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Electric vehicles are the trend of this decade. Frequent high-power
requirements of electric vehicles, make the batteries discharge at higher C
rate. Discharging at a higher C rate will lead to higher heat production
leading to destruction and explosion of the battery. To optimize the charging
and discharging C rates considering both safety and performance factors,

battery management system (BMS) is used as an eternal component of
power source. To estimate the state of charge (SOC), which is an essential
component of BMS, accurate battery modelling is required. Two RC model
Battery management system is one of the most used lithium-ion battery model, due to its simplicity and
accuracy. The equivalent circuit parameters, resistances and capacitance do
C rate_ . change with SOC and temperatures. This paper focuses on estimation of
Electric vehicles equivalent circuit parameters for a wide range of temperatures and SOCs
Hybrid pulse power ranging from -20 degree celsius to +25 degree celsius and 100 to 0
characterization test respectively. We have developed two RC model for Panasonic 18650PF and
MATLAB estimated the parameters of the model using hybrid pulse power
State of charge characterization (HPPC) data. MATLAB based parameter estimator is used
in determining the equivalent circuit parameters.
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1. INTRODUCTION

One of the challenges in achieving the transition from IC engine-based technology to electric
vehicles (EV) is batteries. The conventional lead-acid batteries used as an auxiliary power source in IC
engine-based vehicles are not suitable for electric vehicles. This is due to their low power to weight and
power to size ratio [1], [2]. Due to the advantages such as high energy density, long lifespan, light in weight,
lower self-discharge and less charging time, lithium-ion batteries have become the first choice for electric
vehicle power source [3], [4]. High charging and discharging C rates cause thermal runaway in these
batteries. This has raised major concerns with respect to the safety of the passengers and electric vehicles.
There are two approaches in modeling of lithium-ion batteries namely physics based modelling and
equivalent circuit model. Physics based modelling is a complex and involved method. This approach employs
mathematical formulas based on chemical and physical principles to describe the events that take place inside
the battery. Compared to this equivalent circuit models are simple and robust [5]-[7]. Most of the battery
management systems (BMS) use an equivalent circuit model of the battery [8]-[10]. Even though the
equivalent circuit model is less accurate and do not have all the features of physics-based models they are
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preferred in battery management systems of majority of the batteries because of the simplicity and adequate
model accuracy.

In equivalent circuit model approach, phenomenological approximation of battery is done using the
electrical components [11]. The equivalent circuit parameters do not have any direct mapping with battery
chemistry. One equivalent circuit parameter, for example R1 alone will not represent any chemical process in
the battery. But using all the equivalent circuit parameters one will be able to model the complete behavior of
the given lithium-ion battery at different temperatures and state of charge. Equivalent circuit models use
basic electrical circuit components in such a way that it will be able to represent battery voltage for different
current stimuli applied to the battery cell. Due to nonlinear relationship between voltage and SOC of lithium-
ion batteries, voltage alone cannot be used to calculate the SOC. To reduce the ambiguity about the distance
that could be travelled with available charge in batteries correct estimation of state of charge (SOC) is
needed. To estimate SOC, having the parameters of the equivalent circuit is very much essential. When SOC
is estimated in real time by BMS at any given drive cycle, values of the circuit parameters is needed. The
circuit parameters do change with temperature and state of charge of the battery which makes the model
complex. Understanding the characteristics of the battery with respect to change in SOC and temperature is
essential factor for the success of BMS [12]. Very few researchers have published their work in this line and
reported the parameter estimation at different SOC and temperatures [13]. Zhang et al. [14] estimated SOC
considering only the data for three temperatures. Work carried by Khanum et al. [15] estimates values of
internal resistance RO for different temperatures and SOC. In the work carried out by Jung and Tullu [16]
developed expressions for Thevenin equivalent circuit model as a function of SOC but effect of temperature
on equivalent circuit parameters is not analyzed. Since the battery temperature depends on ambient
temperature and C-rate at which it is discharged, parameters need to be estimated for wide range of
temperatures. Work related to, impact of temperature and SOC on the equivalent circuit parameters is not
significantly reported in the literature. Present work addresses this issue and estimates the parameters for
temperatures ranging from -20 to +25-degree Celsius for SOC changing from zero to one. This work is
significant considering the fact that during the operation of the battery, both during charging and discharging,
temperature do change and for accurate SOC estimation, having equivalent circuit parameters for the entire
range of operating temperature is very important.

2. METHOD

In this section information about different state of the art equivalent circuits and the process in
Figure 1 of parameter estimation is explained. Figure 1(a) shows the flow chart of parameter estimation.
Figure 1(b) shows the parameter estimation window of MATLAB used in the work, for estimation of
parameters.

Lithium-ion battery is modeled using 2 RC equivalent circuit. The equivalent circuit is developed in
MATLAB Simulink platform. Parameter estimator application of MATLAB is used in this work. Data
generated from hybrid pulse power characterization (HPPC) tests performed at the University of
Wisconsin-Madison by Kollmeyer [17] has been used in our work. HPPC test data consists of information of
voltage, current, time, battery temperature, Ampere hour, Watt hour and power. The brief process followed in
MATLAB parameter estimation is as follows. Equivalent circuit parameters are given some initial value. For
a given current impulse data from HPPC test, the model terminal voltage is compared with HPPC experiment
terminal voltage data. The parameters are adjusted till RMSE value of this terminal voltage error reduces to
the acceptable level set in the application. The process is explained in detail in following subsections.

2.1. Development of equivalent circuit model of lithium-ion battery

First Element of equivalent circuit model is selected such that the predominant behavior of the
battery cell must be represented. Any difference in characteristics between cell model and actual cell is the
modelling error. The equivalent circuit model is improved by adding one more element such that the
modelling error reduces significantly. Adding the elements to equivalent circuit model continues till the error
reduces significantly and the corresponding battery cell model is called as “good enough” model of the
battery cell [18]. The fundamental observed behavior of the battery cell is voltage at the terminals of the
battery cell. To start with, a battery cell is represented by an ideal voltage source. Figure 2 to Figure 6 shows
various stages of 2 RC equivalent circuit model development. Figure 2 shows the representation of the
battery cell using ideal voltage source. The representation shown in Figure 2, is valid only during the initial
phase where the battery is just connected to the load. The ideal voltage source alone is not able to represent
the behavior of battery as battery terminal voltage is dependent on the load current. After the initial phase the
terminal voltage depends on the amount of current drawn from the battery, recent usage, and many other
aspects of the battery.
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An independent source voltage representation of the battery cell alone is incomplete. Battery voltage
will be greater in fully charged cells compared to a discharged cell. This fact inspires change in the open
circuit voltage (OCV) representation from independent voltage source to dependent voltage source of state of
charge. This modification is justified because terminal voltage of fully charged cells is different from
partially discharged cells. SOC is measure of amount of charge available in the battery at a given instant
compared to total charge holding capacity of the battery. SOC, which is a unitless parameter, varies from
zero to one. The symbol used for SOC is “z” When the battery is fully discharged, the SOC value is zero and
when the battery is fully charged, corresponding SOC value is one. Total charge holding capacity or total
capacity could be defined as total amount of charge removed from the battery when state of charge is varied
from one to zero. It is measured in either ampere-hours or milli ampere hours depending on the battery rating.
It is represented by the symbol Q. The total capacity is a parameter of equivalent circuit model, which does
not change with current and temperature. This may change from cell to cell. However, the value of Q reduces
gradually with ageing of the battery. The (1) provides the model of SOC.

, -n@®)i)

2() = 10 (1)
Sign of the current is positive while discharging and negative during charging. The symbol n used in (1) is
coulombic efficiency which is defined as the ratio of charge out to charge in and the SOC value is retained to
the value before discharging and charging cycle. The value of n is one during discharging and it is less than
one during charging. Due to higher coulombic efficiencies of lithium-ion battery, the approximation of n to
one during both charging and discharging phases leads to reliable model representation. By integrating (1) we
can have expression for the state of charge. The (2) represents the continuous time model.

2(t) = 2(to) = 5 [, n@i@A (@) ()
The discrete time state of charge expression is represented in the (3).
2lk + 1] = 2[k] = S [klilk] ®)

Improved circuit model where OCV is a function of state of charge is shown in Figure 3.

Models represented in Figures 2 and 3 describes the static models and does not incorporate the
effects of charging and discharging on the terminal voltage. In any battery, it is observed fact that terminal
voltage is less than the open circuit voltage during discharging and terminal voltage is greater than open
circuit voltage during discharging. This characteristic can be embedded in the model by connecting a
resistance in series with the controlled voltage source. The resistance is named as equivalent circuit resistance
(ESR). The improved model is represented in Figure 4.
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Figure 3. SOC dependent voltage source Cell model Figure 4. Equivalent circuit resistance model

Mathematical equations governing the model shown in Figure 4 are as follows. For continuous time
domain, equation for state of charge is same as (2). Terminal voltage is expressed as,

v(t) = 0CV(z(t)) — i()R, 4)
v(t) > OCV(Z(t)) fori(t) < 0i.e during charging
v(t) < 0CV(z(t)) for i(t) > 0 i.e during discharging

For discrete time domain. Equation for SOC is same as (3), Battery terminal voltage is expressed as,

v(k) = 0CV(z(k)) — i(k)R, (5)
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Any change in the terminal voltage with respect to open circuit voltage due to current flowing in the
battery cell is termed as polarization [18]. In the model discussed above as shown in Figure 4, polarization
effect is modelled as voltage drop taking place across the equivalent circuit resistor Ro. In a battery cell the
polarization effect is different from this. This develops slowly with time when current is demanded from the
battery cell. The polarization voltage decays when the battery is at rest. This slowly changing voltage due to
polarization effect is called diffusion voltage. The diffusion voltage is modelled by connecting one or more
resistor capacitor parallel sub circuits in series with the equivalent series resistor. Figure 5 shows the
equivalent circuit including the effect of diffusion voltage. The state of charge equation is same as
represented in (2) and (3). The terminal voltage equations for continuous and discrete domain are as
expressed in (6) and (7).

v(t) = 0CV(z(t)) — Ryig, (t) — Ry i(t) (6)

v(k) = 0CV(z(k)) — Ryig, (k) — Ry i(k) (7
To represent the diffusion voltage more accurately the number of parallel RC branches could be increased
[19]. As the number of RC branches increases, the model becomes complex. Considering these two
contradictory factors an optimal number of RC branches are selected. In most of the applications 2 RC

equivalent circuit is used. Figure 6 shows the equivalent circuit, representing the diffusion voltage more
effectively by two parallel RC branches [20].
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Figure 5. One RC equivalent circuit
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2.2. Determination of equivalent circuit parameters of lithium-ion battery

We are making use of two RC equivalent circuit to model battery behavior. It mainly consists of
SOC dependent voltage source named as OCV, equivalent series resistance (R0), two parallel resistors and
capacitor blocks to represent diffusion voltage. Two RC equivalent circuit model is implemented in
MATLAB Simulink. Input to the battery model is a current controlled current source and outputs are terminal
voltages and state of charge values.

As the equivalent circuit parameters are functions of state of charge [21]—[24] the range of the SOC
and equivalent circuit parameters need to be broken down depending on the number of charging and
discharging cycles performed in HPPC test [21]. To estimate the parameters of a Lithium-ion battery, it is
essential that a HPPC test is conducted on the same battery at different charging and discharging rates. After
every charging or discharging pulse in HPPC test, relaxation is provided so that terminal voltage at the end of
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relaxation period is considered as OCV [25]—[27]. In other standard drive cycles like LA92, HWFET, UDDS
etc., the information of OCV cannot be derived since we cannot have regular relaxations when the battery
supplying to load. Hence, we have used HPPC test data for parameter estimation.

A HPPC test was conducted on a brand-new Panasonic battery, 18650PF with a rating of 2.9 Ah and
4.2 V by Kollmeyer at the University of Wisconsin-Madison and this data is available open source [17]. The
five-pulse discharge HPPC test was conducted at different discharge C-rates such as 0.5C, 1C, 2C, 4C and
6C for different state of charge levels. From this HPPC test, we made use of data with respect to input current
impulse, output terminal voltage, temperature, Ampere-hour, time stamping. HPPC test conducted for a
chamber temperature of zero degree Celsius has 54 pulses and SOC and equivalent circuit parameters have
been divided into 55 breakpoints. The range of SOC is from zero to one. SOC and other circuit parameters
range is divided into 54 equal intervals.

In this work an application by name parameter estimation, available in MATLAB as shown in
Figure 1(b), is used to estimate the equivalent circuit parameters of the battery. Initial values and range of the
parameters to be estimated are defined. During parameter estimation as indicated in Figure 1(a), showing the
flowchart of parameter estimation, output of the two RC equivalent circuit model terminal voltage is
compared with the terminal voltage observed during the HPPC test for a given charge or discharge current
pulse, Terminal voltage value from the simulation is not same as terminal voltage of HPPC test. This is since
the initial values of the equivalent circuit parameters are not actual equivalent circuit parameters. The
difference between simulation terminal voltage and terminal voltage from HPPC test data is used to tune the
equivalent circuit parameters of the two RC models. Cost function used is sum-squared error. After several
iterations of updating the equivalent circuit parameters, terminal voltage error reduces. If the error cost
function value comes below the permissible limit set, then parameters estimation stops. Figure 7 shows
equivalent circuit parameters vs SOC at 25 degrees Celsius. Figures 7(a) to 7(f) show the plot of open circuit
voltage, RO, R1, R2, t1 and 12 for the SOC varying from 0 to 1 for the chamber temperatures of +25 degrees
Celsius. Where 1 is a multiple of resistance and capacitance. We have estimated the parameters of the
Panasonic 18650 PF 2.9 Ah 4.2 V battery using the above approach using the HPPC test results available for
different chamber temperature such as -20-degree, -10-degree, 0-degree, 10-degree, 25-degrees Celsius [17].
When the simulation stops equivalent circuit parameters, SOC, Ro, R1, R2, 11 and 12 are saved in MATLAB
workspace. The objective of the work is to understand the effect of temperature on equivalent circuit
parameters of the battery.
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3. RESULTS AND DISCUSSION

As explained in the method section equivalent circuit parameters for wide temperature ranging from
-20 degree Celsius to 25 degree Celsius at different SOCs 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90% and
100% are noted down and tabulated in Tables 1 to 5. Table 1 shows the values of internal resistance RO, for
different temperatures and SOC levels. It could be noticed that for a given SOC level the resistance decreases
with an increase in temperature. At 100% SOC Ro value at minus 20 degree celsius is 0.05897444 Q and at
25 degree celsius its value is 0.027014 Q which is 45% of it is value at minus 20 degree celsius.

Table 2 shows Parallel branch-1 diffusion resistance R1, for different temperatures and SOC levels.
It could be noticed that for a given SOC level the resistance decreases with an increase in temperature. At
100% SOC R1 value at minus 20 degree celsius is 0.252649 Q and at 25 degrees celsius it is value is
0.011998 Q which is 4.7 % of it is value at minus 20 degree celsius.

Table 3 shows Parallel branch-2 diffusion resistance R2, for different temperatures and SOC levels.
It could be noticed that for a given SOC level the resistance decreases with an increase in temperature. At
100% SOC R2 value at minus 20 degree celsius is 0.499083 Q and at 25 degrees celsius it is value is
0.022213 Q which is 4.45 % of it is value at minus 20 degree celsius.

Table 1. RO For different temperature and SOC
SOC  -20 Degree  -10 Degree 0 Degree 10 Degree 25 Degree

100 0.0590 0.0409 0.0438 0.0406 0.0270
90 0.0691 0.0560 0.0426 0.0302 0.0211
80 0.0703 0.0551 0.0388 0.0283 0.0208
70 0.0688 0.0528 0.0379 0.0274 0.0201
60 0.0716 0.0546 0.0364 0.0278 0.0204
50 0.0716 0.0532 0.0386 0.0270 0.0202
40 0.0719 0.0538 0.0401 0.0275 0.0209
30 0.0707 0.0521 0.0379 0.0292 0.0205
20 0.0518 0.0383 0.0303 0.0220

Table 2. R1 for different temperature and SOC
SOC  -20 Degree  -10 Degree 0 Degree 10 Degree 25 Degree

100 0.4991 0.1440 0.0497 0.0587 0.0222
90 0.1265 0.0793 0.0377 0.0298 0.0164
80 0.1384 0.0950 0.0564 0.0381 0.0207
70 0.1509 0.0697 0.0593 0.0495 0.0316
60 0.1488 0.0616 0.0559 0.0441 0.0465
50 0.1413 0.0806 0.0451 0.0321 0.0186
40 0.0724 0.0856 0.0448 0.0233 0.0209
30 0.1173 0.1213 0.0520 0.0332 0.0194
20 0.1916 0.0588 0.0579 0.0203

Table 3. R2 For different temperature and SOC
SOC  -20 Degree  -10 Degree 0 Degree 10 Degree 25 Degree

100 0.4991 0.1440 0.0497 0.0587 0.0222
90 0.1265 0.0793 0.0377 0.0298 0.0164
80 0.1384 0.0950 0.0564 0.0381 0.0207
70 0.1509 0.0697 0.0593 0.0495 0.0316
60 0.1488 0.0616 0.0559 0.0441 0.0465
50 0.1413 0.0806 0.0451 0.0321 0.0186
40 0.0724 0.0856 0.0448 0.0233 0.0209
30 0.1173 0.1213 0.0520 0.0332 0.0194
20 0.1916 0.0588 0.0579 0.0203

Table 4 shows Parallel branch-1 diffusion capacitance C1, for different temperatures and SOC
levels. It could be noticed that for a given SOC level the capacitance increases with an increase in
temperature. At 100% SOC C1 value at minus 20 degree celsius is 0.791612 F and at 25 degrees celsius it is
value is 10.9254 F which is 13.8 times greater than its value at minus 20 degree celsius.

Table 5 shows Parallel branch-2 diffusion capacitance C2, for different temperatures and SOC
levels. It could be noticed that for a given SOC level the capacitance increases with an increase in
temperature. At 100% SOC C2 value at minus 20 degree celsius is 23.00274 F and at 25 degrees celsius it is
value is 1202.983 F which is 52.29 times greater than its value at minus 20 degree celsius.
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Table 4. C1 For different temperature and SOC
SOC -20 Degree  -10 Degree 0 Degree 10 Degree 25 Degree

100 0.7916 1.0989 1.8011 4.0247 10.9254
90 2.1102 3.1879 5.9059 10.4728 26.4233
80 2.5039 4.2748 7.3261 14.5697 25.1078
70 2.5943 5.1563 7.8429 14.1518 22.3246
60 2.5716 5.6447 6.9984 17.0765 22.3333
50 2.5492 5.4635 7.4655 12.2675 23.8342
40 2.3538 4.1694 7.7753 13.7024 25.4510
30 2.0227 3.2761 6.8602 12.2015 23.2396
20 2.5013 3.5589 7.3975 15.5530

In Tables 1 to 5, cells corresponding to -20 degree celsius and 20% SOC are blank since in -20 degree
celsius HPPC test was not performed at 20% SOC. While estimating the SOC of any lithium-ion battery during
it is operation, using extended Kalman filter or any similar estimation method, equivalent circuit parameters for
the entire range of SOC and operating temperature are required. It could be observed from Tables 1 to 5 that
there is large change in the battery parameters, especially at low temperatures. Even though HPPC tests and
parameter estimation process are time consuming, these play an important role in SOC estimation.

Table 5. C2 For different temperature and SOC
SOC -20Degree  -10Degree 0 Degree 10 Degree 25 Degree
100 23.0027 34.6550 79.2340 684.0839  1202.9830
90 184.2341 401.8412 986.3841  1103.7880  1644.0580
80 306.2986 834.6045 799.3554  924.8798  1511.1540
70 347.4454 943.1140  1677.0860  959.2829  1209.4480
60 400.7212  1269.1130 1070.6460 1528.7060 2151.5470
50 312.6745 997.9258  1313.5460 1424.6850 1977.6650
40 85.4718 991.9034  1505.0610 2279.4150 1941.3870
30 48.8230 267.6034  1702.2780 2090.4370 2736.3170
20 39.3184 59.4807 635.9643  1937.1630

Even though parameter estimation of Lithium-ion batteries is found in the literature [3], [19], [20],
[22], [24]-[27] comparison of battery parameters for a wide range of temperatures is not much focused. To
make the product globally acceptable, for all temperatures, manufacturers of the lithium-ion battery are
required to furnish the details of their battery equivalent circuit parameters so that SOC estimation will be
accurate and makes the applications powered by these batteries like electric vehicles will be reliable and safe.

4. CONCLUSION

In this work we have estimated two RC equivalent circuit parameters of Panasonic 18650 PF 2.9 Ah
4.2 V battery at different temperatures like -20, -10, 0, 10 and 25 degrees Celsius. In the process, we could
analyze the impact of temperature on equivalent circuit parameters for a given SOC level. It is observed from
the estimated parameters that resistances of the equivalent circuit, RO, R1, and R2 decrease with increase in
temperature and capacitances C1 and C2 increase with rise in the temperature. This information of equivalent
circuit parameters is very crucial in SOC estimation of the battery. The outcome of the work will emphasis
the need of equivalent circuit parameters for wide range of temperature. Since some of the parameters as
mentioned in the discussion part, for example the values of capacitors do even change by the order of 50
times. Non availability of this information will make the SOC estimation poor and due to its nature battery
becomes unsafe and non-reliable for use. On the other hand, complete battery parameter information will
make the product globally acceptable, reliable and safe.
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