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The fast and accurate modeling topologies are very much essential for power
train electrification. The importance of thermal effect is very important in
any electrochemical systems and must be considered in battery models
because temperature factor has highest importance in transport phenomena
and chemical kinetics. The dynamic performance of the lithium ion battery is
discussed here and a suitable electrical equivalent circuit is developed to
study its response for sudden changes in the output. An effective lithium cell
simulation model with thermal dependence is presented in this paper.
One series resistor, one voltage source and a single RC block form
the proposed equivalent circuit model. The 1 RC and 2 RC Lithium ion
battery models are commonly used in the literature are studied and
compared. The simulation of Lithium-ion battery 1RC and 2 RC Models are
performed by using Matlab/Simulink Software. The simulation results in his
paper shows that Lithium-ion battery 1 RC model has more maximum output
error of 0.42% than 2 RC Lithium-ion battery model in constant current
condition and the maximum output error of 1 RC Lithium-ion battery model
is 0.18% more than 2 RC Lithium-ion battery model in UDDS Cycle
condition. The simulation results also show that in both simple and complex
discharging modes, the error in output is much improved in 2 RC lithium ion
battery model when compared to 1 RC Lithium-ion battery model.
Thus the paper shows for general applications like in portable electronic
design like laptops, Lithium-ion battery 1 RC model is the preferred choice
and for automotive and space design applications, Lithium-ion 2 RC model is
the preferred choice. In this paper, these simulation results for 1 RC and 2
RC Lithium-ion battery models will be very much useful in the application
of practical Lithium-ion battery management systems for electric vehicle
applications.
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NOMENCLATURE

Urban Dynamometer Driving Schedule (UDDS)
Lithium-ion battery (LiB)

BMS battery management system

C, is capacity of cell (Ah)

Cr is capacity of heat (Jm=3K~1)

V,. is the open circuit voltage (V)

R, is the Ohmic resistance (€2)
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R;, R, are the polarization resistances (£2)
C;, C, are the polarization capacitances (F)

V; is the terminal voltage of the battery (V)
ECM stands for Equivalent Circuit Model
EKF stands for Extended Kalman Filter

I is the current drawn by the load (A)

NMC stands for Nickel-Manganese-Cobalt
OCV sands for Open Circuit Voltage (V)

P, is cell power dissipation (W)

Q. is the charge drawn out from the cell (Ah)
R, is resistance due to convection (Wim=2K1)
S is the Laplace transform variable

SOC is the state of charge

T is the cell internal temperature (°C)

T, is the ambient temperature (°C)

1. INTRODUCTION

An Electric Vehicle (EV) has the less driving range and its precise forecast is very important.
The drivers must know how far the vehicle would travel and when to recharge the battery. The prediction of
battery performance by battery management system is very essential and the battery need to be replaced
whenever needed. It is very important to utilize the full performance capability of battery and thus the precise
calculation of remaining charge of battery is necessary. Just like the fuel gauge of conventional vehicle,
the individual battery or battery packs has the state of charge (SOC).

The cell balancing is very essential in lithium ion battery packs in vehicles with electrified power
trains to avoid thermal runaway and thus accurate SOC estimation and run time calculation of battery must
be needed for battery pack cell balancing by BMS. The vehicle under all operating conditions must need
accurate estimation of SOC, cell ageing, different discharge current rates and account for changes in
temperature. The cell ageing in battery is increased by wide ranging operation of SOC, demanding profiles of
load and increase in temperature.

The precise estimation of SOC of battery is done by simple technique known as Coulomb counting.
The coulomb counting technique has the drawback which does not include parasitic reactions or self
discharge currents in the cell and depends on the cell current flowing into external circuits. The periodic
recalibration is necessary for correcting errors in current measurement which accumulate with time.
The various factors such as cycle-age, inner cell temperature, average discharge current and storage time
(self-discharge) are responsible for capacity of maximum charge contained in a cell. The battery numerical
analysis is most commonly done by ECM. The common choice of modeling lithium ion cells is having no
parasitic branch. It consists of one or two RC blocks [1-3].

The modeling of lithium ion cells is simple in computation analysis. The extended Kalman filter
(EKF) technique can also be used in this modeling [3-5]. A novel, simple and sensitive model of lithium cell
is described here. The general equivalent circuit model has n RC blocks which can be minimized into ECM
with just a single RC block with n=1 which is sufficient to capture all dynamic characteristics of a lithium
cell such as cell inner temperature, average discharge current and non-linear open circuit voltage [6-25].
A suitable pulse discharge current tests were conducted on NMC cells under different working conditions
and dynamic parametric estimation of data is collected. This dynamic data of cell is used to compare with
the simulation result of equivalent circuit elements of model using Simscape, Simulink and MATLAB.
The looks up tables are used to define the values of elements in equivalent circuit which are reliant on
Temperature and SOC in a parameter estimation procedure [26-38]. The experimental dynamic data of
lithium cell is used for general simulation purposes. The run-time calculation and SOC estimation of battery
can be done by this process.

The paper is organized as follows: Section 2 explains the basic chemical reaction equations for
Lithium ion battery charging and discharging process. Section 3 describes the development of simple
dynamic electrical circuit model. Section 4 deals with the experimental setup. Section 5 describes
the modeling and simulation in which the results of the dynamic data of cell are compared with the results of
electrical equivalent circuit modeling of cell. Section 6 gives conclusion in which the description of work
summary and work to be done in future are explained.
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2. CHARGING AND DISCHARGING PROCESS OF LITHIUM ION BATTERY

Assuming that the two new electrodes Lithiated carbon (Li,Cs) and the Lithium Cobalt Oxide
(Li;_,Co0,) are placed in electrolyte solution. The following chemical reactions take place between
the electrodes and electrolyte solution LIPF,-EC-DMC (Lithium hexafluoro phosphate-Ethylene Carbonate-
Dimethyl Carbonate) as shown below during charging and discharging process of a lithium-ion cell.
A lithium metal is not contained in lithium-ion battery (LiB) but has only Li* ions. These ions move from
one electrode to another in electrolyte solution. The electrolyte solution is an electronic insulator and good
ionic conductor. The process of charge and discharge for a lithium ion battery is shown in Figure 1.
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Figure 1. Schematic of lithium-ion cell showing charge and discharge process

A. At negative electrode plate (Li, Cg)
xLit +xe” + 6C S Li, Cy

B. At positive electrode plate (Li;_,C00,)
LiCo0, S Li;_,Co0,+ xLi* + xe~

C. Overall reaction

LiCo0,+6C S Li,_,C00, + Li, C,

In the above chemical equations, the process of discharge is associated with the upper arrow and
the process of charge is associated with lower arrow.The electrolyte solution in lithium ion battery is formed
by dissolving organic solvent called EC-DMC (Ethylene carbonate or Di-methyl Carbonate) in inorganic
solvent called LIPF, (Lithium Hexa Fluro Phosphate). The whole lithium ion battery electrochemical chain is
represented as Li,_,Co0, /LIPF,-EC-DMC/Li,C,. A low potential is seen in discharge state of a new cell.
The positive electrode (LiCo0,) contains full of Li* ions and negative electrode is empty (carbon C) during
the initial state of a cell. The exchange of ions and electrons takes place in lithium ion battery during
electrochemical reaction which is a redox process. Li* ions from anode (positive electrode) move towards
the cathode (negative electrode) during the charge process. During charge process, the positive electrode
(Li;_,Co0,) loses electrons (oxidation) and the negative electrode (Li, Cg) gains electrons (reduction) and
thus the electron flow in the external circuit is from cathode to anode. Li* ions from anode (negative
electrode) move towards the cathode (positive electrode) during the discharge process. During discharge
process, the negative electrode (Li, C,) loses electrons (oxidation) and the positive electrode (Li,_,C00,)
gains electrons (reduction) and thus the electron flow is from anode to cathode in the external circuit.
Chemical reactions of a lithium ion battery during charge and discharge are shown above in A and B.
The overall battery reaction as shown in C.
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3. LITHIUM IONBATTERY ECM

To simulate and characterize lithium-ion cells, researchers have developed number of equivalent
circuit models in the past. An electrochemical model is time-consuming, rigorous in computation analysis
and not suitable and comfortable for run-time applications or system-level modeling but can be able to
simulate the internal lithium cell dynamics [10-15]. Thus, Equivalent circuit models (ECM) is an alternative
approach and replacing electrochemical models. The parameter values of circuit elements of an equivalent
circuit model can be compared with the physical process of data in a cell. The level of difficulty is
determined as an exchange between the computational effort and reliability. The nonlinear electrochemical
phenomenon inside the battery is captured by these models and thus avoids the complex lengthy calculations
of electrochemical process. These models are especially used in power train electrification for system-level
modeling. The thermal effects were not shown by most of the models in present literature. The values of
elements in the circuit are defined by the look-up tables to avoid the limitation of existing models considering
temperature variable separately. The 1 RC and 2 RC Equivalent Circuit models are shown in Figure 2 (a) and
Figure 2 (b) where Voc represents the lithium ion battery open circuit voltage that is controllable and
generally varies non-linearly with SOC, Ro represents the lithium ion battery ohmic resistance that shows
the electrolyte solution resistance and battery contact resistance, R, and R, represents the resistances of
polarization, C; and C, represents the polarization capacitances, | represents the load current that is measured
directly by the sensor of current and finally V. represents the battery terminal voltage that is measured
directly by the sensor of voltage.

R1 R1 R2
) — Ro
— 11 1] |
LA " "
C1 C1 2
. o) 0
Vot__ 1 Vo Vi
I | I
(a) (b)

Figure 2. Equivalent circuit model;
() 1 RC equivalent circuit model, (b) 2 RC equivalent circuit model

The number of circuit elements in an equivalent circuit model decides the exchange between
complexity and reliability. The exchange between the reliability and complexity is decided by the choice of
the model structure to fit equivalent circuit complexity and experimental data. Experimental data sets can be
well fitted by an extremely complex equivalent circuit but cannot be suitable for embedded control
applications due to their expensive computation. The availability of computational resources and possibility
of direct correlation of parameter values of circuit elements in an equivalent circuit model with the values of
physical process of data in a cell must limit model level complexity. An adequate reliability of model can be
useful for the purpose of diagnosis due to their direct linking of variation of elements with the physical
process of data in a cell. The model accuracy is not improved significantly by increasing number of RC
blocks which lead to more computational effort. The characteristics of a cell decide the number of RC blocks
ranging from one to three.

For many important industrial problems, a model consisting of one RC block as shown in
Figure 2(a) is sufficient and has been adopted in this work but accuracy is a major concern for capturing
the dynamic characteristics of battery and therefore 2 RC battery model as shown in Figure 2 (b) is compared
with 1 RC battery model for better precision. The topologies of other equivalent circuit models can also use
the estimation techniques presented in this paper. The values of parameters Voc, R,, R,, R, and C;, C, based
on temperature and SOC are to be estimated by using the fitting procedure of the cell involves which decides
the equivalent circuit model as shown in Figure 2 (a) and Figure 2 (b).

3.1. Thermal modeling
Based on SOC and temperature inside a cell, ECM components values are calculated. The cell
temperature is maintained as average. The temperature of a cell is solved by (1) and (2):

Comparison of one and two time constant models for lithium ion battery (B V Rajanna)
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dr T—-T,
Cr—=— + Ps (€
dt RT
_ PsRT+Tg
r©) = 1+R7Crs @

The representation of variables in (1) and (2) are given in Nomenclature. Combination of cells is required for
practical applications instead of an individual cell. The value of temperature in packs of cells is generally
different from individual cells and this must be considered in future aspect.

3.2. Capacity of a cell and its state of charge
The capacity of a cell based upon the following factors:
— the average discharge current and discharge time in a cell
— the temperature inside a cell
— voltage discharge end value
— time for storage in a cell
— Number of cycles of cell charge and discharge processes.
Average discharge current and discharge time in a cell and the temperature inside a cell are only to
be considered for small time periods.
The capacity in a cell is given by (3).

Co = Co(I,T) 3)

For a fully charged cell a, the useful charge,Q, is given by (4).

Qe(®) = [; In(Ddx @
The state-of-charge (SOC) inside a cell is given by (5).

so0C=1-Q,./¢, ®)
The representation of variables in (3), (4) and (5) are given in Nomenclature.

3.3. Estimation of state of charge during runtime

Coulomb counting is generally used for estimation of SOC during runtime. Periodic error
compensation is necessary for coulomb counting since it does not account for voltage charge end value or
errors in current measurement. The best method used for the elimination of error is the correlation curve of
SOC-OCV [13-15].

3.4. Parameters of an equivalent circuit model
The parameters of an equivalent circuit model as shown in Figure 3 are a function of SOC and
temperature as shown below:

Ry = Ry(SOC, T) (6)
R, = R,(SOC,T) @)
¢, = C,(S0C,T) €))
Voe = Vo (SOC,T) ©)

The representation of variables in (6), (7), (8) and (9) are given in Nomenclature. At different temperatures,
the range of discharge experiments was conducted and the parameter estimation procedure is applied to it.
Four equivalent circuit elements defined by the results provided in two-dimensional look-up tables.

4. EXPERIMENTAL SETUP
At temperatures of 5°C, 20°C and 40°C, effectiveness of model is verified by testing 31Ah Lithium-
ion power oriented cells and their system of experiment described in [34].
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5. MODELING AND SIMULATION

The parameter estimation, validation and simulation of proposed equivalent circuit model is done by
numerical analysis. The simulated results of an equivalent circuit model are compared with the experimental
data during discharge process of a cell and thus estimation of parameter values can be done. By using
Simscape blocks and Simscape language, the ECM was created [21]. The representation of equivalent circuit
model parameters and its subsystem electrical blocks to calculate the values of circuit elements of
an equivalent circuit model is shown in Figure 3.

»| ps s
soc
»{soc rowp> @—P
SOC
+ - soc rowpP _.@
{ R1_LUT PS Lookup Table (1D) +
P+ - D—‘ : ’
+ RO_LUT * % Simscape
»lsoc
C1_LUT equations /
if / R_ext
R> Rmin

A v=={*R;

g else 2

- v == i*Rmin; [ R_ext,

Voc_LUT end
pow == v*|;
. end
L <> POW -

Figure 3. Equivalent circuit model in simscape Figure 4. Language code and circuit resistance in

simscape

Figure 4 shows the representation of circuit resistance based on Ohm’s Law. The real power
calculation of circuit resistance is performed for capturing dynamics of temperature in simulation of a cell.
The circuit resistance based on SOC and temperature is defined by look up tables. The variation in efficiency
of lithium ion cells takes place from cell to cell. The lead-acid batteries mathematical equations as in [13-15]
cannot be used for lithium ion chemistry. Parameterization of circuit elements needs lookup tables.

Temperature at each stage is considered separately for parameter estimation. Lookup tables are used
for estimation of SOC. The many breakpoints of SOC can be used but can create diminishing advantages.
Estimation of parameters can become slow due to more parameter values. The second was that the 10% SOC
have pulses of discharge which provide the good data for parameter near 10% SOC increments.
When unconstrained lookup tables were to be optimized, then more breakpoints may have lot of parameters
that were not well defined in the data sets [13-15].

Simulink Design Optimization is used to determine the parameter values with the help of parameter
estimation tool. An equivalent circuit charging model consisting of sensor of voltage and source of ideal
current is given in Figure 5. The estimation of parameter is done in command line which helps to automate
the estimation. With the help of estimation task, the pulse discharge curve for each temperature was run
individually. A set of one-dimensional lookup tables versus SOC for the four parameters at each temperature
is produced. While comparing the simulation results with experimental data, Simulink Design Optimization
iteratively simulated the discharge profile in Simscape to produce these lookup tables. The method of least
squares algorithm in nonlinear manner is used. The sum of squared error is minimized by using this
algorithm. The parameter estimation steps are shown in the flow diagram of Figure 6. This process is
repeated at temperatures of three different stages (5°C, 20°C and 40°C) which results in data consisting of
four sets that describe the chemistry of a cell under consideration: V,.(SOC,T), R,(SOC,T), R,(SOC,T) and
C,(SOC,T). During the simulation stage, by process of interpolation in linear manner, the values of look-up
tables in a two-dimensional way are defined which are used to determine the values of circuit elements in
ECM. The impedance of a cell does not change because of the magnitude of the discharge current which is
an assumption of a resulting model.

Comparison of one and two time constant models for lithium ion battery (B V Rajanna)
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estimation procedure

The simulation of an equivalent circuit model effectively captures cell first-order dynamics under
test. During the discharge of a cell with a set of pulses of 31 A at the middle, the cell SOC at bottom
decreases with decrease in cell potential at top. The simulation results of Charging /Load Current, Terminal
Voltage, SOC and Temperature at 20°C for 1 RC and 2 RC equivalent circuit models of Lithium ion battery
are shown in Figure 7 and Figure 8. The values of polarization for resistance and capacitance of lithium-ion
batteries for RC equivalent circuit models of first-order and second-order are given in Table 1 and Table 2.
The output error for RC equivalent circuit models of first-order and second-order for UDDS (Urban
Dynamometer Driving Schedule) Cycle are given in Table 3. The maximum errors for the RC equivalent
circuit models of first order and second order in constant current mode are 1.64% and 1.22%. The maximum
errors for the RC equivalent circuit models of first order and second order in urban dynamometer driving
schedule (UDDS) mode are 1.86% and 1.68%. This creates a great importance to the application in practical
battery management systems for an equivalent circuit model of lithium-ion batteries of electric vehicles.
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\ \ \ \ \ I —

| U L U U I I 1] [ U ]

0 0.5 1 15 2 25 3 35 4
Time (sec) xlo

Teminal Voltage (V)
45 ;/I_LI \ \

4 Y L U U i
[] 0.5 1 15 2 25 k] 35 4
Time (sec) «10¢

State of Charge (SOC)
1= \ \ \ \ I 7

| L [ Lf L

1= \ \ \ \ \
0 0.5 1 15 2 25 3 35 4
Time (sec) wde

Temperature (degrees C)

Time (sec) xlo

Figure 7. Simulated measurements of 1 RC lithium ion battery model
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Figure 8. Simulated measurements of 2 RC lithium ion battery model

Table 1. Polarization values for resistance and capacitance of first-order
RC equivalent circuit model for lithium-ion batteries

T

SoC 1/ R1/Q C1/103

0 56.2428 0.0380 14741
0.05 42.8079 0.0260 1.6263
0.1 51.3872 0.0224 2.2756
0.15 47.5962 0.0242 1.9489
0.2 55.9595 0.0235 2.3620
0.3 34.7824 0.0201 1.7124
0.4 35.8936 0.0202 1.7610
0.5 41,9285 0.0209 1.9917
0.6 37.5655 0.0265 1.4047
0.7 40.6502 0.0240 1.6796
0.8 38.5652 0.0270 14176
0.9 37.3132 0.0233 1.5876
1.0 46.2319 0.0238 1.9285

Al

Table 2. Polarization values for resistance and capacitance of second-order
RC equivalent circuit model for lithium-ion batteries

T T
50¢ /s Mo Y /s Bl %
0 14767 00332 00440 515994 00167  0.3042
005 55739 00049 10869 620730 00089  0.6799
0.4 52936 00039 12879 660500 00083  0.7802
0.5 7.8368 00041 18018  81.8999 00077  1.0312
02 53761 00038 13373  69.9299 00089  0.7717
03 187510 00070 26149  86.1202 00021 35082
04 155495 00043 34767  69.7348 00046 14488
05 29831 00023 11803 453307 00084 05298
06 74274 00045 15088  56.7857 00085  0.6498
07 67247 00050 12952  60.4228 00100 05895
08 46402 00045 09948  47.1252 00100 04632
09 53218 00047 10817 89.7114 00431 08194
10  10.8682 00041 25062  93.8965  0.0068 13355

Table 3. The error outputs of RC equivalent circuit models of first-order and
the second-order for the UDDS cycle

Type of the RC Equivalent Circuit Model

Absolute Maximum Error (V)

Relative Maximum Error

RMS Error (V)

The first-order RC equivalent circuit Model
The second-order RC equivalent circuit Model

0.0694
-0.0627

1.86%
-1.68%

0.0297
0.0281

Comparison of one and two time constant models for lithium ion battery (B V Rajanna)



678 a ISSN: 2088-8708

During cell discharge, reduction in OCV with respect to the nine discharge pulses is reproduced by
simulation. The capability of optimizer to capture system dynamics is shown by inset illustration. Equivalent
circuit model gives behaviour of cell remarkably well which make it suitable for development of system level
models and control algorithms.

Thermal effects are included in isothermally-validated model. The model also includes:

—  Exchange of Convective heat between the environment and the cell.

—  Heat loss calculation due to internal resistances of cell.

—  Calculation of temperature inside a cell.

—  The equivalent circuit elements calculation using Two-dimensional look-up tables.

During a constant current discharge, calculation of build-up of temperature is given as example for
this model. It shows the temperature build-up.

—  Discharge currentinacell: 31 A
—  Ambient temperature of a working cell: 20°C
The temperature build up in constant discharge state is 16°C.
Simulation involves the parameters of heat which consists of the following:
- Exchange of coefficient of convective heat between the environment and a cell Ry = 5Wm™2K ™1
—  Capacity of heat contained in a Cell
Cr =2.04x 106/m3K "1
Dimensions of a cell: 0.0084x 0.215 x 0.22m3
Based on the requirements of design or the experimental conditions, the coefficient of convective heat
transfer must be fixed.

6. CONCLUSION

The cell thermal dynamics is included in the basic equivalent circuit model. Creation of lookup
tables with SOC and cell temperature as independent variables is done by estimating the parameters of
an equivalent circuit model based on experimental data of discharge pulse. The 1 RC equivalent circuit
models is sufficient to capture the cell system dynamics when compared to 2 RC models. The experimental
data can be fit better by using techniques of parameter estimation procedure for a higher complexity
equivalent circuit model but may be complex when applied to real time. The accuracy of cell voltage is better
for 2 RC models. The thermal build-up, generation of heat in the inner cell, SOC of a cell and prediction of
cell voltage are included by the model. The modeling of electrochemical systems using equivalent circuits is
done by a numerical tool called Simscape and its parameter estimation is done by using Simulink Design
Optimization. The development of simple equivalent circuit thermal model for a single-cell is described in
this paper. The Simulation for 1 RC and 2 RC Lithium-ion battery equivalent circuit models are performed.
The results show that in constant current condition, 1 RC equivalent circuit model has maximum error in
output of 1.64% when compared to 2 RC equivalent circuit models which is 1.22% and the relative output
error difference is 0.42%. The result also show that in UDDS cycle condition, 1 RC equivalent circuit model
has maximum output error of 1.86% when compared to 2 RC equivalent circuit model which is 1.68% and
the relative error difference is 0.18%. From analysis of 1 RC and 2 RC equivalent circuit models, we observe
that the 1 RC equivalent circuit model is very much suitable for portable electronic design applications and 2
RC equivalent circuit model is very much suitable for Automotive and Space design applications.
The simulation results of 1 RC and 2 RC equivalent circuit models for lithium-ion battery is very much
helpful in practical lithium-ion battery managements systems for electric vehicle applications. These models
can only predict the thermal parameters for a single-cell. The cell pack temperature is different from
temperature of individual cells. The consideration of this case study is not included in this paper, but will be
studied in the future research of this paper. The investigation of parameters dependence on magnitude of
current for an equivalent circuit model will be also done in future work.
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