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Abstract

In the present study, a model of a large Lithium Polymer (Li-Po) battery for use in the simulation of Hybrid
Electric Vehicles (HEVs) is developed. To attain this goal, an Equivalent Circuit (EC) consisting of a series
resistor and two RC parallel networks is considered. The accuracy and the response time of the model for
use in an HEV simulator are studied. The battery parameters identification and model validation tests are
performed in low current with a good accuracy. Similar test process is implemented in high current for
another cell and the simulation is verified with experimental results. The validation tests confirm the
accuracy of the model for use in HEV simulator. Finally, the battery model is used to model a Vehicle, Fuel
and Environment Research Institute (VFERI) hybrid electric city bus using ADVISOR software and its
compatibility with other components of the vehicle simulator are demonstrated in a drive cycle test.

Keywords: Battery modeling, Equivalent circuit method, Lithium Polymer battery, High current test, Hybrid electric

vehicle

1. Introduction

Growing concerns about energy conservation and
environmental protection have persuaded car
manufacturers to design and produce more fuel
efficient vehicles such as Hybrid Electric Vehicles
(HEVs). An HEV combines an electric vehicle
power-train system with conventional power-train
components. The cost and the time taken for the
vehicle design process can be reduced significantly
through the use of simulation-based design. A
predictive vehicle system simulation allows design
and test of a virtual vehicle under different conditions.
In addition, it is possible to test various power-trains
and vehicle control strategies on a computer before
testing on the test cell or on proving ground [1].

The fuel efficiency and performance of HEVs are
mainly limited by the performance of the energy
storage system [2]. Between different kinds of energy
storage systems, like ultracapacitors, fly-wheels and
fuel cells, batteries are the prevalent ones in the

market due to their low cost, portability, and
ruggedness [3]. Many researchers have attempted to
develop quick and semi-accurate models for batteries
to be used in vehicle simulations [4-10]. Among the
researches performed in system stage modeling, some
researchers tried to estimate State of Charge (SoC)
and State of Health (SoH) online during the vehicle
operation. For this purpose, observers and soft
computing methods are considered widely [4-6].
Some other researchers tried to develop an EC and
identify the circuit parameters to simulate battery
behavior [7, 8]. Additionally, another group of
researchers performed electro-thermal simulation for
HEY batteries [9].

A battery model in vehicle modeling should generally
achieve the goals of control and monitoring [11]. In
the field of control the main objectives are:
Optimization and control of the charge/discharge
process

Design of the battery Management System (BMS)
Design of the energy Management System (EMS)
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And in the field of monitoring the main objectives
are: SoC SoH Battery output variables (such as
voltage, current and power)Protection parameters

Battery models can be classified into two main
groups: modeling at the material stage and modeling
at the system stage. In the former, the composition of
electrodes is modeled and a huge amount of
computing time and enormous computational
resources is required to predict the properties of a
battery. The latter is based on the input-output data
from the battery and can simulate battery dynamics
with the lowest processing cost and simulation time.
These models can be used in the design processes for
BMS or EMS while simulating battery dynamic
behavior [12]. Therefore, the system stage battery
modeling seems more suitable for use in a vehicle
power-train simulation.

The scope of this work is to simulate the voltage-
current behavior of a battery while an HEV is
completing a drive cycle. For this purpose, many
methods of battery modeling are used, such as
laboratory and chemistry-dependent methods, electro-
chemical modeling, mathematical models and EC
models [13, 14]. The EC method is commonly used in
HEYV simulation [15-17].

In the EC method, the electrical circuit elements
are used in order to model battery characteristics. At
first, the structure of the EC is proposed, and then the
parameters of the circuit elements are obtained
experimentally. Many circuit structures have been
introduced into the literature [15 and references
therein]. The most popular methods for parameter
estimation of an EC are the Impedance spectroscopy
(IS) tests [18] and I-V methods [14].

The EC method is sufficiently accurate and quick.
It does not need much experimental data or deep
physical knowledge of the internal environment of the
battery. Therefore, this method seems to be suitable
for control and monitoring purposes.

A Lithium Polymer (Li-Po) battery possesses a
much smaller size and much lower weight for a given

stored energy when compared with most other
common battery technologies. Some advantages of
Li-Po batteries are listed below [19, 20]:

Low self-discharge rate (about 5% of the capacity
per month, compared to 15% for the Valve-Regulated
Lead Acid (VRLA) battery and 25% for the NiMH
battery),Long life cycle. In the case of the NiMH
battery, the cycle life typically drops to 80% of the
rated capacity after 500 cycles at the C-rate (one hour
charge followed by a one hour discharge). Li-Po
batteries can achieve more than 1,200 cycles before
reaching 80% of their rated capacity.

Good pulse power density

Few Peukert and memory effects
Monotonous and predictable ageing behavior
Capability to be manufactured in any size Use a
relatively inexpensive metal oxide that is fabricated in
sheet form to allow inexpensive battery production

These advantages have led to growing use of Li-
Po batteries in HEVs, but few models of these
batteries for use in HEV simulation have been
developed yet, and many researchers are working on
1t.

In this study, an EC model is developed to
simulate the dynamic behavior of a Li-Po battery and
its working parameters are estimated using the IS and
-V method. This model can monitor battery
parameters for use in the HEV simulator and has a
quick response to real-time simulations. For a case
study, this model has been used in the simulator of an
0457 bus which has been converted to a series hybrid
vehicle at the Vehicle, Fuel and Environment (VFE)
research institute in University of Tehran.

This paper is organized as follows. In section 2,
the Li-Po battery EC is introduced. Then the methods
of parameter identification and the battery simulation
using MATLAB/Simulink are illustrated in sections 3
and 4, respectively. The simulation results are
discussed in section 5 and the conclusions are
presented in section 6.
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Figl.Equivalent circuit used for simulation of the battery
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Fig3. Temperature characteristics of a typical Li-Po

2. Lithium Polymer battery equivalent circuit

The primary and the key step in the battery
modeling by EC method, is to decide on an
appropriate circuit. Since, a few studies have been
done on Li-Po batteries, using the structure of a
similar battery such as Li-Ion could be reasonable for
groundwork analysis.

The EC which is used in this research for initial
study is shown in Fig. 1 [14]. This model contains a
resistor in series with two RC parallel networks. The
voltage response of a battery to a current step is
shown in Fig. 2. The Series resistor (R1) is
responsible for the immediate voltage drop in the step
response. Two RC parallel networks (R2C2 and
R3C3) are responsible for the short- and long-time
constants of the step response [14].

Li-Ton battery uses liquid electrolyte between the
cathode and anode, while Li-Po uses solid polymer
(that resembles plastic, which permits lithium ion
flows but otherwise non-conductive) with some added
gelled electrolyte for "extra kick" required for high
current applications. Li-Po battery can be made
thinner and lighter weight compared to a Li-Ion

battery of similar capacity. According to these
differences, it seems necessary to study Li-Po
batteries accurately and individually. But, as
described earlier, one can use Li-Ion EC for initial
study and then alters the model according to accuracy
and specific behaviors of Li-Po battery.

Generally, the I-V characteristic of a battery is a
complicated function of different variables such as
SoC, current, temperature and cycle numbers. To
simplify modeling, some subordinate parameters
which have negligible effects on specific batteries are
simplified or ignored [14]. These dependencies add
complexity to the model and prolong the test process.

Since the operational temperature of batteries in
HEVs is in the range of 15-50° C, and the
performance of Li-Po batteries is little dependent on
temperature within this range (as shown in Fig. 3),
one can ignore temperature effects in the modeling.
Besides, dependency of battery parameters to current
and battery life is ignored in many researches such as
[4, 13, 14, and 21]. Furthermore, due to low self-
discharge rate and few Peukert and memory effects in
Li-Po batteries, the influence of these parameters
could be neglected during modeling.
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3. Parameter Identification

After specifying of EC structure, the next step is
to identify the circuit parameters. There are two main
methods to achieve this goal:

Impedance Spectroscopy test and,

Current-Voltage test

3.1. Impedance Spectroscopy test

In this method, the charge/discharge and
impedance data are obtained with a specific device
and the IS test is performed in a definite range of
frequencies. The battery is discharged at a constant
rate while the test is repeated in different SoCs.

The next stage in the IS method is to extract the
battery EC parameters. ZView is one of the most
flexible and powerful software in electrochemical
impedance spectroscopy measurement which could be
used for this purpose. To achieve this goal, the
structure of the EC must first be selected. Then by
changing the parameters, the Z'-Z" curve of the
chosen circuit must be fitted to that of the test results
[21]. The flowchart of the battery parameter
extraction process through the IS method is shown in
Fig. 4. Steps 2-5 are repeated for each SoC.

For instance, the Z'-Z" curves of a specific EC
(consisting of a resistor in series with one RC parallel
network) and test results in Z-View in a definite SoC
are depicted in Fig. 5.
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Figd.Flowchart of the extraction process for the battery parameters using the IS method
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3.2. Current-Voltage test

In this method, a specific current profile is
introduced to the battery and the terminal voltage is
recorded. These input-output data (current-voltage)
are used in a system identification method to
determine the system parameters. The "System

Identification Toolbox" of MATLAB software is used
in the present study for this purpose.

4. Battery Modeling in Simulink
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The battery is modeled in MATLAB/Simulink
using the extracted parameters from the previous
sections and the EC equations.

The battery terminal voltage (Vt) is:

V=V, -1z @)

Where It is the battery current, Voc is the open
circuit voltage and Z is the equivalent impedance of
the battery which is:

R, Ry

Z(s)=R, + +
( ) ! 1+R2C23 1+R3C3S (2)

where, s is Laplace transform operator. Equation
(3) is used to calculate the SoC
t
SoC, = SoC; + fl—dt (3)
C
0~0

Where, CO represents the battery nominal
capacity. SoCt shows the SoC of the battery at time t
and SoCi indicates its initial state of charge.

The Simulink battery model is shown in Fig. 6.
The values of R1, R2, R3 and Voc vs. SoC are
applied by using look-up tables. Figure 7, shows
experimental curves for Voc vs. SoC.
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5. Results

For more precise study of the battery behavior at
first, a cell is identified, simulated, and then the
validation tests are performed, with currents lower
than 3 A. After that, this procedure is reiterated for
currents between 3 and 20 A (which could be
considered as high power range for HEV application).
Furthermore, the developed model is utilized in a
common HEV simulator for investigating the
capability of the model.

5-1. low current tests

The battery upon which measurements are made is
a 31 Ah Li-Po, with 3.7 V nominal voltage. The
charge/discharge and impedance data are obtained
with a Solartron 1470, a multi-channel battery test
system, controlled by Solartron cell testTM software.
The IS sweeps are conducted from 10 mHz to 100
kHz at an amplitude of 10 mV. The IS is done for 10
different SoCs. The battery is discharged at a C/10
rate and 15 minutes rest time is allowed at each step.
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Fig6. The battery model in MATLAB/Simulink
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5-1. low current tests

The battery upon which measurements are made is
a 31 Ah Li-Po, with 3.7 V nominal voltage. The
charge/discharge and impedance data are obtained
with a Solartron 1470, a multi-channel battery test
system, controlled by Solartron cell testTM software.
The IS sweeps are conducted from 10 mHz to 100
kHz at an amplitude of 10 mV. The IS is done for 10
different SoCs. The battery is discharged at a C/10
rate and 15 minutes rest time is allowed at each step.

The results of IS test at SoC of 80% is shown in
Fig. 8. The Z'-Z" curve, as shown in Fig. 8, is divided
into three parts. Part (1) relates to the inductance
behavior of the battery impedance and is for
frequencies higher than 350 Hz. Part (2) relates to the
fast RC loop (R, C) of the EC and is for frequencies
in the region of 3 and 350 Hz. Part (3) is for
frequencies lower than 3 Hz and relates to the slow
response of the battery. It can be seen in Fig. 8 that
parts (1) and (2) of the Z'-Z" curve, are good enough
while, the noise propagation in part (3) is too severe.
Therefore, it can be concluded that the IS method is

not appropriate for finding the long-time constant of
the battery and it should be found by the I-V method.

The values of R2 and C2 vs. the SoC are shown in
Fig. 9(a) and (b). The product of these two
parameters, which is representative of the short time
constant of the battery, is less than 10 ms.

For identification of R3 and C3 (the battery’s slow
dynamic response), I-V tests were performed. The
voltage deviation of a simulated circuit (consisting of
R1, R2 and C2) from the experimental data is then
calculated. Next, the input current and this voltage
error are considered as the input and output of a
system, respectively. These input-output data are
imported to the "System Identification Toolbox" of
MATLAB software and the parameters of the model
are identified. The values of R3 and C3 vs. SoC are
shown in Fig. 10(a) and (b). The product of R3 and
C3 is higher than 70 s.

To validate the battery model, a multi-step
discharge and a 3 A charge current was applied to the
battery and the experimental results compared with
the model results. The multi-step discharge current is
shown in Fig. 11
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The results of simulations in Simulink for a multi
step discharge and constant charge modes are shown
in Fig. 12 and 13, respectively. It can be seen from
Fig. 12(a) and 12(b) that the terminal voltage error in
the discharge process is less than 15 mV or 0.4%.

The battery terminal voltage under constant
charge current (3 A) is shown in Fig. 13(a) and the
error of the terminal voltage, which is less than 30
mV or 0.8%, is shown in Fig. 13(b).

In the next stage, a more realistic test was
performed to verify the model accuracy with the HEV
simulation. For this purpose, a 50-point portion of the
Tehran bus drive cycle [22] was selected and the
respective battery current for this portion of the cycle
for the O457 hybrid bus was calculated. Since the test

system’s maximum operational current is limited to 3
A, the current is scaled by a factor 1/100 and applied
to the battery. The input battery current and the
experimental terminal voltage are shown in Figl4. In
order to monitor the battery dynamics thoroughly, a 1
ms data acquisition sample rate was selected. The
simulation ~ was  performed wusing  different
combinations of resistors and capacitors and the
results are indicated in Table 1. According to table 1,
a comparison between the circuit No. 1 and 2 and the
circuit No. 3 and 4 shows that adding the fast
response capacitor C2, does not significantly improve
the accuracy of the model. However, the slow
response capacitor C3 decreases the Root Mean
Square (RMS) of the voltage estimation error of a
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simple model, consisting only of resistors, by about slow RC loop. Figure 15(b) shows the respective error
40% (circuit No. 1 and 3). In Fig. 15(a), the which is less than 0.15%. Figure 16(a-c) indicates the
experimental and the simulated terminal voltages of  error of the simulated terminal voltage for three other
the battery have been presented for the model with the circuits.

Table 1: Summary of the low current cycle test results

No. Different circuits RMS Max. error (%)
1 Ri, Ry, R3 0.569 0.27
2 Ri, Ry, Cy, R3 0.568 0.27
3 Ri, Ry, R3, C3 0.353 0.15
4 Ri, R, C5, R3, C3 0.353 0.15
4.11 T T T T T T T 0.3
4.1F Simulation (R] R2 R3 Cs) ] 025 1
= 400 &% |—Experimental ’
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Figl5. The experimental and the simulated terminal voltage of the battery,R1, R2, R3, C3 (a) Voltage (b) Error
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Figl6. The error of the simulated terminal voltage of the battery, (a) R1, R2, R3, (b) R1, R2, C2, R3, (c) R1,R2, C2,R3, C3
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5-2. High Current Test

For high current analysis of the battery, a test
setup including a battery cell, a rheostat, and a current
sensor is used. An oscilloscope is used to record the
battery cell and the current sensor voltage. According
to the test setup restrictions, the cycle test is
performed just for discharge process, supposing pure
electric mode of the HEV. Figure 17, shows the
battery test setup.

In order to identify the battery model, the voltage-
current is measured for 3 different step current tests.
The current in all of them is higher than 3 A. The data

Li-Po battrey

acquisition is performed in two different rates of 5 Hz
and 1000 Hz, so that both fast and slow RC loops
could be identified. The results of battery
identification in a constant SoC of about 70%, is
summarized in the table 2.

According to the results of the battery
identification, the short-time constant is about 110 ms
and the long-time one is 31 s. A cycle test with the
data acquisition rate of 25 Hz and the length of 50 s is
performed so as to validate the battery model. The
input battery current and the experimental terminal
voltage are shown in Fig. 18.

Rheostat

Current sensor

-~ Oscilloscope .~

— Electrical connection

,,,,, Data line

Figl7. The battery test setup.

Table 2: The results of battery identification in the high
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Figl18. The input battery current and the experimental terminal voltage for the high current test.
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Fig20. The battery model in ADVISOR: (a) Driving cycle, (b) SoC, (c) Voltage, (d) Current

The RMS of the voltage estimation error of
different structures of the model is compared in Table
3. It is obvious from the table 3 that there is a
negligible difference between the RMS of different
models. Therefore, it seems that it is possible to use
the simplest model, consisting of a resistor without
RC loops, in the simulation of the present cell. Figure
19, indicates the relative error between the simulation
and experimental voltage for the simplest model in
the cycle test.

According to Fig. 19, the error of simulation with
the simple resistor model is lower than 2% which is
negligible and low enough. Therefore, it is possible to
ignore RC loops in battery simulation in the present
case, according to accuracy and response time
required in HEV simulation.

Also, it was found out from the high current test
results that the internal resistance of the battery is a
function of its current i.e., the lower the current, the

higher the resistance. However, the effect of current
variation on internal resistance is little enough (lower
than 2% in the present case) to be neglected.

5-3. HEV Simulator

Finally, the developed battery model is used for
the 0457 hybrid bus model in ADVISOR [23]. In this
test the capability and compatibility of the proposed
model for an HEV application is examined. To do
this, the Tehran city bus driving cycle is applied to the
hybrid electric city bus fitted with 178 Li-Po batteries.
The capacity of each battery is 31 Ah, the operational
voltage is limited to 2.7 V - 4.2 V, the maximum
permitted current for charge is 2C and for discharge is
10C. A thermostatic control strategy is used which
switches between the lower limit of 45% and the
upper limit of 75%. Figure 20, shows the driving
cycle, SoC, voltage and current of the batteries. This
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case study illustrates that the battery model is
compatible with the HEV simulator; as well its
response is quick enough.

6. Conclusion

According to increasing use of large Li-Po battery
in HEVs and its great capabilities, modeling of this
type of battery for use in vehicle simulators is
discussed in the present paper. To achieve this goal,
an EC consisting of a series resistor and two RC
parallel networks was utilized firstly. Subsequently,
the accuracy and the response time of the model for
use in an HEV simulator were investigated in three
case studies.

In the first case, the low current tests (lower than 3
A) were performed. The parameters of the EC were
extracted using IS and I-V tests. The model was
validated through various I-V tests and it was
observed that the structure of the EC is accurate
enough in simulation. The investigation was extended
by modeling different combinations of resistors and
capacitors and the terminal voltage of the battery was
compared with the estimated voltage of different
circuits. The results confirmed that one RC loop is
good enough to simulate the Li-Po battery behavior
for use in HEV simulation. The deviation of the
simulated voltage of the model, consisting of one RC
loop, from the test results was less than 0.15% in the
cycle test.

In the second case, high current test were
implemented on another Li-Po cell and its parameters
were identified by means of I-V tests. In this case, it
was observed that the model without RC loops,
consisting of just one resistor, could follow the
experimental results with a small deviation lower than
2%. Besides, addition of RC loops improves RMS
about 1%.

Moreover, it was found out from the battery
identification that its internal resistance decreases
while increasing of the current. However, the effect of
current variation on the internal resistance was small
enough to be neglected. It should be recommended to
consider the internal resistance of the battery as a
function of current as well SoC, in more accurate
works or higher current applications.

Finally, in the third case, the proposed model was
used in the simulation of the VFERI hybrid electric
city bus in ADVISOR. The response time of the
model and its compatibility with other components of
the vehicle simulator, is verified in this section.

The tests, as described above, confirmed the
accuracy and the response time of the model for use
in HEV simulator. According to the application, the

response time and the accuracy required, it is possible
to use a same or a simpler model than Li-Ion circuit.
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