in current.

Table 11.5 Comparison of the balancing effect at an equalizing
current of 10 A.

Lead-acid battery Hierarchical

Evaluation index  transfer balancing  balancing Passive balancing
Convergence Converged Converged Converged

T(s) 2672.9 3770.7 4300.0

Q (Ah) 7.6 10.3 10.0

Meap (%) 99.0 99.0 99.0

E(kJ) 1734.3 1432.1 6227.6

P(W) 304.6 143.7 1252.2
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Figure 11.44 Relative time consumption distribution diagram of balancing (/= 10 A).

11.6.4 Comparison of Energy Consumption
Comparison of relative energy consumption

Figure 11.45 shows comparisons of relative energy consumption. The relative energy consumption of the hierar-
chical balancing and the lead-acid battery transfer balancing is less than 30%. Compared with the traditional pas-
sive balancing, the energy consumption of the hierarchical balancing and the lead-acid battery transfer balancing
is respectively 18.1% and 21.4% of the passive balancing. Compared with the passive balancing, the energy con-
sumption of the active balancing is significantly reduced.

Comparison of optimal energy consumption

Since the balancing energy consumption is related to the specific equalizing current, without the prejudice of
generality, the equalizing current of 1 A is selected to analyze and compare the balancing effects of different bal-
ancing strategies, as shown in Table 11.6.

As shown in Table 11.6, generally the average energy consumption of the hierarchical balancing and the
lead-acid battery transfer balancing is respectively 997.2 kJ and 1257.7 kJ. Figure 11.46 shows the relative
energy consumption distribution of the two balancing strategies relative to passive balancing. As shown in the
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Figure 11.45 Relative energy consumption distribution diagram of balancing (/= 3.3 A).

Table 11.6 Comparison of balancing effect at an equalizing current of 1 A.

Lead-acid battery

Passive
Evaluation index transfer balancing Hierarchical balancing balancing
Convergence Converged Converged Converged
T(s) 17464.0 34055.0 31730.0
Q(Ah) 7.6 8.3 10.0
Neap (%) 99.0 99.0 99.0
E(kJ) 1257.7 997.2 6227.6
P(W) 29.1 10.8 166.2
E
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Figure 11.46 Relative energy consumption distribution diagram of balancing (/=1 A).

above figure and table, the energy consumption of the hierarchical balancing and the lead-acid battery trans-
fer balancing is significantly reduced compared to the passive balancing, respectively by 84.0% and 79.8%
Figure 11.47 shows the comprehensive comparison of all balancing strategies. Compared with the passive
balancing, the heat dissipation of the hierarchical balancing and the lead-acid battery transfer balancing has
a better optimization effect, and their average heat dissipation power is reduced by 62.8% and 93.5%

respectively.
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Figure 11.47 Comparison of balancing strategy at optimal energy consumption.

11.6.5 Comparison of the Impact of Balancing on Battery Life
Comparison of an accumulated charge transfer

The accumulated charge and discharge capacity are relatively more stable during balancing because the total
charge transfer mainly depends on the inconsistency and the energy transfer efficiency of the cells. The accumu-
lated charge and discharge capacity of the lead-acid battery transfer balancing and the hierarchical balancing are
respectively 76% and 83% of the passive balancing. The average charge and discharge capacity of the lead-acid
battery transfer balancing is 55 Ah. The lead-acid battery transfer balancing has a major impact on the battery life.

Comparison of an optimal accumulated charge transfer

The comprehensive analysis shows that, at a minimum current, balancing has the smallest impact on battery life.
Considering the impact on the life of the lead-acid battery, the hierarchical balancing provides more effective bat-
tery protection than the lead-acid battery transfer balancing. Compared with the repeated charge and discharge
balancing, the unidirectional charge balancing can provide effective battery protection to avoid continuous charge
transfer caused by the balancing during charging and discharging of the battery.

11.6.6 Comparison of the Capacity Utilization Ratio

Considering that the disequilibrium of the battery is caused by the inconsistency of the maximum capacity, the
maximum capacity utilization ratio can be realized only by bidirectional balancing. In the process of discharge
balancing, the capacity utilization ratio is lower than that of the lead-acid battery transfer balancing, because LLB
can only be implemented during hierarchical balancing and cannot guarantee that all cells are fully discharged.
At the same time, in the case of inconsistent capacity of the battery pack, the capacity depends on the cell with the
minimum capacity during passive balancing. Therefore, the lead-acid battery transfer balancing has the maxi-
mum capacity utilization ratio and its comparison with the optimal capacity utilization ratio of the hierarchical
balancing strategy is shown in Figure 11.48.

11.6.7 Analysis of the Optimization Case

The balancing strategy is selected in this section according to a specific case. For example, the balancing is required
for a 100 Ah lithium iron phosphate battery pack consisting of 96 cells, and specific conditions, such as not more
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Figure 11.48 Comparison of the optimal capacity utilization ratio.

Table 11.7 List of parameters.

Strategy Parameters
Hierarchical For optimal time: 3.6 A equalizing current during LLB, 9 A current of small charger, 12 cells in the
balancing battery group. In this case, the maximum balancing time is 4.2 h, the maximum energy consumption

is 1380 kJ, and the maximum heat dissipation power is 145 W.

For optimal energy consumption: 1.2 A equalizing current in the battery group, 9 A current of a
small charger, 12 cells in the battery group. In this case, the maximum balancing time is 7.9 h, the
maximum energy consumption is 1200 kJ, and the maximum heat dissipation power is 70 W.

Lead-acid battery For optimal time: 4 A equalizing current. In this case, the maximum balancing time is 2.4 h, the

transfer balancing  average energy consumption is 1380 kJ, and the maximum heat dissipation power is 130 W.
Optimal energy consumption: 2 A equalizing current. In this case, the maximum balancing time is
7.9 h, the optimal energy consumption is 1190 kJ, and the maximum heat dissipation power is 50 W.

Passive balancing =~ Maximum energy consumption does not meet the conditions.

than 150 W maximum heat dissipation power, not more than 1500 kJ average energy consumption, and not more
than 8 h maximum balancing time, are met. The parameters of each strategy can be obtained by solving the feasi-
ble region, as shown in Table 11.7.

The passive balancing strategy, the hierarchical balancing strategy, and the lead-acid battery transfer balancing
strategy are fully compared in this section. The three strategies are compared quantitatively according to different
evaluation indexes. Finally, combined with the actual limitations, the parameter selection of the three strategies
is analyzed and the following four conclusions can be drawn.

1) When the equalizing current is 3.3 A, the time of lead-acid battery transfer balancing is the shortest. When the
equalizing current is 10 A, all three balancing strategies obtain their optimal time and the time consumption
of the lead-acid battery transfer balancing and the hierarchical balancing is 62.6% and 87.7% respectively of
that of the passive balancing. In comparison, the time of the lead-acid battery transfer balancing is shorter.

2) When the equalizing current is 3.3 A, the energy consumption of the hierarchical balancing is the lowest.
When the equalizing current is 1 A, all three balancing strategies obtain their optimal energy consumption.
Compared with the passive balancing, the energy consumption of the hierarchical balancing and the lead-acid
battery transfer balancing is reduced by 84.0% and 79.8% respectively and the energy consumption of the active
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balancing is significantly improved compared with the passive balancing. The energy consumption of the hier-
archical balancing is the lowest in the three strategies.

When the equalizing current is 3.3 A, the accumulated charge and discharge capacities of the lead-acid battery
transfer balancing and the hierarchical balancing are respectively 76% and 83% of that of the passive balancing
and the average charge and discharge capacity of the lead-acid battery transfer balancing is 55 Ah. The lead-
acid battery transfer balancing has a larger impact on battery life.

In bidirectional balancing, all three balancing strategies obtain their optimal capacity utilization ratio, the
capacity utilization ratio of the lead-acid battery transfer balancing being the highest, because it achieves active
balancing of the battery pack during discharging.
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State of Health (SoH) Estimation of a Battery

12.1 Definition and Indices/Parameters of SoH

To study a subject, we should first define the basic concept of the studied subject. In this section, such concepts as
battery degradation, battery life, and battery SoH will be differentiated and analyzed. The question about what
indicators can be used to describe the battery degradation will also be discussed in this section.

12.1.1 Relationship Between Battery Degradation and Battery Life

The battery life can be seen as being conceptually similar to a human lifetime in two ways. First, strictly speaking,
the exact duration of the battery is not known until the end-of-life span. Before this, its duration can only be pre-
dicted. Second, the mentioned battery life is only suitable for the individual battery. That is to say, the cycle lives
of two different batteries with the same brand and the same model are different if they are used in different ways.

A battery life covers a cycle life and a calendar life. This section first defines these two life spans and then makes
an analysis on the relationship between battery degradation and these lives.

Cycle life of a battery

Generally speaking, the cycle refers to the process of charging and discharging a battery for one time. The cycle
life of the battery refers to the number of cycles during the period calculated from the time when a battery is man-
ufactured to the time when it is no longer in use. The discussion is made as follows:

1) The cycle life of a battery is related not only to the manufacturing process of the battery but also to the operating
condition of the battery in the whole life cycle (including the depth of each discharge, charge rate, discharge
rate, and operating temperature).

2) The cycle life of the batteries operating under specific conditions is difficult to determine. For example, a bat-
tery installed in a hybrid vehicle may be subject to the charging and discharging many times within a minute,
but such charging time or discharging time is very short. In this case, it is very difficult to determine the cycle
life of the battery.

3) Definition of battery failure criteria. “What are the failure criteria for a battery?” This question is about the
definition of battery failure. In a sense, the answer is not unique. In general, the battery failure criteria can be
established in three ways: first, the battery has a safety problem, i.e. continuing to use the battery may cause an
accident, which generally corresponds to the physical damage of the battery. Second, the actual capacity of the

Battery Management System and its Applications, First Edition. Xiaojun Tan, Andrea Vezzini, Yuqian Fan, Neeta Khare, You Xu,
and Liangliang Wei.
© 2023 China Machine Press. All rights reserved. Published 2023 by John Wiley & Sons Singapore Pte. Ltd.
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4)

5)

battery is below a certain value, such as 60% or 80% of the rated capacity, in which 80% is the index commonly
used in the industry. Third, the battery capacity is not low, but the performance is not enough to meet the load
requirements. For example, a high current discharge is not available since the internal resistance of the battery
is too large.

From item 3, the failure criterion of batteries in different applications is different. Therefore, many scholars
have proposed that different failure criteria can be established for batteries in different fields, so that batteries
can be utilized in a step-by-step manner. For the electric vehicle, the failure criteria can be set as: “the capacity
is reduced to 80% of the rated value and the equivalent internal resistance is increased to twice the new bat-
tery.” For the energy storage system, the failure standard criteria can be set as: “the capacity is reduced to 60%
of the rated value and the equivalent internal resistance is increased to five times that of the new battery.”

To compare the life span of batteries from two manufacturers, a unified evaluation standard is required.
Therefore, a standardized test condition is often defined to make the battery life comparable. For example,
according to the Chinese vehicle industry standard (QC/T 743-2006), the cycle condition is specified as: “charge
the battery by using the constant current and constant voltage two-stage method and discharge the battery at
a rate of 0.5 C; then the discharge depth should be 80% of the rated capacity of the battery.” Additionally, the
battery failure condition is defined as: “after evaluation, it should be considered failed in the case of being less
than 80% of the rated capacity.” Based on the above-mentioned unified evaluation standard, the horizontal
comparison can be made between the life of the batteries from two manufacturers.

Calendar life of the battery

The calendar life of the battery refers to the number of days during the period calculated from the time when a
battery is manufactured to the time when it is no longer in use. In the same way as the cycle life of the battery, the
discussion about it is also required:

1y

2)

3)

4)

The calendar life of the battery is often affected by the cycle life of the battery. That is to say, the calendar life
of the battery is related to whether and how the battery is used.

Therefore, someone separately studied the “storage life” of a battery while studying the battery. That is to say,
after a battery is manufactured, the battery is not charged and discharged (or only charged and discharged for
a few times), and then the battery is stored in a certain condition until the battery ages. The battery’s calendar
life was then evaluated at the moment when the battery was too aged to use.

This is similar to the definition of a cycle life. The storage life of a battery is not only related to the manufac-
turing process of the battery, but is also related to two other aspects: the criteria for battery failure and the
storage conditions of the battery.

It takes a long time to study the battery’s calendar life. For a battery manufactured at current levels, it will take
along time for such a battery to fail by leaving it unused at room temperature. Therefore, many manufacturers
select batteries by the method of accelerated aging [1]. The battery is placed at a higher temperature to speed
up the aging process. Then the life of the battery at a higher temperature is converted into the calendar life of
the battery, but the converted calendar life is not the real calendar life of the battery. It is not accurate since the
calculation is not based on the real battery aging process after all.

Relation and difference between battery life and battery degradation

The battery life and battery degradation are related and different. First, battery performance will gradually decline
since the date of use, which is an irreversible process, so the more the battery deteriorates, the closer it gets to the
end of its life. The remaining life of the battery can be predicted by evaluating the deterioration degree of the
battery.
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Second, “sudden death” may also occur on the battery, 20000
i.e. the battery will suddenly fail while it is being used due
to inappropriate use of the battery. Even if the evaluation 16000-’\0\
result of the battery capacity showed that the remaining i:? Mo—q\,\
capacity of the battery was still 90% of the rated capacity £ 12000 + o
yesterday, the battery may fail and become unusable today. *g 1 \
In our previous test, the battery was placed in a tempera- £ 80004
ture box at 0°C and charged and discharged using a heavy = 1 .
current. In this test, some particles crystallized at low tem- 4000
peratures and pierced the diaphragm, which caused the
capacity of the battery to suddenly decline below 10% of 0 v T v T v
the rated capacity from 95% of the rated capacity. In this 0 300 Cycles 600 900

case, the battery basically failed.

Example: Would the capacity decline to about 80% if it ~ Figure 12.1 Accelerated aging of a battery.
had been used in this way for another year on the condition
that the initial capacity of the battery declined to 90% in
the past year and it was used in this way for another year? This prediction is somewhat reasonable. Many experi-
ments show that this approximate linear rule exists. Additionally, we find that when the battery capacity declines
to some degree, heat from the battery is increased significantly due to the increase of internal resistance. Then,
accelerated aging of the battery occurs, as shown in Figure 12.1.

We can now understand that “the battery degradation” and “the battery life” are related and different.

12.1.2 Relationship Between Battery Degradation and SoH of the Battery

If “battery management system” is considered as an emerging discipline, there are still many unclear and incom-
plete definitions for the concepts in this emerging discipline. For example, there is no unified definition for the
important concept of “SoC.” This results in many vague expressions in the research process and the project
acceptance process. The “SoH” discussed in this book is also one of these “important,” “common,” and “vague”
concepts. In this section, different definitions of SoH are briefly reviewed. The author’s opinion is given to provide
some references for the future theoretical development of this discipline.

Several main ideas about the concept of SoH at present

At present, there is still no unified definition for the concept of SoH. There are different opinions on it in the
industry. However, in summary, it is understood mainly based on such aspects as capacity, internal resistance,
peak power, and cycle times. The main ideas are shown as follows.

1. SoH is defined by the capacity or the discharging capacity.

Recent literature shows that the numerical definition of SoH, which has been adopted most frequently, corre-
sponds to the attenuation of capacity. Then, the following equation is directly given in many sources:

C
SoH = —24 % 100% (12.1)

rated

where Cygeq represents the current battery capacity and Craeeq represents the rated capacity of the battery.
However, scholars have different ways of understanding the same equation. For example:
First, should the “capacity” in this equation be capacity or energy?
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Second, is the “capacity” in the equation the effective capacity or the maximum capacity? The capacity dis-
charged by the battery is different under different conditions (such as temperature and discharge rate). The
capacity discharged by the battery is the effective capacity of the battery only under the specific condition. In
general, the effective capacity of the battery is less than the maximum capacity.

Third, should the “rated” capacity or “actual” capacity act as the denominator? For a chemical product, the
actual capacity of a battery is different from its nominal rated capacity.

Different researchers have given different answers to the above questions. For example, some have shown that
SoH is defined by “the capacity discharged:”

Qmax (Aged)
Qpax (New)

SoH = x100% (12.2)

where Q.x (Aged) represents the capacity discharged by the current battery and Q. (New) represents the
capacity discharged by the new battery.

However, there is no direct answer to the above questions, even in some of the literature. In the author’s opinion,
it is inappropriate to discuss this question without a unified definition, and it is also detrimental to the long-term
development of this discipline.

2. SoH is defined by internal resistance

Much of the literature shows that the battery degradation is mainly reflected in the increase of ohmic resistance.
At the same time, many scholars believe that the life of almost all types of battery is ended due to increased imped-
ance and corresponding power loss. Therefore, “aging of the battery” occurs with the “increase in internal resis-
tance.” That is to say, the increase of internal resistance indicates the battery aging and also the reason for further
degradation of the battery.

Therefore, some scholars define SoH by the internal resistance:

Ry — R
SoH = —E9L _—_%100% (12.3)
REOL  Niew

where Ryop, represents the internal resistance at the end of battery life, R, represents the internal resistance of
the new battery, and R represents the current internal resistance.

Of course, the above-mentioned definition is inaccurate since no consideration is given to how the internal
resistance is measured, which is the most remarkable problem. As we all know, the internal resistance is a
function related to SoC, temperature, and other independent variables. It is inappropriate to discuss the “SoH”
without giving the definition of internal resistance.

3. SoH is defined by the number of remaining cycles in a battery.

In addition to capacity and internal resistance, some scholars also define SoH as the ratio of the number of re-
maining cycles available for the battery to the total life cycle of the battery. However, due to many uncertain
factors in the use of the battery, it is impossible to predict the operating environment of the battery. Moreover, it
is impossible to predict accurately the number of remaining cycles, so the operability is not good on the basis of
such a definition.

The author’s opinion and relationship between battery degradation and SoH

The above are the main ideas for the concept of SoH. It seems that many people tend to define SoH by using
quantitative indicators, which the present author does not entirely agree with. In this author’s opinion, the
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definition based on the quantitative indicators can be considered as the definition for the narrow SoH, while the
definition of the generalized SoH should be based on the literal meaning of the concept itself. Since SoH stands
for the state of health, the concept literally means the battery health, which should cover “battery failure” and
“battery degradation,” as shown in Figure 12.2.

1. SoH should include the warning vector of battery failure

In 2004, Gregory L. Plett proposed that the SoH of the battery is described in the form of a fault vector,
ie. § =15,,5,,53,5,,55,54557,.- .}, where s, (k=1,2,3,4,5,6,7,...) represents the component of the vector, which may
be equal to 0 or 1 [2]. The meaning of each component is as follows:

e s;: Is the battery voltage too low or too high? (1 for “Yes,” 0 for “No,” and similarly thereafter)
e s,: Is the current in the battery too high?

e s3:Is the temperature of the battery too low or too high?

e s4: Is the battery SoC above or below the rated range?

e ss: Is the self-discharge rate of the battery out of the acceptable range?

e sg: Is the capacity of the battery decline below the acceptable minimum?

o s;: Is the internal resistance of the battery out of the upper limit of a certain range?

The author thinks that the state vector 5§ as defined above is close to the literal meaning of the concept of
“health” and should be taken into consideration when defining the concept of SoH.

2. SoH also covers the quantitative indicators after attenuation and aging, which are classified as
“battery degradation.”

After the failure warning vector of the battery has been defined, some quantifiable indicators can be added to
describe the “health” state of the battery. These indicators become worse with the use of the battery, so we call
them indicators of battery deterioration. In my opinion, “battery degradation” should be included in the concept
of generalized SoH and should be included in the indictors used to describe gradual degradation of the battery
with use. It should be quantitatively described. See the next section for the question about which indicator is more
appropriate to describe the battery deterioration.

From Figure 12.2, the concept of SoH covers the concepts of battery failure and battery degradation, but the
above two concepts are easy to express mathematically, which provides good operability.

Capacity loss

Various faults Increase of internal
: resistance
Combined vector Decrease of power

density

Battery failure Battery degradation

State of health (SoH) of battery

Figure 12.2 Broader SoH covers two parts.
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12.1.3 Main Indicators to Describe Battery Degradation

Battery degradation is a gradual and complex process, but we still hope to find some quantifiable indicators to
describe the battery degradation. There are two principles for selecting such indicators. First, the indicators are
typical and can be used to reflect the degree of battery degradation. In other words, for the same type of battery A
and B, x, represents the degradation degree of battery A and xp represents the degradation degree of battery B. In
the case of x5 > xp, we can judge that the degradation of battery A is more serious than that of battery B. Second,
it is operable, that is, it can be obtained by a certain method without much cost (a lot of manpower, material
resources, time, etc.). For example, as mentioned earlier, it is not operable to define the degradation by the number
of remaining cycles of the battery.

Two indicators used to describe battery degradation

After a long period of experiment and analysis, the author believes that it is appropriate to use “capacity loss” and
“DC internal resistance spectrum” as typical indicators to evaluate battery degradation.

1. Capacity loss

As for SoH in a narrow sense, the “current capacity of a battery” is a widely used evaluation indicator and is rec-
ognized as the best indicator to reflect the external characteristics caused by battery degradation. In both IEEE
1188-2005 standard and United States Advanced Battery Consortium (USABC), the “battery capacity” is also
recommended as the parameter to measure battery degradation. In order to make a capacity loss indicator more
comparable, we define the capacity loss C,g as follows:

Closs = (1= C; / Crypeq) X 100% (12.4)

where C; represents the maximum capacity of the battery at a certain time ¢ and Ci,q represents the rated
capacity of the battery at delivery. Taking the percentage as the final unit will make this indicator more intuitive
and comparable.

In practice, there are three problems with the above definition.

First, as the current maximum capacity of the battery, C, has a certain correlation with temperature, so we may
define this capacity as the maximum charged capacity of the battery at 20°C.

Second, C; > Ciaeq Often occurs on new batteries. In this case, the calculated Cj, Will be negative. This is
acceptable since we believe that the greater the number of Cjy, the higher the battery degradation will be.
Therefore, a negative Cjss means a lower degree of battery degradation.

Third, in order to avoid a negative Cj.g,, the denominator of Equation (12.4) can also be set as the initial capacity
Cinitia1 Of the battery. For the high-power battery pack, the operability of such a definition is relatively poor since
the Crateq Of each battery from the same manufacturer and with same model is the same, but their Cjjn; is differ-
ent. If the denominator of Equation (12.4) is set as Cjyja1, this means that the capacity of each battery will be
measured once before use. This will reduce the Cj,q, comparability between the two batteries. (In this case, the
denominators in the Cjg of the two batteries are different.)

2. DC internal resistance spectrum

When the battery operates with load and without load, there is a difference in the voltage between the positive and
negative anodes, which shows the characteristic of internal resistance. The formation cause and numerical value
determination of internal resistance of the battery are relatively complex. It is difficult to obtain a definite value if
the specific condition is not given.

The internal resistance of the battery is mainly related to the temperature, the SoC of the battery, and the battery
degradation. A great number of studies have shown that the internal resistance can reflect the battery degradation
if a battery is discharged at a constant current under the first two conditions.
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As shown in Figure 12.3, the value of internal resistance can be determined by the following equation in prac-
tice if the direction of the discharge current is specified to be positive:

AU E4(S0C)—U,
I

r(SoC) = (12.5)

where I represents the operating current of the battery, EB represents the equilibrium potential of the battery,
which is the function of the SoC, and UL represents the operating voltage measured between both the positive and
negative anodes on the battery under load.

Figure 12.4 shows the curve of the relationship between the SoC and the charging and discharging internal
resistance of a battery under a specific temperature and degradation degree.

According to Chapter 6, the internal resistance of the battery will increase with battery degradation. The
equivalent internal resistance of the battery is an important parameter for external characteristics of the battery
degradation. Additionally, it is also very operable when evaluating the degradation by acquiring the internal resis-
tance. The internal resistance of the battery is mainly related to the temperature, SoC, and the battery degrada-
tion. The battery degradation can be reflected by the internal resistance of the battery under the condition that the
first two conditions remain unchanged. In Chapter 6, the degradation rule for the equivalent internal resistance
of the battery was analyzed in detail, so will not be repeated here.

Compared with the indicator of “capacity loss,” the internal resistance of the battery is related to the SoC. The
internal resistances under different SoC values are different. Moreover, according to Chapter 6, the degradation

Figure 12.3 Test the battery by the intermittent
discharge at constant current.
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Figure 12.4 Characteristic curves for charging and discharging resistance of a battery.
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rules for the internal resistance under different SoC values are also different. Taking the charging resistance in
Figure 6.22 as an example, the internal resistance in the range from 0.1 to 0.6 of the SoC, which is within the SoC
platform area, is relatively close to those in the early and middle stages of the battery life cycle, but the internal
resistance increases significantly in the later stage. Therefore, the “internal resistance value” should not be used
alone to evaluate during judgment and analysis of battery degradation. The curve of the “internal resistance spec-
trum” should be used to fully reflect the battery degradation. When the “internal resistance spectrum” indicator
is used in practice, it is available to check the tested “internal resistance spectrum” against the standard reference
database to judge whether the battery internal resistance is abnormal or not. Then, it is available to qualitatively
judge whether the battery is at the end of its life cycle. Based on the above analysis, the “internal resistance spec-
trum” is used as a qualitative indicator to measure battery degradation.

Inappropriate indicators to reflect battery degradation

When studying the degradation characteristics of batteries, the author also tried using some other indicators, but
found that they were not significant enough to describe the battery degradation. Although they are not appro-
priate to describe the battery degradation, two of them are now shared with readers.

1. AC impedance spectrum

In some of the literature, the AC impedance of the battery is considered to be possibly related to the battery deg-
radation [3]. A possible impedance spectrum is shown in Figure 12.5. However, the author thinks that it is not
suitable to characterize the battery degradation by AC impedance spectrum. There are three main reasons.

First, an AC internal resistance spectrum is unstable and very different for different batteries with the same type
under different temperatures and different SoC values.

Second, the shape of spectral lines is complex and it is very difficult to differentiate and analyze the parameters,
so the fuzzy logic algorithm is recommended.

Third, AC impedance is tested by using EIS equipment, which is difficult to operate. It is impossible for online
testing, so it is not very practical and is only suitable for laboratory research.

2. Electromotive force

At a constant temperature, the electromotive force (EMF) is in a fixed relationship with SoC, so SoC is often
predicted based on the EMF. Earlier researchers had found a drop in the platform voltage of both lead-acid and

Nyquist plot for different cells at 80% SoC at 25°C with no current DC ~ Figure 12.5 AC impedance of the battery. (Note:
four samples were tested at 25°C and the testing
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Li-ion batteries after using for a period of time, so they suspected —>»
that the EMF of the battery would decline with the battery degra- Eg — O+
r 1

dation [4]. However, for Li-ion batteries with such main compo- AL

nents as lithium iron phosphate, the EMF of the battery is only 1

related to the battery’s material, production process, charging

and discharging temperature, etc., and is irrelevant to the —l_

operating current and discharge depth. i
Therefore, the EMF of a battery is also not suitable for battery I1

degradation. T

Is the available peak power suitable for reflecting the
battery degradation?

o_

The available peak power refers to the maximum power provided by Figure 12.6 Equivalent circuit diagram used
the battery under specific conditions, which is equivalent to the to analyze the peak power of the battery.
maximum discharge (or charge) rate available to the battery. The
peak power will gradually decrease with the battery degradation. For example, a battery can discharge at the discharge
rate of 5 C at 20°C when the battery has just been delivered from the factory. However, it can only discharge at the
discharge rate of 3 C after a period of time due to the battery degradation. Therefore, this indicator can be used to
reflect battery degradation.
However, after careful analysis, we know that we can calculate the peak power of the battery by the “capacity
loss” and the “DC internal resistance spectrum” that we have known. This has been analyzed in Figure 12.6.
First, if the capacity loss of the battery is known, the exact SoC can be obtained. Second, knowing SoC, we can
know the equilibrium potential Ey of the battery at this time. In addition, the internal resistance value r of the
battery is obtained through the DC internal resistance spectrum. Third, we generally determine the maximum

discharge current available according to the lower limit Up™™ of the terminal voltage Uy, during discharge of
battery, i.e.
E _Umin
Iy = —2—L— (12.6)
¥

Based on the known I

max> the available peak power can be calculated as follows:

Pmax = (EB - Imax r)Imax (12-7)

Therefore, after taking into account “capacity loss” and “the DC internal resistance spectrum,” we do not have to
use “available peak power” as an indicator to reflect the battery degradation.

12.2 Modeling of Battery Degradation (Aging) and SoH Estimation

The data-driven method is used to analyze the complex relationship between the capacity loss and the DC
equivalent internal resistance of the battery through a machine learning model [5]. Then the capacity loss
can be predicted by DC equivalent internal resistance to evaluate the degree of battery degradation further.
In this section, the battery degradation model will be established by using the support vector mechanism to
build a reasonable training sample and optimize the algorithm based on the actual use condition. Finally,
the battery degradation model will be compared with the degradation model, which is based on the artificial
neural network.
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12.2.1 Support Vector Regression

The support vector regression was originally used to solve the classification problem [6]. If the training set
is {(xl, Yoo (X, yn)}, x; represents the N-dimensional input vector x; € R", y, represents the input y, € {1,71},
and the goal of classification is to find a partition hyperplane with the largest interval f(x), where f(x) will be
calculated according to the following equation:

fx)=w"x+b (12.8)

The interval refers to the sum of the distances between two heterogeneous support vectors and the hyperplane.
From Equation (12.8), the interval can be expressed by v =2/ |w/]| and the maximum value of the interval v can
be obtained as follows:

max(2/[w) (12.9)
w,b
2
In order to maximize the interval, it is necessary to minimize w1, so the formula (12.9) can be changed into

(1, e
— 12.10
min| ~w] ] (12.10)

The constraint condition is yi(wai +b)>1,wherei=1,2,...,n.
The Lagrangian multiplier method is used to add «; > 0 into each constraint in Equation (12.10), by which we
can solve the dual problem expressed by the Lagrangian function, as shown by

1 l
L(w,b,a) = 5||W||2 *Zizlai[J’i(WTerb)*l (12.11)

where a = (a;,q,,...,q,,)andl represents the number of support vectors. As the partial derivatives of w and b in
L(w,b,x) are assumed to be zero, we can solve the dual problem in Equation (12.10) by the obtained partial deriv-
atives and Equation (12.11), as shown by

.1 n n T n
min Ezizlzizlyiyjaiajx X — Zi—lai] (12.12)

The constraint condition is Z?:laiyi =0, where;, >0 andi=1,2,...,n.

Equation (12.13) shows the hyper-plane of the maximum interval finally obtained from Equation (12.12):
Fx)=wx+b=>3" oyx'x+b (12.13)

Generally, the support vector regression machines are only used to solve problems about binary classification.
If you want to solve the problem about multiple classifications, you need to improve the support vector regression
machines. Generally, there are two methods: (1) modify the objective function, obtain the parameters about the
multiple classifications, and combine them to solve the problem about multiple classifications for one time and
(2) combine more classifiers to form multiple classifiers.
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The capacity loss is obtained based on the DC equivalent internal resistance to further evaluate the degradation
of the power battery, which should be included in the regression problems. However, the support vector machines
can only be used for classification. Therefore, they need to be improved before they are used to solve the regres-
sion problems. The support vector regression machine is the algorithm for solving the regression problems using
an optimized support vector machine.

The purpose of support vector regression is to find a regression plane to achieve the shortest distance between
all data in the set and this plane. Since it is impossible to make all data on the regression plane, there will be a
distance between each data and the regression plane. In order to prevent over-fitting, a tolerance value ¢ can be
given for the distance between all data and the regression plane. If the distance between the data and the regres-
sion plane is within the tolerance value, the loss will be 0. If the distance between the data value y and the regres-
sion plane f{x) is outside the tolerance value ¢, the loss needs to be calculated. Therefore, according to Equation
(12.10), we can get

.1 -
min |l +C3 R ()~ ) (12.14)
: i=1

where C represents the penalty factor. The loss function &. is expressed by the following equation:

0, |¢|<e

2.(2)= |z|75, other

(12.15)

where z represents the distance between the data value y and the regression plane f(x).
Due to the possibility of a fitting error, the relaxing factor ¢ is introduced to obtain

1, o, " .
min — +C & 12.16
i, ol + €56 +6) (12.16)

The constraint conditions are shown as follows:

f(xi>_yi <e+§
yi*f<xi)§5+§i*
§>0,i=123,...,n
& >0,i=12.3,..,n

(12.17)

Calculation made by Lagrange multiplication is shown as follows:
L( w,b,oea*,f,f*,mu*)
= %"W"Z"‘CZ ( £i+€i*>_ Z & — Z ﬂi*gi*"‘z ai( f( xi)_ Yi—e— fz) (12.18)
i=1 i=1 i=1 i=1
+Za:(yi_f<xi>_€_£i*)
-1

where a; >0, a; >0,14; >0 and y; > 0 are Lagrangian multipliers and C represents the penalty factor. The greater
the penalty factor, the more serious the penalty becomes. As it goes to infinity, it becomes a linearly separable
problem.
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Take the partial derivative of Equation (12.18), set the partial derivative to be 0, and then substitute the solution
of the equation obtained after taking the partial derivative into Equation (12.18) to solve the dual problem of
support vector regression:

* * 1 " * *
max Z;yi(ai —a;)—¢e(a; +a;)— EZZ(ai —a;)a; - aj)xiij (12.19)
a,a i—1 =1
where
n *
Z(ai — ai) =0
= (12.20)

0<a,aq <C
The KKT condition is necessary for the equation

ai(f(xi>_Yi_5_fi):0
ai*(yi*f(xi)*fffi*):o
(C—ai)gi :0,(Cfaf)£i* =0 (12.21)

Finally, the obtained solution of the support vector regression machine is shown as follows:

fx)= zn:(ai* —a)x{x+b (12.22)

The above equation derivation process shows the mathematical principle of a support vector regression
machine.

For non-linear regression, the data can be mapped so that the data are linearly separable in the high-dimen-
sional feature space. However, the mapping from the input space to the high-dimensional feature space will cause
an explosive growth of the dimension, resulting in a large amount of computation. In order to avoid the heavy
computation, the kernel function K(x,x;) can be constructed to enable the inner product operation of the feature
space within the input space [7]. Then Equation (12.22) changes as follows:

f(x)= i(af —a;)K(x,x;)+Db (12.23)

i=1

The kernel function is used to avoid the calculation of the feature space and directly solve the problem in the input
space. Then it is not required to solve the non-linear mapping problem.
Two conditions are necessary for the kernel function K(x,x;).

1) It should be a symmetric function of positive real numbers.
2) The Mercer condition [ K(x, x,)g(x)g(x,)dxdx,, geL, is necessary.

The kernel function mainly includes the linear kernel functions, the polynomial kernel functions, the Gaussian
kernel functions, and the sigmoid kernel functions.
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1. Linear kernel function
K(x,x)=x-x; (12.24)

Equation (12.24) is a linear kernel function. It is the simplest kernel function and is mainly used in linear sepa-
rability. The dimension of the input space is the same as that of the feature space, i.e. it is not required to project
into the high-dimensional feature space.

2. Polynomial kernel function
K(x,x,) = ((x-x;)+1)* (12.25)

Equation (12.25) is a polynomial kernel function. It is a kind of non-standard kernel function and is suitable
for the data after orthogonal normalization. It is able to map the low-dimensional input space into the high-
dimensional feature space, but it has many parameters. If the order number of the function is relatively high, the
computation will become very complex.

3. Gaussian kernel function

Kty = el )

(12.26)
Equation (12.26) is a Gaussian kernel function. It is a kind of kernel function with strong locality, and is also able
to map the low-dimensional input space into the high-dimensional feature space. Its performance is better. It has
fewer parameters than the polynomial kernel function, so is widely used.

4. Sigmoid kernel function

K(x,x;)=tanh(e < xhx; > +0) (12.27)

Equation (12.27) is the sigmoid kernel function sourced from the neural network. It is s-shaped and is often used
as an “activation function.” A multilayer neural network is then achieved.

In machine learning, there is no mature criterion about how to select the kernel function. Some experiments and
studies show that the Gaussian kernel function has a better performance and is widely used, since the Gaussian kernel
function has a simple form, few parameters, and good smoothness, which can be used for most regression calcula-
tions. Therefore, the Gaussian kernel function is selected as the kernel function used in support of vector regression.

12.2.2 Battery Degradation Model Based on a Support Vector Regression Machine

In order to find an appropriate method for evaluating the battery degradation based on DC equivalent internal
resistance, it is required to first acquire the training data, i.e. some experiments need to be made in the early stage
in order to obtain experimental data.

The laboratory selected three LiFePO, battery samples, which were respectively numbered A001, A002, and
A003 and all were provided with a nominal capacity of 15 Ah. Before the experiment, a capacity evaluation was
made to measure their real capacity. Table 12.1 shows the nominal capacity and the actual capacity of A001, A002,
and A003. The capacity of the three battery samples is very consistent, so subsequent experiments can be made.
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Table 12.1 Sample battery capacity.

Battery No. A001 A002 A003

Nominal capacity (Ah)  15.00 15.00 15.00

Actual capacity (Ah) 14.84 15.06 14.85
Table 12.2 Capacity loss of sample batteries.

Battery No. A001 A002 A003

Capacity loss (%) 20.04 20.26 20.14

Next, an accelerated aging experiment will be made on the battery, i.e. the cyclic test will be made. In order to
keep the temperature constant during the experiment, an incubator is needed, where the temperature set is 40°C.
If the experimental temperature is set too low, the experiment duration will be greatly extended. If the experi-
mental temperature is set too high, the battery degradation speed will be too fast, which will then cause fewer
experimental data to be collected. Therefore, after full consideration, 40°C is selected as the experimental
temperature.

If the evaluation is required in the cyclic test, including capacity evaluation and DC equivalent internal resis-
tance evaluation, the incubator temperature should be set to 20°C during the evaluation. During a capacity eval-
uation, the cyclic test can be ended during the capacity evaluation if the measured capacity loss has reached 20%
or J,=0.

Table 12.2 shows the capacity loss of the three battery samples at the end of the cyclic test experiment.

Establishment of training samples

A cyclic test is made on the three battery samples A001, A002, and A003 until the capacity loss reaches 20% or
@r =0. The experimental data analysis shows that the three battery samples are effectively evaluated for 37 times,
41 times, and 39 times respectively. Figures 12.7, 12.8, 12.9, and 12.10 show the data of DC equivalent internal resis-
tance and capacity loss, which are obtained from the evaluation. In order to clearly show that the DC equivalent
internal resistance changes during degradation of the bat-
tery, a DC equivalent internal resistance line of a DC
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Figure 12.7 DC equivalent internal resistance
spectrum of AQO1.

equivalent internal resistance spectrum is drawn for every
five test evaluations. This can avoid lines that are too dense.

The DC equivalent internal resistance value corresponding
to the range of SoC less than 0.05 and greater than 0.90
should be avoided during selection of the DC equivalent
internal resistance value. Then the equivalent DC internal
resistance data and capacity loss data of A001 and A002 are
used as the training samples for the support vector regres-
sion and the experimental data of A003 is used as the predic-
tion samples to discuss the establishment and normalization
of the training samples (see Figures 12.7 to 12.12).

The prediction effect is closely related to the input of the
support vector regression model. If the input of the support
vector regression model is the effective data feature of the
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Figure 12.10 Capacity loss of A002.

Figure 12.11 DC equivalent internal resistance
spectrum of AOO3.

sample, then the prediction effect will be greatly improved. To discuss how to set up training samples to effectively
evaluate battery deterioration, seven schemes for obtaining the training samples are now given.

1) Scheme 1: In the DC equivalent internal resistance spectra of A001 and A002, select all DC equivalent internal
resistance data corresponding to SoC = 0.6 as the input of the model and use their capacity loss as the output
of the model, i.e. the training set is {(r().ﬁl »Capgs, )’(Vo,sz »Capggs, )» . »("0,6" ,Capyy )}

2) Scheme 2: In the DC equivalent internal resistance spectra of A001 and A002, select all DC equivalent internal
resistance data corresponding to SoC = 0.7 as the input of the model and use their capacity loss as the output

of the model, i.e. the training set is {(}’0_7l ;Capyy )’(7’0.72 ;Capyyg, ),. . .,(rmn ,Capyy, )} .
3) Scheme 3: In the DC equivalent internal resistance spectra of A001 and A002, select all DC equivalent internal
resistance data corresponding to SoC = 0.8 as the input of the model and use their capacity loss as the output

of the model, i.e. the training set is {(rol81 ;Capyg, ),(ro.gz ;Capyg ),. . .,(rolgn ,Capyy, )}
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20 [ Figure 12.12 Capacity loss of A0O3.
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4) Scheme 4: In the DC equivalent internal resistance spectra of AO01 and A002, select all DC equivalent internal
resistance data corresponding to SoC = 0.6 and 0.7 as the input of the model and use their capacity loss as the

output of the model, i.e. the training set is {(Rl,caplossl ),(RZ,Caploss2 ) . .,(Rn,Caplossn )} , where EI = (Fo6,70.7,)-
5) Scheme 5: In the DC equivalent internal resistance spectra of AO01 and A002, select all DC equivalent internal
resistance data corresponding to SoC = 0.6 and 0.8 as the input of the model and use their capacity loss as the
output of the model, i.e. the training set is {(Rpcaplossl )s(RZ,Caplossz ),- . -’(Rn’caploss" )}, where EI = (K6 -1ps )-
6) Scheme 6: In the DC equivalent internal resistance spectra of A001 and A002, select all DC equivalent internal
resistance data corresponding to SoC = 0.7 and 0.8 as the input of the model and use their capacity loss as the

output of the model, i.e. the training set is {(Rl,Caplossl ),(Rz,caplmsz ),- . -,(R,,,Caplossn )}, where E; =(Fy75T08,)-

7) Scheme 7: In the DC equivalent internal resistance spectra of AO01 and A002, select all DC equivalent internal
resistance data corresponding to SoC = 0.6, 0.7 and 0.8 as the input of the model, use their capacity loss as the

output of the model, i.e. the training set is {(E,Caplm ),(fg,caplm ),_..,(ﬁ;,caploss )}, where E:

("0.6( »To.7,510s, )

Before training the support vector regression model, we need to normalize the training samples and select the
model parameters.

Normalization of training samples and selection of model parameters

The data normalization is mainly based on two considerations. First, the input of training samples is usually not
one-dimensional. It may be multidimensional. The evaluation indicators of these different dimensions may have
different dimensions and dimensional units. In order to make the indicators comparable, normalization is
required to make the normalized indicators in the same order of magnitude. Then the comprehensively compar-
ative evaluation can be made. Second, after normalization, it is possible to speed up solving the optimal solution
of the gradient descent.

There are two common normalization methods. One is standard normalization, as shown in the following
equation:
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(12.28)

where x represents the data to be normalized, y represents the data after normalization, ;1 represents the average
value of the sample data, and o represents the mean variance of the sample data. This normalization is mainly
suitable for normally distributed samples.
Another method is the normalization of linear functions, as shown in the following equation:
X—x

y= min (12.29)

Xmax — Xmin

where x represents the data to be normalized, y represents the data after normalization, X,,,,, represents the
maximum value in the training data, and X,,;;, represents the minimum value in the training data. After such nor-
malization, the data can be normalized to the range of [0, 1] and the data can also be normalized to the range of
[-1, 1] by modifying Equation (12.29).

In this experiment, the following equation will be used to normalize the training data within the range of [-1, 1]:

X—X,
Y= max = Ymin) ¥ x—””" + Vmin (12.30)

max — Xmin

where y,,4 represents 1 and y,,;, represents -1.

After data pre-processing, the parameters of the support vector regression model should be determined. In this
experiment, the method of 50% cross-validation is used to select the parameters.

In the method of 50% cross-validation, first divide the training data into five groups, develop a model by taking
turns to use any four groups as a training set, and then use the remaining set of data as a validation set to test the
model obtained after training. In this way, the five trained models are finally obtained and the accuracy of the
model is measured by calculating the average accuracy of the five trained models.

The e-SVR model is selected as the training model. From the above, the Gaussian kernel function is used as the
kernel function. The loss function p of the e-SVR model is set to 0.01. The optimal values of both the remaining
penalty factor C and gamma in the Gaussian kernel function are selected by the method of 50% cross-validation.

The model is trained after normalizing the sample data and determining the model parameters.

Model training

The seven training sample schemes mentioned in Section 12.2.2 are processed by data normalization respectively
and are then input into the support vector regression model for training. The DC equivalent internal resistance
and capacity loss data of A003 are used as the prediction data of the model. The influence of the input dimension
of the model on the prediction effect is researched, based on the comparison and analysis between the original
measurement data of A003 and the predicted one.

The algorithm is optimized to meet the requirements of actual use. First, when the battery is used for the first
time, an online evaluation of battery degradation should be made to initialize Cap,, to be 0, which can avoid a
negative Capy,,. Second, contrast Capy,, and Capy,,, ~while predicting Capy,,, for i(i=2,3,4,...). If Capy,, is
less than Capy,, , then Capy,, = Cap,, , which will avoid the user’s confusion about why the capacity loss
decreases with the use of the battery. Users easily get confused during frequent degradation evaluation of
batteries.

The evaluation results for the seven training sample schemes are shown in Figure 12.13. According to Figure
12.13, the prediction effect is the best in Figure 12.13(d) and (g), while the prediction results obtained by other
schemes mostly show an equal capacity loss, as shown in Figure 12.13(a), (c), and (e), or the predicted results are
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Figure 12.13 Degradation evaluation effect.
Table 12.3 Influence of different input dimensions on the prediction results.
Scheme name 1/I 2/1 3/11 4/IV 5/V 6/Vl 7NV
Error type
The maximum error 3.969 3.695 3421 1.790 3.318 4.497 1.691
Standard error 1.758 1.562 1.190 0.773 1.105 1.986 0.595

significantly different from the actual measurement results, as shown in Figure 12.13(b) and (f). See Table 12.3 for
an analysis of the influence of different input dimensions on the prediction results through the maximum error
and standard error RMSE.

The error analysis in Table 12.3 shows that, in general, the prediction effect based on the model input of two
dimensions is better than that based on the model input of one dimension, and the prediction effect based on the
model input of three dimensions is better than that based on the model input of two dimensions. Additionally, we
found that the prediction effect of scheme 7 is better than that of scheme 4, but the prediction effect of scheme 7
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Figure 12.13 Continued

is not much better than that of scheme 4. Therefore, the sample of three dimensions is enough for the model
input. In this experiment, the DC equivalent internal resistance data corresponding to SoC = 0.6, SoC = 0.7, and
SoC = 0.8 in A001 and A002 samples are selected as the training model to input. In the obtained prediction effect
of sample A003, the maximum error is 1.691% and the standard error is 0.595%.

In addition, with respect to the support vector regression model, the training sample and the prediction sample are
rebuilt to test the feasibility of evaluating the capacity loss by using the DC equivalent internal resistance.

1) Scheme a: The sample data of A002 and A003 are used for the training model and the sample data of A001 are
used as the prediction data.

2) Scheme b: The sample data of A001 and A003 are used for the training model and the sample data of A002 are
used as the prediction data.

After rebuilding the training samples of the support vector regression model, their predicted results are shown
in Figures 12.14 and 12.15.

Figures 12.14 and 12.15 show that the prediction effect is relatively ideal by training the model through the sam-
ples of schemes a and b. See Table 12.4 for the error analysis of the prediction results based on these two schemes.
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Figure 12.14 Effect of degradation evaluation in scheme a. Figure 12.15 Effect of degradation evaluation in scheme b.

Table 12.4 Error analysis of the prediction results.

Scheme name a b
Error type
The maximum error 1.887 2.143
Standard error RMSE (%) 0.909 1.122

These experimental results show that the predicted results are all relatively accurate through the alternating
tests of the three battery groups, A001, A002, and A003. The maximum error in the estimation of capacity loss is
not more than 2.500%. This also proves that it is feasible to estimate the capacity loss according to the support
vector regression model and the DC equivalent internal resistance.

After the capacity loss is obtained through the DC equivalent internal resistance, the degradation degree of the
battery can be estimated according to the DC equivalent internal resistance and the capacity loss. If Cap,,,, > 20%
or I, =0, the battery can be replaced.

12.2.3 Steps and Procedures for Evaluating Battery Degradation

The sample selection and analysis and the model parameter selection have been described above. A battery deg-
radation evaluation model based on DC equivalent internal resistance is built through the training of sample data.
Sample data should be collected before the samples are processed.

In order to obtain the sample data of the degradation model, the battery first needs to undergo a cyclic test. The
capacity loss data and DC equivalent internal resistance data in different use stages are then obtained by means
of a capacity evaluation and a DC equivalent internal resistance evaluation. If you find that the capacity loss is
more than 20% or @ = 0, you can stop collecting the battery degradation data. It is possible to process the acquired
data after stopping the data collection.

From the above section, we know that the prediction effect is best when three-dimensional input is used for the

support vector regression model. The specific steps for modeling by using the support vector regression algorithm
are as follows:
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1) Determine the training set of the model as {(RT,Cap,OSS] ),(R?,Cap,ms2 ),. . .,(E,Capmn )}, where R, = (o6 :7.7,5Tos,)

represents the three-dimensional input vector of the model. Vector EI = (Iy6,-To.7,To s, ) Means that the evalua-
tion has been made based on the DC equivalent internal resistance. The SoC represents the DC equivalent
resistance points corresponding to 0.7 and 0.8 respectively. Cap,,, represents the output of the model, which
is the capacity loss value obtained by the evaluation made based on the DC equivalent internal resistance for i
time.

2) The input and output of the sample set are normalized in order to make the input and the output within the
range of [-1, 1].

3) Obtain the optimal hyper-parameter of the model by 50% cross-validation and determine the loss function of
the model.

4) Process the training set by the Gaussian kernel function so that the support vector regression machine can
optimize the non-linear regression [8].

5) Train the degradation relation model of the DC equivalent internal resistance and capacity loss according to
the normalized training set and the support vector algorithm with a set parameter, and store the model.

6) Determine the model testing set, the form of which is the same as that of the training set shown in step 1.

7) Verify the accuracy of the established model by the prediction set.

When the prediction set is used to verify the degradation relation model, the predicted capacity loss value will
be obtained. The degradation is evaluated by combining the DC equivalent internal resistance value obtained
from the battery in different use stages with the corresponding predicted capacity loss value. The specific flow
chart is shown in Figure 12.16.

< Use DC equivalent
Cycle test N internal resistance Save model
data and capacity

loss data as the
sample set data

Total charged N Estimate the capacity
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? . .
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internal resistance optimal model egree according to
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Figure 12.16 Degradation evaluation method for a Li-ion battery based on a support vector machine.
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12.3 Battery Degradation Diagnosis for EVs

12.3.1 Offline Degradation Diagnosis of the Power Battery

The most direct diagnosis method for the battery of the electric vehicle means that the diagnostic evaluation is
completed for each battery by relevant equipment (e.g. a battery tester) and corresponding test design. Because
this test can isolate all instabilities resulting from vehicle operation in an online diagnosis, such as the hysteretic
voltage effect, rebound voltage effect, or electromagnetic interference of various devices and temperature effects
in the process of vehicle operation, the degradation diagnosis can be more directly and more accurately per-
formed. The off-line degradation diagnosis method is shown in Figure 12.17.

During the offline degradation diagnosis, the EV battery pack is connected to the hardware platform, and the
diagnostic evaluation is performed for the battery pack through the hardware platform, including capacity evalu-
ation, charging resistance, and discharge resistance testing. The obtained battery data are stored in the
corresponding historical database and then the evaluation data are processed. The data processing results are
compared with the corresponding indicators of the reference database. After further analysis, the diagnosis
conclusion is fed back to the user, who decides which corresponding battery maintenance strategy to use; for
example, if the diagnosis result shows that the capacity of some cells in the battery pack is too low, a battery
replacement should be considered. The reference database is a database established after a large number of tests
have been carried out on the battery. These tests cover a variety of battery conditions and provide a reference
value for the battery performance diagnosis index under each condition.

Two degradation diagnosis indexes are analyzed, mainly during testing data processing.

Offline analysis of the “capacity loss”

The data processing and analysis process of the “capacity loss” indexes are shown in Figure 12.18, including such
steps as generating capacity evaluation records, drawing a capacity-accumulated Ah curve and capacity loss-
accumulated Ah curve, and comparing the diagnosed “capacity loss” index with relevant standards.

The battery number, the evaluation times, the accumulated Ah, the evaluation capacity, the capacity loss, the
evaluation date, and other information are recorded in the capacity evaluation record sheet.

The capacity loss-accumulated Ah curve can be drawn according to the capacity evaluation record table, as
shown in Figure 12.19. As shown in the figure, the battery capacity loss curve is obtained for the battery with a 20
Ah rated capacity after six capacity evaluations. The capacity loss obtained by each capacity evaluation is drawn
in order to observe the degradation trend of the battery.

The “capacity loss” index is analyzed as follows. According to the data processing results, the current capacity
loss Cjg Of the battery is calculated by Equation (12.4) and the calculated C) is compared with the “Cj threshold

Battery degradation
cycle test

Offline diagnostic test

Historical Reference
database of
battery database

A
L 4 v

Data processing,
comparison and
analysis

User
interaction

Figure 12.17 Block diagram of the offline degradation diagnosis method.



a.” If the Cjys is more than a, this means that the capacity
loss exceeds the pre-warning value and the battery capacity
therefore cannot meet the operation requirement of the
electric vehicle. Conversely, the capacity loss is within the
pre-warning value and the battery capacity meets the oper-
ation requirement. According to the professional standard
of China QC/T 743-2006, the battery capacity failure
condition is “the battery capacity is less than 80% of the
rated capacity.” According to the definition of C.g, it can be
deduced reversely that a is 20, that is, when Cj. is greater
than 20%, the battery capacity failure occurs.

Offline analysis of the “internal resistance
spectrum” index

The data processing and analysis process of the “internal resis-
tance spectrum” index is shown in Figure 12.20. The charge
and discharge internal resistance curves can be obtained after
each charge and discharge internal resistance test. These
internal resistance curves can be formed into the charge and
discharge “internal resistance spectrum” of the battery. The
larger the test number, the more the discharged accumulated
Ah is and the more serious the battery aging will be.

The “internal resistance spectrum” is analyzed as follows:
the current charge and discharge resistance curve of the bat-
tery are obtained according to the data processing results
and several points are selected from 20-80% SoC. For
example, an internal resistance point is selected every 10%
SoC and the internal resistance deviation coefficient y is cal-
culated at these points, the definition of which is as follows:

Rtest (SOC) — Rdatabase (SOC)
Rdatabase (SOC)

~ =max x100% (12.31)
where Ry (SoC) is the internal resistance of the internal
resistance point selected from the tested internal resistance
curve and R j,qpase (SOC) is the empirical value of the internal
resistance provided by the reference database.

The empirical value selection method is now detailed. First, compare y with the internal resistance pre-warning
threshold 8, and when y is greater than f§, this indicates that the current internal resistance of the battery is
abnormal. Conversely, the internal resistance of the battery is normal. The internal resistance pre-warning

12.3 Battery Degradation Diagnosis for EVs

Capacity
evaluation test

v

Capacity
evaluation test
data

v

Capacity
evaluation record
sheet

v

Capacity-
accumulated Ah
curve

{

Capacityloss-
accumulated Ah
curve

No

Lower

v

Generate capacity diagnosis
conclusion and select
maintenance strategies

Figure 12.18 Data processing and analysis process

of “capacity loss” indexes.

threshold g is the empirical value selected from the battery reference database.

The whole battery life cycle is divided into three stages: an earlier stage, a medium stage, and a later stage. In the
platform area (about 20-80% of SoC), the internal resistance of the battery is very close in the earlier and medium
stages, but rapidly rises in the later stage. In the historical data of the battery, the empirical value of the internal
resistance of the battery during earlier and medium stages is expressed by Rjasapase (SOC), which is calculated by

N
ZRi(Soc)
Rdatabase (SOC) = PlT

(12.32)
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where R; (SoC) is the interact resistance at an SoC in the internal resistance platform area during evaluation for
the i time stored in the historical database and N is the total evaluation times during earlier and medium stages.
The internal resistance pre-warning threshold § is calculated by the following equation:

M
Z R;(SoC)
% - Rdatabase (SOC)
B= x 100% (12.33)
Rdatabase (SOC)

where M is the total evaluation times during the whole battery life cycle stored in the historical database and R;
(SoC) and Rj4¢qpase (SOC) have the same definition as in Equations (12.32 and 12.33).

Finally, the off-line diagnosis conclusion of the battery can be obtained by the results of the capacity loss anal-
ysis and the internal resistance spectrum analysis. The diagnosis conclusion is fed back to the user, who will
decide which battery maintenance strategy is used.

12.3.2 Online Degradation Diagnosis of the Power Battery

Compared with the offline diagnosis method, the online diagnosis method is performed during the use of an
electric vehicle and the test time for the degradation diagnosis is saved. During the online diagnosis, additional
test equipment is not required and the degradation diagnosis can be completed only by the battery management
system installed in the electric vehicle.

Degradation diagnosis based on rebound voltage

The following hardware are required for the online diagnosis: current sensor, voltage sensor, and data storage
unit. The function of each hardware is shown in Figure 12.21.

Generally, the battery management system is installed in the electric vehicle. Since the battery management
system is equipped with the above hardware functions, in practice additional hardware is not required during
online diagnosis. The current sensor can measure the current of the battery in real time and store the current
value in the data storage unit. The voltage sensor can measure the voltage value of each cell in real time and store
the voltage value in the data storage unit. The historical data of each cell in the battery pack collected by the
current sensor and the voltage sensor are stored in the data storage unit. When the online diagnosis time is trig-
gered, the corresponding battery data can be called through the data storage unit for diagnosis and analysis.

This section details the basic principles of online diagnosis by the flow shown in Figure 12.22, including, first,
the mathematical expression of the internal impedance module of the battery model; second, the equilibrium
potential prediction; third, determination of the diagnostic time; and fourth, an online estimation of the “capacity
loss” and “internal resistance spectrum.”

Figure 12.21 Online diagnosis hardware and

their functions. Online diagnosis
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Figure 12.22 Whole online diagnosis flow.

1. Mathematical expression of the internal imped-
ance module of a battery model

The equivalent resistance and voltage rebound of the
battery are the over-potential characteristics of the bat-
tery. The voltage rebound curve is shown in Figure 12.23.
In order to describe this characteristic, the third-order
RC network model described in Section 7.4 is used as
the circuit model of the battery. The internal impedance
module of the battery model is shown in Figure 7.13 and
the mathematical expression is shown in Equation (7.6).

2. Equilibrium potential prediction

According to the battery characteristics study provided in
Chapter 6, the equilibrium potential refers to the steady-
state potential of the battery after charging or discharg-
ing. The equilibrium potential is equal to the voltage after
enough voltage rebounding time during idling without
charging or discharging. This voltage value is expressed as
OCV; in Equation (7.6).

In order to obtain the equilibrium potential, the mea-
sured voltage rebound data can be fitted by Equation (7.6)
to solve the parameter values in the equation, in order to

predict the equilibrium potential through the limited voltage rebound data. As shown in Figure 12.24, the section
OA of the curve shows the voltage data of the battery measured ¢, seconds before the voltage rebound. The
rebound data after t, (the AB section of the curve) can be predicted by fitting these measured data and Equation
(7.6) to obtain the equilibrium potential (the voltage at the point B) of the battery.

3. Termination of diagnosis time

The above equilibrium potential prediction method is based on the measured voltage rebound data. The volume of
the measured data undoubtedly affects the prediction accuracy. When the measured voltage rebound data are large
enough, the actual voltage rebound time is long enough and the voltage is very close to the equilibrium potential.
The more accurate equilibrium potential prediction is achieved by the equilibrium potential prediction method,
described in this chapter according to a small number of voltage rebound data.
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Figure 12.23 Voltage rebound curve.
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Figure 12.24 Schematic diagram of an equilibrium potential prediction.

In order to investigate thoroughly the data volume required for the above prediction method and the impact of
different data volumes on the prediction accuracy, according to the battery charge and discharge resistance test
procedure designed in Chapter 6, the batteries of two different brands are selected and respectively tested at differ-
ent temperatures. The voltage rebound data during different SoCs is collected at a collection frequency of 1s/ time.
Tables 12.5 and 12.6 list some prediction results obtained by the above equilibrium potential prediction method.

Tables 12.5 and 12.6 show the equilibrium potential results predicated by the voltage rebound data of the first
30 s and first 60 s. The maximum prediction deviation is 7 mV when the data volume is 30 s and less than 3 mV
when the data volume is 60 s. The voltage rebound data of the above two batteries were collected in the laboratory,
so the working environment of the batteries was relatively stable with little interference. If data collection is car-
ried out in the electric vehicle, the working environment of the battery is relatively harsh. Therefore, in order to
ensure prediction accuracy, when the battery management system is used to collect voltage rebound data in the
electric vehicle, the data volume should be at least greater than 60 s.

In conclusion, when the battery is idle for more than 60 s without charge and discharge, a more accurate
equilibrium potential prediction can be achieved using the above equilibrium potential prediction method.
According to the actual operation condition of the electric vehicle, the diagnosis time may be deemed as the time

Table 12.5 Equilibrium potential prediction result of a brand A battery under

different SoCs at 20 °C.
Data volume for Measured
SoC (%) fitting (s) Predicted value (mV) value (mV)  Error (mV)
75.62 30 3343 3338 5
60 3341 3338 3
54.14 30 3309 3303 6
60 3305 3303 2
36.07 30 3292 3297 -5
60 3300 3297 3
19.60 30 3268 3261 7

60 3258 3261 -3
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Table 12.6 Equilibrium potential prediction result of a brand B battery under
different SoCs at 40 °C.

Data volume for  Predicted Measured
SoC (%) fitting (s) value (mV) value (mV) Error (mV)
80.73 30 3326 3333 -7
60 3334 3333 1
61.45 30 3293 3297 -4
60 3298 3297 1
42.18 30 3299 3294 5
60 3294 3294 0
22.90 30 3235 3238 -3
60 3239 3238 1

when the battery is idle for more than 60 s without charge and discharge. The diagnosis time may appear during
waiting for a traffic light, picking up passengers, or is provided by setting a charge timer on the charger when
charging the EV battery, which has no major impact on the charging time of the electric vehicle and does not cause
damage to the battery. After the battery pack is changed from the charging state or the discharging state to the idle
state, the weak current components, such as the air conditioner, display panel, etc., are still operating, while the
battery pack still supplies about 2 A of current. The important symbol of this process is the rapid reduction of the
current of the battery pack from a larger value to a very small value; for example, reduction of the current from
dozens of amperes upon normal driving to about 2 A upon idling. In practical applications, the BMS of the electric
vehicle records the current value of the battery pack at every moment in the process of driving. When it detects that
the symbol appears and lasts for more than 60 seconds, the BMS determines that it is the online diagnosis time.

4. “Capacity loss” index and “internal resistance spectrum” online estimation

The online diagnosis can be performed for the “capacity loss” index and “internal resistance spectrum,” and their
online diagnosis principle is detailed hereafter according to the above equilibrium potential prediction method
and the diagnosis time respectively.

(a) Online analysis of the “capacity loss” index
In the EV battery pack, all cells are connected in series, and the same current flows through each cell at any
moment. Therefore, the capacity change AQ of all cells is equal. The battery capacity of any cell can be calculated
by the following equation according to the SoC change corresponding to the capacity change AQ:

o 129
|ASOC|

(12.34)

where C is the battery capacity, AQ is the capacity change during the At time period, and the ASoC is the remain-
ing capacity change during the At time period. In Equation (12.34),

AQ= f Idt (12.35)

1

where [ is the discharge current and dt = ¢, - t;.

As shown in Figures 12.25 and 12.26, for the lithium iron phosphate battery, the equilibrium potential has a
one-to-one correspondence with the SoC at a certain temperature. This characteristic exists in both the charging
and discharging processes of the battery.
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If two diagnosis times (t;, t,) appear during operation of the electric vehicle, the voltage rebound data collected
during two diagnosis times is fitted by the equilibrium potential prediction method to obtain the equilibrium poten-
tial of the battery. The corresponding SoC; and SoC, are estimated according to the equilibrium potential-SoC curve
to calculate the ASoC corresponding to AQ and then the current battery capacity. The current “capacity loss” index
can be calculated according to the calculated current battery capacity by the capacity loss of Equation (12.4).

(b) Online analysis of the “internal resistance spectrum”

The internal resistance is calculated by

12.36
T T (12.36)

where r is the internal resistance, Ej is the equilibrium potential, U, is the voltage at positive and negative elec-
trodes after loading the battery, and I is the load current.
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According to the over-potential characteristic of the battery, when the battery is changed from the operating
state to the idle state (without charge and discharge), the battery voltage can rebound until the voltage is stabilized
to the EMF of the battery. The rebound voltage is the AU in Equation (12.36) and the operating current before the
rebound is the I in Equation (12.36).

If the above diagnosis time occurs during the operation of the electric vehicle, the collected voltage rebound
data are fit through the equilibrium potential prediction method to obtain the equilibrium potential Eg and the
corresponding SoC value of the battery. The equivalent internal resistance r is calculated by the load voltage (Uy)
(the battery voltage at the moment before the battery enters the idle state) and the load current (the operating
current of the battery at the moment before the battery enters the idle state). In case of multiple diagnosis times,
the internal resistance of the battery can be calculated during different SoCs, and the “internal resistance spec-
trum” index of the battery’s internal resistance deviation coefficient y can be calculated by Equation (12.10) and
the reference database of the offline diagnosis method.

So far, the online estimation can be completed for the online diagnosed “capacity loss” and “internal resistance
spectrum” indexes in the equilibrium potential prediction method and according to the online diagnosis time and
the reference database. Finally, the online battery degradation diagnosis is concluded according to the evaluation
criteria for the offline diagnosis method, described in the above section, which are not repeated in this section.

5. Data-driven degradation diagnosis

In addition to the online degradation diagnosis based on the rebound voltage detailed in the previous section, the data-
driven degradation diagnosis is available. This section details the online battery degradation diagnosis that is per-
formed by the support vector machine based on the equivalent internal resistance prediction. For the LiFePO, battery,
the capacity loss is generally accompanied by an increase in the internal resistance in the degradation process, that is,
there is a certain relationship between the capacity loss and the increase in the internal resistance, as shown by

Closs = f(l_é) (1237)

However, it is impossible to explicitly express the relationship between the capacity loss and the increase of
internal resistance using this expression. For this, machine learning is required to look for the rule from experi-
mental data. Their relationship is concluded and analyzed by the support vector regression in this section.
Compared with other algorithms, the support vector regression is specially used to solve machine learning in the

case of limited samples, and has advantages,

Capacity Loss such as the solution of a high-dimensional
35 ' ' ' ' problem, lower computation complexity, low

30t i generalization error, easy understanding, etc.
In this experiment, according to the data
25+ ] provided in Section 6.2, six 15 Ah lithium iron
X phosphate batteries are selected for test and veri-
P 201 | fication, among which three batteries were test
2 15t ] samples at 40 °C and the other three from 20°C, to
© evaluate the prediction effect of the proposed
10¢ ] method under different conditions. The capacity
| | and internal resistance rules of the battery have
> been detailed in Section 6.2 and are not repeated
0 : : : : : in this section. To facilitate modeling and anal-

0 10 20 30 40 50 60

ysis, the original relative capacity C,/C, is
changed to the relative capacity loss C,,,,, shown
Figure 12.27 Relative capacity loss growth curve of a battery. in Figure 12.27, and C;,,, =1—-C,, / C,,.

Evaluation Frequency/ Times
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At each temperature, two batteries are selected as training samples for the support vector regression model and
one battery is used as a prediction sample. First, the experimental data at 40 °C are used to verify the feasibility of
establishing the relationship between the capacity loss and the equivalent internal resistance by the support
vector regression, and the experimental data at 20°C are used to verify the expandability of the model with
temperature.

The resistance values corresponding to 0.6, 0.7, and 0.8 SoC are selected from each internal resistance curve and
are denoted as R;,, Ry, and R3,. The capacity loss corresponding to the evaluation is selected from Figure 12.27,
Riu Roy, and R3, are used as the input of the training model, and Cj is used as the corresponding output to
obtain the regression result and the prediction result, as shown in Figure 12.28.

For the online-used power battery, the battery degradation estimation error may be caused by the measurement

error of the sensor. If the voltage measurement error of the sensor is =5 mV and the current measurement error
is £20 mA, then

U;)cvcn = Uocvcn + eln (1238)
U;:n = Ucn + € (1239)
Ivcn = Icn + e3n (12.40)
Upeyen — U,
Ricp = M] (12.41)
Ic
I;‘n X tcn
=T 12.42
% =360 (12.42)

where U'yeen (n =1, 2, 3,...) is the charge open-circuit voltage measured every time, e;, is the measurement error,
U., (n=1,2,3,..) is the charge operating voltage measured every time, I, is the current measured every time,
and e3,, is the measurement error. After the data with the measurement error is trained, the prediction results are
obtained as shown in Figure 12.29.
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Figure 12.28 Regression result and prediction result.
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The original data are compared with the prediction results to perform the error analysis as shown in Figure
12.30, where the absolute value of the maximum error percentage is not more than 4%.

The temperature is the most important factor affecting battery degradation. The battery experimental data
used for training and prediction are obtained at an experimental temperature of 40 °C. In order to study the
extensibility of the temperature during the prediction of battery degradation by the support vector regression,
the battery data obtained at the experimental temperature of 20 °C are here used as the training sample and
the prediction sample respectively in order to obtain the training result and the prediction result, as shown in
Figure 12.31.

Through data processing, the maximum error is 0.0113 and the RMSE is 0.0041 in regression training and the
maximum error is 0.0113 and the RMSE is 0.0044 in the prediction, that is, the relative error and RMSE are small,
indicating that the method is also accurate in predicting the degradation degree of the battery at 20 °C.

Therefore, the support vector regression model can predict the degradation degree of the battery by the internal
resistance data of the battery at different temperatures and has good expansibility.
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Figure 12.31 Training result and prediction result.
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The battery degradation can be predicted online by the equivalent internal resistance, so that users can timely
know the state of the EV battery, in order to decide whether to replace the battery, ensuring the traveled distance
of electric vehicles and improving safety.
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Communication Interface for BMS

BMS performs internal communication between its master and slave modules and external communication with
other system devices like the charge controller, power controller, energy management system, etc. Both commu-
nications, internal and external, require a high speed and robust data transfer. Interfaces and protocols should be
compatible to accommodate multidevice communications. In addition, interfaces should have bidirectional capa-
bilities and buffer capacity.

An overview of the BMS system in Figure 13.1 describes a master-slave BMS configuration. The master is a
central control of BMS that communicates internally with cell/pack level hardware and externally with high
level hardware like a laptop or other controllers. Each slave is attached to a battery pack and transfers the
essential pack information to the master. The pack essential information consists of the pack and cell voltages,
temperatures, pack current, SoC, SoH, and other information related to safety and control. The master BMS is
responsible for processing the received information and then communicates with external devices for charge and
safety controls [1]. In Figure 13.1, slaves talk to the master with a serial protocol RS-485 (Modbus) and the master
connects with other external devices through protocols RS-485 and CAN. A few common protocols used for data
exchange between the BMS master and slave are the Controller Area Network (CAN)/FlexRay, Modbus, etc.

PC MASTER

AN
N4
CONTACTOR | SYSTEM

et
_
FUSE

Figure 13.1 BMS system architecture overview. Credit: REC.

Battery Management System and its Applications, First Edition. Xiaojun Tan, Andrea Vezzini, Yuqian Fan, Neeta Khare, You Xu,
and Liangliang Wei.
© 2023 China Machine Press. All rights reserved. Published 2023 by John Wiley & Sons Singapore Pte. Ltd.

291



292

13 Communication Interface for BMS

The communication through sensors is another inter-system communication that any BMS must have. Sensor com-
munication is by an analog/digital I/O or pulse width modulation signals. Most importantly, the communication with
sensors needs isolation between the high voltage of the pack and the low voltage of communication signals.

Compared with other systems, the external communication between various controllers is simpler. It uses serial
communication, DC bus-serial communication over a power line, and wireless communication. The scope of this
chapter is limited to the wired communication.

With the advancement of the technology, every battery-powered system requires communications between
BMS and other system devices. The communication between BMS and external devices optimizes power usage of
the system and improves battery performance. Such battery systems are often called intelligent batteries. The
communication may simply be a data link used for performance monitoring, data logging, diagnostics, setting
system parameters, or system control signals. The communication protocol selection is based on the application
where it has been used rather than on battery technology.

Figure 13.2 is an example of communication between BMS and an external power inverter and depicts an
intermediate power control software (PCS) interfacing layer to facilitate communication between BMS and a
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Figure 13.2 Communication between BMS and PCS.
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power inverter. PCS can be hosted in the external system or it can be a part of an inverter controller. In the
example, the BMS interface is divided into the following four sections:

a) The GUI interface that BMS receives from a power inverter. This information is not necessarily available to
BMS. However, it is helpful to monitor the power controller through BMS when the system is connected to a
less intelligent power controller.

b) Battery/pack information that BMS supplies to PCS to control charging and discharging modes.

c) Safety limits or safety alarm conditions that BMS shares with PCS to initiate errors, warnings, and shut-
down.

d) Performance indicators that BMS supplies to PCS are optional information from BMS to alert the system and
to generate pre-warning conditions.

Communication protocols used in Figure 13.2 are TCP/IP between high-level controllers and Modbus from PCS
to the inverter hardware.

Ideally, a communications protocol includes a method of addressing the devices connected to the bus, data
word format or the message, a priority setting, transmission sequence of the bits, control signals, error detec-
tion, handling or correction, and transmission speed. In addition, the BMS system designer should follow some
basic limitations for safety concerns when setting up the internal and external BMS communications. The bat-
tery pack generally offers a high DC voltage. Special care must be taken to guarantee the separation of the high
voltage (HV) present in the battery system from the low voltage (LV) of the communication channels to ensure
the safety of the user and the system. In the battery pack, cells are connected in series. The voltage shift between
series-connected cells is huge. The ground signal at the first cell may be much higher than the last cell ground
signal. Apart from software protocols to achieve isolation, there are other hardware solutions, such as

e Isolated serial communications,
e Optical isolation,
e Wireless serial communications.

In addition, the BMS design should include onboard diagnostics of the communication channels to ensure the
reliable data transfer between the controllers and the BMS modules [2].

13.1 BMS Communication Bus and Protocols

There are specific and general-purpose communication buses and protocols often used for internal and external
communication in the BMS system.
The most commonly used BMS communication buses and the protocols are given in the following list:

Communication Bus

SMBus

Control Area Network (CAN) Vehicle Bus

Ethernet

Fibre Channel (high speed, for connecting computers to mass storage devices)
I’c

RS-232

RS-423

RS-485

SPI
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o Universal Serial Bus (moderate speed, for connecting peripherals to computers)
e EnergyBus

Communication Protocols

e Modbus
o CANopen

13.1.1 System Management Bus (SMBus)

The SMBus is a joint contribution from Intel and Duracell. The bus is designed to set up a communication bet-
ween low-power smart battery systems (SBSs) and the battery chargers [3]. The smart battery provides information
about battery specification, current conditions, and its usage history. The charger uses the information to deter-
mine the optimum charging profile in order to manage the real-time load. The primary objective of the SBS and
its combination with the charger is to prevent the battery from over-charging or deep discharging and to extend
the life of the battery by protecting it from damage.

The SMBus is a serial, single-ended, two-wire bus. It was originally derived from I>C for communication with
low-bandwidth devices such as a laptop’s rechargeable battery subsystem. The SMBus is neither accessible to the
user nor configurable. The bus is usually not smart enough to identify its functionality. However, the power
management bus (PMBus) is an improved version of the SMBus with advanced features. The SMBus clock fre-
quency range is 10-100 kHz, which is extended in the PMBus up to 400 kHz.

However, the SMBus is introduced for a specific communication between the smart batteries and the charger.
All the other general-purpose communications interfaces and protocols mentioned below are widely used with
the BMS.

13.1.2 BMS: Internal Data Communication

BMS internal communication can be either on-board or between the board communications (master and slave
architecture). Integrated Circuit (IC) packages use serial buses for transferring data to reduce the number of pins
in the package. Serial communication limits the speed of the data transfer compared to parallel communication,
but saves on cost. A few examples of such low-cost serial buses often used for BMS internal communication
follow:

e SPI,
e I°C,
e UNI/O,
e 1-Wire.

The Universal Serial Communication Interface (USCI) modules support multiple serial communication modes.
Different USCI modules support different modes and are categorized as USCI_A and USCI_B. USCI_B is more
commonly used in BMS. USCI Bx modules support the I’C mode and the SPI mode, as shown in Figure 13.3,
which shows three clock signals and two mode selections for pins for I*C and SPI.

Serial peripheral interface (SPI) bus

The SPI bus is a transmission protocol that regulates the synchronous serial data (bits) using a clock. As shown in
Figure 13.3, SPI includes a clock line and separate transmission and receiver pins for data transfer. The chip
select pin allows the bus to enable or disable the operation. In the master-slave mode, the SPI provides serial
data transmission by multiple devices using a shared clock provided by the master. The chip select pin is always
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controlled by the master. SPI offers bidirectional uscl B
communication faster than I?C. There is no defined -
limit to any maximum clock speed, so SPI is capable SMCLK Bit Clock
- . . ACLK Generator
of attaining a potentially high speed. Unfortunately,  cgycLk N
SPI does not offer any error detection mechanism !
for the data transfer. The receiver does not provide SPI Serial Interface 4 UCx
any confirmation on successful transmission via 12C
handshaking and there is absolutely no option for
flow control via the hardware. Figure 13.3 Universal serial communication interface B.

The SPI mode features include a 7-8 bit word length with 3 or 4 pins for SPI operation. It works in the master-
slave mode and uses independent transmit and receive shift registers and buffer registers. SPI offers a contin-
uous transmit and receive operation with an independent interrupt capability for receive and transmit
messages.

Inter-integrated circuit (IC) bus

The I2C is a two-wire synchronous bus but is a low-speed bus. It offers bidirectional communication and runs
with data rates up to 3.4 Mbits/s. It is a half-duplex bus and was originally designed for communication within
a system between internal modules rather than for any external communications. Like SPI, it is suitable for
master—slave applications. Master initiates and regulates communication with multiple slaves.

The I?C uses two lines to transmit data and clock signals, with an additional line for the reference. The I*C bus
uses a lower number of pins compared to SPL Typically, I°C is used for internal communications within BMS
embedded systems.

13.1.3 BMS: External Data Communication

BMS communication with external devices is important for any automated system. Application from consumer
electronics like a mobile phone, laptop, or for bigger systems like e-mobility and grid-connected energy storage,
BMS communication is essential. BMS needs to talk to external devices, for example charge controllers, power
inverters, converters, and energy management systems, in order to regulate the battery power according to the
usage and to ensure the real-time safety of the entire system [4]. Typically, inter-device communications protect
the battery from damage by controlling charging and environmental conditions and extending the life of the bat-
tery. On the other hand, information about the battery charge and health conditions allows the system to utilize
the power up to the maximum limits and reduces the overall cost. Table 13.1 summarizes the common features of

Table 13.1 Summary table for BMS external data communication.

Serial Transmission Standard Cable length/ feet Speed/bps Mode Possible number of devices
RS 232 50 20k Full duplex 1 channel

EIA-485/ RS485 4000 100 k-10 M Half duplex 32 multiple

USB 16 3G Half duplex 127 multiple

CAN 3280-131 50k-1M Full duplex -

LIN 131 19.2k Half duplex 16

FlexRay - 10M - 2
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the data communication interface standards. The lengths of the cable and the data speed affect the quality of the
data. The data speed depends on the cable length.

13.1.3.1 RS232 and RS485 with Modbus

RS232 and RS485 are actual physical electrical specifications for communication networks used with Modbus,
which is the communication protocol widely used today. Most of the vendors support either Modbus or CAN or
both. There are several forms of Modbus. Modbus/RTU is used on serial systems (e.g. RS-232 and RS-485).

RS232 is a standard for serial transmission of the data between two external devices. Separate transmit and
receive lines provide full duplex communication between the devices. The allowed data rate with RS 232 is 20,000
bits per second with cable lengths up to 50 feet. RS-232 is not widely used in BMS.

RS485 (EIA-485) is a standard similar to RS232 for serial data transmissions between multiple devices. RS485 is
limited to 32 channels for multiple connections. Normally, RS485 offers half-duplex communication. It uses a
differential balanced line over a twisted pair for noise immunity. The speed limit in RS485 depends on the cable
length and ranges for data rates up to 100 K bits per second or 10 M bits per second. Maximum allowed cable
lengths are up to 4000 feet.

13.1.3.2 USB Universal Serial Bus

The USB is the most popular plug and play standard for connections between computers and peripheral devices
using a star topology. It is a half-duplex master-slave bus, with a 4-pin standard connector, incorporating two pins
connected to a twisted pair for carrying a differential data signal, a ground (earth) line, and a 5V power rail.

The data rate has significantly increased with subsequent versions up to 3 gigabits/s. With star topology, up to
127 devices including hubs can be connected to the bus. The cable lengths are limited to 16 feet with USB.

The host or the master controls the communication through a unique address of each device so that only one
device can actually transmit or receive data to or from the host at one time. In battery applications, the USB con-
nection is used for monitoring the battery state or for setting control limits.

Figure 13.4 is an example of communication buses used in BMS, where a system block of a Li-ion battery uses
an MSP430 microcontroller and bq76PL536 battery modules by Texas Instruments. A bq76PL536 is a battery mon-
itoring IC with secondary protection. Multiple bq76PL536s are connected to monitor batteries without additional
isolation between ICs. A high-speed SPI is used for internal communications between a microcontroller and
bq76PL536 to ensure reliable communication through a high-voltage battery stack. The BMS or microcontroller
communicates with an external host or battery charger using USB communication or asynchronous serial com-
munication such as RS232 or RS485.

13.1.3.3 CANBus

The controller area network (CAN) bus is an ISO standard for a two-wire serial communication and is used in a
real-time distributed system. Initially, it was designed for integrating intelligent sensors in a centralized multi-
plexing system. It simplifies the wiring harness and reduces the size and weight of the wiring loom by multiplex-
ing the signals on to a single shared broadcast data bus.

The CAN bus allows 12V, or other potential power, to be distributed around the system. The system controller
manages all sensors and actuators through the bus. It is a robust communication bus and is designed to tolerate a
high level of noise in an automotive system and still to maintain secure communications. Scaling-up of the system
with a CAN bus is easy as new nodes can be added without reconfiguring the rest of the nodes.

The CAN bus provides various transmission rates corresponding to different bus lengths. A high speed is
allowed up to 1 Mbps with a 131 feet bus length, whereas low speed is 50 kbps with a 3280 feet bus length.

Standard CAN microcontrollers are available from a variety of semiconductor manufacturers. This provides an
off-the-shelf cost-effective solution to the automotive industry for a BMS controller with CAN as its main commu-
nications channel.
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Figure 13.4 RS232-RS485 Communication Standards in BMS.

13.1.3.4 LINBus
The local internet network (LIN) bus is another automotive communications standard, similar to the CAN bus.
However, unlike CAN, it is a single wire and operates at 20 kbps. LIN uses distributed multiplexers and standard-
ized smart connectors IC hardware that allow simple, low-cost IC solutions. It offers more flexibility and uses less
wiring but more electronics than the CAN Bus.

Mainly, the LIN bus was conceived for automotive applications. However, it is used in many other applications
such as dishwasher and washing machines.

13.1.3.5 FlexRay Bus

The FlexRay bus is a step advancement over the CAN bus. It has recently been specifically developed for more
complex control applications, like sophisticated engine management systems planned for future automotive use.
It operates on a data rate of 10 bp and offers both synchronous and asynchronous data transfers.

FlexRay is based on a time-triggered architecture known as time division multiple access (TDMA) in contrast
to CAN, which is event-driven. In TDMA, communication is organized into pre-defined time slots. High priority
signals are guaranteed access to the synchronous pre-determined time slot channels. In addition, low priority sig-
nals get the bus only when bus is free to transmit data asynchronously.

The FlexRay bus can therefore support fast-responding dynamic control systems rather than just the simpler
sensors and actuators permitted with the CAN bus.
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13.2 Higher-Layer Communication Protocols

In order to find a generic solution to provide overall compatible communication protocols, it is necessary to address
the application layer interface along with lower layers. The set of protocols, from data to application layers, offers a
higher flexibility and configuration capabilities. CANopen is among them. CANopen is the embedded network
protocols that have been designed to develop compatibility between different manufactured devices.

CANopen is a communication standard developed for embedded systems used in a wide range of industries,
automation, and motion applications. It combines higher layer communication protocols and profile specifica-
tions. Mainly, CANopen covers the following:

o A network programming framework,
e Device descriptions,

o Interface definitions, and

e Application profiles.

CANopen is the set of protocols that provides a standard communication between devices and applications from
different manufacturers. It is based on the CAN lower layer protocol. In terms of the OSI model, as shown in Figure
13.5, CANopen employs the layers from a network to an application layer. The two bottom layers, data and physical,
are usually defined by CAN, although a CANopen device profile supports devices using other lower layer protocols

such as Ethernet Powerlink and EtherCAT. The physical layer

- - defines the lines used, voltages, high-speed nature, etc., while
. Application the data link specifies the CAN frame-based (messages)
protocol.
Presentation At the higher layer, the CANopen standard consists of
an addressing scheme, several small communication pro-
C/\NOpCl1-< Session tocols, and an application layer defined by a device pro-
file. Basic CANopen covers the top five layers: network
Transporl (addressing, routing), transport (end-to-end reliability),
session (synchronization), presentation (data encoded in
\_ Network standard way, such as data representation), and applica-
tion. The application layer describes how to configure,
Datal.ink transfer, and synchronize CANopen devices.
CAN The CANopen internal device architecture consists of
Physical three logical parts, as shown in Figure 13.6:
e The stack of protocols handles the communication via the
Figure 13.5 CAN and CANopen in the OSI layer CAN network.
model.

e The application software provides the internal control

Application functionality and processes the hardware interfaces.
Software e One of the central themes of CANopen is the object dictio-
Object Dictionary x nary (OD). The CANopen object dictionary interfaces the
Interface protocol as well as the application software. OD is essentially
a table that stores configuration and process data. It con-
tains references (indices) for all used data types and stores
I all communication and application parameters. Obviously,
the OD is important for CANopen device configuration and
diagnostics. Within the network, CANopen master can read
the OD index of CANopen slaves, which is a unique identi-

fier used to access each slave for communication.

v
Stack of
Protocols

Figure 13.6 CANopen internal device architecture.



13.3 A Case Study: Universal CiA EnergyBus for a Low-Emission Vehicle (LEV)

The CANopen provides many advantages over the other network protocols. As an example, it offers a standard
communication object (COB) for time-critical processes and network management data. The device structure and
device behavior can be configured through its application layer. The CANopen is an essential “plug and play”
communication solution that eliminates the complexities in communication and allows manufacturer-specific
functionality implementation. CANopen provides a sophisticated error detection and correction mechanism.

Industries are embracing the CANopen technology. CANopen is already used in various applications, such as
medical equipment, off-road vehicles, maritime electronics, railway applications, or building automation. Soon
BMS also intends to adopt CANopen for its future generation.

Readers are encouraged to review the CiA DS 301 (CAN in Automation) specification for more information and
recent updates such as CiA 401 for I/O modules and CiA 402 for motion control.

13.3 A Case Study: Universal CiA EnergyBus for a Low-Emission Vehicle (LEV)

EnergyBus is a combination of a cutting-edge connector with communication interface protocols. It is a single
standard for an LEV worldwide that provides energy and service data transmission safely through the same con-
nector (see Figure 13.7). At the same time, it is a universal standard for all electrical components of LEVs that are
connected through the connector. These electrical components communicate with each other using the CANopen
protocol. EnergyBus with LEV-BMS ensures improved safety of the LEV.

EnergyBus consists of a standardized set of connectors that connects electric components of LEV, such as bat-
teries, chargers, motors, sensors, and human interface. Performance of the components has been enhanced due to
a uniform safe exchange of the information over the same connectors.

Figure 13.8 describes the EnergyBus framework, which is an application interface for EnergyBus devices used in
e-bikes. The software is written in C language and follows the CANopen/EnergyBus standard CiA 454. The flexible

Figure 13.7 Energy Bus connector.

Energy Bus
. Battery Drive Controller
Display (EBC)
CANopen 454 CANopen 454
Slave Services Master Services

CANopen Drivers

Figure 13.8 Energy Bus framework.
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and configurable user interface easily integrates
with the CANopen communication services. The
framework is designed for master/slave modes. The
modular structure allows an easy integration of dif-
ferent devices like display, drive, battery, charges,
and EBC (EnergyBus controller). The other single
device can also be combined with the EBC. The
CANopen communication protocols run automati-
cally in the background.

Standardization is the key for LEVs to appeal to
the mass market. Moreover, EnergyBus has made it
Figure 13.9 E-bike ST2. possible for LEV to develop. Objectives of EnergyBus
are as follows:

o It provides the compatibility in connections of electric components and in communication protocols.

e Compatible components make product development easy and cost-efficient. Overall, it contributes to the fast
development of high-quality vehicles for the market.

e Development of EnergyBus has also promoted public LEV infrastructure such as rental stations or swapping
machines without the monopoly of a single manufacturer.

EnergyBus mainly provides a universal connector and diagnostic tool. Servicing and maintenance of small
electric vehicles are challenging without universal diagnostic tools and compatible spare parts. EnergyBus con-
nectors and bus systems provide one charger for every battery, independent of the size and the chemistry. This
helps vendors to offer services for the products from different manufacturers at an affordable cost. On the other
hand, diagnostic tools can quickly identify the issues in the LEV efficiently. This can help in easy replacement of
the faulty part. A diagnostic tool provides battery internal information such as SoC and SoH, together with a his-
tory of the battery. Information about battery history determines the wrongly diagnosed cases and separates them
from the warranty coverage.

The universal diagnostic tool with advanced features makes the diagnostics more efficient and reduces the
overall cost compared to specific diagnostic tools supplied by the individual manufacturers. The E-bike is one of
the important applications of EnergyBus. The Impulse, the first E-bike based on EnergyBus (see Figure 13.9), was
introduced by TourDeSuisse (TDS) in Switzerland in 2012 and is followed by many other companies like Stromer.

Apart from the E-bike, EnergyBus has been widely employed for other applications such as Public Charge
Stations, Island Power Systems, repeater stations in mobile communication networks, off-grid housing, village
DC grids, and off-grid water pump stations.
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Battery Lifecycle Information Management

When the electric vehicle is driven, the battery management system collects the dynamic information such as
current and voltage every moment and updates the SoC, SoH, and other real-time status of the battery. In engi-
neering, generally, these data generated online will be saved into the local memory of the BMS, regularly taken
out, and classified into a unified data management center. The data generated in the whole using a process from
the factory to elimination is saved in order to realize the information of the battery in the whole life cycle, which
can facilitate checking the work history of the battery at a later period and then providing data support for judging
the battery degradation or finding out the cause of battery failure.

The informatization of the full battery lifecycle is actually about three questions that people are most concerned
about, i.e.

1) What type of information should be saved?
2) How can the information be saved and managed?
3) How often is the information saved?

Before these three questions are answered, it is first necessary to answer the questions about the real-time bat-
tery data and the data size. The corresponding specific information scheme can be designed only after calculating
the total data size. For this purpose, this section will systematize the possible data generated by the battery during
its use in order to analyze the processing process of the battery from collection to final output and introduce the
specific method for achieving the database.

14.1 Data Type of Power Battery

The basic information data of the battery that is involved in the information on the full life cycle covers the battery
voltage value, the current value, the temperature value, and the system time. These data are obtained in different
ways and in different lengths. In order to save and manage the relevant information reasonably, all kinds of data
should be fully analyzed in combination with data operation and saving requirements to establish a complete bat-
tery information database.

In order to be able to analyze and process the data easily at a later time, it is also necessary to record the relevant
information while establishing the system information database in addition to such original information that can
be directly collected, such as current and voltage. Therefore, a relatively complete battery information database
should cover at least:

1) Basic data information of cells, such as the ID number;
2) Voltage value of cells;

Battery Management System and its Applications, First Edition. Xiaojun Tan, Andrea Vezzini, Yuqian Fan, Neeta Khare, You Xu,
and Liangliang Wei.
© 2023 China Machine Press. All rights reserved. Published 2023 by John Wiley & Sons Singapore Pte. Ltd.
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Battery ID
Voltage value of cell N
— Original Temperature value of cell N
data Measured total current value
System time

System data <

Time stamp

Extreme voltage value

Extreme temperature value

_ Derived < Extreme current value
data Power integral value

Ah

~

Figure 14.1 Data type of power battery.

3) Temperature value of each temperature sensor;
4) Total voltage of the battery system;

5) Total current of the battery system;

6) Current system time;

7) Minimum and maximum voltage values and their corresponding battery IDs;

8) Minimum and maximum temperature values and their corresponding battery IDs;

9) Maximum current value in a given time period and its corresponding moment;
10) Maximum power integration and AH within a given time period.

According to the above information, the battery data can be classified into two categories, as shown in the

classification map of Figure 14.1.

Figure 14.2 An old-fashioned instrument displaying
battery information.

14.2 Vehicle Instrument Data Display

Displaying the battery information has always been one of
the important functions of the battery management system.
Through the instrument, the battery management system is
able to inform the relevant personnel of the current state of
the battery. An old-fashioned battery instrument, shown in
Figure 14.2, is able to effectively show the operator the
remaining capacity of the battery to help the operator to
determine whether to recharge or to stop charging the bat-
tery. On the panel, there are several different areas to assist
people in determining whether a battery has reached the
upper limit of its cycle life through the charging voltage
rebound.

Of course, this instrument is not designed especially for
electric vehicles. In this section, the question will be dis-
cussed about how to display the information about the
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battery pack through the instrument on an electric vehicle. First, what information needs to be displayed on the
vehicle instrument is clarified. Then, two ways of displaying information on the instrument will be discussed. On
the one hand, the relevant battery information can be displayed by upgrading the traditional instrument. On the
other hand, according to the characteristics of electric vehicles, it is possible to use the current mature liquid
crystal display technology to develop an instrument for the battery management system.

14.2.1 Battery Information Displayed on the Vehicle Instrument
The battery information to be displayed on the vehicle instrument can be basically classified as follows.
1. Information to be displayed during normal driving

In the process of driving an electric vehicle, the information to be provided to the driver mainly includes: bat-
tery temperature information, total voltage and current information of the battery pack, the remaining capacity
information, and information on the estimated remaining mileage. The refresh rate of such information does not
need to be too high. For example, voltage and current information needs to be refreshed every second and the
remaining capacity information needs to be refreshed every 10 seconds. This is enough information for a driver
and will not cause a large burden on the BCU in the battery management system.

2. Information on charging during normal parking

The electric vehicle stops and is plugged in, which indicates that the battery pack starts to be in a charging
state. At this time, relevant charging information needs to be conveyed to the driver through the instrument,
such as the total voltage, temperature information, charging current of the battery pack, remaining capacity
information, and information on the estimated end time of charging. For the advanced battery management
system, it is also a requirement to display the information on the charging mode, such as the fast-charging
mode, the slow-charging mode, and whether to add the balancing control. With respect to displaying the above
information, the refresh rate should also not be too high. Any refresh rate in the range from 1 to 10 seconds is
acceptable.

3. Danger warning information

During driving or charging, any abnormal condition monitored by the battery management system should be
reported to the driver or operator through the instrument in a timely manner. These warning messages cover
over-voltage alarm, over-current alarm, over-temperature alarm, low remaining capacity alarm, etc. Some failure
information is also included, such as a communication network failure and self-check failure. At this time, in
addition to the alarm given in a display manner, this may need to be combined with a sound alarm.

14.2.2 Upgrade Based on a Traditional Instrument Panel

Since some information displayed on the traditional automobile instrument panel no longer exists or is not very
important on an electric vehicle, modifications can be made on the basis of the original traditional automobile
instrument to allow information of the battery to be displayed by the modified instrument, as shown by the fol-
lowing example.

Figure 14.3(a) shows a traditional automobile instrument. The “fuel gauge” is meaningless for an electric
vehicle. Moreover, the engine speed and water temperature gauge are not as important as those in a tradi-
tional automobile. Therefore, these three instruments can be respectively used to display SoC of the battery,
operating current, and operating voltage, as shown in Figure 14.3(b). The speedometer and odometer in the
middle of the instrument on the electric vehicle are the same as those on the traditional automobile, so they
can be kept.
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Figure 14.3 Electric vehicle instrument
modified based on a traditional
automobile instrument.

(b) Modified electric vehicle instrument

The electric vehicle instrument modified but based on the traditional instrument has advantages in that the
modified electric vehicle instrument has the same style as that of the traditional automobile, which is in line with
adriver’s usual habit. Moreover, only a slight modification is required, so it is not necessary to make many changes
to the design.

14.2.3 Design of the New Instrument Panel

With the development of technology, it is possible to use liquid crystal display screens as an automobile
instrument in terms of cost and reliability. Therefore, currently, LCD screens are mounted on many new
models of automobiles in order to display the relevant information on the vehicle, which has the following
advantages. First, it features a friendly interface and large amounts of information. The instrument designed
by using the LCD screen has various styles. It can support the arrangement and combination of various char-
acters and graphics, so it is available to flexibly transmit information to the driver. Second, it is designed
flexibly and can easily be upgraded. Through the LCD screen, the instrument can be designed by program-
ming customization.

Furthermore, the instrument software and interface can be upgraded as required. It is in line with the current
trend of personalized use of the automobile. Third, many LCD screens support touch screen input, which has
good interactivity. The interactivity of traditional instruments is poor, while the new liquid crystal instruments
can facilitate the interaction between the users and the vehicle’s control system.

Now, based on previous work experience, some suggestions will be given on the new instrument panel design.
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1. The other functions of the vehicle instruments
should be combined to comprehensively display
the relevant information on a running vehicle
and then replace the traditional instrument.

The instrument of an electric vehicle should also display
other relevant automobile information in addition to the
information on the battery pack, such as vehicle speed
information, mileage information, light control
information, and gear information. Figure 14.4 shows a
typical electric vehicle instrument displaying the basic
information on the vehicle and the remaining capacity
information on the battery pack. In this way, the
information can be displayed completely through the LCD
screen, which overcomes the disadvantages of the tradi-
tional instrument.

Figure 14.4 Electric vehicle instrument displaying all
kinds of information.

2. Different types of information on the battery pack should be displayed through the split screen.

Due to the flexibility of the electric vehicle instrument, different interfaces can be used to transmit information
according to different states of the vehicle. For example, if the electric vehicle is being charged, the speed
information and gear position information are no longer important. Figure 14.5(a) for the interface shows the
charging information of the battery pack.

Figure 14.5(a) shows that the information related to battery charging can be effectively transmitted to the driver.
The information includes the temperature value at the highest temperature point in the battery pack, the
minimum temperature value, the maximum voltage value of a cell, the minimum voltage value of a cell, the
charging current, the charging mode, and the estimated charging time. In addition, when any communication
error occurs between the battery management system and the vehicle control unit, the driver can also be notified
through another interface, as shown in Figure 14.5(b).

3. The touch screen should be considered to facilitate users to enquire about specific information.

Currently, many LCD screens are available to input information through the touch screen, which facilitates the
interaction with the driver. Therefore, the touch screen function can be considered on the automobile instrument.
In the interface of Figures 14.4 and 14.5, four gray icons are designed in the four corners to facilitate the drivers

' €) Charging

C CJ

§..599TC ®.3.u59

$.-81C ®.3.435

(a) Charging (b) Error alarm

Figure 14.5 Different ways to display an instrument corresponding to different states.
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when checking the status of the electric vehicle and the battery at any time. By touching these icons, the driver
can get the corresponding system information.

14.3 Battery Data Transmission Mode

To achieve the management of battery information in the full lifecycle, the real-time data generated during
running of electric vehicles need to be saved locally in the battery management system and to be transmitted to
the data center through the data communication system in order to facilitate unified management and mainte-
nance in a later period.

At present, the remote transmission of data is rarely considered in the conventional battery management
system, where there is no effective way of data communication. To meet the requirements on the full lifecycle
management of battery data, the communication modules should be added to the traditional design scheme to
ensure the mutual communication between the local information and the information of the remote data center.
In this section, according to the characteristics of battery data transmission, a data transmission module oriented
to the battery management system is introduced. The traditional data transmission channel is expanded so that
the local information of the battery management system is connected to the data center in a variety of network
forms so that the real-time online transmission of the battery data is realized.

14.3.1 Hardware Implementation of Data Transmission

The data of the power battery can be collected and saved through BMS and reported to the data center in real time
through the data transmission module under specific conditions in order to realize data transmission. The
hardware structure of the data transmission module is shown in Figure 14.6.

The data transmission module consists of an embedded processor, a power management module, a communica-
tion module, a data storage module, a data transmission channel switch module, a mobile communication module,
a wireless network, and a wired network module, in which the power management module is connected with a

DATA TRANSMISSION MODULE
Power .
supply bus Power supply | Mobile
< » | management [+ comm.
module Embedded module
- processor B d Data T
E PR transmission|  Wireless
<> channel network
10 port switching module
< > o ¢ module
Communication - .
module
CAN bus Wired
< » Data storage K
module networ
module

Figure 14.6 Hardware structure of the data transmission module.
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battery management system through the power bus [1]. The data communication between the communication
module and the battery management system is made by an IO handshake port and a CAN bus. Through the mobile
communication module, the wireless module, and the wired network module, the data are connected to the remote
data center in different forms.

The functions of each module in the data transmission module are described as follows.

The battery management system and the data transmission module are connected through three types of signal
lines, which are respectively the power supply bus, the IO handshake port, and the communication bus. Since most
BMSs currently on the market are powered by 12 V low-voltage batteries, the power bus of the data transmission
module can be mounted on the power bus of a 12 V lead-acid battery. The IO handshake port is used for handshake
detection while connecting the BMS with the data transmission module. In the 10 handshake port, it is possible to
have a signal line triggered by the electrical level. At the BMS end, the IO port is grounded by a 10 k{2 pull-down
resistor. At the data transmission module side, a high level of 12 V is at the IO port. When the BMS detects the high
level, it needs to connect the data transmission module to the BMS. After the BMS successfully “shakes hands” with
the data transmission module, it will transmit the collected real-time information to and interact with the data
transmission module by means of a CAN communication bus.

The embedded processor is a core computing unit of the data transmission module, and is powered by the
power management module. It is able to extract and save data from the data storage module and communicates
with the data center through the communication module, in which the data storage module may be composed of
two SD cards with SDIO interfaces. These two SD cards can work alternately. When one SD card is in the read
state, the received data can be saved in the other SD card. The SD card mentioned here is equivalent to an FIFO
queue. When the SD card is full, the original data will be overwritten at the original storage location of the SD
card. When the network signal is detected and the saved battery data is completely uploaded, the SD card will be
emptied and the new battery data information will be written again.

The mobile communication module, the wireless network module, and the wired network module are connected
in parallel. The modules are switched by an embedded processor through the data transmission channel in order
to select the connection channel with the data center. The mobile communication module may be a short message
transmission module or a 3G/4G/5G data transmission module. The wireless network module may be a WIFI
module or a Bluetooth module. The wired network modules may be all kinds of communication modules support-
ing wired LAN, with an RJ45 interface outside. These three communication modules can be switched freely
according to the actual condition. Therefore, the data center can be connected in a variety of ways to ensure the
stability and reliability of the data transmission.

14.3.2 Control Flow of Data Transmission

The battery management system is available to collect the real-time information of the battery pack and transmit
it to the data center in different network modes through the internal data transmission module corresponding to
each battery pack and the intelligent data transmission module of the entire battery system. See Figure 14.7 for
the overall flow of data transmission.

After collecting the information of the battery pack, the battery management system will send a handshake
signal to the data transmission module through the IO handshake port, which indicates that the battery
management system is online. After successful handshaking, the data transmission module is connected to the
battery management system through the communication bus, and has been in a listening state for data acquisi-
tion. After it obtains the communication data of the battery management system, it will start to acquire the net-
work connection method and identify the current network environment. When any communication network is
available, the relevant data will be sent to the data center through such a network.
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Figure 14.7 Overall flow of data transmission.

According to the different network states, the data transmission module is available to transmit data using the mo-
bile communication network, the wireless network, or the wired network. The specific switching process is as follows:

1)

2)
3)
4)

5)
6)

7)
8)

9

10)

The embedded processor reads the battery data information saved in the data storage module in turn. Then
start step 2.

The data transmission channel switch module connects and detects the wired network module. If the wired
network module is connected, start step 3; if the wired network is offline, start step 4.

The wired network module transmits the battery data information to the data center. Then start step 8.

The data transmission channel switch module connects and detects the wireless network module and detects
the wireless network module. If the wireless network module is connected, start step 5. If the wireless net-
work module is offline, start step 6.

The wireless network module transmits battery data information to the data center. Then start step 8.

The data transmission channel switch module connects and detects the mobile communication network
module. If the mobile communication module is connected, start step 7. If the mobile communication module
is offline, start step 10.

The mobile communication module transmits the battery data information to the data center. Then start step 8.
After the battery data information is sent, delete the battery data information that has been sent from the data
storage module. If the battery data information in the data storage module is empty, start step 9; otherwise,
start step 1.

The embedded processor transmits the successful signal to the battery management system through the com-
munication bus and the communication module.

The embedded processor writes the battery data information into the data storage module and sends the failure
signal to the battery management system through the communication bus and the communication module.
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The traditional battery management system is combined with a data transmission module. Then each electric
vehicle can be used as a terminal of the Internet to transmit the information collected by the vehicle battery
management system to the data center through the mobile communication network, wireless, or wired network
of the data transmission module in real time, which can ensure the safety of the battery in use. Additionally,
whenever a wireless or wired network is connected, the battery operation data will be transmitted synchronously
to the data center. Then, it can be ensured that the battery of each electric vehicle is monitored and traceable
throughout its lifecycle.

14.3.3 Hierarchical Management of Power Battery Data

In previous chapters, the data types, the data volumes, and the methods for realizing the data transmission that
are generated during running of the electric vehicles are technically analyzed. From a macroperspective, the
storage logic and the feasibility of the hierarchical management of the battery data will be discussed and analyzed,
as well as the shortcomings of the current data management models.

The hierarchical management of power battery data covers two levels: the internal data management of the
vehicle and the big data operation management. The internal data management of the vehicle is made for the
logical relationship between the battery information and other information of the vehicle, the data prioritization,
the storage path allocation, and determination of the proper time for data storage and transmission, etc. The oper-
ation of big data is made for the data interaction between the electric vehicle terminals and the data centers of
automobile manufacturers, automobile operators, and national and local governments, in order to solve the prob-
lems such as who sends, who keeps, and who supervises the data.

The internal data hierarchical management of electric vehicles is shown in Figure 14.8, in which the vehicle
data covers in-vehicle battery data and other vehicle data. The in-vehicle battery data are collected in real time by
BMS and saved in BMS memory. The other vehicle data are collected by the vehicle controller from the in-vehicle
motor controller, power-assisted steering, throttle gear, and other signals, and are saved in the vehicle controller
memory. The figure shows that the two types of data are independent from each other and are collected and saved
by the vehicle controller and the battery management system respectively, which reflects the modular and hierar-
chical management of the data.

If the network environment permits, the relevant data can be obtained from the vehicle controller memory and BMS
memory through the data transmission module mentioned above and sent to the target data center. Considering the
bandwidth, traffic, and other problems during the data transmission as well as the possible difference in the require-
ments of different target data centers, it is not certain that all data may be sent during the data transmission. The key
information can be extracted for the transmission through the specific screening logic. Questions, such as which data
should be chosen, who the data will be sent to, and who
will be responsible for the reliability of the data, should be
analyzed from a more macroperspective at the level of
hierarchical management of the big data operation. Other data of EV

The hierarchical management model of the big data
operation of the current electric vehicle is shown in
Figure 14.9. The figure shows that the collected data are
sent by the electric vehicle terminal to the automobile
manufacturers and vehicle operators. In order to achieve EV battery
centralized and unified management of the operational
data, the automobile manufacturers report the data to
the local government data centers and national data
centers. In addition, the automobile operators also Electric vehicle (EV)
report their own data to the local government data cen-  Figyre 14.8 Data hierarchical management inside an
ters. Moreover, some information channels are also electric vehicle.

EV controller
memory

BMS memory
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Figure 14.9 Hierarchical management of the big data operation of the current electric vehicle.

reserved between the national data centers and the local government data centers for the data interaction and data
verification. However, in practical use, this model still has the following problems:

iy

2)

3)

4)

5)

Interface consistency issue. The EV terminal sends real-time data to the automobile manufacturers. However,
at present a uniform data interface is not available for different vehicle models of the same manufacturer or the
vehicle models of different manufacturers, so at present, data type, data format, communication frequency,
and so on may not be consistent. Therefore, it is possible to cause disordered management, which would prej-
udice the follow-up data traceability and maintenance.

Data synchronism issue. Since the target needs vary with the organizations that need different data from the
EV terminal, the data obtained by the automobile manufacturer and the automobile operators cannot be
mutually supplemented and verified, resulting in disordered management.

Data validity issue. Since the data center of local government obtains the data from the automobile manufac-
turer and the automobile operator, rather than the EV terminal, a validity and reliability issue is caused. The
relative data are uploaded by the enterprises and it is difficult for the government to effectively supervise the
data of the EV terminal, prejudicing unified management and accountability.

Data real time issue. The automobile manufacturers upload the data to the national data center, but a uniform
time requirement has not been established at present, which causes a timeliness issue. The data center cannot
directly control the real-time information of the EV terminal and it is difficult to grasp the relevant dynamic
data in time when an abnormal situation arises, which reduces the supervision ability of the data center.

Path irrationality issue. The data of the EV terminal are transmitted and saved through multiple chains. The local
government and the national data center respectively collect a set of data through different routes, with duplica-
tion and redundancy, which may lead to data conflict and the decentralization of supervision responsibilities. This
could cause difficulties in implementation of the data supervision responsibilities of different organizations.

Therefore, in the full lifecycle management of the EV terminal and its battery data, it is necessary to unify the

data transmission type, define the data transmission chain, and implement the data supervision responsibility, in
order to ensure data effectiveness and reliability.
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14.4 Information Concerning a Full-Power Battery Lifecycle

14.4.1 Database Structure of a Power Battery

In order to realize the informatization of a power battery, the battery management system is required to collect
and store the original data of each cell and the corresponding derived information at every moment. With the
increase in use time, the amount of stored data increases gradually.

Therefore, in order to effectively manage the battery data and improve data enquiry and processing efficiency,
in the development of the battery management system, in addition to the front-end battery data collection, we
should also consider the back-end data storage form, determine the internal data relationship, and sort out the
structure of the battery database.

1. Conceptual structure of the battery database

The conceptual structure of the battery database is a conceptual model of different battery information established
according to the hierarchical relationship of battery data types. Specifically, an entity relationship tool diagram
(E-R diagram) is used to depict the composition of the system data and its relationship.

The conceptual structure design of the database can be divided into two stages: a local view design and a global
view design.

The local view of the conceptual structure of the battery database is shown in Figure 14.10. Two problems
should be considered during the local view design. First, when used as an attribute, there can be no more

Power battery

N 5 Battery Battery Battery
attery voltage temperature current
General catalogue of
historical data
Real-time Accumulated
database mileages
name
System time
Time ID Time
me attribute

Figure 14.10 Local view of the conceptual structure of a battery database.
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information expression in the specified environment, that is, it is the smallest information unit in the system.
Second, if an attribute has more information expressions, such an attribute should be considered as an entity. As
shown in Figure 14.10, the battery database can be divided into three entities: battery, general directory of histor-
ical data, and system time. Each entity has several attributes which basically coves all kinds of data information
described in the previous section.

The local E-R diagrams are integrated into an overall E-R diagram of the system in order to establish the global
view of the EV battery database, as shown in Figure 14.11. Because redundant data can destroy the integrity and
consistency of the database, repeated and conflicting information should be eliminated as much as possible in the
global view.

2. Logical structure of the power battery database

The logical structure design of the battery database refers to the transformation of the global and local E-R conceptual
models obtained from the conceptual structure into a specific data relationship model. The data information gener-
ated by the power battery can be further divided into two categories: real-time data and historical data, according to
the generation time and function of the formation. Among them, the real-time information refers to the current
operation state information of the EV, while the historical data is formed by importing the real-time information into
the historical database. Through the historical data, the complete information of the full lifecycle process of the bat-
tery can be mastered. When it is required to backtrack and diagnose the battery, the required evaluation results can
be obtained through the extraction and processing of the historical data.

To this end, the basic data types are further divided into two parts: real-time information database and historical
information data, and the logical structure of the database is introduced.

Battery Time
temperature attribute

Battery

current
1 .
Battery pack System time
Composition
General catalogue of
historical data
EV Real-time Accumulated
number database name mileages

Figure 14.11 Global view of the conceptual structure of the battery database.



14.4 Information Concerning a Full-Power Battery Lifecycle

Database name: YYYYMMDDhhmm

Table name: database name & CEL Table name: database name & PAC
Charge and discharge information Charge and discharge information table
table of cells of battery pack

Figure 14.12 Real-time information database.

The real-time information database is named according to the starting date (year, month, and day) and time
(hour and minute) of a certain travel; the format is: YYYYMMDDhhmm. Two data tables are designed in the data-
base to store all the basic data of the travel in real time. The structure of the real-time information database is
shown in Figure 14.12.

The information of the cells in the battery pack is named by the database name + “CEL.” It is designed as shown
in Table 14.1.

The information of the battery pack is named by the database name + “PAC” and is designed as shown in
Table 14.2.

The design of the database and data sheet is described below:

Sheet name
CEL is the abbreviation of the cell and is used to indicate the cell information.
PAC is the abbreviation of the package and is used to indicate the battery pack information.

Data width
CellID refers to the cell ID number, and the data width is expressed by 1 byte (0~255) for the battery pack consist-
ing of 100 cells.

Table 14.1 Information of cells in the battery pack.

Field name Description Key assignment? Data type Data width
CellID Cell ID number Y Unsigned integer type 1 byte
TimelD Time ID number Y Unsigned integer type 3 bytes
Temper Battery temperature N Single precision floating point type 4 bytes
Volt Battery voltage N Single precision floating point type 4 bytes
State Equilibrium state N Boolean type 1 byte

Table 14.2 Information of the battery pack.

Field name Description Key assignment? Data type Data width
TimeID Time ID number Y Unsigned integer type 3 bytes
Time System time N Unsigned integer type 3 bytes

Current Total current N Single precision floating point type 4 bytes
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TimelD refers to the time ID number, 24 h a day corresponding to 86,400 s, which is expressed by 3 bytes since 2
bytes (0~65,535) is not enough.

State is the equilibrium state, including two state values: equilibrium and disequilibrium, Boolean type, expressed
by 1 byte.

Time refers to the system time. If minutes and seconds are used, the time is expressed by character type and 6
bytes. If the second is used, the time is 24 h a day corresponding to 86,400 s, which is expressed by an unsigned
integer type and 3 bytes.

Tempe, Volt and Current refer to the temperature, voltage, and current of the battery respectively. The single pre-
cision floating point type is used, the data width of which is 4 bytes in a general programming environment (-3.4
X 10-38 ~ 3.4 x 10-38), representing 6~7 valid digits, and meets the data scope and accuracy requirement.

The historical information database is named by the battery pack name; for example “information database of
battery pack N.” Two sheet classes are designed in the database: the historical data retrieval sheet, which is used
to store the battery pack information of each travel, such as vehicle number, real-time information base name,
date, accumulated mileage, etc., and the battery pack information sheet imported by the real-time database, i.e.
the information sheet of the cells and the battery pack. The structure of the historical information database is
shown in Figure 14.13.

The general catalogue of the historical data is designed as shown in Table 14.3.

The design of the database and the data sheet are described below:

Database name: information database of battery pack N

Sheet name: general

catalogue of historical Information sheet of Information sheet of
data cells in battery pack battery pack
Vehicle number
Database name Database name &
Real time &CEL Sheet 1 PAC Sheet 1
database name
Database name Database name &
Date &CEL Sheet 2 PAC Sheet 2
: !
Accumulated i i
mileage Database name Database name &
&CEL Sheet N PAC Sheet N
Number of general i T
catalogue i i

Figure 14.13 Historical information database.

Table 14.3 General catalogue of the historical data.

Field name Description Key assignment? Data type Data width
TabNum Number of general catalogues Y Unsigned integer type 2 bytes
NowNam Real time database name N Unsigned integer type 5 bytes
Tester Tester N Character type 8 bytes
Kmiter Tested mileage N Single precision floating point type 4 bytes
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a) Field name and number
The field name consists of English words or their abbreviation described in the Description, and the data width is
more than 8 bytes.

This sheet is used to record the relevant information of a travel and the fields may be added as required, such as
current weather, travel location, etc.

b) Data width

TabNum is the number of general catalogues and automatically increases by 1 when new travel data are entered.
The data generation times are not more than 20 according to a specific requirement, 2 bytes (0~65,536) of data
width are used, and the travel records of 3276 days (about 9 years) can be expressed.

NowNam is the real-time database name, including information of travel starting and ending times, and is
expressed by character type and 12 bytes, or the unsigned integer type ranging from 200801010000 to 999912312459
and 5 bytes (0~1099511627775) are required.

Tester is the vehicle number information in Chinese, where a Chinese character has 2 bytes width, the location
of four charters is reserved, and 8 bytes are required.

Kmiter is the accumulated mileage. The single precision floating point type is used, the data width of which is
4 bytes in a general programming environment (-3.4 X 10-38 ~ 3.4 X 10-38), representing 6~7 valid digits, and
meets the data scope and accuracy requirement.

14.4.2 Power Battery Data Volume Estimation

The database design rationality criterion: on the premise of ensuring the correct logical structure, the information
and storage capacity are compressed as much as possible to achieve data content storage without redundancy and
compact logical structure, in order to meet the storage capacity requirements of the battery management system.
This section intends to estimate the information volume for the real-time and historical data of the battery and
evaluate the basic scale of the database to provide a reference for the design of the battery management system.

1. Data volume estimation of real-time information

The storage space and processing rate of the data are estimated. Suppose that the battery pack consists of 100 cells and
each battery management board reports data once per second, according to the above design, 100 records are increased
per second in the cell information sheet and one record is increased per second in the battery pack information sheet.
According to the data width specified in Tables 14.1 and 14.2, the data volume generated per second is

(143+4+4+1)Bx100 +(3+3+4)B=1310B (14.1)
The data volume generated per hour is

1310 B x 3600 = 4,716,000 B~ 5 MB (14.2)

The existing embedded hardware platform or PC can store and process 5 MB of data volume according to its
storage capacity and processing rate.

2. Data volume estimation of historical information

Suppose that the battery pack consists of 100 cells, each battery management board reports data once per second,

and the test time is 3 h, according to the above design, the data volume per test is

[(1+3+4+4+1)B><100 +(3+3+4)B]><3600>< 3+(2+5+8+4)B=14,148,019B (14.3)
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The data volume per test is about 15 MB. According to the actual requirement, suppose there are three tests per
day and four test days per week. The data volume per year is

14,148,019 B x 3 x 4 x 52 = 8,842,511,875 B~ 8 GB (14.4)

The existing PC can store 8 GB of data volume per year according to the storage capacity.

The basic data volume of the battery is estimated above and the relevant results show that the database of the
battery can be managed in a common software platform. As mentioned above, two data tables are established for
each charge and discharge process of the battery. According to the current demand for electric vehicles, the data
generation times are not more than 20 times every day, and 7200 per year, and the corresponding data table is not
more than 14,000. Therefore, the data can be managed in the existing commercial database management soft-
ware, such as Microsoft Access™, SQLserver™, and other platforms.

14.5 Storage and Analysis of Historical Information of a Battery

The previous battery management systems did not value the storage of the historical information of the battery.
With the development of research in this field, more attention has been paid to the storage and analysis of the
historical information. Two issues are mainly solved in this section: first, how to store the historical information
of the battery and, second, how to analyze the historical information of the battery after the event.

14.5.1 Necessity for Storage of Historical Information

In the battery management system, it is necessary to store historical information for the following four reasons.

First, in the research and development stage of electric vehicles, it is of great significance to grasp the historical
information of the battery for the debugging of electric vehicles. For example, for automobile safety, through the
analysis of historical data, we can understand the change rules of voltage and temperature in the battery operation
process and analyze whether there are safety risks. Again, in terms of vehicle performance, through the analysis of
historical data, the battery energy consumption can be calculated in order to analyze the endurance mileage of the
vehicle. At the same time, the battery consistency in the actual driving process can be evaluated and analyzed.

Second, for electric vehicles, the historical information of the battery is the basis for fault diagnosis and battery
maintenance. The overhaul and maintenance of the battery pack will become an important part of the regular
maintenance of electric vehicles in the future. The repair shops of electric vehicles should be equipped with
appropriate computers and software to collect and analyze the historical data stored in the battery management
system, in order to judge the SoH of the battery and determine the maintenance measures to be adopted. For
example, if the performance of the cell is particularly degraded, the battery should be replaced. The consistency
of the battery can also be judged based on the historical information to decide whether to conduct a comprehen-
sive diagnosis or overall balancing of the battery pack.

Third, the historical information of the battery is helpful to accurately assess the SoC of the battery. As discussed
in Chapter 7, the SoC of the battery at a given moment is related to historical information over a long period of time.
Storage of the historical information of the battery is of great significance for a battery state assessment. For
example, the open-circuit voltage is often used to estimate the SoC of the battery, provided that the battery has been
idling for the past few minutes. In the case where the driver immediately restarts the vehicle after a stop, without
the historical information of the battery the open-circuit voltage upon restarting is used as the initial value for the
SoC estimation and a larger SoC estimation error may be caused since the battery voltage is rebounding.

Fourth, the historical information of the battery can be used as the basis for the battery balancing management.
After the battery is delivered, its performance and capacity will be degraded to a certain degree. The EV batteries
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are used in a more complex environment than other batteries, so the degradation degree of each cell may not be
the same after using the battery for a period. By analyzing the historical data of the battery, the actual capacity of
each cell at the current moment can be calculated, in order to provide the basis for the balancing control of the
battery.

14.5.2 Achievement of Historical Information Storage

The historical information can usually be stored as shown in Figure 14.14. In other words, BMC transmits the
collected information of each cell to BCU and then BCU stores the data after filtering as needed. In the figure,
there are two data storage routes, one expressed in the solid arrow and the other expressed in the dotted arrow,
and the two dotted line virtual boxes respectively represent the embedded vehicle system and the PC
computer.

Route 1 is applicable to the R&D of the electric vehicle and the PC architecture-based test device is installed in
the electric vehicle. The BCU transmits the data collected from the BMC to the PC by the communication port,
while the real-time battery database is physically established on the PC and is stored in the mass hard disk in the
form of the database file.

Route 2 does not depend on the vehicle-mounted PC, corresponding to the transmission mode 2 in the figure.
The real-time database is builtinto the FLASH memory of the upper computer of the on-board battery management
and the data are stored in the most compact way
(RAW files). The data can be imported into a PC

computer for storage or analysis after the electric
vehicle has been running for a period of time.
There are some minor issues with battery history

BMC
collects the
information
of each cell

BMC
collects the
information
of each cell

BMC
collects the
information
of each cell

storage that are worth noting. Attention is paid to
minor issues during the historical information
storage of the battery.

First, the above practices are the general imple- i
mentation method. Recently, a number of engineers :
have proposed that FLASH memory should be !
added to each BMC to back up an additional set of
data in a redundant manner. Such redundancy has
two advantages. On the one hand, redundant backup
is beneficial to prevent data loss, because the com-
munication network of the electric vehicle is often
unreliable due to interference, and BCU may be
required to deal with many urgent tasks, which may
result in data loss if it is not able to process BMC
data temporarily. On the other hand, in the battery
pack of the electric vehicle, it is allowed to replace
the cells. If the data of the cells is stored by the BMC
and the data of the battery pack is stored by the BCU,
the information mismatch caused by cell
replacement can be avoided.

Second, in the early test phase, the author tried to
use the memory card commonly used by common
digital products (such as CF card, SD card, etc.) to

Communication
interface

Database files

PC mass hard :
disk i

\ 4

[ Data analysis software ]

Figure 14.14 Implementation scheme for historical
information storage of the battery.
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store on-board data. Later, it was found that such a memory card was not reliable when used in an electric vehicle
for a long time, and it was easy to cause data loss due to the damage of the memory card. Therefore, as the core
part of the electric vehicle, a more reliable FLASH chip should be used in the battery management system, which
needs a high reliability design.

Tables 14.4 and 14.5 show examples of the storage formats for cell information and battery pack information.

The information storage feasibility is estimated by the following specific example. Suppose the battery pack
consists of 100 cells and each BMC reports the data once per second, according to the above design, 100 records
are increased per second in the cell information sheet and one record is increased per second in the battery
pack information sheet. According to the data width specified in Tables 14.4 and 14.5, the data volume gener-
ated per second is

(14342+241)x100 +(3+3+2)=918 B (14.5)
The data volume generated per hour is

908 X 3600 = 3,268,800 ~ 3.3 MB (14.6)

The 3.3 MB information volume per hour can be stored and processed by the embedded hardware platform or
the PC according to their storage capacity and processing rate.

14.5.3 Analysis and Processing of Historical Information

The previous section discusses how to achieve the historical information storage of a battery. This section dis-
cusses the post-processing analysis of the historical information.

Figure 14.15 shows the analysis flow diagram after storage and processing of the historical data. In the
figure, the real-time database obtains the unprocessed original data with compact data format directly from

Table 14.4 Storage format of cell information.

Field name Description Key assignment?  Data width
CellID Cell ID number Y 1B
TimeID Time ID number Y 3B
Temper Battery temperature N 2B
Volt Battery voltage N 2B
State Equilibrium state N 1B

Table 14.5 Storage format of battery pack information.

Field name Description Key assignment? Data width
TimeID Time ID number Y 3B
Time System time N 3B

Current Total current N 2B
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Figure 14.15 Analysis flow diagram after storage and processing of the historical data.

the BMS through the communication interface, and the data may be stored in the form of RAW files in the
FLAH chip. In order to facilitate the retrieval of the historical information, before an analysis is made of the
historical information, the index information of the real-time database should be extracted and placed in the
general information table in order to constitute the historical database, which is stored on the PC in the format
of database files.

Many basic data of the battery can be obtained directly from the historical database. The data analysis and
processing unit is mainly designed to conduct data mining in these basic data in order to obtain relatively rich
derived data.

In fact, the information derived from the original information can be very rich, and according to the specific
research and analysis needs, analysis software is compiled.

Some examples of the most basic derived information are given below:

1) Display basic data information of the designated travel.

2) Search basic data information of a cell during a trial-run experiment.

3) Calculate 10 minimum voltage values and cell ID during a trial-run experiment.

4) Calculate 10 maximum voltage values and cell ID during a trial-run experiment.

5) Calculate 10 maximum temperature values and cell ID during a trial-run experiment.

6) Calculate 10 maximum current values and time during a trial-run experiment.

7) Calculate 10 maximum current values and time during a trial-run experiment.

8) Calculate the maximum power integral and Ah of a period of time during a trial-run experiment.

After analysis and processing by the software, the battery data can be output in various forms, such as reports
and graphs, as shown in Figure 14.16.
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Figure 14.16 Travel data report example of an electric vehicle.

Statistical table of extreme value during a single charge and discharge of an EV battery pack

Experiment time: June 4, 2008 16:47 Experiment state: normal Experimented by Li Si

Number of 10 cells with minimum voltage

and

voltage value

Number of 10 cells with maximum
temperature and temperature value

Maximum current and
occurrence time

Cell No. Voltage Occurrence time Cell No. Temperature  Occurrence time Current Occurrence time
184 2.674 17:47:11 106 38.7 17:48:51 104.0 17:47:10
192 2.674 17:47:11 184 38.7 17:44:09 102.0 17:47:08
142 2.694 17:47:11 186 37.9 17:48:09 94.0 17:47:06
186 2.791 17:47:11 158 37.5 17:44:09 92.0 17:21:12
62 2.830 17:47:11 132 37.4 17:44:09 91.0 17:46:59
130 2.923 17:47:11 160 37.2 17:44:09 91.0 17:04:19
176 2.943 18:41:14 104 37.0 17:44:09 91.0 17:17:07
24 2.948 17:47:11 108 37.0 16:50:30 89.0 17:47:04
106 2.967 18:41:14 82 36.9 17:47:58 89.0 16:59:51
160 2.972 17:47:11 110 36.9 17:44:09 88.0 17:46:28

14.6 Battery Detection System Based on a Mobile Terminal

This section describes how to monitor the battery in real time by the mobile client and to store and analyze the
battery data by the server, in order to realize the remote monitoring and fault diagnosis of the battery.



14.6 Battery Detection System Based on a Mobile Terminal

Figure 14.17 shows the system function diagram of the remote battery monitoring and fault diagnosis system
designed according to the requirements of the intelligent battery system and the actual requirements of the appli-
cation scenarios on electric vehicles.

The battery detection system based on the mobile terminal mainly consists of a server and a mobile client. The
server is mainly responsible for battery data storage, battery data diagnosis and analysis, and the response to the
request from the mobile terminal and data supply. The mobile client is mainly responsible for battery data acqui-
sition, the display of the data in different forms and alarming, and other functions. To sum up, the overall
architecture of the detection system is shown in Figure 14.18.

In Figure 14.18, the whole system is divided into left and right parts. The cloud-based server is arranged on the
left and is mainly responsible for battery data storage and processing. The BMS communication module commu-
nicates with the server according to the formulated coding rules. After the data are uploaded to the server via the
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Figure 14.17 Remote power battery monitoring and fault diagnosis system.
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Figure 14.18 Overall architecture of the battery detection system based on the mobile terminal.
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Internet, the server decodes, classifies, and writes the data to the data table. The fault diagnosis based on the bat-
tery data is completed by the independent software module of the server and the diagnosis results are written on
the alarm report in the database for storage. The server opens different request instructions through the established
Web Service and the mobile client sends instructions to obtain data. After receiving the instructions, the server
queries the results in the database and returns the data through the Internet. The Android-based mobile terminal
is arranged on the right and mainly displays the battery data and the alarming.

14.6.1 Server Program Design and Implementation

The server program includes battery data reception and processing, battery diagnostic program, and battery data
enquiry services. Figure 14.19 shows the realization process of the battery data reception and processing program.
The battery degradation diagnosis and fault analysis are also implemented in the server program, as shown in
Figure 14.20.
The battery data enquiry service implementation process includes: database operation and interface call, as well
as WebService release and server IIS deployment, as shown in Figure 14.21.

14.6.2 Design and Implementation of the Mobile Terminal

In order to meet the functional requirements of the mobile terminal and provide convenience to users and sim-
plify operations as much as possible, the designed client interface and interactive operations are shown in
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Figure 14.19 Data reception and processing flow charge.



Figure 14.20 Diagnostic program
implementation process.

Figure 14.21 Enquiry service
implementation process.
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Figure 14.22 Client interaction and interface design diagram.

Figure 14.22, which are mainly composed of three hierarchical progressive interfaces and diversified data
display functions, which are provided in the main interface.

Figure 14.23 shows the screenshot of some tested interfaces: (a) client login interface, (b) vehicle overview inter-
face, at which all states of the vehicle can be browsed, (c) equipment details interface, which displays details of the
EV battery, (d) equipment enquiry interface, and (e) graphical and instrument interface, by which the change of
battery voltage and current and speed can be viewed.
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15
BMS for an E-Bike

In practice, all manufacturers of E-bikes today rely on a storage solution with lithium-ion (Li-ion) technology.
E-bikes reliability and effective distance covered with support of the battery strongly depends on the health and
charging state of the battery. A common bike battery voltage today has a range between 24 V and 52 V nominal.
The battery pack consists of individual cells connected in series. In general, the series-connected cells never
behave in the same way, even if they belong to the same batch from the same manufacturer. They always partially
differ in SoC, capacity, internal resistance, self-discharge rate, and temperature behavior. These differences will
intensify with the age of the battery, usually due to a thermal imbalance in the pack. Due to the different rates of
aging, the cells run further and further apart towards the end of their lives. Thus, to provide a dependable and
high-performance solution for E-bike users, the battery pack should be in perfect balance. In other words, all cells
should perform more or less the same. The requirement creates scope for a balancing system to be in place.

In a battery, the weakest cell determines the total capacity of the pack while the stronger cells still have some
remaining capacity. Therefore, the load could never utilize the full capacity of the pack. In order to counteract this
effect, passive voltage/charge balancing in Li-ion batteries has been frequently used in the past. However, today,
sophisticated active voltage/charge balancing systems are often used to extract the remaining capacity from a bat-
tery. Active charge balancing, also known as active balancing, allows the entire average battery capacity to be
used, as the stronger cells support the weaker ones.

This chapter covers the effect of active and passive balancing and its use for an E-bike battery pack, testing
methodology, testing results of active and passive balancing, and an active hardware solution. We particularly
describe each section with reference to a case study on the Stromer E-bike.

15.1 Balancing

The battery management system (BMS) precisely monitors every cell of a battery. Each cell is accessed individu-
ally and the cell voltages, current, and temperature are measured. The battery management system maximizes the
driving range and provides reliability and safety to the battery. Without BMS, it is hard to determine a strong or a
weak cell within the pack. In a battery pack, the rate of aging in each cell is different and the cells deviate signifi-
cantly from one another towards the end of their service life. This phenomenon is also referred to as “cell drift.”
The weakest cell in the battery pack determines the total capacity of the pack. During charging, the stronger cells
remain under-charged until the weakest cell reaches its complete charged state. In other words, the weakest cell
has the highest voltage drop across its higher internal resistance and reaches the cut-off voltage much faster than
a stronger cell. In this case, the charging process must be terminated according to the weakest cell so that the
weak cell does not over-charge. Over-charging the cell with a high internal resistance can damage the cell or
whole pack or, in the worst-case scenario, it leads to the risk of fire in the pack. When unloading, the behavior is

Battery Management System and its Applications, First Edition. Xiaojun Tan, Andrea Vezzini, Yuqian Fan, Neeta Khare, You Xu,
and Liangliang Wei.
© 2023 China Machine Press. All rights reserved. Published 2023 by John Wiley & Sons Singapore Pte. Ltd.
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similar. The weakest cell reaches its discharge cut-off voltage earlier than the others and limits the discharge
duration, while other cells are still left with energy or capacity.

In order to prevent the cells of the battery from running apart, today almost all battery management systems
have either passive or active balancing. The task of the balancing is to bring all the cells (voltage or charge) to the
same level within the tolerance band while charging or whenever they drift apart more than a tolerance band. The
process helps to maintain all cells at the same level of voltage continuously and achieves a complete charging state
in all cells at the same time. By balancing, the entire capacity of the pack can be fully utilized.

15.1.1 Passive Balancing

The challenge of a battery management system is to balance the number of series-connected battery cells while
cycling (charging or discharging). Balancing is all the more difficult when series-connected cells have different
residual charges in the beginning of the charging process. This initial charge imbalance makes some cells reach
their maximum voltage (charge state) earlier than others and terminates the charging process. Because fully
charged cells cannot be over-charged, the other cells, those that have not yet reached the maximum voltage,
remain under-charged. Passive balancing is developed to maintain the cell voltages in such a way that each cell
reaches the maximum voltage together and attains a maximum input capacity. In passive balancing, the charging
energy of the cells, which have a higher voltage potential, is converted into heat via a bypass resistor connected in
parallel with the cell. As shown in Figure 15.1, when the upper voltage threshold is reached, cell A is partially
discharged via a resistor in order to bring cell B to a higher charge level. This method is used especially during the
charging process, when the energy supply is available from the charger.

The balancing method is employed with the Stromer charger. At the end of the charging process, the balancer
turns on and off a few times. The balancer unloads the weaker cell briefly and brings the weaker cell voltage down
to the same level as that of stronger cells.

When discharging, the weaker cell voltage is lower than that of a strong cell and the same balancing process would not
balance the cells. Thus, discharging must stop the process as soon as the weakest cell has reached the lower voltage
threshold. As a result, the residual energy remains unused in the stronger battery cells. Since passive balancing methods
are not effective during discharging and cannot improve the energy utilization, another solution must be found.

15.1.2 Active Charge Compensation

With active balancing, excess charge is transferred from one cell to another. Instead of the energy stored in the cells
being converted into heat losses, the cells support each other in this method. The charge transfer between the cells can
take place during charging and discharging, as well as during the state of rest. Therefore, the cells remain balanced at
all times. During charging, the active compensation can carry a charge from a weaker cell to a stronger one. When
unloaded, the stronger cells can support the weaker ones. In contrast to passive balancing, active balancing permits
high-compensation currents. The active charge balancing can be
accomplished by various methods, for example with switched
capacitances or inductances, as well as with the aid of a highly effi-
cient fly-back converter. For more information about the selected
compensation procedure, refer to Section 15.4 on active balancing
solution.

Figure 15.2 illustrates the advantages of active balancing
with cells of different capacities. The energy quantity bet-
ween the maximum and minimum cell capacity is not con-
verted into heat during charging, as is the case with passive
Figure 15.1 Passive charge compensation charge balancing, but it is transferred between the cells. As
(Source: www.elektronikpraxis.vogel.de). the weaker cells are charged more rapidly, they release their
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Figure 15.2 Passive and active charge balancing.

excess energy to the stronger cells during the charging process. When unloading, the energy from the stronger
cells is then transmitted back to the weaker cells. Thus, all the cells can be completely discharged without any
charge remaining in them. In summary, active charge compensation gives a higher effective capacity to a bat-
tery pack than passive charge compensation.

15.2 Battery Pack Design for an E-Bike

The battery of the investigated E-bike relies on a storage solution with Li-ion technology. The battery is built with 50
Samsung (18650-22P) cells. Ten packs are connected in series. Each pack has five parallel cells to achieve a higher
pack voltage. The battery management system is responsible for
monitoring each individual cell. Since, in this case study, mea-
surements focus exclusively on the discharge characteristic, the
shutdown criteria are of central importance to the battery
management system. To examine the performance of active and
passive balancing, it is necessary to keep the same switch-off cri-
teria in both types of BMS (with active or passive balancing).
This would maintain the same capacity level in both types of
BMS at the initial stage without balancing. The BMS stops the
discharge process when a cell voltage reaches below 3.0 V and
stays at a voltage lower than 3.0 V for a period of five seconds.

The Stromer E-bike battery pack is shown in Figure 15.3. To
ensure an E-bike performance, a guarantee is given in terms
of 70% of the design capacity of the battery will be available Figure 15.3 E-bike battery pack: a Stromer power
after 1000 cycles or 3 years, which ever happens first. battery.
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15.2.1 E-Bike Battery Pack Design Specifications

Tables 15.1 and 15.2 show the battery pack design specifications of the E-bike, which include the battery and cell
respectively.

15.2.2 Testing

For designing and developing an E-bike battery system, an engineering group has used the testing system
Evaluator-B from FuelCon, as shown in Figure 15.4. It was used to record the discharge characteristics of the
Stromer battery. The Evaluator-B FuelCon enables the testing of a wide variety of performance classes of battery
systems to be tested as well as various battery technologies such as Li-ion, Li-polymer, NiCd, NiMH, or lead-acid.
Within the test bench, application-specific options/modes can be selected. These options are constant current
(CC), voltage, power, and resistance modes. The control is carried out via the user-friendly “TestWork” software.
For the E-bike applications, the Stromer battery was discharged in a first step with a CC. While testing we have
considered three CC values: 0.5C,1 C,and 2 C.

The voltage of each individual cell is tapped and recorded separately using the Agilent Data Logger 34972A. The
Agilent data logger has a 16-channel multiplexer module (34902A), so that each cell voltage can be measured inde-
pendently. The battery is discharged through FuelCon until the battery management system, which is attached to

Table 15.1 Battery.

Charge cut-off Discharge
Technology-type Power/ Wh Voltage/V Capacity/Ah voltage cut-off voltage ~ Weight/kg

Li-ion SDI 18650-22P 396 36 11,10.75 (0.2 C discharge) 4.2 3.0 3.1

Table 15.2 Cell.

Manufacturer/type Minimum capacity/Ah Typical capacity/Ah Nominal voltage /V  Charge cut-off voltage /V

Samsung/18650-22P  2.050 (0.2 C discharge) 2.150 (0.2 C discharge) 3.62 (1 C discharge) 4.2V +0.05V

Figure 15.4 Evaluator B FuelCon battery test bench.
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Figure 15.5 Test setup.

Table 15.3 Test setup details.

Test setup details

FuelCon Evaluator-B: Agilent Data Logger 34972A:
Serial number: 70414 Serial number: MY49004365
Model number: 420104500 Resolution: 22 bits

Charging discharge unit: max.1000 A, 100 V, 5 kW Sampling speed: 3 MS/s

Resolution: up to 24Bit

the battery, issues the shutdown command according to the discharged cut-off voltage. The cell voltages stored in the
Agilent data logger are then processed in a MATLAB script so that the differences between the individual cell capac-
ities can be determined. Simultaneously, the cells are monitored with the BMS Monitor Tool from Stromer and the
individual cell voltages are also recorded. All tests are carried out at room temperature. Figure 15.5 shows the test
setup and Table 15.3 gives the test setup details.

The effect of temperature variations on the cell behavior has not been investigated in this project. It is expected that
the differences between the individual cells are likely to be even more pronounced with temperature variations.

15.3 Methodology

For processing Agilent monitored data and analysis, a MATLAB script was created. The MATLAB script reads the
measurement series from the desired battery, the Filename, the battery number, the discharge voltage, and the time.
The graphics for the discharge curves, extrapolation, and residual capacity are generated [1]. The characteristics of the
battery such as the design capacity, the capacity at full charge, and the number of cycles are read out and displayed.
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Stromer-Battery: Cell discharge curves
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Figure 15.6 (a) Discharge curve of 10 cells of the Stromer battery; (b) zoom-in of the discharge curve at the end of the
discharge when cells have voltage drift.

The GUI displays through the MATLAB script are given in Figure 15.6. Figure 15.6(a) shows the discharge
curves of 10 cells of the Stromer battery. The battery information is displayed at the upper right corner of the
graph. Figure 15.6(b) is a zoom-in of the cell voltages at the end of the discharge. The battery management system
of the Stromer battery automatically turns off the discharge process when a cell has a voltage less than 3.0 V and
it remains below 3.0 V for a period of five seconds. To simulate the test as a real-time operation, the shutdown
condition is kept the same as described in BMS.

Figure 15.7(a) shows the weakest and strongest cells during the course discharge time as described in Figure
15.6(a). The strongest cell 10 is shown in red and the weakest cell 6 in blue. The plot clearly shows that the same
cell (10) remained strongest throughout discharging and cell (6) remained the worst for the entire duration.
Because the strongest and weakest cell did not change for the entire duration of the discharge, this suggests that
balancing did not happen during discharging.
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o Stromer-Battery: Strongest and weakest cell

Battery Number: 1

M C-Rate:1C
I ~I I Capacity: 11 Ah
8 i Nom. Capcity: 10250 mAh
at full charge: 10205mAh
MNumber of Cydes: 6
T 6 ——— Strongest Cell
o Weakest Cell
4t
2
0 500 1000 1500 2000 2500 3000 3500
Measuring point [second]
(a)

Volmge difference between strongest and weakest cell

Battery Number: 1
C-Rate:1C

Capacity: 11 Ah

0157} Nom. Capcity: 10250 mAh
at full charge: 10205mAh

E Number of Cycles: 6
‘é* 01} 1 | Volage difference |
S
0.05f " I I

0

0 1000 1500 2000 2500 3000 3500

Measuring point [second]
(b)

Figure 15.7 (a) Strong and weak cells during the discharge time and (b) difference of the voltages between the strong and
the weak cells.

Figure 15.7(b) shows the voltage difference between the strongest and weakest cells. The voltage difference bet-
ween the two cells remains minimal for most of the discharge time, but the voltage difference rises exponentially
close to the discharge cut-off or to the end of the discharge.

The difference of the cell capacities can be determined by extrapolating the discharge curves of Figure 15.6(b).
When the weakest cell reaches the discharge cut-off voltage the BMS stops the discharging process. Figure 15.8(a)
shows the discharging curves of the cells at the discharge cut-off. Figure 15.8(b) provides the extrapolation of the
discharge voltage curves beyond the discharge cut-off voltage. The extrapolation curves can determine the addi-
tional discharge time and energy that other strong cells could have been provided if the discharge process was not
stopped due to the weakest cell voltage.

As specified in Figure 15.8(b), the extrapolation of the voltage profiles can determine the remaining capac-
ities in each cell. Figure 15.9(a) shows the remaining capacity in each cell with blue bars, whereas the mean
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3.2 T

Stromer-Battery: Cell discharge curves
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Figure 15.8 (a) Discharge cut-off due to the weakest cell and (b) extrapolation of the stronger cells to determine the

additional discharge time they could have offered.

value over the 10 cells is given by the red bar. The weakest cell 6 has no remaining capacity while the strongest
cell 10 has over 100 mAh remaining capacity. The mean of the remaining capacity in 10 cells is approximately

55 mAh.

Figure 15.9(b) shows the effect of active balancing on improving the discharge capacity of the Stromer bat-
tery. In active balancing, during charging and discharging processes, the strong cells support the weak cells in
order to balance the differences of capacity among them. To determine the effect of active charge balancing,
the mean value of the residual capacitances is compared with the output capacitance of the reference cell (the

weakest cell).

3500

3550
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Stromer-Battey: Residual capacity of the cells
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Stromer-Battey: Possibilities with Active Balancing
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Figure 15.9 (a) Remaining capacity in each cell of the Stromer battery when the cut-off is at the end of the charge and (b)
the effect of active balancing in recovering the remaining capacity from the Stromer battery.

15.4 Active Balancing Solutions

Among other companies, Linear Technology Corporation provides the active balancing solutions for the Li-ion
battery. The LTC3300-1 balancing module from Linear Technology has a charge transfer efficiency of up to 92%.
In the ideal case or in a MATLAB simulation, active balancing is able to extract 92% of the remaining capacity
from the battery.

The LTC3300 from Linear Technology is a key element in a battery management system because it provides an
active charge balancing feature. The charge balancing can reduce inequalities between cells, resulting in a longer
battery life and, in the case of active balancing, a higher total capacity.

The LTC3300 is a bidirectional balancing device that can be used as a controller based on a synchronous fly-back
topology and can manage up to six series-connected cells with a common mode voltage of up to 36 V. The charge may
be shifted between a selected cell and 12 or more adjacent cells. All balancers can work independently.

The individual balancers are controlled via an SPI-compatible interface with level shifters, which makes it pos-
sible to connect several controllers of the LTC3300 in series.
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15.4.1 Structure of LTC3300

The active charge balancing is performed by a bidirectional synchronous fly-back converter controlled by the LTC3300.
Each LTC3300 controller has six independent fly-back controllers that allow individual loading or unloading of a cell.
The six control signals within the LTC3300 can control the gates of the NMOS switches on the primary and secondary
sides. The primary winding of the fly-back converter is connected to the battery potential while the secondary winding
is connected to the potential of the respective cell. Figure 15.10 shows the basic structure of LTC3300.

15.4.2 Discharging Procedure

If a cell needs to be discharged in a battery, the MOSFET is switched on at the primary side, as shown in Figure 15.11.
A current flows through the primary-side inductance, which rises ramp-shaped until a voltage of 50 mV is detected at
the current measurement input of the LTC3300. The NMOS-FET is then switched off and the energy stored in the
transformer is transmitted to the secondary side, whereby a current is generated in the secondary-side inductor of the
transformer. In synchronism with switching off the primary MOSFET, the secondary side is switched on until the
current returns to zero. Once the current has reset to zero, the entire cycle is repeated until the LTC3300 controller
issues a command to stop the discharge mode. The process transfers the charge from one cell to all other cells.
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Figure 15.10 Structure of LTC3300.



15.4 Active Balancing Solutions

15.4.3 Charging Process

If a cell needs to be charged, the secondary-side MOSFET for the selected cell is switched on, so that the
current flows from the cells through the transformer, as shown in Figure 15.12. The MOSFET remains
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Figure 15.11 Discharging with LTC3300.
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Figure 15.12 Charging with LTC3300.

339



340

15 BMS for an E-Bike

switched on until the current measurement input is at a voltage of 50 mV; then it is switched off. Synchronously,
the primary-side MOSFET is turned on, whereby the current flows through the inductor and charges the
selected cell from the other cells in the stack. This cycle is repeated until the LTC3300 controller terminates
the load mode.

Figure 15.13 shows a typical curve with active balancing. The stronger cells support the weaker ones by charge
balancing. Active balancing results in a small voltage drop in the stronger cells and a small voltage boost in the
weaker ones.

Stromer-Battery: Cell discharge curves
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Stromer-Battery: Cell discharge curves
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Figure 15.13 Test results of active balancing during the discharge process: (a) test results of active balancing and (b)
enlarged view of test results of active balancing from 3360 s to 3440 s during the discharge process.



15.5 Test Results

15.5 Test Results

The company Stromer has provided eight battery packs for the measurements: three new batteries, three batteries
of medium age, and two batteries of advanced/old age. All eight batteries were discharged with the FuelCon bat-
tery test stand at the Bern University of Applied Sciences with three CCs, 0.5 C, 1 C, and 2 C, and the measured
values of each individual cell were recorded with the Agilent data logger.

The testing was carried out with only three samples with a new age, a middle age, and an advanced/old age bat-
tery (see Table 15.4). All three aging battery pack samples were discharges with 1 C and measurements with and
without BMS were taken. The BMS measurements were specifically examined to find the active balancing solution
from Linear Technology.

Without BMS, testing is done with three samples of batteries that were discharged with CC of 0.5C, 2 C, and 1
C. With BMS (active and passive), the test battery was discharged with 1 C. With passive balancing, the discharged
was repeated five times and the measurement result was obtained by averaging five results. Active balancing was
performed manually. In the process, only the best cell was unloaded and the worst cell was loaded. Three dis-
charging processes were recorded for each battery, and only the best result for the evaluation was selected. Manual
balancing is difficult to be effective because cells start diverging only at the end of the discharge and the time for
compensation is very short for effective manual operation.

15.5.1 Measurements with Different Discharges

Battery NEW

Figure 15.14(a) and (b) shows the discharge curves of the battery as well as the voltage difference between the best
and the worst cell with different discharge currents.

In the new battery, the voltage differences between the best and worst cells are between 0.08 V and 0.22 V.
Figure 15.14(b) clearly shows that the greatest voltage difference is achieved by active balancing while discharg-
ing. However, the cell’s voltage drift is smallest without BMS while discharging with 2 C.

Without active balancing, during discharge the voltage differential curve initially runs very flat and then rises
exponentially shortly before the discharge cut-off voltage. In contrast, with active balancing, during discharge the
curve remains flat, except that the voltage peaks can be detected, which indicates an active balancing for the
entire period.

Table 15.4 History of the three test batteries.

Battery 1 Battery 6 Battery 4

new middle old
Capacity (Ah) 11 10 10
Design capacity (Ah) 10.250 9.500 9.500
Capacity full charge (Ah) 10.205 8.916 6.172
Number of cycles 6 73 416

Date of production (week/year) 51/2012 35/2010 8/2011
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Figure 15.14 (a) Battery NEW - discharge curves and (b) voltage drift among cells while discharging with various

Stromer-Battery: Cell discharge curves

discharge currents.

Figure 15.15 shows that the remaining capacity in the battery have different C-rate discharges. The active
balancing effect can be derived from the remaining capacities. With a slow rate discharge of 0.5 C, the remaining
capacity is very small and thus the effect of active balancing is relatively low at approximately 0.25%.

The new battery has the largest remaining capacity during discharge, even with active balancing. This indicates
that the manual charge balancing has not been optimal and the result is worse than when the battery was tested
without active balancing. The difficulty with manual charge balancing is that the cells do not drift until the end of
the discharging process and a sudden drift occurs at the discharge cut-off voltage. The length of time for the deter-
mination of the weakest and strongest cell as well as starting the charge compensation is very short. Consequently,

it is not possible to compensate energy optimally between the individual cells.
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Residual capacities of the Stromer battery
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Figure 15.15 Battery NEW - remaining capacities and possibility with active balancing.

Battery MIDDLE Age

Figure 15.16 shows battery MIDDLE age - discharge curves and voltage differences. In the middle age battery, the
voltage differences between the best and the worst cell range from 0.08 V to 0.26 V over various C-rate discharges.
The 2 C-rate discharge shows the highest voltage difference in a middle age battery. However, the voltage drift
gets smaller when using active balancing while discharging.

In the middle age battery, active balancing improves extracting the remaining capacity. The effect of active
balancing can be derived from the remaining capacities average.

Most of the analysis and Figure 15.17 show that the residual capacities approximately remain equal to the
capacity extracted with active balancing. With manual balancing, the mean remaining capacity is a little lower
than 40 mAh. The remaining amount that would theoretically be extracted is 0.5% of the total designed capacity.
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Stromer-Battery: Cell discharge curves
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Figure 15.16 Middle age battery: (a) discharge curves, (b) voltage drift among cells while discharging with various
discharge currents.

Stromer-Battery: remaining capacities
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Figure 15.17 Middle age battery - remaining capacities and possibility with active balancing.
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Battery OLD Age
The voltage drop across the internal resistance in the old battery was too high while discharging with 2 C and the
discharge curve is not usable. Therefore, the discharge curve with 2 C is not included in this section for analysis.

The voltage difference between the best and the worst battery ranges from 0.15 V to 0.2 V, with various Crate
discharges. Unlike others, the highest voltage difference was found with a discharge of 0.5 C. Figure 15.18(b)
shows the voltage differences that remain are approximately equal when discharging with and without a battery
management system and when discharging with active balancing.

Figure 15.19 shows, on discharging without BMS, that the old battery performs equally poorly for both cases of
(a) remaining capacity and (b) possibility with active balancing. This is an indication that balancing is not effec-
tively performed. The result was not verified on multisamples with various C-rate discharges. Therefore, the
results are not universally applicable.

In Figure 15.19(b) active balancing shows a much higher 2.2-3.9% of capacity extraction in an old battery com-
pared to other cases. However, this applies only to the ideal condition. The active charge transfer, otherwise, is
also affected by losses.

The theoretical residual capacity that would have to be extracted with ideal active balancing has worsened here due to
manual balancing and has a value of 3.9%. With this limited testing, we can conclude that manual charge compensation
has not been optimal and the battery works better with the original BMS. As with the other measurements, this result
has to be viewed subjectively, since it is very difficult to guarantee an optimal compensation of the cells manually.

In summary, it can be stated that the Stromer batteries under test work better with passive balancing (with
BMS) as compared to active balancing. However, cells drift away when they age.

Stromer-Battery: Cell discharge curves
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Figure 15.18 Old age battery: (a) discharge curves and (b) voltage drift among cells while discharging with various
discharge currents.
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Stromer-Battery: Cell discharge curves
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Figure 15.19 Old age battery: (a) remaining capacities and (b) possibility with active balancing.

15.5.2 Comparison Between the Batteries

15.5.2.1 Voltage Drift Between the Best and Worst Cells

Figure 15.20 shows the voltage drift of new, middle age, and old batteries at different rates of discharge. The
voltage difference between the best and the worst cell ranges from 0.07 V to 0.26 V for all age batteries and
including all discharge currents.

Figure 15.20 does not suggest conclusively that an old battery has a larger voltage drift, but the voltage drift is
mostly a function of the discharging C-rate.

The oldest battery (battery 4) shows a higher voltage drift in the beginning; however, it matches other batteries
eventually on discharging.

Nothing remarkable is found with the measurements on discharging the battery without a BMS.

It is very clear with Figure 15.21 that the battery loses capacity with increasing age. The oldest battery (green
curve) reaches the discharge cut-off voltage much earlier than the other batteries. Discharging the battery with
active balancing gives intermediate voltage peaks during the entire period of discharging. These intermediate
peaks certainly indicate charge balancing among cells. In addition, the voltage differences are of the same order
of magnitude as the original Stromer-BMS with passive balancing. Thus, we did not see a significant improve-
ment by adding a complex active balancing mechanism.

15.5.2.2 Residual Capacity

The available residual capacity increases with the aging process of the battery. This can be seen very clearly in
Figure 15.22, where the oldest battery has the most residual capacity in contrast to the new battery, which has the
least residual capacity. The results suggest that voltages of the cells drift apart more quickly in older batteries and
force the discharging to stop. Hence stronger cells in an old battery have been left with more residual capacity.
Note that the analysis is based on the extrapolation discharge curve up to the discharge cut-off voltage.
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Figure 15.20 Voltage drift of new, middle age, and old batteries at (a) a 0.5 C rate discharge, (b) a 1 C rate discharge, and
(c) a 2 Crate discharge.
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Figure 15.21 Voltage drift between the cells with active balancing for new, middle age, and old batteries.
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Figure 15.22 Residual capacity of new, middle age, and old batteries at (a) 0.5 Cand (b) 1 C discharges.



15.7 Results and Evaluation

Residual capacities at 1C discharge
with Active Balancing

200
150
=
<
E
2100
[&]
3]
Q.
]
(@]
50
I Battery NEW
I Battery AVERAGE
0 [ Battery OLD

Figure 15.23 Residual capacity of new, middle age, and old batteries with active balancing.

Figure 15.22(a) also shows the discharge with 0.5 C, the oldest battery has a maximum residual capacity that is
approximately 180 mAh, and the new battery has a residual capacity of approximately 25 mAh.

An exception occurs in Figure 15.23 when batteries are discharged with active balancing in the cells. In the
figure the middle battery has less residual capacity than the new battery, which suggests that active charge
balancing works best with the middle age battery. However, there were not enough measurements to validate the
single test result.

15.6 Possibility with Active Balancing

With active charge balancing, when cells transfer energy among themselves, it is possible to utilize the total
average capacity of a battery.

Figure 15.24 shows that the old battery can ideally get the highest capacity out as 3% more on using active
balancing. Moreover, with the new battery, less than 0.5% more capacity can be extracted. The figure also suggests
that the effect of active balancing is more pronounced with a higher discharge current.

When discharging with active and manual balancing, it is found that the possibility of extracting the remain-
ing capacity has deteriorated in a new and an old battery. In Figure 15.25, it is clear that the middle age battery
performance (the usable residual capacity) has improved with the manual compensation. It would be inter-
esting to repeat the measurements with an implemented balancing algorithm and to compare the measured
values.

15.7 Results and Evaluation

When designing the Stromer battery, the following test cases were considered.

Three battery packets were subjected to the following measurements, as shown in Table 15.5.

Final results have been generated by calculating the mean values of a higher number of measurement samples,
such as the case using five or three of two samples. Only the best result was included in the evaluation for manual
load balancing. The testing results clearly showed that the battery cells drift apart with age. Active charge
balancing, if employed, extracts more capacity from a battery. In general, the battery packs are good and only a
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Figure 15.24 Possibility of extracting the remaining capacity with active balancing: (a) 0.5 Cand (b) 1 C rate discharges.
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Figure 15.25 Possibility with active balancing using different discharges.
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Table 15.5 Three test battery packets.

Sample
Discharge C rate Electronics Balancing measurement cycles
0.5C With BMS Passive 1
1C With BMS Passive 5
2C With BMS Passive 1
1C Without BMS No balancing 2
1C Without BMS Manual active balancing 3

little more capacity could be extracted with active balancing. It makes more sense to develop a new balancing
system with active balancing only when the new module can offer 92% or higher efficiency.

Since time was limited for the realization of a balancing algorithm in this project work, only the active balancing
strongest cell was unloaded manually to load the weakest cell. In residual capacities, a middle age battery shows
an improvement, but old and new batteries were deteriorating in a residual capacity.

In summary, it may be concluded that the capacity of the Stromer battery can be increased with active balancing.
However, the scope of the gain in capacity is fairly low. For example, in an old battery only approximately 3%
more capacity can be extracted with active balancing. A good balancing algorithm should be implemented in an
LTC3300 demo board to achieve better gains in the capacity.

Reference

1 Honkura, K., Takahashi, K., and Horiba, T., “Capacity-fading prediction of lithium-ion batteries based on discharge
curves analysis,” Journal of Power Sources, 2011, 196: 10141-10147.
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In Europe, about half a million commercial vehicles are sold every year. Around half of these vehicles are now
powered by lead-acid batteries. Lead-acid batteries are cost-effective, but they are heavy, show poor performance,
and offer a shorter life. In addition, lead-acid batteries require a relatively large maintenance effort and have poor
energy efficiency, particularly when partial discharge (shallow cycles) occurs. Lithium-iron-phosphate batteries
behave differently. They produce higher efficiency, lighter weight, and a longer life, which make them increas-
ingly attractive as an alternative. Lithium-ion (Li-ion) battery systems have been developed specifically for the
conveyor belt area, with integrated battery management and adapted charging infrastructure. Use of Li-ion bat-
teries has an economic advantage in the case of a precise lifetime cost analysis.

16.1 Lithium-lron-Phosphate Batteries for Fork-Lifts

The lithium-iron-phosphate accumulator is the most suitable development of the Li-ion battery for fork-lift appli-
cations. Iron phosphate or LiFePO, is used as the cathode material. Iron phosphate can be produced less expen-
sively than cobalt oxide, which is commonly used for Li-ion batteries. Even more problematic, cobalt is supplied
by only a few countries, which makes this raw material more vulnerable to tremendous price fluctuations due to
commodity speculation. Such imponderables are less likely to happen for iron phosphate as the raw materials for
this substance are readily available worldwide.

The technology also has a number of key advantages to be used in industrial truck applications:

e Lithium-iron-phosphate technology is currently the most powerful, commercially available, rechargeable bat-
tery system with cell sizes above 100 Ah.

o Compared to conventional lead systems, a three to five times longer operating time is possible with the same weight.

e Due to the high thermal stability and firm bonding of oxygen, it is absolutely safe, maintenance-free, and a
long-lasting operation.

o Li-ion batteries can be discharged at high currents, which makes it possible to use lower battery capacities for

short-term systems.

Li-ion batteries can be recharged quickly, which means that a battery can be re-used after use.

The constant voltage levels across the wide range of discharge poses little demands on the converter technology (see Figure 16.1).

The relatively low capacity reduction at low temperatures allows lower demands on temperature management.

Lithium-iron-phosphate batteries have a very small self-discharge (<3% per month).

Lithium-iron-phosphate batteries do not need a floating charge to maintain the SoC level while not in use.

The charging factor and energy efficiency are close to one (see Figure 16.2). Higher energy efficiency together

with a low self-discharge rate results in low losses.

Battery Management System and its Applications, First Edition. Xiaojun Tan, Andrea Vezzini, Yuqian Fan, Neeta Khare, You Xu,
and Liangliang Wei.
© 2023 China Machine Press. All rights reserved. Published 2023 by John Wiley & Sons Singapore Pte. Ltd.
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Figure 16.1 Discharge behavior of the LiFePOy4 cell at 2 C with various temperatures.
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Figure 16.2 Charge behavior of the LiFePO,4 cell at 2 C with various temperatures (Source: Berner Fachhochschule/IPS AG
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16.2 Battery Management Systems for Fork-Lifts

e The proportion of gray energy in Li-ion batteries is very small and is not significant during the operating time
as measured by the energy savings.
o Li-ion batteries use safe and recyclable materials.

16.2 Battery Management Systems for Fork-Lifts

The battery management system (BMS) plays a crucial role in the safe operation of a fork-lift. Various functions
performed by the BMS are shown in Figure 16.3. There are major differences between protective and monitoring
functions. While in the normal case only the monitoring functions play a role, the protective functions must inter-
vene in the case of malfunctions. The following tasks are included in the category of monitoring functions:

e Voltage, current, and temperature monitoring: These values are frequently referred to as primary values and
other variables are then derived from them. A directly derived value is, for example, the internal resistance,
which allows conclusions to be made about the loading and health states.

e Charge balancing: Since charging and discharging due to the parameter dispersion and, for example, different
temperature distributions in the battery pack can lead to an uneven load on the cells, they could drift over time
and the weakest cell would then limit the capacity of the battery. The charge compensation is applied with the
aid of parallel-connected discharge resistors or actively controlled charging circuits.

Pre Charge
Contactor control

Architecture

Dependent
Overcharge
Over-discharge
Over-current
Short circuit
Temperature BMS
Protection
Fuel gauging
KEY FUNCTIONS Communication

Date recording/reporting

Battery
Health
OBD Il

Figure 16.3 Task of the battery management system (Source: IPS AG http: //www.integratedpower.ch).
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o State of charge (SoC): The charge state plays a very important role, both for managing the battery and for
displaying the information for the driver. While the battery management system monitors the operation of the
battery within certain charge state limits, the system can also calculate the remaining available service life from
the charge state using a superordinate consumption calculator.

o Health status (state of life/SoL or state of health/SoH): The BMS calculates the available capacity as a function
of the number of charge and discharge cycles. Most commonly, a mathematical model is used to calculate
the life time, which also includes calendar aging as well as depth of discharge, the current intensity, and the
operating temperatures [1]. Intelligent systems periodically correct the calculated model values by means of
so-called reference charges.

Other tasks of the BMS include the protection and control over external peripherals. External peripherals are
charging circuits, cooling units and protective switches, and diagnosis and communication with the driver and
the vehicle.

16.3 The LIONIC® Battery System for Truck Applications

Under a collaborative project, Integrated Power Solutions AG and Bern University of Applied Sciences have
developed a complete battery system for industrial truck applications using lithium-iron-phosphate batteries.
Under the project, an integrated protective circuit has been developed for an optimal reaction using high capacity
(50/70/100/120 Ah) lithium-iron-phosphate cells. A “Smart Header” in the system stores digital DNA of a single
cell. Digital DNA keeps the single cell voltage and temperature. This is the basic unit for the LIONIC® battery,
under the name LIONIC® Smart Cell Battery System, as shown in Figure 16.4.

The Power Protection Unit (PPU) in an extended battery management system controls all the Smart Cells and
continuously collects their data. Each of the cells and the battery are checked for a safe operating range (moni-
toring). In the event of a fault, switches completely disconnect the battery from the load and prevent any damage
to the material and the human operator.

A LIONIC"-certified charger has an interface between the battery and the charger, which allows the PPU
to intelligently influence the charging process. PPU controls the charging current as a function of the charge
state.

The most important parameters, such as the charge status and the real-time operating status, can be read
directly on the battery or via the external charge status indicator, which is an optional feature.

Figure 16.4 LIONIC® Smart Cell and LIONIC® Power Protection Unit (Source: IPS AG).



16.4 Application

For several years, the LIONIC" lithium-iron-phosphate battery systems have been tested in various applications.
A number of clear advantages have emerged for the customer:

e Maintenance-free: Li-ion battery systems are absolutely maintenance-free.

e Energy efficiency: Li-ion battery systems have a very high energy efficiency compared to conventional
solid-state battery systems. They offer high efficiency up to 95% and vary with the application. A high efficiency
provides approximately 20 to 40% of energy savings.

o Emission-free: Li-ion battery systems are absolutely emission-free and can therefore be used everywhere.

e Protection class: LIONIC® Li-ion battery systems meet IP54 protection. This means that the system has dust
and splash protection. A higher degree of protection is also possible on request.

e Intrinsic safety and operational safety: LIONIC® Li-ion battery systems have subsystems that ensure intrinsic
safety. During an emergency these subsystems lead to a shutdown of the battery system.

o Temperature-resistant: Li-ion battery systems can be used very well at large temperature ranges, especially at
very low temperatures.

o Lifetime: According to the latest findings, Li-ion battery systems can be expected to have at least twice the life
expectancy compared to conventional lead-acid batteries.

o Intermediate charge: Li-ion battery systems tolerate intermittent charging, as opposed to lead-acid batteries;
however, the service life is shortened by intermediate charges.

e Fast charging: Li-ion battery systems accept fast-charging, which can provide more than 80% of the capacity in
less than 1 h.

e Higher energy density: Li-ion battery systems are characterized by a high energy density (three times higher
than conventional lead-acid batteries). Therefore, Li-ion battery systems offer greater performance at a smaller
volume.

e Recuperation current: Li-ion battery systems are particularly capable of recuperation due to a relatively low
internal resistance throughout the SoC range.

e New functionalities: LIONIC® Li-ion battery systems have a battery management system that provides accurate
data, charge state, number of charging and discharging cycles, energy throughput, lifetime, and possibility of
upgrading.

o Li-ion battery systems last longer, despite the initial high cost compared to a conventional lead-acid battery, but
Li-ion battery mitigates the acquisition costs in the long run.

o Low self-discharge: The self-discharge rate is very small in comparison to the conventional lead-acid solutions.

16.4 Application

LIONIC"® energy systems are capable of fast charging and can also be intermediate charged. Charging is carried
out at a constant current. In a two-shift operation, a replacement battery is not required if intermediate charging
is carried out during breaks (1 X 15 min and 1 X 30 min per shift). As an example, Figure 16.5 shows the capacity
curve of a LIONIC® 24 V/9 kWh (360 Ah) energy system for a two-shift operation with intermediate charging.

LIONIC® with a higher energy efficiency reduces the costs and protects the environment!

Figure 16.6 shows that the conversion from an electrochemical process to electrical energy is only 70% efficient
in the lead-acid battery. The losses arise due to the charge factor, the large voltage swing between the charge and
discharge, and the temperature rise in the battery during the charging/discharging process. Only 64% of the fully
charged battery energy is available for the operation of electric vehicles where lead-acid batteries are in use.

If LIONIC” energy systems are used instead of lead-acid batteries, the usable energy for the electric vehicle
increases by up to 85.5%, which is significantly greater than 64%. This is because the substantially higher
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efficiency of the LIONIC® energy systems compared to lead-acid batteries, which is approximately 93%. The
high efficiency is the result of a reduced charge factor, lower voltage swing, and lower temperature rise while
charging and discharging. Thus, the LIONIC® energy systems provide much better energy efficiency. When
compared with lead-acid batteries, the LIONIC” energy system requires 30% less electrical energy for every

charging operation.

Figure 16.6 shows that, on using LIONIC® energy systems, the electrical energy cost saving is achieved by 30%

and CO, emissions are reduced by the same factor.

[%] 1st shift 2nd shift
100 ~ T
\\ |
|
Z 60 \ N ;
NN
] 40 \\ AN ! }\
o [N N !
N \\: r\ / \
20 P NN
AN NEAN|
0 N\ N N\ \
T >
0 2 4 6 8 10 12 14 16
Time

Figure 16.5 Capacity curve of a LIONIC® 24 V/9 kWh (360 Ah) energy system for a two-shift operation with intermediate

charging.
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16.5 The Usable Energy Li-lon Traction Batteries

16.5 The Usable Energy Li-lon Traction Batteries

The energy contained in a traction battery is the product of the rated capacity (Ah) and the rated voltage (V). A
fully-charged 24 V lead-acid battery with a capacity of 375 Ah (five hours) has an energy content of 24 V x 375
Ah = 9.0 kWh. In comparison, a 24 V - 240 Ah Li-ion battery comprising 2 X 8 cells, each with a cell voltage of

3.2V, has a rated voltage of 25.6 V and an energy content of 6.1 kWh.

The cell voltage of an E/PzS lead-acid battery drops significantly during the discharge process. This voltage drop

is further increased on discharging with higher rates (see Figure 16.7).

In contrast, Figure 16.8 shows the discharge voltages of Li-ion batteries. The discharge curves are very constant
up to one hour of discharge time, so nearly 100% of the initial energy is available over the whole discharge range.
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Figure 16.7 Discharge curve for an E/PzS lead-acid cell (70 Ah, 5 hours) as a function of capacity used.
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Figure 16.8 Discharge curve of the Li-ion cell (LiFePOy) as a function of the capacity used.
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To determine the nominal capacity of the E/PzS traction battery for a particular industrial truck and load profile,
one needs to compensate for the reduced energy deficiency of the lead-acid battery. The compensation is mostly
achieved by over-sizing the battery and by selecting a larger rated capacity (Ah) battery. A large rated capacity
ensures that the energy supply to the truck is sufficient for an entire period of the load profile when the battery
discharge increases. However, with a highly efficient Li-ion battery a higher compensation is not required and so
the system does not need to over-size the battery. From previous experience, L-ion batteries with a 35% smaller
capacity than E/PzS lead-acid batteries can be chosen for the same application. This is due to the excellent voltage
stability of the Li-ion battery.

For example, Figure 16.9 clearly shows that a 240 Ah E/PzS lead-acid battery can be replaced by a 150 Ah Li-ion battery.

Figure 16.10 shows the voltage and current characteristics when charging the Li-ion cell with a charge current of 0.5 C.
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With this charge current of 0.5 C, a fully discharged LIONIC® energy system requires two hours of charging
time.

Li-ion technology is currently the most powerful, commercially available rechargeable battery system.
Compared to conventional lead systems, a three to five times longer operating time is possible with the same
weight. With a suitable choice of Li-ion technology, an absolutely safe, maintenance-free, and long-lasting opera-
tion is also possible. Li-ion batteries therefore fulfil all the requirements for a modern heavy E-vehicle system.

There has been consistent development of the battery system for applications like a heavy electric vehicle and
case study results have early shown the economically viability of the LIONIC® Li-ion system. This is a success
story of replacing a conventional battery by Li-ion technologies.

Reference

1 Kassem, M., Bernard, J., Revel, R., et al., “Calendar aging of a graphite/LiFePOy, cell,” Journal of Power Sources, 2012,
208: 296-305.
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Compared with light-duty electric vehicles and special vehicles, comprehensive functions are required for the
battery management system in the application of new energy vehicles. For example, for the minibus, the battery
management system not only monitors and controls relevant features of the cells, but also provides an optimiza-
tion strategy for the energy output and input of the whole bus. Its main functions include (1) a battery system
discharging strategy management, (2) a battery system charging strategy management, (3) a consistent perfor-
mance evaluation, prediction, and management of the battery system, and (4) battery safety management and
protection. These four functions are described in this chapter.

17.1 Internal Resistance Analysis of a Power Battery System
and Discharging Strategy Research of Vehicles

The battery management system used in the new energy vehicles must be developed according to the V model, as
shown in Figure 17.1.
All items shown in Figure 17.1 are described below:

1) Definition requirements: According to the design concept of vehicle products, the total output voltage, output
power, and functions of the battery system, such as the equilibrium mode, system charging mode, perfor-
mance evaluation method, safety protection requirements, etc., are determined.

2) System-level specifications: According to the national specifications and the industrial requirements, the
requirements that defined functions and performance must meet are established, including charging cut-off
voltage, discharging cut-off voltage, charging current, maximum allowable discharge current and time, system
temperature threshold, etc.

3) Subsystem design: According to the definitions and specifications of the battery system, the topological struc-
ture of the battery system is constructed and divided into multiple subsystems, and corresponding software,
hardware, and supporting schemes are designed according to functions of various subsystems.

4) Subsystem realization: The designed subsystem hardware and software are debugged, modified, improved,
and verified to finally complete the subsystems meeting the product requirements.

5) Subsystem integration and test: The completed subsystems are integrated, tested, and improved to ensure that
the functions and performance of the subsystems meet the product requirements.

6) System-level integration and test: The whole system is completed after integration of the subsystems and the
functions and indicators of the system are tested and improved.

7) Completion of integration and debugging: after completion of the above-mentioned steps, the product proto-
type is completed, tested, and modified to launch the final product.

Battery Management System and its Applications, First Edition. Xiaojun Tan, Andrea Vezzini, Yuqian Fan, Neeta Khare, You Xu,
and Liangliang Wei.
© 2023 China Machine Press. All rights reserved. Published 2023 by John Wiley & Sons Singapore Pte. Ltd.
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After the vehicle structure and relevant
power parameters are determined, to meet
the driving behavior of different users and
complicated working conditions, the vehicle
control mode is generally classified into (1)
ordinary mode, (2) power mode, and (3)
energy-saving mode. In the ordinary mode,

Completion of
integration and
debugging

System-level
integration and
test

System-level
specifications

Subsystem the normal energy output is provided accord-
Subsystem design integration and ing to the linear/non-linear relationship
test

between the accelerator and the motor, and
the battery management system is only used
to monitor the voltage, temperature, and cur-
rent of the cells, and to give an early warning.
In the power mode, on the basis of the ordi-
Figure 17.1 V model of the battery management system. nary mode, the relationship between the

accelerator and the motor is properly changed
so that the motor requests a higher output power from the energy system with the same stepping depth, so the bat-
tery management system provides the same functions as those provided in the ordinary mode. In the energy-saving
mode, according to the power requirement of the motor and the battery characteristics, a set energy output optimi-
zation model is established by the battery management system to reduce energy consumption and increase the
driving range of the vehicle. The energy-saving mode is the main one described in this chapter.

Subsystem
realization

17.1.1 Internal Resistance Change Characteristic Research of a Power Battery

To research the energy-saving mode of the vehicle, it is first required to research the energy output performance
of the battery. The internal resistance change of the battery is the essential reason for impact on the output of the
battery system. Generally, the battery internal resistance includes ohm resistance and polarization resistance.
Ohm resistance consists of contact resistance of anode and cathode materials, diaphragm, electrolyte, and parts,
and relates to the production process, size, and structure of the battery, and is generally regarded as a constant.
However, the ohm resistance value may vary with the aging and temperature of the battery. The polarization
resistance refers to the departure of the electrode potential from the equilibrium potential for complicated causes
such as adsorption and desorption of lithium ions, charge transfer, electrochemical reduction, and oxidizing reac-
tions during the chemical reaction at the anode and cathode of the battery. Due to the active materials, the battery
internal resistance presents a non-linear change characteristic while the battery is in use.
In conclusion, the equivalent internal resistance of the battery can be expressed by the following equation:

R =R,+R, (17.1)

where Rg, is the ohm battery resistance and Ryis the polarization battery resistance.

The external characteristic of the battery internal resistance is shown in Figure 17.2, in which section B-D may
be regarded as the characteristic of the ohm battery resistance and section C-D shows the characteristics of the
polarization internal resistance.

Note the testing conditions: the 110 Ah lithium-iron-phosphate battery is discharged at 1 C and SoC = 97% for
10 s, and is kept in the non-charge-discharge state for 6000 s in order to observe the voltage change of the battery
anode and the battery cathode.

For a certain battery system, the temperature, charge current, discharge current, and aging degree of the battery
affect the change of the battery internal resistance.



17.1 Internal Resistance Analysis of a Power Battery System and Discharging Strategy Research of Vehicles | 365

The following method may be used to calculate A;;‘
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charge current I, and SoC, rig (SoC, Iy, T) is the Figure 17.2 Voltage resilience after battery charging and

internal resistance at temperature T, discharge discharging.

current Iy, and SoC, Uy (SoC, I, T) is the working

voltage at temperature T, discharge current I,

and SoC, and U,4 (SoC, I, T) is the balanced electromotive force at temperature T, discharge current I, and SoC.
The battery is tested by the following steps to verify the impact of the charge and discharge currents I, and I; on

the battery resistance at the same temperature.

1000 2000 3000 4000 5000 6000
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1) Place a 110 AH lithium-iron-phosphate battery in a 20°C thermostat for about 2 hours.

2) Charge the battery at current I until a 3.8 V voltage is reached and keep it at a non-charge-discharge state until
the temperature of the battery electrode is close to that of the thermostat.

3) Discharge the battery for 10 s at current I and keep the non-charge-discharge state until the temperature of
the battery electrode is close to that of the thermostat.

4) During discharging, if the voltage of the battery is less than 2.7 V, perform step 5; otherwise repeat step 3.

5) Keep the non-charge-discharge state until the temperature of the battery electrode is close to that of the
thermostat.

6) Charge the battery for 10 s at current I and keep the non-charge-discharge state until the temperature of the
battery electrode is close to that of the thermostat.

7) During charging, check whether the voltage of the battery is more than 3.8 V. If yes, perform step 8 and if no,
repeat step 6.

8) Keep the non-charge-discharge state until the temperature of the battery electrode is close to that of the
thermostat.

9) Repeatsteps 1to 8 at current I of 0.1 C,0.2C,0.3C,0.4C,0.5C,0.7C,and 1 C.

10) Calculate the SoC of the battery and the internal resistance change of the battery during charging and dis-
charging by using Equation (17.3) and draw the internal resistance change of the SoC curve.

Figures 17.3 and 17.4 show the internal resistance change curves of the battery during charging and discharging
and Table 17.1 provides the charge-discharge capacity during the test. As shown in the figures, the charge and
discharge currents have a certain impact on the battery internal resistance. At the end of charging and discharg-
ing, the charge and discharge currents have a more obvious impact on the change in the internal resistance: the
larger the current, the larger the resistance change will be and the earlier the inflection point of resistance change
will be. In the case of a small current, the resistance change at the end of the charge and discharge is much smaller
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Figure 17.3 Battery internal resistance-SoC curve at the same temperature and different discharge currents.
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Figure 17.4 Battery internal resistance—-SoC curve at the same temperature and different charge currents.

Table 17.1 Comparison of charge and discharge capacities
of the battery at different currents.

Current Charge capacity (Ah) Discharge capacity (Ah)
0.1C 110.7333 108.6250
02C 110.5500 107.6333
03C 110.5500 107.2530
04C 109.6333 106.6820
05C 108.6250 106.0083
0.7C 107.1583 103.8000
1C 103.5833 102.4167

than that of a large current. According to Table 17.1,
if charged and discharged at the larger current, the
battery may more rapidly reach the cut-off condition
due to the increase in the battery resistance at the
end of charging and discharging, when the battery
cannot release all its energy. If the charge and dis-
charge strategy is properly adjusted according to the
resistance variation characteristic, the battery pack
can be charged with more energy and discharge
more energy.

A 110AH battery is tested by the following testing
steps to verify the change of the battery internal
resistance at different temperatures.
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1) Place the battery in the thermostat with temperature T for about 2 h.

2) Charge the battery at a current of 0.5 C until a voltage of 3.8 V is reached. Keep the non-charge-discharge state
until the temperature of the battery electrode is close to that of the thermostat.

3) Discharge the battery at a current of 0.5 C for 10 s. Keep the non-charge-discharge state until the temperature
of the battery electrode is close to that of the thermostat.

4) During discharging, if the battery voltage is less than 2.7 V, perform step 5, otherwise repeat step 3.

5) Keep the non-charge-discharge state until the temperature of the battery electrode is close to that of the
thermostat.

6) Charge the battery at a current of 0.5 C for 10 s. Keep the non-charge-discharge state until the temperature of
the battery electrode is close to that of the thermostat.

7) During charging, check whether the battery voltage is more than 3.8 V. If yes, perform step 8 and if no, repeat step 6.

8) Keep the non-charge-discharge state until the temperature of the battery electrode is close to that of the

thermostat.
9) Repeat steps 1 to 8) at temperatures T of -20°C, -10°C, 0°C, 10°C, 20°C, 30°C, and 40°C.
10) Compare the charge and discharge capacities at different temperatures. Calculate the SoC of the battery and

the }nternal re's15tance cha‘nge of t'he battfery Table 17.2 Comparison of charge and discharge capacity of the
during charging and discharging using  pattery at different temperatures.

Equation (17.2) and draw the internal resist-
ance change-SoC curve.

Temperature Charge capacity (Ah) Discharge capacity (Ah)

The charge and discharge capacity of the bat- 40°C 112.7539 111.8554
tery during the test is shown in Table 17.2. The
charge and discharge capacity of the battery
reduces with each temperature reduction, which
means that the charge and discharge capacity of
the battery significantly reduces with the tem- 0°C 87.7082 92.0571
perature reduction when the battery is used in -10°C 70.8562 74.8113
winter in the North. If no insulation measure is -20°C 49.4409 54.543
provided, the driving range of the electric vehi-
cles is reduced at low temperatures. Therefore,
during evaluation of the battery performance,
full consideration should be given to the impact
of the temperature on the charge and discharge
capacity of the battery. During use of the battery,
different temperature control strategies should
be used for the battery pack according to the local
temperature; for example, thermal insulation
equipment is provided for the battery pack in
cold regions and a heat dissipation strategy is
used in warm regions.

Figures 17.5 and 17.6 show the battery internal
resistance change curve. As shown in the figures,
at less than 10°C, the battery internal resistance
doubles and the charge or discharge capacity 0 01 02 03 04 05 06 07 08 09 1
decreases correspondingly, mainly because the SoC

increase in the internal resistance leads to the  Figure 17.5 Battery internal resistance change during charging
battery voltage closing the cut-off voltage, which  at different temperatures.

30°C 110.2051 110.1766
20°C 107.4965 111.7681
10°C 99.9545 107.9014
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16 r r makes the battery unable to be further charged

i +++ 40C or discharged. Therefore, if the battery is used at

14 - X ;gg T less than 10°C, a heating system should be

12 - :r 0c H installed to maintain the battery temperature to

— more than 10°C in order to ensure normal opera-
% 10] tion of the vehicle at low temperatures.

\q-; In conclusion, the charge and discharge cur-

g 8 rents and external temperatures of the battery

2 6 have a direct impact on the battery internal

I~ resistance change, which results in the battery

4 being unable to be charged by discharged to real

= energy during use of the electric vehicle, thus

24 affecting the driving range of the wvehicle.

0 Therefore, a battery internal resistance diagram

0 01 02 03 04 05 06 07 08 09 1 jsdrawn by testing the battery internal resistance

SoC at different temperatures and different charge

Figure 17.6 Battery internal resistance change during and discharge currents in order to understand

discharging at different temperatures. the change rule of the battery internal resistance

at different temperatures and different currents
and to provide a strategy for use of the battery in the vehicle. The battery may be tested and analyzed by the steps
shown in Figure 17.7 to draw the battery internal resistance diagram.

In Figure 17.7, Iis set as 0.1 C,0.2 C,0.3 C,0.4 C, 0.5 C, 0.7 C, and 1 C respectively and T is set as -20°C, -10°C,
0°C, 10°C, 20°C, 30°C, and 40°C respectively. A 110 Ah power battery is used for the test. Figure 17.8 shows the
resistance during discharging and Figure 17.9 shows the resistance during charging.

According to the battery internal resistance diagrams, as shown in Figures 17.8 and 17.9, the external tempera-
ture and the charge and discharge current have a direct impact on the charge and discharge performance of the
battery system. A set of reference data can be provided for the charge and discharge mode of the vehicle by the

Place the battery in the No
thermal chamber, and ‘
set the temperature to T T i The ;
ime-out, recording temperature o The temperature Time-out, recordin;
— g
the data the poles=T ?* of the poles=T 2% the data
A A
Yes
No es
The temperature of the . .
Discharging at I and Charsing for 2
recording the data Charging at I and m%nu%es
recording the data

Reach to the
charging cut-off
voltage ?

No

Reach to the
discharging cut-off
voltage ?

Charging at I

Discharging for 2

minutes Reach to the
charging cut-off
voltage ?

"1 Yes

\ /

Charging with
constant voltage

No

Time-out, recording
— the data

Time-out, recording
the data

Yes

* In order to obtain the core temperature of battery, the temperature of poles, which connect the positive and negative sides of the
battery, can be approximated to the core temperature of battery so that the sensors was fixed on the poles of battery and it was
called “the temperature of poles™ in the test.

Figure 17.7 Test steps to obtain a battery internal resistance diagram.
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battery internal resistance diagrams during
charging and discharging to guide the charge and
discharge strategies of the vehicle.

17.1.2 Internal Resistance Characteristic-
Based Discharge Strategy

The energy consumption of the vehicle is opti-
mized by two aspects: (1) high efficiency drive:
the drive efficiency is improved by improving the
operation efficiency of the motor and reducing
the energy consumption of the drive system and
(2) more energy is released from the battery by
optimal management and efficient utilization of
energy during use of the vehicle. According to
the battery internal resistance, temperature, and
current curve, the larger the discharge current,
the further the inflection point of battery internal
resistance battery is from 0% SoC, and vice versa.
This could be used to explain the condition that
often occurs when the electric vehicle is used:
SoC is very close to 0% during rapid acceleration
(discharge at a large current), but the vehicle can
be run for a long mileage during low acceleration
(properly stepping on the accelerator). It can be
seen from this that, according to the internal
resistance change characteristics at different SoC
ranges and different currents, if the discharge
current of the battery is properly controlled, the
service efficiency of the battery can be improved
and the driving range of the vehicle can increase.

According to the impact of the current on the
battery internal resistance, a sustainable and
maximum ideal discharge current of the vehicle
can be established during different SoCs, as
shown by

(I, —1,)x+1,S0C, —I,SoC

I,(SoC <x<1)

Fx) = SoC, —SoC,

(Icn—l — Icn )x + Icnsocnfl

-1, ,SoC

SoC, | —SoC,

40°C
30T
20C
10°C
oc |
-10c|
e -20°C)

Resistance (mQ)

SoC T(C)

Figure 17.8 Battery internal resistance diagram during
discharging.
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Figure 17.9 Battery internal resistance diagram during charging.

2(SoC, < x <SoC,))

(17.3)

L(SoC, <x<SoC,_ )

In Equation (17.3), I, is the sustainable and maximum ideal discharge current and SoC,, is the SoC corresponding
to the inflection point of the resistance change at the discharge current I,
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Figure 17.10 Ideal discharge current curve of the vehicle.
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Figure 17.11 Stepping depth of the accelerator and the
discharge current relation curve.

The output current of the vehicle is properly con-
trolled by the ideal discharge current curve (as shown
in Figure 17.10) in order to reduce the output power
of the vehicle, slow down the increase of the battery
internal resistance, and increase the discharge capac-
ity of the battery and the driving range of the vehicle.

During actual use, the power performance of the
vehicle relates to the discharge current. If the current
is limited excessively, the power performance of the
vehicle is compromised; for example, as the large cur-
rent cannot be output from the battery, the vehicle
may have a poor grade ability and fails to run during
climbing and heavy-duty use.

During use, the output current of the vehicle relates
to the stepping depth of the accelerator. Compared
with the motor, the power of air conditioning and
DC/DC is less, so it can be approximately considered
that the output current is directly proportional to the
stepping depth of the accelerator (see Figure 17.11):

I(6) =ké (0<6<100%) (17.4)

where § is the stepping depth of the accelerator, k is
the scale factor of the stepping depth of the accelera-
tor and current, and I(5) is the output current at the
stepping depth of the accelerator 8.

The stepping depth of the accelerator relates to
road conditions and driving habits. During actual
use, it is impossible to step on the accelerator at the
100% level, especially for an electric bus. Due to basi-
cally the same road conditions, the stepping depth is
fixed to a certain level, except for when climbing and
during acceleration. It may be considered that during
driving, the driver basically controls the accelerator
to a specific stepping depth. When the current limit is
required due to SoC reduction and the current is lim-
ited by the stepping depth, if the current provided by
the stepping depth can meet the use requirement of
the vehicle, the driver does not deliberately step on
the accelerator according to his/her driving habits. If
the current cannot meet the use requirement, the
driver will step on the accelerator while a large out-
put current is increased by the control system to
ensure the power performance of the vehicle.

Therefore, a discharge strategy can be established
at different SoCs and a certain stepping depth range

to limit the current without loss of the vehicle’s power performance, according to the change in the battery inter-
nal resistance with the discharge current and the relation between the stepping depth and the current.
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As shown in Figure 17.12, the maximum ideal discharging current is allowed to pass within a certain range of
stepping depth of the accelerator. Therefore, the relation between the stepping depth of the accelerator § and the
current I is modified according to the following equation:

I,,(SoC, <x<1)
(I, —1I,)x+1,SoC, —1I,SoC
SoC, —SoC,

2(SoC, <x <SoC,)
flx) =

—1I )x+1,SoC,_ —1I  SoC

I
( 1l —"(SoC, <x<SoC, ) (17.5)
SoC, , —SoC,

cn—1

%5 (0<§<8,)
1(6) = o

Fy+| T I

(6-6,) (6,<6<100%)
1-6,

where f{x) is the sustainable and maximum ideal discharge current of the battery pack at the SoC value x, I(9) is
the output current of the battery pack at the stepping depth of the accelerator 6, § is the general stepping depth
of the accelerator at the sustainable and maximum ideal discharge current of the battery pack, and I,y is the
maximum discharge current of the battery pack.

Within a certain stepping depth range of the accelerator, although the increase of the battery internal resistance
can be prevented and the driving range can be increased, this mode may reduce the driving comfort level. As shown
in Figure 17.13A, under normal conditions, the stepping depth range of the accelerator is basically in direct propor-
tion to the output current, that is to say, the output current of the battery varies with the stepping depth range of
the accelerator to provide different power for the vehicle. When the relation between the stepping depth of the
accelerator and the output current is changed (Figure 17.13B), the relation between the stepping depth of the accel-
erator and the output current becomes a piecewise function with a critical point §,. When the stepping depth of the
accelerator is less than J, the current change is less and the power performance of the vehicle is lower. When the
stepping depth of the accelerator is more than &, the current change is larger and the power performance of the
vehicle is higher. Therefore, a condition may appear at this time that will affect the performance: when the accel-
erator is controlled to close to the critical value &,
the power performance of the vehicle may be
sharply improved or reduced with the change of
the stepping depth, especially at the end of a dis- _
charge, due to the current value corresponding to | S
do becoming small, so when the stepping depth of / /i
the accelerator exceeds &, the current change is FO _ — _ —4}\‘ _ _
quite large, the power performance of the vehicle
will be improved instantaneously, and this will 30 _I
cause a feeling of tension to the driver, affecting 20 - /i
the safety and comfort of the vehicle. 10

To avoid the sharp current change when the ey .
accelerator is operated to &, the delay control is 10% 20% e & 80% 90% 100%
performed to the output current. Generally, the
output current does not immediately match the Stepping depth of accelerator (%)

current corresponding to the stepping depth, but  Figure 17.12 Relationship between the optimized stepping
shows a certain delay for a short time. depth of the accelerator and the discharge current.
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Figure 17.13 Comparison of the relationship between different stepping depths of the accelerator and
discharge currents.

As shown in Figure 17.14A, at a certain stepping depth, the time A¢ (very short, generally a few milliseconds) is
required for change of the output current from 0 to I(5). If the current is not slowly output, At relates to the cycle
time of the procedure, that is to say, regardless of the stepping depth, At is required for the output current to reach
a corresponding value. The current output is changed to the slow change mode by optimizing the slope k, of the
current rise curve (the current response factor) in order to control the current response. When the stepping depth
is higher than the stepping depth at the sustainable and maximum ideal discharge current &, the current response
factor is modified to k; (Figure 17.14B) according to

PRAC))
Y
(17.6)
k =k, I, 170
b Loy~ ()

The current is controlled to slowly rise to the output value by extending the response time of the current output
so that tension is not caused to the drive due to the current change at different stepping depths in order to improve
driving comfort and smoothness.

n [

1(5) 1(5)

T(s) AL 1)
0<5<5, 8y <5 <100%
A B

Figure 17.14 Current output delay.
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A

Figure 17.15 Electric minibus.

To verify the effectiveness of the above-mentioned discharging strategy, the battery (Figure 17.15B, 110 Ah cell)
used in an electric minibus (Figure 17.15A) is tested.
The test procedures are as follows:

1) Test the internal resistance of the 110 Ah lithium-iron-phosphate battery at the discharge current I; of 1 C,
0.7C,0.5C, 0.4 C,and 0.3 C, which are selected according to the characteristics of the lithium-iron-phosphate
battery and the discharge current of the vehicle, and the temperature T of -20°C, -10°C, 0°C, 10°C, 20°C,
30°C, and 40°C.

2) Draw the average battery internal resistance diagram during discharging and calculate the inflection point of

the battery internal resistance at different currents.

3) Draw the sustainable maximum discharge current curve according to Equation (17.3).

Obtain the inflection point of the battery internal resistance change at different temperatures and different cur-
rents, as shown in Table 17.3.

According to Table 17.3, the sustainable maximum discharge current curve of the vehicle is shown in Figure
17.16.

To verify the effectiveness of the method proposed here, a comparison test is performed for the pure electric bus
by the following test procedures:

1) Fully charge the battery and test the no-load driving range of the vehicle using a conventional method until
there is a full discharge of the battery.
2) Fully charge the battery and test the no-load driv- Table 17.3 Inflection point of the battery internal
. . . resistance change at different discharge currents.
ing range of the vehicle using the method proposed
here and using same road conditions and the same
driver until there is a full discharge of the battery.

Temperature 0.3C 04C 05C 0.7C 1C

3) Record the mileage and the energy output during 40°C 6.82% 9.08% 11.57% 16.38% 24.42%
testing using the conventional method and the 30°C 6.82% 9.07% 11.56% 16.33% 24.37%
method proposed here. 20°C 6.76% 8.98% 11.45% 16.01% 23.43%

Their comparison results are given in Table 17.4. 10°C 6.62% 8.55% 10.83% 14.92% 22.14%

It can be seen that the discharge energy and the driv- 0°C 5.40% 7.15%  9.01% 12.53% 18.46%

ing mileage can be improved by using the discharge _10°C 493% 6.54%  8.23% 11.53% 16.92%

strategy proposed here. -20°C 219% 291% 3.71% 524%  7.62%
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Figure 17.16 Sustainable maximum discharge current curve of
the vehicle.

Table 17.4 Effect comparison of discharge strategies.

Control strategy Discharge energy Driving mileage
Conventional 31.69 kWh 189 km
discharge strategy

Discharge strategy ~ 32.75 kWh 193 km

proposed here

17.1.3 Research of a Charging
Method for a Power Battery System
Based on an Internal Resistance
Characteristic

According to the analysis results of the battery
internal resistance change characteristic pro-
vided in Section 17.1.1, the charging time relates
to the charge current: the larger the current, the
shorter the charging time is, and vice versa. The
charge current may be increased to shorten the
charging time of the battery. Therefore, the
charge or discharge current is described as “C”
or the “multiplying power” in the industry.
When the current is equal to the rated capacity,
if the battery is charged to the rated capacity
within 1 h, the charge current is expressed by the
multiplying power 1 or 1 C, and the multiplying
power 2 or 2 C shows that the current is twice the
rated capacity. It is impossible to increase the
charge current without a limit as it relates to the
current accommodation ability of the battery. At
present, a current of about 1 C can be used by the
lithium-iron-phosphate battery. To ensure the
battery life, however, it is generally recom-
mended to use 0.2 C and 0.3 C as the operating
current of the battery. Due to the current capac-

ity of the battery, it is impossible for the electric vehicle to solve the problem of energy supply in a short time as
in traditional cars. The problem has also become one of the reasons for restricting the promotion and use of

electric vehicles.

In this chapter, an internal resistance characteristic-based variable current charging method is proposed in
order to shorten the charging time and to ensure that more energy is charged to the battery. The basic charging

principle is shown in Figure 17.17.
The charging procedures are as follows:

1) Perform the charging test at the same temperature and a different current I.,(n = 1, 2, 3, 4, ... ) and draw the
battery internal resistance change curve at different charge currents. Multiple cells made of same material
can be selected from the same brand and the same batch to perform the test or after a series connection to
ensure that the representativeness of the data and the average resistance of the samples are taken for

reference.

2) Determine the SoC,, corresponding to the inflection point of the battery internal resistance increase at different
charge currents and use SoC,, as the cut-off position of the charge current I, that is to say, when the battery

is charged to SoC,, at the current I, the charging is stopped.

3) Establish the coordinate system of the charge current I, and SoC, draw (SoC,,, I.,,) on the coordinate and draw

the variable current charging curve by linear fitting.
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Itis assumed that there are m + 2 sample points A
on the battery internal resistance curve r, =
f(SoC,;). At the charge current I.,, the battery
internal resistance characteristic can be calcu-
lated by the resistance slope change:

— 1y
------'ICZ

— ¢ =] 3

mQ

km'(socm‘) _ Vs — T
SoC,,., —SoC
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The inflection point of the battery internal resist- SoC
ance change SoC, is determined by the maxi- A
mum slope change:

for (i=1:m)

if (Ak,,(SoC,,) = max(Ak, (SoC,)) (j=L1...,m)
SoC, =SoC,,

end I;
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the following piecewise function: SoC
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Figure 17.17 Internal resistance characteristic-based variable
current charging method.
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The pure electric minibuses are tested in the following test procedures to obtain the variable current charging
curve:

1) Test the charge internal resistance of the battery used in the pure electric minibuses at charge current I of
0.5C,0.4C,0.3C,0.2C,and 0.1 C and temperature T of -20°C, -10°C, 0°C, 10°C, 20°C, 30°C, and 40°C.
2) Draw the average battery internal resistance diagram during charging and calculate the inflection points at
different currents.
3) Draw the variable current charging curve according to Equations (17.7), (17.8), and (17.9).

After the charge internal resistance of the battery pack has been tested, the inflection point of the resistance
change at different temperatures and different currents can be obtained, as shown in Table 17.5.
Using Table 17.5, draw the variable current charging model, as shown in Figure 17.18.
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Table 17.5 Inflection point of resistance change at different

currents.

Temperature\

Current 0.3C 0.4C 05C 0.7C 1cC
40°C 98.84% 96.68% 94.20% 91.98% 89.60%
30°C 98.74% 96.49% 94.11% 91.89% 89.51%
20°C 97.77% 95.53% 93.27% 90.98% 88.62%
10°C 94.83% 92.95% 91.40% 86.70% 83.84%
0°C 78.41% 76.08% 74.52% 72.42% 69.75%
-10°C 72.64% 70.03% 68.09% 66.23% 63.72%
-20°C 31.68% 30.95% 30.22% 29.48% 28.71%

Ic(A)

SoC

Figure 17.18 Variable current charging curve at different

temperatures.

The Li-ion battery for the electric vehicle is charged
generally using two charging methods: (1) first the
constant current method and then the constant volt-
age charging method and (2) first the constant cur-
rent method and then the variable current charging
method.

The first constant current and then constant volt-
age charging method means that the battery is
charged at the constant current in the initial stage
and at the constant voltage when the total voltage of
the battery pack reaches the set constant voltage.
However, as the cells are connected in series, if the
consistency of the battery pack is poor, it is possible
that at the end of charging, a certain cell may reach
the cut-off voltage first due to the more rapid voltage
rise than other cells, causing some cells to be unable
to fully charge and the failure of other cells to obtain
more energy.

The first constant current and then variable cur-
rent charging method means that the battery is
charged at the constant current at the initial stage,
and by reducing the charge current when the battery
voltage reaches the set value, the cells are checked to
determine whether the current is continuously
decreased repeatedly until the current is decreased
to zero. In this method, the performance of the cells
is considered and the cells are prevented from meet-
ing the cut-off condition first, due to the battery
internal resistance increase resulting from the large
current, thus protecting the battery while it is
charged with more energy. Therefore, the first con-

stant current charging method and then the variable current charging method are more ideal for the electric
vehicle at present.

The method proposed here is compared with the first constant current method and then the variable current
charging method using the following testing procedure to verify the effectiveness of the algorithm provided here:

1) Fully charge the battery in the first constant current and then variable current charging method, test the non-
load driving range of the vehicle, and record the energy required to fully charge the battery, and the driving
mileage of the vehicle upon full discharge of the battery.

2) Fully charge the battery in the method proposed here, test the non-load driving range of the vehicle, and
record the energy required to fully charge the battery and the driving mileage of the vehicle upon a full dis-
charge of the battery.

3) Compare the impact of the method proposed here and the first constant current and then variable current
charging method on the energy level and driving mileage of the vehicle.

The basic procedures of the first constant current and then variable current charging methods are given below:

1) Charge the battery pack at 0.5 C. If the voltage of the cell is 3.55 V, continuously charge the battery pack after
reducing the current by 5 A.
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Table 17.6 Comparison of results achieved by different charging methods.

Charging method Energy level Driving mileage  Charging time
First constant current and then 33.10 kWh 189 km 2 h and 30 min
variable current charging method

Internal resistance detection-based  34.84 kWh 192 km 2h and 10 min

variable current charging method
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(a) Current change curve of variable current charging method (b) Current change curve of traditional charging method

Figure 17.19 Comparison of results achieved by different charging methods.

2) Determine whether the voltage of the cells is more than 3.5 V. If yes, continuously charge the battery pack after
reducing the current by 5 A. If no, continuously charge the battery pack at the same charge current.
3) After the current is reduced to 0 A, stop charging and consider that the battery pack has been fully charged.

The external temperature is about 23°C during the test and the variable current curve at 20°C is selected as the
charging curve. Table 17.6 shows the energy level and driving mileage of the vehicle achieved by the traditional
method and the charging method provided here.

Figure 17.19 (a and b) shows the current change during charging in two charging methods. It can be seen that
during use of the first constant current and then the variable current charging method, a longer charging time is
required and the energy level is lower, and during use of the proposed variable current charging method, a short
charging time is required and the energy level is higher, so the driving mileage of the vehicle is increased.

17.2 Consistency Evaluation Research of a Power Battery System

17.2.1 Analysis of a Battery Pack Maintenance Strategy and Performance Evaluation Index

It is required to regularly maintain the battery pack in order to ensure normal use of the electric vehicle for a
long time. The battery pack maintenance may be divided into the following stages according to the inconsist-
ency degree of the battery pack: (1) when the consistency of the battery pack is good, there is only the need to
charge and discharge the battery pack; (2) when the consistency of the battery pack is reduced but the battery
pack has a good performance, there is only a requirement to balance the charge or discharge of the battery pack
by the battery management system in order to ensure the consistency of the battery pack; (3) when the consist-
ency of the battery pack is reduced further, the performance of some cells becomes poor, so these cells need to
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be checked and replaced; and (4) when the consistency of the battery pack is very poor, the battery pack needs
to be replaced.

During the maintenance stage, the performance of the battery pack can be evaluated by the index o. As shown
in Figure 17.20, the different range of the index o shows the different performances of the battery pack: (1) if o <
d;, the consistency of the battery pack is better and the battery pack is normally used; (2) if d; < o < d,, the
performance of the battery pack meets the requirement of the battery maintenance stage 2; (3) if d, < o < ds,
the performance of the battery pack meets the requirement of the battery maintenance stage 3; (4) if o > d3, the
performance of the battery pack meets the requirement of the battery maintenance stage 4.

17.2.2 Comparison of the Battery Pack Performance Evaluation Methods

The maintenance of the battery pack using a suitable method depends on the method used for accurately describ-
ing the consistency index o of the battery pack. Generally, the consistency of the battery pack is classified into
three types: voltage consistency, capacity consistency, and internal resistance consistency.

Voltage consistency means that the voltage deviation of the cells is determined by checking the real-time voltage
of the battery pack and comparing the voltage difference of the cells to determine the consistency of the battery
pack. This method is used to check the consistency when the battery pack is not charged and discharged, and can
obtain a more accurate consistency. However, as the current change is large during the use of the electric vehicle,
the voltage change of the battery is also large, a certain deviation may be caused by the voltage consistency, and it
is difficult to accurately describe the performance of the battery pack.

The capacity consistency means that the capacity of the cell/single module is tested to determine the consist-
ency of the battery pack, which, in theory, can be descried more accurately by this method. However, the cells or
the modules need to be removed and their capacity during testing needs to be evaluated, but it is difficult to evalu-
ate the consistency using this method due to a higher operation complexity.

Therefore, this method has a poor practical significance during the evaluation. The internal resistance consist-
ency means that the difference in the internal resistance between the cells is determined in order to obtain con-
sistency of the battery pack. The battery performance is described essentially in this method. The internal
resistance of the cells can be calculated by the equivalent internal resistance to evaluate the consistency of the
battery pack. However, this method requires time to place the battery pack, so it cannot be used to check the bat-
tery pack in a real-time manner when the vehicle is being used. As the consistency of the battery pack is deter-
mined together with the maintenance of the vehicle, the testing procedure is added for the equivalent internal
resistance to determine the internal resistance consistency during regular maintenance of the vehicle (for exam-
ple, the charging process).

d, Consistency of battery pack during Stage 1 ‘ [
L]
d, Consistency of battery pack during Stage 2 & ) { °
d; Consistency of battery pack during Stage 3 Average line
Outside d Consistency of battery pack dz ll{ * °
during Stage 4 '

Figure 17.20 Division of the battery pack performance.
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17.2.3 Internal Resistance Characteristic-Based Consistency Evaluation Theory
of the Battery Pack

It is assumed that the internal resistance of the cells can be detected and the consistency of the battery pack can
be described using the standard deviation calculation method:

R, =+1— (17.10)

(17.11)

where o is the standard deviation index of the battery pack, n is the number of cells, R; is the internal resistance of
cell I, and Ry, is the average resistance of the battery pack.

According to Figure 17.20, the consistency of the battery pack is divided into four stages and there is a degree
difference d, (e = 1, 2, and 3) in the battery performance index between each stage and the next. To establish the
relationship between the d, and the staged internal resistance standard deviation index o,, it may be considered
that the distribution of the battery internal resistance meets the normal distribution rule. The following equation
is used to calculate whether the number n of cells is given.

1) Given the normal distribution function,

:L (~x2/2) 17.12
Fx) \/Ee ( )

2) If d, is used as the maximum difference between the internal resistance of the cells and the average resistance
of the battery pack during each stage, the resistance distribution of each cell meets rule 3o, that is to say, at the
internal resistance difference d,, this corresponds to the position in Equation (17.12) of x = %3, and the occur-
rence probability of the internal resistance difference of n cells is distributed within [-3, 3]. Then

x.:—3+(j—1> X
: n-1 (17.13)
d _[ L (i) 1 (~9/2) 1
=

where d; is the difference between the internal resistance of the cell j and the average internal resistance.
3) When the internal resistance difference of the cells is distributed within d,, the standard deviation o,, which is
calculated in Equation (17.13), is given:

(17.14)

4) During the consistency evaluation of the battery pack, the standard deviation o is calculated for the cells in
Equations (17.10) and (17.11), and compared with the staged standard deviation o, to determine the stage of
the standard deviation of the resistance of the battery pack and to adopt the corresponding maintenance
strategy.
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As the internal resistance change of the battery pack varies with the SoC and charge and discharge current of
the battery, especially at the end of charging and discharging, it is possible to cause further polarization and more
obvious inconsistency in the battery. The SoC and the charge—discharge process should be comprehensively con-
sidered during the consistency evaluation of the battery pack for the electric vehicle.

17.2.4 Internal Resistance Characteristic-Based Consistency Evaluation of the Battery Pack

To verify the effectiveness of the above-mentioned method, the charge and discharge test is performed for a new
110 Ah 10 Li-ion battery pack by the following test procedures in order to obtain the internal resistance consist-
ency evaluation curve of the new battery pack:

1) Place the battery pack in a 20°C thermostat and keep the non-charge-discharge state until the temperature of

the battery electrode is close to that of the thermostat.

2) Charge the battery pack at the current I. When the voltage of the cell is 3.8 V, consider that the battery pack is
fully charged and keep the non-charge-discharge state until the temperature of the battery electrode is close to
that of the thermostat.

3) Discharge the battery pack at the current I for 30 s, keep the non-charge—discharge state until the temperature
of the battery electrode is close to that of the thermostat, and record the voltage Ujgischarge Of the cell 1 s before
stopping the discharge and the voltage Ujgischarge Of the cell 1 s before the standing state.

4) If the voltage of the cell is less than 2.7 V during discharging, perform step 5; otherwise repeat step 3.

5) Keep the non-charge-discharge state until the temperature of the battery electrode is close to that of the
thermostat.

6) Charge the battery pack at the current I for 30 s, keep the non-charge-discharge state until the temperature of
the battery electrode is close to that of the thermostat, and record the voltage Ujcparge 0f the cell 1 s before stop-
ping the charge and the voltage Ujcharge Of the cell 1 s before the standing state.

7) Check whether the voltage of the cell is more than 3.8 V during charging. If yes, perform step 8; otherwise
repeat step 6.

8) Keep the non-charge-discharge state until the temperature of the battery electrode is close to that of the
thermostat.

9) Set the current I respectively to 0.3 C, 0.5 C, 0.7 C, and 1 C, calculate the equivalent internal resistance of each
cells in Equation (17.2), and calculate the consistency curve of the battery pack.

Figures 17.21 and 17.22 show the charge and

0.7 . . T . T T . - i i i i

§ § § § § :: § 03C discharge internal resistance consistency curve
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consistency evaluation results of the new battery 0.9 : : : : : : : : :

. —+— 0.3C : : : : : : :
pack may be used as the basic curve for the nor- 0sl 0.5C |rooeos e,
mal evaluation of the battery pack. 07 — (l)gc P S o

17.2.5 Internal Resistance Characteristic-
Based Staged Consistency Evaluation Method
for the Battery Pack

The staged evaluation may be performed for the
battery pack by the following equation:

Standard deviation (m )
IS
~

8,A1=x) =1, A-x)+f,0A—-x) 0 L ; P R
0 01 02 03 04 05 06 07 08 09 1

(17.15) SoC

Figure 17.22 Consistency curve of the battery pack during
8, (M) =r, () + f,(x) (17.16)  charging.

where x is the SoC of the battery pack, g;,(x) is the function of SoC related to the maximum average internal
resistance difference of the battery pack during stage n of the discharging process, f;;(x) is the function of SoC
related to the maximum average internal resistance difference of the battery pack during stage 1 of the dis-
charging process, g.,(x) is the function of SoC related to the maximum average internal resistance difference of
the battery pack during stage n of the charging process, f.1(x) is the function of SoC related to the maximum
average internal resistance difference of the battery pack during the stage 1 of the charging process, 4 is the
attenuation coefficient of the battery pack, which is generally considered to be the performance attenuation of
the battery pack, rg,(x) is the relation function of the maximum average internal resistance difference of the
battery pack during stage 1 of the discharging process related to SoC, and r.,(x) is the relation function of the
maximum average internal resistance difference of the battery pack during stage 1 of the charging process
related to SoC; ry,(x) and r.,(x) can be considered as the resistance increase resulting from the performance
attenuation of the battery.
A cycle aging test is performed for the cell by the following procedure to determinate 4, r4,(x), and r.,(x):

1) Connect 10 110 Ah cell samples in series, place them in a 20°C thermostat, and keep a non-charge-discharge
state until the temperature of the battery electrode is close to that of the thermostat.

2) Charge the battery pack at 0.5 C until the voltage of the cell is 3.8 V and keep the non-charge-discharge state
until the temperature of the battery electrode is close to that of the thermostat.

3) Calculate the charge and discharge internal resistance and charged and discharged energy of the battery pack
in steps 3 to 9 of the battery internal resistance evaluation method provided in Section 17.2.4.

4) Discharge the battery pack at 0.5 C until the voltage of the cell is less than 2.7 V and keep the non-charge-dis-
charge state until the temperature of the battery electrode is close to that of the thermostat.

5) Charge the battery pack at 0.5 C until the voltage of the cell is 3.8 V and keep the non-charge-discharge state
until the temperature of the battery electrode is close to that of the thermostat.

6) Repeat steps 4 and 5 for nine times and then evaluate the battery internal resistance in step 3.

7) Repeat steps 2 to 6 for 150 times, namely 1500 charge and discharge cycles, and test the internal resistance and
calculate the charged and discharged energy of the battery pack every 10 times.

8) Record the energy attenuation and the change of average resistance and the SoC curve.
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Then calculate the energy attenuation using the following equation:

A
n= Z x100% (17.17)

where A; is the energy (Aj) discharged from the battery pack during discharging for time i, A; is the energy (A;)
discharged from the battery pack during discharging for time 1, and #; is the ratio of energy discharged from the
battery pack during discharging for time i to the initial energy.

Figure 17.23 shows the energy attenuation with the increase in the charge and discharge cycles of the battery.
It can be seen that when more than 400 charge and discharge cycles are performed for the battery pack, the energy
attenuation is about 5%, and when more than 800 charge and discharge cycles are performed for the battery pack,
the energy attenuation is about 10%.

As many cells are connected in series for the electric vehicle, the performance attenuation of the cells has a
direct impact on the energy released from the battery pack. Due to the impact of the production process, the use
process, and the current change of the battery, during actual use the attenuation of the battery is more rapid than
the attenuation tested in the laboratory. It can be considered that when the released energy is 95% of the initial
energy, there is a requirement to balance the battery, namely stage 2 of the battery performance evaluation; when
the released energy is less than 90%, there is an urgent requirement to maintain the battery, namely stage 3 of the
battery performance evaluation. When the released energy is further reduced, the maintenance strategy of stage
4 provided here is used.

The internal resistance standard deviation is calculated at 95% and 90% energy attenuation of the battery pack
in the resistance standard deviation curve of the battery described in Section 17.2.3, as shown in Figures 17.24 and
17.25.

The internal resistance standard deviation of the battery pack during the initial energy and the energy attenua-
tion of 95% and 90% are compared, as shown in Figures 17.26 and 17.27, in which r.,(x) and rg4,,(x) can be calcu-
lated by fitting the different resistance standard deviations at the same SoC and resistance standard deviations
during the initial energy.

As many cells are used for the vehicle, it is impossible to perform the cycle test for each cell to obtain the consist-
ency evaluation curve after installation of the battery pack in the vehicle. This test should be performed for the
same batch of the battery pack made in the same process and the same material in order to obtain the initial
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Figure 17.23 Energy change curve of the battery during the charge and discharge cycle.
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Figure 17.26 Charge internal resistance standard deviation curve of the battery pack during different energy attenuation
stages.
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Figure 17.27 Discharge internal resistance standard deviation curve of the battery pack during different energy
attenuation stages.

resistance standard deviation curve of the battery pack before installation in the vehicle. The functions r,,(x) and
ran(x) are found using the aging test of a few battery packs in the method described to determine the internal
resistance consistency curve during different stages.

17.2.6 Internal Resistance Consistency Evaluation Test of the Battery Pack for a Pure
Electric Vehicle

A pure electric minibus FDG6601 independently developed by the Dongguan Institute, Sun Yat-sen University
was tested to verify the effectiveness of the method proposed herein.
The test procedures are as follows:

1) Perform the charge and discharge test for the battery pack of the vehicle in the method provided in Section
17.2.4 to obtain the staged internal resistance consistency curve of the battery pack.

2) Perform the charge and discharge test for the new battery pack, calculate the internal resistance characteristic
of each cell during charge and discharge, and draw the internal resistance standard deviation curve of the
battery.

3) Perform the charge and discharge test for the battery pack used for one month, calculate the internal resistance
characteristic of each cell during the charge and discharge, and draw the internal resistance standard deviation
curve of the battery.

4) Compare the change between the internal resistance standard deviation curve of the new battery pack and the
battery pack used for one month, and compare this with the staged internal resistance consistency evaluation
curve of the battery pack to check the performance of the battery pack.

Figures 17.28 to 17.31 show the internal resistance standard deviation curve of the battery pack. It can be
seen that the internal resistance of the battery pack is basically under the normal curve. After using for one
month, the internal resistance of the battery pack begins to fluctuate during charging and discharging, and
sometimes changes from stage 1 to stage 2 of the evaluation curve. Equilibrium charge-discharge maintenance
is required for the battery pack in the staged evaluation and maintenance method proposed here after use of
one month.
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Figure 17.28 Charge internal resistance change curve of the battery for a minibus during the initial stage.
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Figure 17.30 Charge internal resistance change curve of the battery for a minibus after use of one month.
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Figure 17.31 Discharge internal resistance change curve of the battery for a minibus after use of one month.

17.3 Safety Management and Protection of a Power Battery System

Battery safety is a primary problem for normal use of the new energy vehicles. Therefore, the safety protection of
the battery management system is the most important thing in battery management. At present, the common
safety protection functions include “over-current protection”, “over-voltage protection,” and “over-temperature
protection.”

1. Over-current protection

Over-current protection means that the safety protection measure must be taken if the operating current exceeds
the safety range of the battery during charging and discharging. Popularly, if the current is too large during use,
the power supply is disconnected. At present, common power batteries support continuous charge and discharge
at less than 1 C. If the current is more than 1 C, the impact on battery performance depends on the over-current
duration. As the battery characteristics vary with the manufacturers, the effective duration of the battery is gener-
ally tested at different over-currents to establish the over-current duration database. The over-current duration is
obtained by the database to provide power-off protection or alarming during use.

2. Over-voltage protection

This function is used to provide over-charge and over-discharge protection of the battery. In principle, the over-
charge and over-discharge of the battery means that the charged or discharged energy exceeds the maximum
capacity of the battery.

In the case of over-charge or over-discharge, it is possible to cause different degrees of damage to the battery,
and even a safety accident. Therefore, when the battery is close to an over-charge or over-discharge state, current
input and output are actively disconnected by the battery management system so that the battery is not charged
or discharged.

Considering the statistical error of SoC, the voltage change of the battery during use is generally used to deter-
mine the over-charge or the over-discharge. Therefore, charging cut-off voltage and discharging cut-off voltage
are set as the basic condition for over-voltage protection in the battery management system. Considering the
characteristics of the cells, its protection conditions include the cut-off voltage of the cells and the battery pack.
The cut-off voltage of the cells is set for the safety of the cells and the cut-off voltage of the battery pack is set for
the safety of the power battery system.
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It is worth noting that due to the battery inconsistency, the cut-off voltage of the battery pack is not the mul-
tiple of the cut-off voltage of the cells connected in series. The cut-off voltage of the cells is determined by the
battery manufacture after the safety test of the same batch of cells. The cut-off voltage of the battery pack is deter-
mined according to the use condition of the vehicle and the voltage and performance of the cells. Therefore, the
over-voltage protection threshold must be set for the battery management system according to the type and model
of the power battery and installment of the battery pack.

3. Over-temperature protection

Over-temperature protection means that when the battery temperature or the ambient temperature exceeds
a certain threshold, certain protective measures are taken to protect the power battery from being damaged.

For most batteries, the ideal operating temperature is 20°C-45°C. Due to the external environment and the stor-
age space of the battery, the actual operating temperature of the battery cannot always be within the range. In
order to ensure normal use of the battery and the safety of the vehicle, the temperature protection strategy is
generally divided into two parts: over-temperature protection and low-temperature management.

1. Over-temperature protection strategy

If the battery temperature is higher than the ideal operating temperature, it is difficult to control chemical reac-
tions, resulting in battery damage and even fire accidents. Therefore, in the case of battery over-temperature, a
series of stepped protection measures, such as starting the cooling system, early warning, and finally a forced stop,
are generally taken according to the relationship between the actual temperature and the boundary temperature.

Figure 17.32 shows the basic battery temperature management strategy of a new energy vehicle. At more than
30°C temperature, the cooling system is started. If the temperature is 40°C, the temperature alarm is activated. In the
case of a continuous temperature rise to 44°C, the system is forced to stop. During alarming or cooling, if the tem-
perature descends, to avoid the frequent starting or stopping of the system at a critical temperature, the temperature
used to close the cooling system or the alarming system should not be different from the temperature used to open
them. Therefore, 28°C and 38°C were respectively selected as the temperatures for closing the cooling system and
the alarming system. At the same time, considering the hysteresis

of the temperature change, when the protection temperature is set, T/

the temperature lead is often considered. For example, 44°C is used 44°C— Forced stop of vehicle

as the temperature for stopping the vehicle, that is to say, the whole 40'CH— Temperature alarming enabled

system does not operate to prevent the battery from damage caused 38'C4—Temperature alarming disenabled

by a temperature rise. 30°C+— Battery cooling started
28°CH4— Battery cooling closed

2. Low-temperature management strategy

If the battery temperature is lower than the temperature, the bat-  Figure 17.32 Over-temperature control
tery internal resistance will increase and its output and input cur-  strategy of a new energy vehicle.
rent will decrease. Therefore, when the battery temperature is too

low, a heating module is generally added inside the battery box or r/ch

around the cells. If the temperature is too low, the battery manage- 15°C—— Battery heating closed

ment system gives an instruction to control the operation of the 10°C—— Battery heating started

heating module, in order to ensure that the battery works within =~ ~10°C——Low-temperature alarming enabled
the appropriate temperature range. 15°C——Forced stop of vehicle

Figure 17.33 shows the heating system control strategy of a new
energy vehicle. When the temperature is below 10°C, the battery  Ffigure 17.33 Lower-temperature control
heating system is turned on. If the temperature is lower than -10°C,  strategy of a new energy vehicle.
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most of the batteries can output less than 40% of the normal output. The low-temperature warning function is
enabled to indicate when the battery is no longer suitable for long-term use at this temperature. If the tempera-
ture continues to decrease to -15°C, the system will be forced to stop. Similarly, in order to avoid frequent starts
or stops of the heating system at the critical temperature, 15°C is selected as the temperature used for stopping
the heating system.

Usually in Northern China, a heating module is added to the battery systems of most new energy vehicles to
adapt to the low temperature in winter; In Southern China, especially the south-east coastal areas, the tempera-
ture is basically below 10°C in winter, so few battery systems are equipped with the heating module.
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