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Study on Drive Battery High Voltage
Safety System for Hybrid Electric Vehicle

Xingfeng Fu, Sijia Zhou, Yingjun Zheng and Chengjiao Tu

Abstract The main characteristics of the vehicle Electric Power HV safety
System are briefly analyzed, and then through analysis of key technology problem
of this system currently, to research to this system key parameter and flow state
based on CAN network technology. The simulation and test result was testified
that HV safety systems are steady and robust.

Keywords Electric vehicle - HV safety - Power up/down

1 Introduction

Electric and hybrid vehicle are clearly becoming a growing part of the automotive
scene. Although electric and hybrid vehicle supply low or no emissions and
conceivably low cost of fuel from the power grid, they will continue to deliver
safely from here to there. Drive battery and drive motor are the key parts of
electric and hybrid vehicle. The operational voltage of drive battery and drive
motor always over 100 V, then High Voltage (HV) risk is the focus research scope
of electric and hybrid vehicle safety.

Electric and hybrid vehicle are bringing new challenges to the automotive
industry as the hardware and software content of the vehicle grow. The main
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research scopes of HEV HV (high voltage) safety system are monitor and manage
drive battery. The defend method of HEV HV safety system is mainly used in
battery pack. The battery is used as the rechargeable electrical storage system in
hybrid vehicle. Controlled release of the battery’s energy provides useful electrical
power in the form of current and voltage. Uncontrolled release of this energy can
result in dangerous situations such as smoke, fire, high pressure events or any
combination thereof.

In this paper, the basics of hybrid vehicle battery pack HV safety system
designs and some of tests that should be discussed.

According to relative Chinese nation standard [1-6], HEV drive battery HV
safety system should be designed specially. Firstly, all the battery cell and HV
component should be build in seal pack. The insulation section prevents to connect
between battery cell and HV junction box. The cooling air or cooling water flow
setting is designed in battery pack. Secondly, Manual Service Disconnect (MSD)
and High Voltage Interlock (HVIL) are used to protect maintenance man human
safety when battery is repaired. MSD is built in the battery cell in order to prevent
personal get an electric shock and protect maintenance man. Next, crash switch or
crash sensor in battery system can cause BMS cut off immediately HV bus in
vehicle collision. Thus prevent potential safety risk such battery smoke, fire,
burning, liquid leak, explosion or any combination escape. Finally, the especially
effective battery HV safety management system monitors and diagnose real time
all linked point among battery pack interior and outer HV component. Usually,
drive battery HV management system is developed and designed in BMS.

2 Battery HV Safety System Function

The key scope of BMS is HV safety diagnoses and control. BMS is not only
monitors the dynamic change of whole HV bus, but also detect and diagnose the
work state of HV bus. The message of work state should be send to HCU
and execute corresponding request timely. Battery HV safety system need to
ensure all HV components steady work and prevent any potential permanent
damage. Furthermore, battery HV safety system should prevent any potential HV
power connect with vehicle LV control unite which caused dangerous hazard.

2.1 Battery HV Safety System Basic Function

(1) Insulation and short circuit detection. BMS should detect insulation resistance
and leak current change parameter timely;

(2) GND detection. BMS should detect all HV components ground state, relay
state and HVIL circuit open or close.

(3) On-site diagnostic function. BMS should monitor HV bus work state timely;
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(4) HV bus can be manually, crash signal and HCU requirement cut off;
(5) BMS has self learning and adaptive capability;

(6) Rational and effective power up/down flow;

(7) Low power waste and short response time.

In BMS battery HV safety system function, it is very important to diagnose and
monitor power up/down procession, insulation and short circuit detection.
Therefore, those functions will be discussed in next section.

2.2 Pre-Charge Process Diagnoses and Control

Logical HV power up flow is detect supply power, HV current load and main relay
safety process. For many capacitance load are in HV bus, there are much current
impact in HV electric circle when relay are closed immediately. Battery pack designs
include alternate current paths for pre-charging the drive system through a pre-charge
resistor or for powering auxiliary busses which will also have their own associated
control relays. For obvious safety reasons these relays are all normally open.

When key on, BMS will be enabled immediately. After complete initialization
and test itself, battery will enter standby state and wait for HCU messages. BMS
initialization include BMS self test, program down load(boot), insulation test in
battery pack, initialize I/O, peripherals, initialize CAN and start sending messages,
and so on.

BMS will start advance diagnostic procedure after receive close main relay
requirement from HCU. If battery SOC is enough, battery state is normal and no
insulation and short-circuit fault, then pre-charge relay will be closed and pre-
charge procedure will be started at the same time. When pre-charge procedure can
be completed in scheduled time, then main relay will be closed and HV bus can be
connected. However, if pre-charge procedure can’t be completed in scheduled
time, then BMS will send pre-charge fault signal to HCU and forbid main relay to
be closed.

As is show in Fig. 1, BMS will close pre-charge relay 1 and negative relay 3
immediately and start pre-charge procedure after power up requirement from
HCU. If HV bus voltage V, can over 90 % of battery whole voltage V,, scheduled
time, then pre-charge procedure can be completed. Otherwise, BMS will send pre-
charge fault signal to HCU and forbid main relay to be closed.

2.3 Power Down Process Diagnoses and Control.

BMS will start power down process after received open relay request from HCU.
BMS will diagnose battery state before main relay is opened. If battery state is
normal, then HCU will start all HV components power down process in scheduled
time and then BMS open relay. If battery temperature is high in BMS power down
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Fig. 2 BMS power up/down process

process, battery cooling fan must run to reduce battery temperature to normal
value. The main relay can’t be opened before battery temperature reduces to
rational operational range. HCU can open main relay by emergency line under
urgent condition.

The Fig. 2 is BMS power up/down process. When key on, BMS will be
enabled, initialize and test itself. If can complete initialization process, then BMS
will enter standby state, otherwise BMS will send initialization fault message to
HCU for reminding driver key off or restart. If receive close main relay require-
ment from HCU, BMS will enter pre-charge process. When pre-charge procedure
can be completed in scheduled time, then main relay will be closed and battery
enters into operation mode. BMS will start power down process in case received
open relay require from HCU, key off or fault message.

2.4 HV Insulation Test

The insulation resistance value between HV electric circle and chassis is change
variably when vehicle is running for liberation, impact, battery liquid leak or
dangerous gas gives out, and so on. The variable value of insulation resistance is
relational with electric component state in HV bus. Therefore, it is key content to
monitor dynamically insulation state of HV bus for HV safety dynastic system.

According to Chinese Nation criterion GB/T 18384.1-2001, the insulation
resistance is key parameter which indicates EV and HEV safety performance. The
ratio of insulation resistance and rated voltage should over 100 Q/V.

As is shown in Fig. 3, the corresponding resistance to max leak current is virtual
battery insulation resistance if the point between battery and ground is short circuit.
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Fig. 3 Schematic diagram of Up
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The resistance detective value is limited under BMS operation normally. The
resistance between positive and ground is R;;, while the resistance between negative
and ground is R;,, then battery insulation resistance is the smaller one between R;;
and R;,. For current can pass the electric circuit which connects with the smaller
resistance and ground. Uy, is battery voltage, Ry, is battery resistance, U is voltage
between battery negative and ground, while U, is voltage between battery positive
and ground. Compared with R;; and Rj,, Ry, is too little and can be neglected.
The equation can be gained from the upper part of Fig. 3 [7, 8].

U+ U, = Uy (1)
U;/Ri =Uy/Rp (2)

If U; > U,, then battery insulation resistance is R;,. The resistance R, been
added into battery negative and ground. The insulation electric circuit equation can
be gained.

U’ is Rq voltage while U”, is R, voltage, the equation can be gained from the
lower part of Fig. 3.

U +U, =1, 3)
U'1/[RoRi1/(Ro + Rit)] = U /Rip (4)

From Eq. 1 to 4, the Eq. 5 of battery positive insulation resistance can be
gained.

Ri> = Ro(1+ U2/Uy) [(Ur — U}) /U] (5)

If U; < U,, then battery insulation resistance is R;;. According to same cal-
culation method, the Eq. 6 of battery negative insulation resistance can be gained.

Ri =Ro(1+ Uy /Us)[(U> — Uj) JUS] (6)
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Table 1 Battery insulation

h Expected Chassis Chassis
resistance test result resistance (kQ2) to battery+ to battery—

1,000 1000.0 1000.0
500 502.5 502.5
100 97.5 100
90 90.0 90.0
80 80.0 80.0
70 67.5 70.0
60 60.0 60.0
50 50.0 50.0
40 40.0 40.0
30 30.0 30.0
20 20.0 20.0
10 10.0 10.0
0 0.0 0.0

When BMS detect insulation fault, the diagnostic procedure will start up
immediately. BMS will execute different procedure according to different fault
class and send message to HCU.

3 Testing Result and Analysis
3.1 Testing for Insulation Resistance Test Model

In order to test drive battery insulation resistance calculation model validity, many
test should be done. It’s difficult to test directly battery insulation resistance and
inverter equivalent capacitance. Therefore, a known resistance can be connected in
the insulation test circuit, and then the insulation resistance calculation model
validity can be testified compared with calculation value and testing value. In this
testing, drive battery voltage is 300 V and inverter equivalent capacitance is
1,100 pF, the decade box is connected to chassis and battery pack positive for the
first half, then chassis to battery negative for second half.

The Table 1 is the testing result of drive battery insulation resistance. It is
shown in Table 1, the max relative test error is 2.5 %, the insulation resistance
calculation model validity is proved.

3.2 Testing for Pre-Charge Process

The Fig. 4 is testing result of battery pack on vehicle. When key on, BMS will start
initialize and check itself. If all initialization and check result are ok, BMS will start
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Fig. 4 Testing result of battery pre-charge and power down process

pre-charge process in short time. Battery system enters standby state and wait for
message from HCU after complete pre-charge process. The result is shown in Fig. 4.
When key crank and engine is ignited, drive battery will give bigger discharge
current and voltage of battery and inverter drop heavy.
If pre-charge process can’t complete in scheduled time (<300 ms), then main
relay can’t closed and BMS send pre-charge fault message to HCU. The result of
test is testified the design requirement.

3.3 Testing for Power Down Process

As is shown in Fig. 4, BMS will open main relay in scheduled time (<3 s) after
received open main relay requirement from HCU. HV power will be wasted by
inverter inner circuit. The voltage reduce process time of inverter is less 4 s and
satisfy design requirement. Repeating test of pre-charge and power down process
testify that designed battery system is good robust.

3.4 Testing for hard shutdown

During vehicle are running, HCU and BMS monitor dynamic HV circuit con-
nection state by HVIL loop. If HVIL loop is opened, insulation test fault or other
serious mistake, HCU will open directly main relay and shutdown HV bus by
emergency line. The hard shutdown process time is usually less 200 ms, and HV
components maybe damaged in this process. The time of hard shutdown response
is 0.1887 s in test. It is shown in Fig. 5.
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Fig. 5 The test of HV hard v 4
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Reduplicate test result is satisfied the robust performance of HV safety man-
agement system.

4 Conclusion

According to hybrid electric vehicle HV drive system structure, the reasonable HV
safety system is be designed. The DTC table be collected and the fault manage-
ment measure of HV management system be analyzed. The HV management
system was testified to satisfy the design requirement by EV HV drive system
power up/down test. This paper have provide useful reference for EV HV safety
system study and development. With development of EV HV safety technology
developed rapidly, EV HV safety system will become more and more perfect and.
Finally, EV industrialization will be quickened up for the comprehensively HV
safety technology.
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Automaker Energy Storage Needs
for Electric Vehicles

Alvaro Masias, Kent Snyder and Ted Miller

Abstract The success of electric vehicles (EVs) is strongly tied to their perfor-
mance and ability to meet customer expectations. A comparison of EV battery
performance against the requisite targets created by the international community is
presented. The performance attributes of greatest interest are energy, power and
life. It is shown that only power has achieved the level of performance required by
the automotive community for mass commercialization.

Keywords Electric vehicle - EV - BEV - Lithium ion battery - LIB

1 Research Objective

The success of global long term vehicle electrification efforts will depend heavily
on the performance of their requisite batteries. The current revival of Electric
Vehicles (EVs) is being enabled by recent improvements in Lithium Ion Batteries
(LIB). Recently, a large number of automakers have made electrified vehicle
product announcements and the US Government has targeted 1 million such
vehicles to be on the road by 2015 [1]. Despite these recent announcements and
targets, all current EVs require customers to make sacrifices when compared to
similar gasoline powered vehicles. Our research objective is to quantify the gap
between conventional gasoline powered vehicles and the battery technology of
EVs in terms of energy, power and life. The current performance gap between EVs
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and gasoline powered vehicles is large and is attributable to the performance limits
of LIBs. These limits stem from material and design constraints of the current
technology and will require extensive R&D to resolve over the long term. It is
projected that over the next 10 years, significant reductions in the performance gap
are likely, although the two systems will still not achieve parity.

2 Methodology

Our methodology is to quantify the current performance gap between internal
combustion engine (ICE) and battery driven vehicles, with a focus on the per-
formance features of energy, power and life. Due to its inherent performance
advantages and nascent technical maturity, we will focus exclusively on lithium
ion based battery chemistries. Performance specifications and targets for batteries
are commonly described at various hardware levels (cell, module or pack) and for
ease of comparison we will express all figures of merit in terms of actual or
estimated pack level performance. EV research has been pursued in the recent past
by various global organizations and as such our research will consider the per-
formance and targets from a variety of international sources over the past 15 years.
These performance specifications and targets will be considered for automotive
relevant applications, rather than for consumer electronics applications which have
historically been the technology driving industry for batteries. In the case of
energy and power, these figures of merit will be examined as beginning of life
(BOL) values. The study of life is most relevantly considered in terms of end of
life conditions (EOL), and as such, given its greater complexity we will look at a
variety of influencing factors.

The modern gasoline powered ICE vehicle has been in mass production since
Henry Ford released the Model T in 1908 [2]. Since that time ICE vehicles have
been tailored to meet ever evolving consumer expectations. Due to this optimiza-
tion of features and capabilities, modern ICE vehicles also serve as the most useful
benchmark for determining the features that EVs require to achieve mass market
acceptance. Much as an engine determines many of the performance characteristics
of an ICE vehicle, so too does the battery drive the capabilities of an EV. The most
prominent technical performance features of an EV are its energy, power and life,
and therefore these features will be the focus of our analysis.

Lithium is a very attractive material to base batteries on owing to its very low
electrochemical potential which gives it the promise of a high cell voltage. As a
result, lithium based batteries have been in development for over 40 years since the
first intercalation/deintercalation was demonstrated in the 1970s [3]. Twenty plus
years of research culminated in the first commercial production of a lithium ion
battery by Sony Energy Device Corporation in 1991 [4]. Sony was able to create a
product suitable for the consumer electronics market whose form factor (18,650
cylindrical cell or 18 mm & and 65 mm height) has since become an industry
mainstay and is today produced in the billions annually. Due to its ubiquity and
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Fig. 1 Consumer 18,650 cell specific energy (Wh/kg) over time [5]

massive production volumes, the 18,650 cell is a useful benchmark for the devel-
opment of lithium ion battery technology as a whole. The significant rate of progress
of one figure of merit, specific energy (Wh/kg), is shown below in Fig. 1.

Despite the continuous improvements in commercial lithium ion technology
over the last 20 years, it has been only in the last couple of years that the tech-
nology has been suitable for some automotive applications. In automotive appli-
cations we need to consider not only cell level figures of merit, but also at the
module (a mechanical assembly of cells, often containing electrical/thermal
sensing and interfaces) and battery pack level (a mechanical assembly of modules,
often containing electrical and thermal control hardware and software). The
assembly of cells into modules and subsequently packs is what makes the hard-
ware relevant to an automotive designer and user. Although module and pack
designs can vary substantially, they all add additional weight and volume which
effectively de-rates the cell level performance values. In the case of weight,
estimates of a 20 loss at the module level and a further 10 % loss at the pack level
are often made by industry groups [6]. These estimates would yield a battery pack
weight efficiency of 72, which falls at the high end of practical designs which yield
values ranging from 50 to 75 %. The impact of these de-rated engineering esti-
mates is shown in Fig. 2 below.

Vehicle electrification is a global phenomenon and the research of its devel-
opment must be cast with a similarly wide viewpoint. Each of the three most
mature automotive manufacturing regions (United States, Europe and Japan) has
published EV battery targets. In the US, the United States Advanced Battery
Consortium (USABC) is composed of Chrysler, Ford and General Motors in
partnership with the US Department of Energy [7]. The European Council for
Automotive Research and Development (EUCAR) is an analogous organization in
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Fig. 2 Consumer 18,650 pack specific energy (Wh/kg) over time

Europe [8]. In Japan, the Ministry of Economy, Trade and Industry (METI)
established an agency to promote the development of new energy technologies in
the form of the New Energy and Industrial Technology Development Organization
(NEDO) [9]. Each of these respective organizations, USCAR, EUCAR and NEDO
has created EV battery targets to guide industry’s technology development in
1996, 2009 and 2008, respectively. Our research approach is strengthened by
considering EV battery targets from a variety of regions in the world, published
over a span of many years.

One of the principle differences between consumer electronics and automotive
applications is the duration of use in terms of both calendar and cycle life.
Typically, consumer electronics require 500 cycles and 1-2 years of useful life. In
automotive applications, the battery is part of a traction system which is expected
to last the life of the vehicle, requiring thousands (and in the case of hybrid electric
vehicles, millions) of cycles over 10-15 years [10]. Due to this long duty cycle
requirement for automotive applications, designers must specify BOL and EOL
performance requirements, as the battery will inevitably degrade during use.

For our study we have identified power, energy and life to be of primary
interest. Given that the majority of public battery performance specifications
provided by battery makers and targets published by industry groups are BOL
values, we will focus on this timing when considering energy and power. Due to
the inherent requirement to consider life as an EOL condition and the large variety
of calendar ageing and cycle life conditions, its study is more complicated.
As such our approach is to look at a variety of factors which influence life per-
formance including energy use, temperature and testing requirements.
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3 Results

Our research compared the performance of existing batteries to those of an
international community of EV battery targets. These targets were developed in
the United States, Europe and Japan over a period of many years. The most
relevant targets for a variety of time periods are shown below in Table 1. The
USABC goals have no timing attached, but rather represent a minimum level of
performance and one required for true long term commercialization. The EUCAR
and NEDO targets span 5 year intervals up to 2,030.

A comparison of Table 1 across organizations and time reveals a few consistent
trends. A combined appraisal of specific energy implies that a value of ~200 Wh/
kg is required for a competitive EV and is predicted in the early 2020s. The
EUCAR and NEDO targets for power are noticeably more aggressive than the
USCAR values. This is likely due to the pace of development of battery tech-
nology between 1996 and 2009/2008, which is the timing of the USCAR and
EUCAR/NEDO goals respectively. The energy of a battery is an intrinsic property
determined by the choice of materials and their electrochemical properties of
voltage and capacity. Power on the other hand is an extrinsic property, influenced
by the material behaviour, but also substantially controlled by improved designs
achieved through engineering refinements. Given the large industry which has
evolved around lithium ion batteries in the last 20 years, it is not surprising that the
fast pace of engineering improvements has exceeded that of new material
discoveries. An appraisal of the life targets shows alignment on a life of the vehicle
expectation of 10-15 years, as outlined above.
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3.1 Energy

As outlined in our methodology, 18,650 cylindrical cells are the lithium ion battery
format produced in the highest volume commercially to serve the consumer
electronics industry. While posing many challenges for automotive applications,
the usage of those cells in automotive applications was first proposed and dem-
onstrated by AC Propulsion. The suitability of 18,650 s for automotive aside, this
cell format and size is at the forefront of specific energy developments and so
considering its rate of improvement can prove instructive relative to the broader
class of lithium ion technology. In Fig. 3 below, it is shown that even when
considering highly engineered and mass produced 18650 cells, the specific energy
of current 18,650 technology is below the goals outlined by USABC for long term
automotive production.

Although considering the capabilities of 18,650’s in abstract designs is a useful
calibrating investigation, it is also beneficial to examine existing vehicle designs.
In Fig. 4, a variety of EV battery specific energies are plotted. Three EVs from Ford
are shown, the 1998 Lead Acid Battery Ranger EV, the 1999 Nickel-Metal Hydride
Ranger EV and the 2012 Lithium Ion Battery Focus EV. For comparison, the
Nissan Leaf EV is also shown and overlays almost exactly over the Focus EV.
Additionally, the Tesla Roadster using 18650 cells is shown and it should be noted
that the specific energy achieved is far below the value estimated for the 18,650
cell-based pack specific energy capability available in that year. The specific energy
achieved in an actual automotive application (Tesla Roadster) is approximately that
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which was predicted to be possible with an 18,650-cell-based pack about 8-9 years
earlier. This can be attributed to several factors specific to battery designs for
automotive applications, but in general communicates the challenges in using cells
designed for consumer electronics in an automotive application.
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3.2 Power

Our analysis of the power capability of existing lithium ion battery technology also
begins by considering that achieved in the 18650 format. A general principle of
battery design is that power and energy can be optimized, but rarely at the same
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time, and this is shown below in Fig. 5 summary of existing state of the art 18,650-
cell-based pack specific power versus energy. These cells are designed for either
high energy or high power applications and the estimated performance envelope of
the technology takes the shape of a triangle.

As in the case of energy, it is useful to consider the EV battery targets of the
USABC, EUCAR and NEDO, as well as the performance of existing vehicles, and
those results are plotted in Fig. 6. It is apparent that the performance of the Ford
Focus, Nissan Leaf and Tesla Roadster all fit comfortably inside the 18,650 per-
formance triangle. Additionally, the higher power performance targets of EUCAR
and NEDO introduced in the methodology are highlighted here when compared to
USABC targets.
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3.3 Life

As outlined in the methodology, the research of life factors in this study is more
complicated than that of energy and power, owing to the necessity to consider
EOL versus BOL conditions, respectively. To address this EV battery need, we
will examine three important factors affecting life requirements: temperature,
energy usage and testing.

The relationship of the impact of temperature on battery cycle life is shown in
Fig. 7. The relative cycle life decreases noticeably as the temperature increases,
reflecting the impact on lithium ion battery materials and the related electro-
chemistry. For reference, the maximum annual temperatures of three US cities are
shown, Minneapolis, Houston and Phoenix.

The depth of discharge (DOD) is the percentage of a battery’s energy which has
been used during a cycle. 100 % DOD cycle swings are not possible in automotive
applications for a number of reasons; including their impact on life, as shown in
Fig. 8. The DOD swing of various applications (Hybrids (HEV), Plug-In Hybrids
and EVs) can vary from vehicle to vehicle, but the US Department of Energy-
estimated DOD ranges are shown in Fig. 8 [17].

An often overlooked complexity of the life requirement is the need for high
precision that the large cycle number and long calendar requirements introduce in
terms of battery life data collection, life estimation and validation. In Fig. 9, we
describe the distinction between precision and accuracy (L), as well as highlight
the impact of a low precision system (R). Due to the high testing burden, the
validation of automotive batteries benefits strongly from the ability to predict end
of test performance based on an initial data set. Figure 9(R) shows the dangers of
using data from a low precision system to perform such calculations. The com-
pounding nature of precision and predictions can lead to a dramatic magnification
of the impact as shown in Fig. 9(R).

The current state of the art in battery testers is estimated to achieve a precision
of 350 ppm [18]. Based on extensive discussion with an industry expert and
manufacturer, Arbin Instruments, a precision of 20 ppm may be achievable using
existing technology concepts. During use, many performance variables will
degrade and approximately 20 % degradation is often considered end of life. In
Fig. 10, we calculate the impact of 350 and £20 ppm precision on the accumu-
lated error involved in energy throughput (MWh) prediction using the USABC test
patterns. It is shown that with a £20 ppm tester, it would be possible to predict
100 of an EV and PHEV battery’s life with <20 % error at the test’s onset. Such a
prediction would not be possible with a 350 ppm tester due to its high error.
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4 Conclusions

In the three key battery performance categories (energy, power and life), only
power has been achieved at levels sufficient to promote widespread electrification.
Energy improvements have proven more elusive as they are based on fundamental
material principles, whereas power is more generally a product of engineering
effort. The quantification of life is more difficult and requires an understanding of
the specific vehicle design and use conditions, as well as the impact of tempera-
ture, energy use, and testing as highlighted.

While the wholesale replacement of gasoline powertrains by EV powertrains
will continue to be limited by LIB costs for the foreseeable future, continued
incremental LIB cost reductions are expected. Although EVs will not reach per-
formance and cost parity with gasoline systems over the timeline of this study
(~10 years), it is projected that the scale of the gap will continue to decrease.
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Design of the Experimental Procedures
for Analysis of Thermal and Electrical
Properties of a Prismatic LiFeYPO4
Battery in a Modified Electric Car

Chayangkun Sanguanwatana, Chadchai Srisurangkul,
Monsak Pimsarn and Shoji Tsushima

Abstract As being the most important part in the energy supply system, the battery
must be carefully monitored in order to optimize the performance and to prolong its
life. The most affected parameter to the battery is the operating temperature as the
higher operating temperature increase the performance but shorten the life and with
lower operating temperature can ensure longer life but reduce the performance. With
this, the battery thermal management system is created in order to keep the operating
temperature at the suitable range. In order to achieve this, thermal behaviour in
loaded condition must be analysed beforehand. A series of experimental procedures
is designed for the selected lithium iron phosphate battery to determine the thermal
properties such as heat capacity, heat generation, and cell temperature according to
the electrical load applied. Derived thermal model of lithium ion battery was utilized
for this purpose as it shows the relationship between the thermal, electrical prop-
erties and other parameters such as voltage, current and cell temperature. When the
battery is applied with electrical load, the data of voltage, current, and surface cell
temperature can be used to determine the thermal properties and at the same time,
electrical properties such as open circuit voltage, state of charge and internal
resistance are also obtained for the performance evaluation.
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1 Introduction

Electric vehicle has become one of the alternatives for replacing the fossil-fuel
vehicle due to the rapid decrease in the energy source and increase in the auto-
mobile utilization. Also, with the zero pipe-tail emission, the replacement of
electric vehicle can decrease a great deal of the amount of green house gas released
into the earth’s atmosphere. National Metal and Materials Technology Center,
Thailand (MTEC) joined with Electricity Generating Authority of Thailand
(EGAT) in order to form the electric car project modified from the conventional
gasoline powered car. This has the conventional components replaced with the
electrical ones such as motor and batteries. The benefits from this includes the
reduced cost of purchasing a brand new electric car and this can demonstrate that
in the future, used gasoline cars can be modified into electric cars which is a merit
in terms of materials recycling.

Many tests are required in order to maximize the performance of the vehicle. In
this paper, the main focus is put on the battery which is the most important
component in the power supply system. With the proper design of battery man-
agement system, the performance of the battery can be maximized. Also, it is
known that the greatest enemy of the battery is heat because heat is the main factor
which impacts the battery’s performance directly.

The sudden change in temperature can change the form of active chemicals in
the battery. This result in many serious consequences depends on the temperature
level. Extremely low operating temperature can cause lithium plating while
charging the battery. On the other hand extremely high operating temperature can
build up the pressure due to gassing inside the cell, cathode material breakdown
and possibly thermal runaway. To keep the suitable operating temperature, battery
thermal management system or in short BTMS can be a great help. BTMS is the
system which monitors the battery temperature, provide the battery with the proper
cooling system in order to prolong battery’s life and maximize its performance.
However, before the design of BTMS, it is best to understand the thermal behavior
of the selected battery or to perform thermal characterization of the battery. This
includes the determination of thermal properties of the battery which includes heat
capacity and heat generation while the battery is loaded. As different amount of
load is applied to the battery, it is expected to see the different results of thermal
properties with different electrical load. With the data of thermal properties of the
battery, thermal characterization can be performed to see the change in cell
temperature and then BTMS can be designed based on those results.
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Table 1 Characteristics of several types of lithium ion batteries [1]

Cathode material Typical Energy density Thermal
voltage (V) Gravimeric Volumetric stability
(Wh/Kg) (Wh/L)

Cobalt oxide 3.7 195 560 Poor

Nickel cobalt aluminum oxide 3.6 220 600 Fair
(NCA)

Nickel cobalt manganese 3.6 205 580 Fair
oxide (NCM)

Manganese oxide (Spinel) 39 150 420 Good

Iron phosphate (LFP) 32 90-130 333 Very Good

2 Lithium Iron Phosphate Battery

As known that lithium ion battery contains many attributes which has a lot of
advantages over the other types of battery such as higher working voltage com-
paring to aqueous batteries, less self-discharge rate, higher energy density and
contains no memory effect. With this, it was selected to be used for the modified
electric car. The cell chemistry of the battery is “lithium iron yttrium phosphate”
which has additional advantages comparing to the other types of lithium ion
batteries. This includes the long life span, great thermal stability and less impact to
the environment comparing to the cobalt cells. With great thermal stability, it
becomes the safest lithium ion battery type because under the situation where the
battery is misused such as in a very hot environment, lithium iron phosphate
battery will not decompose at high temperature.

From Table 1, it can be seen that even though the operating voltage of lithium
iron phosphate battery is the lowest among the others, the (thermal) stability is the
best. As invented by John Goodenough’s research group at the University of Texas
in 1996 [2], it gradually became popular and is utilized many applications such as
One Laptop per Child Program in China, Solar Powered Path Lights and many
electrical-converted vehicle projects.

3 Battery Thermal Safety Issues and Thermal Management
System

Abusive or uncontrolled use of a battery can lead to serious consequences. Cell
voltage and operating temperature are the most affected parameters towards the
failure of lithium batteries. It is needed to be controlled at some range. Figure 1
shows the safe area for using lithium ion cell.

From Fig. 1, it shows that many consequences from several abusive situation
(dealing with voltage and temperature). This means that the user have to maintain
the suitable range of operating voltage and temperature at the same time. For
example, if the battery is used at room temperature but the battery was
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Fig. 1 Lithium ion cell
operating window [3]
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overcharged (overvoltage), it may result in lithium plating which permanently
reduce the capacity. Or if the voltage is at 3.3 V but the operating temperature is
well over 100 °C, it will surely melts the separator inside the cell and short circuit
the whole system. Thermal runaway is the most severe consequences which could
ever happen because it can lead to the explosion of the battery.

At this point, the consequences of using the battery outside the temperature
range can be more severe than using it outside the voltage range as it will not only
damage the battery but also damage the user. Therefore, it is important that the
operating temperature is kept at the optimized range.

Battery Thermal Management System (BTMS) is therefore designed for this
purpose. It can be used to observe and regulate the temperature not to exceed the
limit. This can help prolonging the life of the battery, maximize the performance
and also ensure the highest degree of safety of the user. However, some procedures
are needed before the construction of BTMS. According to NREL, following
issues are to be discussed: cell characteristics, module cooling strategy, operating
conditions and battery thermal responses.

In this case, the battery thermal response is the main focus. Various tools can be
used in the development of the battery thermal management system. This includes
thermal analysis (CAD), fluid and heat transfer experiments and simulations
(CFD), thermal characterization and vehicle testing [4] (Fig. 2).

An amount of work has been done in order to see how heat is transferred from
the battery in the designed cooling method [5]. However, thermal properties of the
battery used for this simulation is simply averaged from the data of chemistry
structure of the cell in the manual from the manufacturer. To improve the accuracy
of the results, thermal properties should be obtained by using thermal model of the
battery.
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—

Fig. 2 Simulation of fluid and heat transfer with thermal analysis of the battery [5]

4 Battery Thermal Model

From the work of Newman et al. [6], it was found that many researchers[7, 8, 9]
used the thermal model for a single cell in order to capture thermal behavior of the
battery while being loaded. Few assumptions are needed for applying this model
such as the uniform temperature distribution throughout the cell and stable
chemical reactions. It is summarized as followed:

Ve dT
I(Voe — ITcott ==— = " (Tsurr — Tam — 1
( c V) + ITeent aTcell ( surf b) + Cp dt ( )

I = Current (A), Vo = Open Circuit Voltage (V), V = Cell Voltage (V)

Teen = Internal Temperature (°C), T,m, = Ambient Temperature (°C),

Tsurr = Surface Temperature (°C), C, = Heat Capacity (J/ °C), h = Sur-
rounding heat coefficient (W/ °C)

This equation is a result of a heat balance which considering the battery as a
control volume. It can be seen that there are two terms on the left hand side. The
first term is the overpotential resistance term which results from the electrical
power applied, it is always positive. The second terms deal with the chemical
reaction in the cell, the charge and discharge reaction can result in endothermic
and exothermic condition for the battery respectively in which it can be related to
the enthalpy change and Gibb’s free energy. This second term on the left hand side
is usually called the reversible entropic term and it can either positive or negative.

As for the right hand side, the first term represents the heat transfer from the
battery to the surroundings, it can also be considered in terms of the difference
between the cell surface and the ambient temperature. Surrounding heat transfer
coefficient, h will also be one of the properties to be investigated before the
calculations of heat capacity C,. In the second term on the right hand side, heat
capacity represents the amount of heat required for changing the temperature of
the battery. It is the main focus for this research work.
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Fig. 3 Block diagram shows

overall picture of this
research work
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5 Design of the Experimental Procedures

The main objective of this work is to determine thermal properties of the selected
Li-ion battery at different loads and thermal environments. To simplify the pro-
cedures, the block diagram below shows the overall picture of this work. The main
objective of this work is to determine thermal properties of the selected Li-ion
battery at different loads and thermal environments. To simplify the procedures,
the block diagram below shows the overall picture of this work.

As illustrated in Fig. 3, to serve the main purpose of this work, it is needed to
design the procedures in order to obtain the voltage and current load data while the
battery is loaded and at the same time surface and cell temperature are also
monitored. This is based on the thermal model shown in the previous section
which requires those data in order to determine thermal properties of the battery.
Furthermore, R; or internal resistance is included for evaluating the battery’s
performance and is calculated from the data of voltage and current load.

From Fig. 4, a selected battery is connected to the electronic load/power supply
with thermocouple probe attached to the surface and infrared temperature sensor
attached at the top of the cell in order to measure the internal temperature. The
electronic load and power supply are used for discharging and charging the battery
respectively. The infrared thermal sensor for measuring the cell internal temper-
ature. Thermocouple cannot be used for measuring internal temperature is because
it is required to contact the core of the cell which can lead to short circuit.
Therefore, using the non-contact measurement is more suitable. The small blue
box represents the Data Acquisition tool where it is used for recording the tem-
perature measured at the surface and the cell. A computer is used for storing the
experimental data for the analysis. The transparent purple box is the thermal
chamber where it will be used for regulating the environmental temperature
around the battery, this deals with the temperature coefficient which will be
explained in the next section.

The selected lithium ion battery is the Thunder Sky lithium iron phosphate
battery with the capacity of 60 Ah. Specifications are shown below (Fig. 5)
(Table 2):

The design of experimental procedures is based on the thermal model of the
battery and also the specifications of the battery. The procedures are divided into
two main parts:
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Fig. 4 Schematic diagram for the experimental setup

1. Determination of heat generated from the cell
2. Calculations of thermal properties of the cell

In the first part, the heat generated from the cell is the combination of all terms
on the left hand side in Eq. 1. This can be obtained from recording the voltage,
current and cell temperature while the battery is being charged or discharged. The
main parameter here is the current load applied (I), which can be 1 CA. 0.5 CA or
2 CA (Fig. 6).

However, in the second term, dV/dT or the temperature coefficient is present.
This has to be determined in a separated experiment. See figure below for illus-
trations (Fig. 7):

The battery is put inside the adjustable temperature thermal chamber and while
the environmental temperature is adjusted, the cell temperature and open circuit
voltage will be observed and recorded. This will be used for the calculation of
temperature coefficient.

In the second part, when the battery is charged or discharged and the voltage,
current and temperature data are gathered, thermal properties can be determined.
From Eq. 1 it can be seen that there are two variables to be determine. They are
heat capacity (C,) and surrounding heat transfer coefficient (h).

With the steady state condition, where the cell temperature stay constant with
time (0T /Ot = 0), the term with heat capacity will be eliminated and thus,
surrounding heat transfer coefficient (h) can be determined and while this depends
on the current load applied to the battery, I (and also the heat generated, Q).
Therefore, when surrounding heat coefficient is determined, it can be applied in the
transient condition (0T./0t # 0) to find the heat capacity of the battery.
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Fig. 5 The selected battery for the experiment [10]

Table 2 Specifications of the selected battery for the experiment [10]

Model TS-LFP60AHA
Nominal capacity 60 Ah
Operation voltage Charge: 4.0 V, Discharge: 2.8 V
Maximum charge current Less or equal to 3 CA
Maximum discharge current 3 CA or less for constant current
20 CA or less for impulse current
Standard charge/discharge current 0.5 CA
Cycle life (80DOD %) > 3,000 times
(70DOD %) > 5,000 times
Temperature durability of case <200 °C
Operating temperature —45 to 85 °C for both charge and discharge
Self-discharge rate <3 % (Monthly)
Weight 23kg+50¢g
0= (¥ I (T 25 ) = v
cell
R | " et 1
Gischarge test e B 431

Fig. 6 Determination of heat generated from the cell

The initial condition has the 100 % charged battery stored in the room tem-
perature. As the battery is put through the discharge test, the value of V-V, will be
changed as the depth of discharge increases. Also, the cell temperature here will
also be increased, then, the value of Q will be different in the different state of
charges. This will also apply on surrounding heat transfer coefficient and heat
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Fig. 7 Experiment for the temperature coefficient

capacity and explained in the previous paragraph. This will also include the other
experiment with different amount of current load applied to see the change in the
focused thermal properties.

6 Preliminary Study and Results

At this stage, performance characteristics of the battery were studied. These
include the charge and discharge profile (constant and pulsed current). The surface
and terminal temperature were also recorded (Fig. 8).

From the figure, the voltage response from the constant current discharge shows
that it tends to be flat from 10 to 80 % depth of discharge. This is suitable for the
electric vehicle application due to its voltage stability. Furthermore, the chemistry
of lithium iron phosphate gives the advantage in terms of thermal stability as it is
unlikely to reach the stage of thermal runaway unless is extremely abused.

From Figs. 9 and 10, the temperature response from the pulse test shows that
terminal temperature is more sensitive than surface temperature because when the
load is put to zero, surface temperature dropped until the load is turned back on again.

The advantages of conducting pulse current test are that more data can be
obtained and the dynamic of temperature change can also be captured. In this test,
open circuit voltage can be observed as used for calculating heat generation as
noted in thermal model. Furthermore, the data obtained from the pulsed discharge
curve can be used to calculate the internal resistance which can also estimate
battery’s life as shown in Fig. 11.

Note that in this test, surface temperature is only measured at two points in front
of and on the side of the battery. Also, it is observed that the positive terminal
gives out heat more than that of negative terminal. This concludes that positive
terminal is the point of heat concentration.
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Ri vs. Time (from Electronic load readings)
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Fig. 11 Internal resistance calculated from the pulse test result (60 A)

7 Conclusions

Experimental procedures have been designed for the determination of thermal
properties of the selected battery for the modified electric vehicle. Currently, the
charge and discharge characteristics of the battery are obtained and in the same
time surface and terminal temperature are monitored. In the next step, infrared
temperature sensor will be installed at the top of the battery for internal temper-
ature measurement. This is the main key towards the goal of this research work
because the data of internal temperature of the battery can be used to calculate for
thermal properties of the battery. Finally, when the data of thermal properties are
obtained, it will be hand over to the design team of BTMS of the modified electric
car and the cooling system of the battery.
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Intelligent BMS Solution Using Al
and Prognostic SPA

Subrahmanyam Sista and Avinash Sista

Abstract This paper presents a Novel, Low cost and Efficient Intelligent Battery
Management Solution (iBMS) for Electric Vehicles (EV) and Hybrid Electric
Vehicles (HEV). The solution provides a comprehensive topology for identifying
the State of Charge (SOC), State of Health (SOH), charging and discharging
including isolation of defective identified battery cell from healthy ones. The
highly modular and scalable solution uses Bi-directional, 4 quadrant DC-DC
converter; a non-isolated four switch topology design for the charging/discharging
and cell cut off (infected cell), an Artificial Intelligence (AI) module using Fuzzy
Logic (FL) and Signature Pattern Analysis (SPA) for envisaging the Battery stack
health. The proposed design offers an affordable On-Board monitoring & diag-
nostics module leveraging the above intelligent modules and Impedance Analysis.
This circumvents the need of further diagnostic tools; makes the system highly
portable, Scalable for any chemical composition of battery cell and considerably
extend the life cycle of EV/HEV battery stacks. In this paper, we will review some
of the issues and associated solutions for battery thermal management and what
information is needed for proper design of battery management systems. We will
discuss about the issues related to impedance management which affects the
battery life.

Keywords Artificial intelligence - Electric vehicles - Fuzzy logic - Hybrid
electric vehicle - Impedance analysis - State of charging - State of health -
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Bi-directional - 4 quadrant DC-DC convertor - UIS and CIP (use in series and
charge in parallel)

1 Introduction

From portable Electronics to Electric vehicles (EVs), batteries are widely used as a
main energy source in many applications. Battery management involves imple-
menting functions that ensure optimum use of the battery in a system. Examples of
such functions are proper charge handling and protecting the battery from misuse.
The basic task of a BMS is to ensure that optimum use is made of the energy inside
the battery powering the portable product and that the risk of damage inflicted
upon the battery is minimized. This is achieved by monitoring and controlling the
battery’s charging and discharging process.

The purpose of the BMS is to guarantee safe and reliable battery operation. To
maintain the safety and reliability of the battery, state monitoring and evaluation,
charge control, and cell balancing are functionalities that have been implemented
in BMS. Similar to the engine management system in a gasoline car, a gauge meter
should be provided by the BMS in EVs and HEVs. BMS indicators should show
the state of the safety, usage, performance, and longevity of the battery. Due to
volatility, flammability and entropy changes, a lithium-ion battery could ignite if
misused. This is a serious problem because an explosion could cause a fatal
accident. Moreover, over-discharge causes reduced cell capacity due to irrevers-
ible chemical reactions. Therefore, a BMS needs to monitor and control the battery
based on the safety circuitry incorporated within the battery packs. Whenever any
abnormal conditions, such as over-voltage or overheating, are detected, the BMS
should notify the user and execute the preset correction procedure. In addition to
these functions, the BMS also monitors the system temperature to provide a better
power consumption scheme, and communicates with individual components and
operators [1].

Safety functions must be implemented and work correctly to ensure that no one
gets hurt and that the BMU and battery cells are not damaged. If a battery cell has
too low a cell voltage, it may result in voltage reversal. The consequences of
reversal can be venting or rupturing depending on battery type. Under voltage can
be prevented by measuring the voltage. In some cases, if there are weak battery
cells in the battery pack, individual voltage measurements may be needed to detect
low voltage. The cells should be monitored and not allowed to drop below the
lower voltage threshold, thus minimizing the risk of voltage reversal. Cell Bal-
ancing/connect- disconnect circuit is a critical function for high-powered battery
packs because a long series of individual cells is only as reliable as the weakest
cell. Sometimes it may become necessary to rest a particular cell especially in case
of an over temperature, therefore it needs to be disconnected and re-connected
again.
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The use of individual cell voltage measurements leads to a better precision in
SOC and balancing, increasing the battery lifetime and capacity. It is important to
follow the manufacturer’s suggested cell voltage thresholds to avoid degradation
of performance and improve safety.

2 The Current State of Electric Car Battery Technology

The value chain of electric car battery consists of seven steps: component production
(including raw materials), cell production, module production, assembly of modules
into the battery pack (including an electronic control unit and a cooling system)
integration of battery pack into the vehicle and reuse and recycling. Automobile
manufacturers have identified three types of rechargeable battery as suitable for
electric car use. Those types are lead-acid batteries, nickel metal hydride (NiMH)
batteries, and lithium-ion (Li-ion) batteries. Lithium-ion batteries comprise a family
of battery chemistries that employ various combinations of anode and cathode
materials. Each combination of anode and cathode has distinct advantages and dis-
advantages in terms of safety, performance, cost and other parameters. The most
prominent technologies for automotive applications are lithium-nickel-cobalt-alu-
minium (NCA), lithium-nickel-manganese-cobalt (NMC), lithium-manganese spi-
nel (LMO), lithium titanate (LTO) and lithium-iron phosphate (LFP) [2].

3 Proposed BMS Architecture

Our solution consists of batteries connected in series. Battery Management
Solution is divided into the following three categories (Fig. 1):

e State of charge
e State of health
e Thermal Management

SOC and SOH are considered to be the methodologies for battery evaluation.

3.1 State of Charge

State of charge (SOC) is critical, but it is not measurable given the current onboard
sensing technologies. The ratio of the currently available capacity to the maximum
capacity can be expressed as SOC.
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Fig. 1 Battery management system

3.2 State of Health

State of health (SOH) describes the physical condition of a battery, ranging from
internal behavior, such as loss of rated capacity, to external behavior, such as
severe conditions. Unlike SOC, there is no clear-cut definition of SOH. A general
definition of SOH is that it reflects the health condition of a battery and its ability
to deliver specified performance compared to a fresh battery.

Figure 2 gives us an idea of how our solution architecture looks like.

In our solution we use two voltage sensors, two current sensors, 4 temperature
sensors and an impedance sensor to measure and control the life of the battery [1].

3.2.1 Thermal Management System

The goal of a thermal management system is to deliver a battery pack at an
optimum average temperature. LM35 is the temperature sensor used to sense the
temperature in our solution. The LM35 series are precision integrated-circuit
temperature sensors, whose output voltage is linearly proportional to the Celsius
(Centigrade) temperature. The LM35 thus has an advantage over linear tempera-
ture sensors calibrated in ° Kelvin, as the user is not required to subtract a large
constant voltage from its output to obtain convenient Centigrade scaling. The
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Fig. 2 Architecture

LM35 does not require any external calibration or trimming to provide typical
accuracies of + 1/4 °C at room temperature and & 3/4 °C over a full —55 to
+150 °C temperature range.

3.2.2 Impedance Measurement

Impedance is nothing but the Ohm’s Law for AC circuits. Voltage and current are
sensed and are divided to give the impedance value. AD5934 is the impedance
sensor used to sense the impedance. The AD5934 is a high precision impedance
converter system solution that combines an on-board frequency generator with a
12-bit, 250 kSPS, analog-to-digital converter (ADC). The frequency generator
allows an external complex impedance to be excited with a known frequency. The
response signal from the impedance is sampled by the on-board ADC and a
discrete Fourier transform (DFT) is processed by an on-board DSP engine. The
DFT algorithm returns a real (R) and imaginary (I) data-word at each output
frequency. Once calibrated, the magnitude of the impedance and relative phase of
the impedance at each frequency point along the sweep is easily calculated using
the following two equations:

Magnitude = 22 IR+

Phase = tan—1 (I/R) [3]

3.2.3 Artificial Intelligence Approach to Estimate SOC

The battery pack charge and discharge processes are so complex that it is essential
to consider many factors such as cell voltage, current, internal impedance and
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temperature gradients. The battery pack connected in series presents a more
complex problem. Careful monitoring and control is necessary to avoid any single
cell within a Li-ion battery pack from undergoing over-voltage or under-voltage.
In a Li-ion battery module-management system, the individual batteries SOC must
be monitored because of overcharge and over-discharge issues. Therefore, it is
essential to have methods capable of estimating the battery SOC.

Kalman Filter (KF) is a powerful tool for the state estimation of systems.

To achieve the accurate estimation of SOC, Artificial Neural Networks (ANN)
and Fuzzy Logic systems have been treated as the universal approximates. Many
techniques have been developed to approximate the nonlinear functions for
practical applications. The BMF constructed in possesses the property of local
control and has been successfully applied to Fuzzy Neural Control. Also, the
hybridization of fuzzy logic with ANN has been used to improve the efficiency of
function estimation.

The adaptive Neural Fuzzy method was proposed to estimate battery residual
capacity. Although the estimation of battery residual is accurate, the algorithm
utilizes the least-square method to identify the optimal values and hence, learning
rate is computationally expensive; much time is wasted in training an ANN. A
more practical approach, called merged-FNN for SOC estimation is proposed. In
merged-FNN, the FNN strategy is combined with Reduced-form Genetic Algo-
rithm (RGA) which performs effectively on SOC estimation in a series-connected
Li-ion battery string. The merged-FNN achieved a faster learning rate and lower
estimation error than the traditional ANN with a back-propagation method.

Due to the above-mentioned facts, it is not hard to see that Al is a promising
approach for fast, precise and reliable SOC estimation [4].

3.2.4 Charge Estimation Algorithms

Several different techniques such as Fuzzy Logic, Kalman Filtering, Neural Net-
works and recursive, self-learning methods have been employed to improve the
accuracy of the SOC estimation as well as the estimation of state of health (SOH).

(1) FUZZY LOGIC Fuzzy Logic is simple way to draw definite conclusions
from vague, ambiguous or imprecise information. It resembles human decision
making with its ability to work from approximate data to find precise solutions.

Unlike classical logic which requires a deep understanding of a system, exact
equations, and precise numeric values, Fuzzy logic allows complex systems to be
modeled using a higher level of abstraction originating from our knowledge and
experience. It allows expressing this knowledge with subjective concepts such as
big, small, very hot, bright red, a long time, fast or slow. This qualitative, linguistic
representation of the expert knowledge presents a natural rather than a numerical
description of a system and allows relatively easy algorithm development com-
pared to numerical systems. The outputs can then be mapped into exact numeric
ranges to provide a characterization of the system. Fuzzy logic is used extensively
in automatic control systems.
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Using this technique we can use all the information available to us about the
performance of a battery to derive a more accurate estimation of its state of charge
or the state of health.

(2) KALMAN FILTER The battery SOC is affected by many simultaneous
factors and is continually changing due to the user driving pattern. The Kalman
filter is designed to strip unwanted noise out of a stream of data. It operates by
predicting the new state and its uncertainty, then correcting this with a new
measurement. It is suitable for systems subject to multiple inputs and is used
extensively in predictive control loops in navigation and targeting systems. With
the Kalman Filter the accuracy of the battery SOC prediction model can be
improved and accuracies of better than 1 % are claimed for such systems.

(3) NEURAL NETWORKS A Neural Network is a computer architecture
modeled upon the human brain’s interconnected system of neurons which mimics
its information processing, memory and learning processes. It imitates the brain’s
ability to sort out patterns and learn from trial and error, discerning and extracting
the relationships that underlie the data with which it is presented.

Each neuron in the network has one or more inputs and produces an output;
each input has a weighting factor, which modifies the value entering the neuron.
The neuron mathematically manipulates the inputs, and outputs the result. The
neural network is simply neurons joined together, with the output from one neuron
becoming input to others until the final output is reached. The network learns when
examples (with known results) are presented to it; the weighting factors are
adjusted on the basis of data - either through human intervention or by a pro-
grammed algorithm-to bring the final output closer to the known result. In other
words, neural networks “learn” from examples and exhibit some capability for
generalization beyond the training data.

Neural networks thus resemble the human brain in the following two ways:

1. A neural network acquires knowledge through learning.
2. A neural network’s knowledge is stored within inter-neuron connection
strengths known as synaptic weights.

The true power and advantage of neural networks lies in their ability to rep-
resent both linear and non-linear relationships and in their ability to learn these
relationships directly from the data being modeled. Among the many applications
are predictive modelings and control systems.

Neural Network techniques are useful in estimating battery performance which
depends on quantifying the effect of numerous parameters most of which cannot be
defined with mathematical precision. Algorithms are refined with the aid of
experience gained from the performance of similar batteries [4].

3.2.5 DC-DC Converter Operation

A DC-DC converter allows DC voltages to be raised or lowered similar to how a
transformer does with AC voltages. DC-DC conversion became very popular with
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the advent of power transistors, and since then many circuits have been invented.
There are countless types of DC—DC converter circuits but they all operate on the
same basic principles. The simplest types of converter are the non-isolated buck
and boost converters. Other types include the Cuk converter and the Buck-Boost
converter, as well as isolated designs such as the forward converter and flyback
converter.

(1) POWER SWITCH CONTROL: Figure 3 shows a simplified diagram of how
the four power switches are connected to the inductor, VIN, VOUT and GND.

Figure 4 shows the regions of operation as a function of duty cycle D. The
power switches are properly controlled so that the transfer between modes is
continuous.

(2) BUCK REGION (VIN > VOUT): Switch D is always on and switch C is
always off during buck mode. When the error amp output voltage, VC, is
approximately above 0.1 V, output A begins to switch.

During the off time of switch A, synchronous switch B turns on for the
remainder of the switching period. Switches A and B will alternate similar to a
typical synchronous buck regulator.

As the control voltage increases, the duty cycle of switch A increases until the
max duty cycle of the converter in buck mode reaches DMAX_BUCK, given by:

DMAX_BUCK = 100 — D4 (SW) %

Where D4 (SW) = duty cycle % of the four switch range.

D4 (SW) = (300 ns - f) - 100 %

Where f = operating frequency, Hz.

Beyond this point the four switch or buck-boost region is reached.

(3) BUCK-BOOST OR FOUR SWITCH (VIN ~ VOUT): When the error amp
output voltage, VC, is above approximately 0.65 V, switch pair AD remain on for
duty cycle DMAX_BUCK, and the switch pair AC begin to phase in. As switch pair
AC phases in, switch pair BD phases out accordingly. When the VC voltage reaches
the edge of the buck-boost range, approximately 0.7 V, the AC switch pair com-
pletely phase out the BD pair, and the boost phase begins at duty cycle, D4 (SW).
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The input voltage, VIN, where the four switch region begins is given by:

Vour

Vin= 0T
N 2 (300ms - 1)

The point at which the four switch region ends is given by:

VIN = VOUT (1 -D) =VOUT (1 -300ns - f) V

(4) BOOST REGION (VIN < VOUT) Switch A is always on and switch B is
always off during boost mode. When the error amp output voltage, VC, is
approximately above 0.7 V, switch pair C and D will alternately switch to provide
a boosted output voltage. This operation is typical to a synchronous boost regu-
lator. The maximum duty cycle of the converter is limited to 90 % typical [5].

3.2.6 Cell Connecting and Disconnecting

Cell balancing is a critical function for high-powered battery packs because a long
series of individual cells is only as reliable as the weakest cell. It is critical that the
charge level of all cells does not stray outside the recommended SOC range. To
ensure that the batteries cannot be over-discharged during inactivity, the BMS idle
power must be significantly less than the self-discharge of the battery cells.

More importantly, the idle current along the battery string must be well mat-
ched to ensure that batteries do not become unbalanced during storage. Once
placed into operation, the batteries will experience high charge and discharge
currents. In this situation, the charge level of each cell must be actively balanced to
derive maximum pack energy and lifetime.

In our solution in case if a battery in the series is not functioning properly, all
the other batteries in the series compensate the lost voltage and maintains a
constant output voltage through the 4 Quadrant DC to DC converter. The battery is
isolated from the flow circuit.
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4 Conclusion

As batteries are the core energy sources in EVs and HEVs, their performance
greatly impacts the salability of EVs. Therefore, manufacturers are seeking for
breakthroughs in both battery technology and BMSs. Chemical reactions in the
battery are subject to operating conditions, and hence, the degradation of a battery
may vary in different environments. Developing a comprehensive and mature
BMS is critical for manufacturers who would like to increase the market share of
their products. The major concerns of BMSs were discussed in this paper. They
include battery state evaluation, modeling, and cell balancing, wherein the eval-
uation methodologies of battery status were viewed as the crucial issue. A BMS
framework was proposed to deal with the deficiencies of current BMSs in both
research and commercial products. Based on previous work, specific challenges
facing BMSs and their possible solutions were presented as a solid foundation for
future research. Due to varying situations in real-world applications, a standard
solution was not wanted. Based on the specific situation, different strategies should
be applied to improve and optimize the performance of BMSs in future EVs and
HEVs.
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Thermal Modeling and Effects
of Electrode Configuration on Thermal
Behaviour of a LiFePO, Battery

Cheng Ruan, Kun Diao, Huajie Chen, Yan Zhou and Lijun Zhang

Abstract The temperature distribution of a LiFePO, battery was studied by using
the finite difference method in this study. The heat generation considers both Ber-
nardi expression and current heat generation in current collectors. A temperature
measurement experiment at the geometry center inside battery at 2C discharge was
done to validate the model temperature prediction results. The effects of electrode
configuration such as placing and center distance of current collecting tabs on battery
temperature distribution were analysed. The results showed that the placing and
center distance of current collecting tabs have significant effects on temperature
rising and uniformity. The results could contribute to the battery design.

Keywords Li-ion battery - Thermal model - Current heat generation - Electrode
configuration - Temperature distribution

1 Introduction

Li-ion battery has great application prospects on electric vehicles for its advantage
of high voltage, high power density, high energy density, long service life and no
memory effect etc. For the performance of Li-ion battery is closely related to its
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operating temperature, the battery thermal management technique is considered to
be one of the key techniques in EVs.

There have been many previous researches on thermal modeling of lithium
based battery. Bernardi et al. [1] derived a general heat generation expression for
battery by using thermodynamic energy balance analysis on the cell control vol-
ume (not including current collectors). Chen and Evans [2—4] developed two and
three dimensional models to study the thermal behaviour of LPBs and LIBs. Chen
et al. [3] developed a three-dimensional model of LIBs which considered con-
vection and radiation boundaries to analyze the effects of different facts on thermal
behaviour. The heat generation in these studies was assumed uniform. As the
volume of power battery becomes larger and larger, the heat generation of current
in current collectors which make the temperature field distribution nonuniform
(with higher temperature near the tabs) can not be neglected. Keyser et al. [6]
studied the thermal behaviour of three generations of CPI Lithium battery at
discharge by using infrared imager. The results showed there was obvious heat
concentration near the positive current collecting tab which was in agreement with
the current distribution. The uniformity of temperature could be improved by
improving electrode design. Kwon et al. [7] established a model to study current
distribution in electrode. Kim et al. [8] developed a two dimensional thermal
model which considers electrochemistry heat generation and current heat gener-
ation to study the effects of electrode configuration on thermal behaviour.

In this study, a thermal model of a 40 Ah LiFePO, battery was developed by
using finite difference method. The heat generation considers both Bernardi
expression and current heat generation. A temperature measurement experiment of
the geometry center inside battery at 2C discharge was done to validate the model
temperature prediction results. Then the effects of electrode configuration such as
placing and center distance of current collecting tabs on battery temperature dis-
tribution were analysed.

2 Modeling

A finite difference heat transfer method is used to establish the thermal model of a
40 Ah LiFePO, battery. The battery is composed of 77 positive electrode inte-
grations, 78 negative electrode integrations, and the separators between them.
Each electrode integration is composed of the metal (Al or Cu) current collector in
the middle and the active electrode material on both side of collector. So a single
cell consists of half positive electrode integration, half negative electrode inte-
gration, and the separators between them. The thickness of each layer in a cell is
shown in Table 1. The geometry of a cell is shown in Fig. 1.

The conductive heat transfer is the main mechanism inside a battery. Simplify
the battery into a two-dimensional model. The transient two-dimensional con-
ductive heat transfer equation is as follows [8]:
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Table 1 Thickness of each layer in a cell

Number Layer Thickness/pm
1 Positive current collector 11.5

2 Positive electrode 70.5

3 Separator 37

4 Negative electrode 56.5

5 Negative current collector 4

Fig. 1 Geometry of a cell

Electrode

or 0 oTr 0 oT .
Pcpa—aocxa) +6_y<ky6_y> + 4 — Geonv (1)

Where pC, is the average volume specific heat capacity of the battery
(J/(m* - K)), ky,ky are the effective thermal conductivities along the x and y
directions (W/(m - K)), g is the heat generation rate (W /m?), and o, is the heat
dissipation rate caused by convection at the x—y surfaces (W /m?).

The effective thermal conductivities k; and k,can be considered as parallel
thermal resistances of each component in the cell

0; - ki
kakyZZX'TS, (2)

The average volume specific heat capacity pC, is the average volume specific
heat capacity of each component in the cell

> PiCpiVi
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Fig. 2 Current flow in
parallel electrodes of a cell I I _cell I cell

L,

The heat generation rate g is composed of Bernardi heat in the active material in
electrodes and current Ohmic heat in current collectors. The expression of gis
given as follows

I

Vtotal

dEoc
ar

q <E -E-T ) +ivr, +inry (4)

Where E,, is the open-circuit potential of the cell (V), E is the cell voltage (V),
dE,./dT is the entropy coefficient of the cell (mV /k), iy, i, are the current density
in positive and negative current collectors (A/m?), r,, r, are the electrical resis-
tivity of positive and negative current collectors (Q - m).

Figure 2 shows the simplified current flow in parallel electrodes of a cell. The
current I_cell flows in through the Tab—, conducts in the collector — and flows to
the collector + as current J. The current flow in collector + is opposite to that in
collector—. And then the current I_cell flows out from the Tab +. Here we assume
that the current J is homogeneous. Then we acquire the current distribution in
collector 4 and collector—.

Two-dimension current conductivity differential equation

1
V(r— VVP) +J =0 in collector + (5)
P

1
V<—VV,,) —J =0 in collector — (6)

I'n
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Fig. 3 Comparison between experimental and modeling temperature curves at discharge rate of 2C

The boundary conditions for V,,,V,, are

10V, I_cell
——Pf_—_ =" attab +
rp on Arab * 5pc
10V, 1_cell  tab
_— al al -
T on Aap * 5nc
10V
——2—=0 at other boundary
rp On
10V,
— =0 at other boundary
r, on

(10)

Where V,, V, is the voltage in positive and negative current collectors (V), dsp
is the width of the tab (m), p, d,c is the thickness of current collectors (m).

Then the i,,i, can be acquired by

1
i, =——VYV,
Ip rp p
1
i,=——VV,
I'n

The heat dissipation rate, g.,n,, is derived as

é]conv - 2h(T - Tambient)/éall

(11)

(12)

(13)



770 C. Ruan et al.

06 cut off time —ELE
Current
|
0.5 :
0.4
> / <
% / =
c
g 03 o 9
6 /-u-’_ 5
> O

o
o

o
N
]
Y
IN
o

0.1

&
=}

&
S

0 500 1000 1500 2000 2500 3000 3500 4000
Time/ s

Fig. 4 (E,.—E) curve at discharge rate of 2C

Where h is the convection heat transfer coefficient (W /(m? - K)), &, is the total
thickness of the battery (m), Taumpiens 1S the ambient temperature (K). The other
convective boundary condition of the electrode is written as

01
k = h(1 Tombien 14
on ( b t) ( )

3 Experiment Verification

In order to acquire the temperature inside the battery, we put a sealed and isolated
thermocouple in the geometry center of the battery before the electrolyte was filled
in. Then a constant current discharge experiment was proceeded on this special
battery. The fully charged battery was put in the thermotank at constant temperature
of 25 °C. Keep standing until the temperature difference between the geometry
center inside the battery and the ambient is less than 1 °C. Then discharge the battery
at 2C rate until the voltage reached the discharge cut-off voltage. Cut off the circuit
and keep still until the battery was cooled down. Record the temperature, voltage and
current. Figure 3 shows the result of experiment and simulation.

The experimental temperature curve didn’t drop down directly after the cut off
time. It remained a gentle slope for about 200 s then dropped down quickly. The
reason of this phenomenon is mainly that the curve reflected the temperature
variation inside the battery. After the circuit was cut down, the temperature dis-
sipation needed time to conduct from the surface to the center. In order to reflect
the gentle slope in the simulation, a small voltage difference (shown in Fig. 4) was
added after the circuit cut off, and the current remained relevantly. Then the
simulation reaches high agreement with the experimental result.
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Fig. 5 Temperature distribution at the end of discharge

Figure 5 shows the temperature distribution at the end of discharge. The area near
the tabs has higher temperature. The highest temperature appears near the negative
tab for the negative current collector is much thinner. Based on the model, the effect
of electrode configuration on thermal behaviour could be analysed.

4 Discussion and Result

To analyse the effect of different electrode configuration on thermal behaviour, we
assumed three types of tab placing configuration: Type (a) both tabs on the short side,
Type (b) opposite tabs on short side, Type (c) both tabs on the long side. As shown in
Fig. 6, the areas of active electrode material in three types are the same, so the three
types of battery have the same capacity. The temperature distribution was analysed
by changing the center distance of tabs, L. The battery was discharged at a constant
current of 2C rate. The center temperature, maximum temperature, minimum tem-
perature, mean temperature and the temperature standard deviation were chosen to
describe temperature field at the end of 2C discharge. The simulation results are
shown in Tables 2, 3, 4.

For the Type (a) and Type (c), which have the tabs on the same side, the
minimum of center distance, L, starts at 20 mm. Because the manufacturing
processing makes the positive and negative current collectors assemble alternately.
If L < 20 mm, the tabs overlap and the short circuit will occur.

As shown in Fig. 7, the center temperatures of Type (a) and Type (c) decrease first
and then increase with the growth of center distance, L, while that of Type (b)
monotonic increases. The maximums of center temperature of Type (a) and Type (b)
are acquired at maximum of L and that of Type (c) is acquired at minimum of L. The
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Fig. 6 Three types
of electrode configuration
Type (a), Type (b), Type (¢)

Electrode Electrode

Electrode

Table 2 Result of type (a)

Center Center Max. Min. Mean Temperature
distance temperature temperature temperature  temperature standard
/mm /°C /°C /°C /°C deviation
/°C

20 51.7234 52.8268 49.9548 51.4962 0.6852

30 51.6678 52.5653 49.9309 51.4224 0.6374

40 51.6821 52.5590 49.9376 51.4397 0.6432

50 51.7056 52.6001 49.9486 51.4683 0.6557

60 51.7403 52.7126 49.9646 51.5108 0.6768
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Table 3 Result of type (b)

Center Center Max. Min. Mean Temperature
distance temperature temperature temperature  temperature standard
/mm /°C /°C /°C /°C deviation
/°C
0 51.6418 51.9626 50.4259 51.3886 0.2924
10 51.6443 51.9688 50.3855 51.3916 0.2938
20 51.6506 51.9863 50.3558 51.3993 0.2976
30 51.6651 52.0262 50.3402 51.4171 0.3046
40 51.6839 52.0854 50.3331 51.4401 0.3144
50 51.7115 52.1806 50.3387 51.4739 0.3277
60 51.7525 52.3379 50.3601 51.5244 0.3455

Table 4 Result of type (c)

Center Center Max. Min. Mean Temperature
distance temperature temperature temperature  temperature standard
/mm /°C /°C /°C /°C deviation
/°C
20 51.8642 52.4095 50.3106 51.3081 0.4878
40 51.7598 52.1337 50.1808 51.2500 0.4440
60 51.7286 52.0488 50.1244 51.2701 0.4152
80 51.7009 52.0060 50.1317 51.2986 0.3860
100 51.6972 52.0256 50.1504 51.3496 0.3643
120 51.7128 52.1088 50.1886 51.4151 0.3552
140 51.7652 52.3438 50.2388 51.5125 0.3671
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minimums of center temperature of three types are at the point where L = 0, 0, 100
mm. The center temperature sequence of three types of battery is that Type (c) > Type
(a) > Type (b).

The variation tendency of the maximum temperature of each type of battery is
similar to that of center temperature (Fig. 8). The battery of Type (a) and Type (c)
gets its highest maximum temperature at L = 20 mm while Type (b) atL = 0 mm.
The Type (a) battery has the maximum temperature obviously much higher than
Type (b) and Type (c).

Figure 9 shows the variation of minimum temperature. The effects of center
distance variation on minimum temperature is less than 0.1 °C for battery of Type
(a) and Type (b). The variation range of minimum temperature of Type (c) is a
little larger, about 0.2 °C. The minimum temperature sequence of three types of
battery is that Type (a) > Type (c) > Type (b).

The variations of mean temperature of three types of battery are described in
Fig. 10. The variation tendencies of the mean temperature are similar to those of
center temperature and maximum temperature of the same battery. The maximums
mean temperature of three types of battery are approximately the same, while
battery Type (c) gets its minimum temperature at L = 40, which is much lower
than that of Type (a) and Type (b).

The temperature standard deviation is used to describe the uniformity of battery
temperature field. The battery has a more uniform temperature with smaller
standard deviation. The three types of battery get the lowest temperature standard
deviation at L = 0, 30, 120 mm respectively (Fig. 11). The sequence of battery
temperature standard deviations is that Type (b) < Type (c) < Type (a). That
means the Type (b) has the best uniformity, Type (c) takes the second place, Type
(a) takes the worst.

The effect of tabs center distance on battery temperature distribution is caused
by the current heat generation in current collectors which is more concentrated
near the tab. If the tabs get closer, there will be a larger superposition of current



Thermal Modeling and Effects of Electrode Configuration

Fig. 9 Minimum
temperature results

Fig. 10 Mean temperature
results

Fig. 11 Temperature
standard deviation results
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heat generation. Thus for Type (a) and Type (c) which have tabs on the same side,
the total heat generation near the tab gets the largest value when the center dis-
tance gets its minimum. However, with the growth of center distance, the con-
centration of current near the tab is more obvious. The cdk, which is defined as the
ratio of the maximum of current density in the current collector and the average
current density in the tab, is introduced to describe the extent of concentration of
current density in current collectors. Figure 12 shows the variation of cdk with the
center distance. The cdk increases with the center distance. That means the con-
centration of current is more obvious when L gets larger. This explains the vari-
ation of battery temperature distribution with the change of center distance. For the
types which have tabs on the same side (Type (a), Type(c)), there is an optimum L
for the temperature distribution.

For the battery used in the paper, the highest temperature appears near the
negative tab because the copper foil negative current collector is too thin (4 pm,
while the aluminium foil positive current collector is 11.5 um). The current heat
generation will be reduced by enlarging the thickness of copper foil appropriately.
But it will cause additional cost.

In order to get a higher electric performance, the best electrode configuration on
thermal behaviour is that which has the lowest charge/discharge temperature rise
and the most uniform temperature distribution. That means the opposite tabs
configuration (Type (b)) is the best choice. However, the battery design considers
not only thermal behaviour but also electric performance, safety, assembling, cost
and so on. This paper could provide the guidance on temperature in battery design.
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5 Conclusion

A two dimensional thermal model of LiFePO, battery is developed by the finite
difference method in this paper. The heat generation considers both Bernardi
expression and current heat generation in current collectors. By comparing the
experimental geometry center temperature curve with the model result at 2C
discharge, the model temperature prediction was validated. Then, based on the
result of the model temperature distribution, the effects of electrode configuration
on thermal behaviour at 2C discharge were analysed. The result shows that the
electrode configuration of opposite tab has the best thermal performance and there
is an optimum center distance for the electrode configuration of same side tab. The
electrode configuration results may contribute to the battery design.
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Thermal Behavior and Modeling
of Lithium-Ion Cuboid Battery

Hongjie Wu and Shifei Yuan

Abstract Thermal behaviour and model are important items should be considered
when designing a battery pack cooling system. Lithium-ion battery thermal behav-
iour and modelling method are investigated in this paper. The temperature of the
battery is measured when charging and discharging experiments in various styles
including constant current charge, constant current discharge, pulse current charge,
pulse current discharge, and simulation styles in EV and HEV. The lithium-ion
battery temperature in various charge/discharge style are presented as a function of
time. The thermal modeling is studied and compared with experiments. The results
show that the battery thermal behavior is relevant with battery internal resistance,
current, time and initial temperature.

Keywords Lithium-ion battery - Electric vehicle (EV) - Hybrid electric vehicle
(HEV) : Thermal behavior - Thermal modeling

1 Introduction

Batteries are the most common electrical energy storage devices in Electric
Vehicles (EV). The performance of a battery when it is connected to a load or a
source is based on the chemical reactions inside the battery. The heat will be
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generated in the process of charge and discharge, thus the thermal in the battery
increase to higher. If the thermal of battery can not be controlled under a threshold
according to the specification of manufacture, Batteries maybe destroyed in over
temperature. Thus the thermal behaviour and thermal model inner battery and
maximum thermal estimating method are important for properly use of battery.

2 Battery Modeling

Reactions in Li-ion battery consist of mass transfer process, electro-chemical
reaction, heat generating reaction and thermal diffusion process.

Li-ion battery consists of three domains: the negative composite electrode,
separator, and positive composite electrode. During discharge, Li-ion diffuse to the
surface of LiyCg active material particles (solid phase) in the negative electrode
where they undergo electrochemical reaction

__ discharge )
LiyC¢ =  LigCg¢+Lit +xe” (1)
charge

And transfer into a liquid or gelled electrolyte solution. The positively charged
ions travel through the electrolyte solution via diffusion and ionic conduction to
the positive electrode, where they react

discharge
LipMO, + yLi* +ye~ = Li;MO, (2)
charge

And diffuse towards the inner regions of metal oxide active material particles
(solid phase). The porous separator serves as an electronic insulator, forcing
electrons to follow an opposite path through an external circuit or load.

End of charge or discharge, accompanied by sudden voltage rise, occurs when
solid phase Li concentrations at their electrode surface become saturated or
depleted, or electrolyte phase Li concentrations become depleted in their electrode.

1-D electrochemical model

Composite electrodes are modelled using porous electrode theory, meaning that
the solid and electrolyte phases are treated as superimposed continua without
regard to microstructure. The conservation of Li in a single spherical active
material particle is described by Fick’s law of diffusion,

O0cs Dy 0 [ ,0c
ot r2or (r ar) (3)

With boundary conditions

Ocy

o =0 (4)

r=0
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Ocy —jt

= (5)

— =
or|._g asF

Where ¢ represents Li concentration and the subscripts s denotes the solid
phase. Dj is the solid phase diffusion coefficient, j“ the volumetric rate of elec-
trochemical reaction at the particle surface (with j* > 0 indicate discharge), a; the
interfacial surface area, and F is the Faraday’s constant (96,487 C/mol). For
spherical active material particles of radius Ry occupying electrode volume frac-
tion &, the interfacial surface area is a, = 3¢ /R,. Equation are applied on a
continuum basis across each electrode giving solid phase concentration a 2D
spatial dependency, i.e. c,(x, r,t) where x is the particle position, r is the radial
position within a particle, and ¢ is time. The electrochemical model depends only
upon concentration at the particle surface, where the subscript s,e denotes the
solid/electrolyte interface.

Another battery thermal behaviour model is described in paper [1]:

Vi —J=0inQ, (6)
V.-i+J=0inQ, (7)

Where g} and Kare the linear current density vectors (current per unit length A
cm_l).

To be simple, The battery heat generating power function is as the following:

dEy
O=I(E)y—E)—T— 8
(Eo — E) =T ®)

where, @ is heat generating power (W), I is current (A), positive in charge and
negative in discharge, E is the terminal voltage (V), Ey is open circuit voltage (V),
T is the temperature (K).

In a thermal insulation condition

dT
O = mc, = 9)

where, m is the mass of battery (kg), ¢, is the specific heat capacity of the battery
(J/(kg - K)), t is time (s).
And

Ey—E = IR, (10)

where, R, is internal resistance in Ohm (Q).
According to Egs. (8) (9) (10),
1dT R, T dE,
Idr mey mey, dT

(11)
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Fig. 1 Configuration of the Cycler Thermal Chamber
battery test bench B 3

RS232|Cable

9

Battery under

Computer test

In Eq. (11), T‘ZLTO is a function of electro-chemical reaction, and treated as a
constant in this paper. To constant current, I = const, when the time is short
enough, the % can be treated as constant, thus heat generating power be a function

of current. The character of battery can be test in different currents.

3 Simulation

Simulation work is done in Matlab-Simulink software. The lithium-ion battery
temperature in various charge/discharge style are presented as a function of time.
The thermal modeling is studied and compared with experiments.

4 Testing Methodology

The test bench setup is shown in Fig. 1. It consists of four parts: the battery cycler,
the thermal chamber for environment control, the computer for human—-machine
interface and test data storage and the battery cells under test. The power cables of
the cycler are connected to the battery, which are placed in the thermal chamber
for the temperature maintaining. Table 1, shows the parameters of the battery.

The tests are conducted by putting a lithium-ion battery (LiFePO4) cell into an
adiabatic box. Charge and discharge the battery with equipment in various styles
including constant current charge/discharge, pulse current charge/discharge, drive
cycle simulation style in EV or HEV. Temperatures of the battery surface and
electrode are measured.
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Table 1 Main specification of the test cells
Type Norminal Norminal Upper cut-off Lower cut-off
capacity (Ah) voltage (V) voltage (V) voltage (V)
Li FePO4 60 32 3.8 2.5
Fig. 2 Pulse current profile ABCCurrent
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Figure 2 shows the current profile of the Pulse

electrode temperature of the cell.

5 Conclusion

current test. And Fig. 3 is the

Thermal behavior and model of a Lithium-ion cuboid battery is studi