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Abstract

An equivalent circuit model is the most common and straight-forward way of representing the dynamic
behaviour of a lithium-ion battery. In literature, many examples of circuits are proposed and various
techniques are also discussed for parameterisation of the models. In this paper a second order equivalent
circuit is proposed and the parameters identification method by Hybrid Power Pulse Characterization
(HPPC) testing is described. The modelling and parameter identification process is done in the
Matlab/Simscape environment. This non-linear model encapsulates the dynamic electrical behaviour of a
typical automotive cell. A validation process is carried out to benchmark the voltage errors between
estimated voltage profile of the battery cell model and actual cell measurements. The comparison between
measurement and simulation shows a good accordance. The current pulse technique is also presented to
verify the ohmic resistance values obtained by the optimisation process in the parameters identification

method. A study is also conducted to investigate how cell chemistry affects the proposed model.
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optimize the energy usage and prolong its useful

1 Introduction

The ever increasing demand for limited fossil
fuels and growing concerns over the CO,
emission have spurred worldwide interests in
developing alternative energy and storage
systems, particularly for Electric Vehicles (EV)
and Hybrid Electric Vehicles (HEV) application.
Lithium-ion battery is a promising power source
for EVs and HEVs due to its high energy density,
long cycle life and low self-discharge. The
integration of lithium-ion batteries in EV and
HEV applications require a dynamic model
which predicts the performance of the battery at
different operating conditions in order to

life.

Researchers around the world have developed a
wide variety of techniques with varying degrees of
complexity to model the battery. Battery models
can be classified into electrochemical models
(chemistry-based), mathematical models and
electrical models (circuit-based). Chemistry-based
models are derived from porous electrode theory
and concentrated solution theory proposed by
Newman and Tiedemann [1] and Doyle et al. [2]
which mathematically describe the
charge/discharge processes and transport Kinetics
in the solid and electrolyte phases in the battery as
simplified 1D spatial structures. These models
have the ability to accurately predict the
performance of battery. However they require a
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detailed understanding of complex
electrochemical processes, often involving a
large number of algebraic equations and state
variables to model the battery behaviour.
Chemistry-based  models are  commonly
developed using Finite Element Analysis
Software such as Ansys and Comsol [3, 4]. In
cell design studies, chemistry-based models are
used to determine optimal parameters of the cell
such as the form factor or electrode thickness.
They can also be used at the pack level to aid in
the design of the battery system or to determine
rate of coolant flow inside the modules to
maintain the cells at a safe operating temperature
within the limits of a certain thermal band as
required by the vehicle application. The
advantage of chemistry-based models is that they
can be used to predict the behaviour of the cells
beyond the range of experimental data e.g.
thermal runaway conditions. The main
drawbacks of chemistry-based models are that
they are computationally time-consuming and
very complex hence not applicable in EV
application due to the real-time demands of
Battery Management Systems (BMS).

Mathematical-based models are developed
primarily using the Shepherd relation and
modifications to the Shepherd model [5, 6].
These modifications usually consist of adding
and altering terms of the original model to relax
assumptions behind the Shepherd model. In
mathematical oriented models, the parameters are
extracted by curve fitting the manufacturer’s
discharge curves. A classic example of the
mathematical model of a battery is the battery
blockset in SimPowerSystems Toolbox in Matlab
[7]. Mathematical-based models are simple but
application dependent and not accurate enough to
reproduce fast varying battery voltage dynamics.

However, circuit-based models are very useful
and simple, because the complex electrochemical
processes can be transformed into electrical
circuit elements which describe the battery
kinetics [8, 9]. Circuit-based models use
electrical components such as voltage sources,
resistors, capacitors and inductors to encapsulate
the battery behaviour. Circuit-based models can
be further classed into two main categories:
Thevenin-based models and impedance-based
models [10]. The Thevenin-based models are
constructed by curve-fitting a set of experimental
voltage and current measurements over a range
of battery operating conditions whereas the

impedance-based models are developed by fitting
with impedance spectra. Circuit-based models are
recommended for thermal studies within the range
of fitting. Circuit-based models are real-time
implementable [10] and can be run on Hardware-
in-Loop (HIL) platforms. Hence they are useful for
BMS development and serve as a part of vehicle
level simulation studies for battery pack sizing and
range estimation calculations. The accuracy of
circuit-based models lies between the chemistry-
based and mathematical-based models.

2 Second Order
Circuit Model

One example of circuit based battery model is the
Second Order Equivalent Circuit (SOEC) model.
The schematic of the model is shown in Fig.1.
There are 6 components in the model: VOC, R;
and the two parallel polarization RC network
combinations, namely, R;, R, C; and C,. Each
component is representing a different aspect of the
battery.

Equivalent

C4(SOC,T,1) C,(SOC,T,1)
| |
Ri(SOC,T,I) | Ry(SOC,T,I) | R(SOC,T)
C YYV, YNV,
Fast Time  Slow Time Ohmic
Constant Constant  Resistance |V
VOC(SOC,T)

Figure 1: Second Order Equivalent Circuit (SOEC)
model of a battery cell.

VOC is the Open Circuit Voltage and one of the
most important parameter of a battery. R; is the
ohmic or DC resistance. R; is representative of the
internal resistance in the cell, similar to terminal
resistance and electrode resistance and is
responsible for the immediate voltage drop or rise
when the battery is being discharged or charged.
Ry, Ci;, R, and C, are the two RC parallel
polarization elements, responsible for the transient
response of the battery [11, 12]. R; and C; describe
the fast dynamics in the battery depicting surface
effects on the electrodes and reaction kinetics. Ry
is the charge transfer resistance and C; represents
the electrochemical double layer capacitance. R,
and C, represent the slower dynamics of the cells
in order of hours. They are more representative of
the diffusion processes in the electrolyte and active
material. All these parameters are functions of the
State-of-Charge (SOC) of the battery, temperature
(T) and current (I).
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Figure 2: Implementation of the SOEC model in Simscape.

2.1 Non-linear dynamic SOEC Model

The SOEC model of the cell is implanted in
Matlab/Simscape [13] as shown in Fig.2.
Simscape, which is one of the toolboxes in the
Mathworks suite of products, is a flexible,
acausal and an object-oriented tool for modelling
and simulating complex integrated multi-physics,
multi-engineering  systems. The  Simscape
platform was chosen because it is a physical
modelling tool with multi-domain capability.
This was a useful feature as one of the intended
objectives of the work is to couple the electrical
and thermal properties of the cell behaviour. The
SOEC model in Simscape is intuitive and easy to
understand as it looks just like a circuit in real-
life and the solution to the model is found by
symbolic  reduction techniques. Additional
components like resistors or capacitors can easily
be added to the circuit. The preceding sections
describe how the values of VOC, R;, Ry, Ry, C;
and C, were determined for the battery SOEC
model. Fig.2 shows purely the electrical model of
the SOEC cell. The thermal behaviour of the cell
has also been modelled in a similar way using the
thermal library in Simscape but it is not shown in
this paper.

3 Experiment Description

3.1 Current Pulse Techniques

The parameterization method used in the study is
similar to the one described in [14, 15]. It is the
current pulse technique, commonly known as the
HPPC test and is described in detail in the
FreedomCAR Battery Test Manual [16, 17]. This
method is used to calculate the dynamic
properties of a battery. The battery is charged
and discharged under a controlled condition and
the terminal voltage, current and temperature
measurements are monitored. A HPPC test
profile is shown in Fig.3.

3.2 Battery Cells used for the study

Tab.1 shows the specification of Lithium-ion cells
of three different chemistries considered for the
study. They are Lithium Cobalt Oxide (LCO),
Lithium Manganese Oxide (LMOQO) and Lithium
Iron Phosphate (LFP). LCO and LMO have higher
theoretical capacity [18], compared to LFP due to
the higher operating voltage. LFP cells are
characterized by high intrinsic safety and that
makes them suitable for high power applications.

3.3 Platform of Implementation

The tests were carried out on BaSyTec CTS
battery tester at TUM CREATE Centre for
Electromobility in Singapore. The battery tester
provides an automatic and dynamic current range
selection allowing non-interrupted current flow in
the constant voltage mode when current decreases
with charging time.

Ideally the power pulse characterisation should be
done at 3C charge/discharge rate but since the
battery cyclers that were available for testing were
limited to 5A, the maximum charging and
discharging was done at 5A. The cell rests for 3
minutes and then discharged for 6 minutes at 1 C
rate (which is 2.3A in this case) to achieve a 10%
decrease in SOC. Afterwards the cell rests for 1
hour to reach equilibrium before the next HPPC
test profile begins. The partial discharge-HPPC-
rest phase cycle is repeated at decrements of 10%
of SOC till the cell reaches 10% SOC. The process
is repeated in the charging direction as well. Fig.4
shows typical current, voltage and Ah plots of cell
type 1 obtained from the HPPC test profile. The
nominal voltage and capacity of the cell are 3.3V
and nominal capacity of 2.3 Ah as stated in Tab.1.
The conventions used for charging current are
positive and discharging current is negative as
shown in Fig.4.
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Figure 3: Hybrid Pulse Power Characterization (HPPC) test profile.

Table 1: Specification of Lithium-ion cells.

Cell Geometry Size Cell Weight Nominal Nominal
(mm) Chemistry (9) Voltage Capacity
\%) (m Ah)
Cell Type 1 Cylindrical 26 (D) Lithium Iron 70 3.3 2300
65 (H) Phosphate
Cell Type 2 Cylindrical 18 (D) Lithium Cobalt 45 3.6 2250
65(H) Oxide
Cell Type 3 Cylindrical 18(D) Lithium 44 3.6 2200
65(H) Manganese
Oxide

The Ah curve was recorded for balance counting.
Tab.2 summarizes the specifications of the
BaSyTec CTS Dbattery tester. Four wire
measurement method is used to connect the test
cells to the battery tester. All experiments on the
cells are conducted at room temperature. The
cells are preconditioned by conducting two
complete cycles of charge-discharge followed by
a 4 hour rest period to attain temperature and

voltage equilibrium. The measurement starts with
a complete charged cell. The HPPC test profile
consists of 10s pulse discharge at -5A, followed by
10s charge pulse.  After each pulse
discharge/charge, there is a pause for 3 minutes.
Then the cell is discharged at 1 C-Rate to remove
10% of its capacity. The cell is rested for 1 hour
before the next HPPC test profile begins.

EEVC European Electric Vehicle Congress



Table 2 Specifications of the BaSyTec CTS battery

tester.
Channels per unit 32
Four wire Yes
measurement
Maximum Charging 5
Current (A)
Maximum -5
Discharging Current
(A)
Voltage range during +5/0
charging/discharging
V)
Time resolution (ms) 20
Current Range 5 A/300 mA/15 mA/1 mA
(charge/discharge) (Automatic and dynamic

range switching)

3.4 SOEC Parameters Determination

The VOC is defined as the potential difference
between the positive and negative electrodes of

the battery cell when there is no current flow and
the cell is in an equilibrium state. The VOC is
determined at different SOCs, normally at the end
of each rest/relaxation phase (in this case, 1 hour)
when the voltage is at steady-state and the
temperature of the cell has stabilised.

The voltage of a cell under current flow is different
from the VOC. The cell shows an increased
voltage during charge and a decreased voltage
during discharge. The difference occurs due to the
polarization voltage which can be attributed to two
mechanisms. One mechanism is the overpotential
at the electrodes caused by electro chemical
reactions and concentration deviations due to the
transport phenomena in the cell. The other
mechanism is an ohmic voltage drop across the
current collectors and electrolyte when there is a
current flow. VOC was measured on the candidate
cell type 1 by giving a relaxation of 1 hour after
each charge/discharge for SOC
increment/decrement (Fig.5).
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Figure 4: HPPC test profiling for Cell Type 1. Cell is discharged and charged in steps of 10% SOC. Charge and
Discharge pulses are applied at each step of SOC.
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Depending on whether the cell has recently
undergone a charge or discharge event, the VOC
is slightly different for this cell at each SOC
indicating that there is some hysteresis and that
the cell has not reached true steady state.
Although the time period of one hour was not
sufficient to truly reach equilibrium state, the 1
hour rest period was chosen as a trade-off
between testing time and measurement accuracy.
The true VOC is assumed to be in the area
between the charged and discharged regions and
for the purpose of the SOEC model, the average
value of VOC is chosen by taking the mean value
of charge and discharge VOC.

Other parameters of the SOEC model are
evaluated by analysing the voltage response of
HPPC pulse discharge and charge. Fig.6 shows
the voltage response of the cell when -5A pulse
is applied for a duration of 10s.

To automate the parameterization process, once a
profile such as shown in Fig.4 has been obtained,
a Matlab script is used to separate the
measurements of HPPC test done at different
SOC during charging and discharging. The 10
second pulse is further split into the short time
constant t;, representing the fast dynamics, and
the long time constant t,, representing the slow
dynamics. From each of these measurements, the
values of Ry, C;, Ry, and C, are calculated by
applying Eq.(1)-(5) to obtain initial estimates of
the parameters from the zoomed curves at each
steps of the SOC. These values are then fed into
Eq.(6) to simulate the voltage of the battery cell.

R; = Uy —uy)/i 1)

Ry = (U —U,)/i 2

R, =(uy —Ug)/i (3)

t, = R1C1 (4)

tz = chz (5)

V,(t) =VOC + I(t)R, + | ()R,(1—e ") + ©
IOR, (¢ )

LSE = (V (t) -V, (1)) ™

Let Vi(t) be the simulated battery terminal
voltage obtained from Eq.(6) and V(t) be the
battery terminal voltage obtained from the

measurement as shown in Fig.6.
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Figure 5: Measured VOC vs. SOC during charging and
discharging for Cell Type 1.
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Figure 6: Voltage response to a 10s -5A discharge pulse
in the HPPC test for Cell Type 1.

The difference between the measured voltage and
simulated voltage is the modelling error and is
defined using Eq.(7). The unconstrained
optimisation algorithm fminsearch (Nelder-Mead)
provided by Matlab is used to minimise the error
for each of the analysed pulses and the optimized
parameters R;, Ry, C;, R, and C; at each state of
SOC are obtained. These values are fed in the
original SOEC model in Simscape to mimic the
cell behaviour. The time constant of the RC
parallel circuits in Fig.1 are given by t; and t,.
They differ by an order of magnitude and therefore
they are representative of the fast and slow
transient dynamics of the battery cell.

3.5 Validation of SOEC model

3.5.1 Validation of internal ohmic resistance
R;

Besides the automatic calculation of the internal

ohmic resistance based on the developed SOEC

cell model and the HPPC test results with the use

of the Matlab script in this paper, other methods

EEVC European Electric Vehicle Congress



and techniques are also investigated to calculate
the internal resistance of the cell. The most
common method of measuring the internal
resistance of the cell is to use the conventional
current step pulse technique. When using this
method, some important consideration should be
taken into account. In this method the
determination of the internal resistance is based
on the analysis of the immediate jump in the
terminal cell voltage due to the current pulses.
Input current can be in the form of short duration
charging or discharging pulses. It is also possible
to investigate the change in the cell terminal
voltage during switching off the input current to
measure the internal resistance. This method is
commonly used for homogeneity tests of the
lithium-ion cells in in EV and HEV applications.

With the BaSyTec battery tester system we have
the possibility of measuring the internal
resistance of the cell directly during the test as it
is mounted on a 4 wire measuring kelvin probe
cell holder. For the proper recording of these
voltage jumps, a sampling rate of 1ms to 5ms
[19] is necessary to increase the voltage
resolution to capture minute changes in the
voltage. The internal resistance can then be
calculated from Eq.(1). This method was used
and the results for 3 cell samples of cell type 1
(Cell 1, Cell 2 and Cell 3) LFP cells are
presented in Fig.7.

For cell type 1, the maximum discharge pulse
can be as high as 120A for a short duration pulse
test but because of the limitation of our battery
testers, we used +5/-5A to  apply
charge/discharge pulses to the cell. In Fig.7, R;
results are based on the discharge and charge
current pulses during discharging section of the
HPPC test as well as the discharge and charge
pulses during the charging section of the HPPC
test. R; was calculated for both the switching on
and switch off of the charge/discharge pulses. It
can be seen from the results of Fig.7 that there is
a general increase in R; values as SOC reduces
for all three samples of the cell type 1.

These tests can be conducted at different
temperatures, but in this paper we only present
the results at 20°C. To give an overview about
the approximate values of the internal resistance
at different temperatures, the internal resistance
of a similar tested cell can be as high as 30mQ at
-20°C to 10mQ at 35°C [20]. It is understood that
the internal resistance of the battery increases

with decreasing temperature. In short, with
lithium-ion batteries, the internal resistance shows
a significant temperature dependency.

The R; values in Fig.7 are also compared with the
Ri values obtained from the optimization scripts
mentioned in section 3.4. Refer to Fig.8 and Fig.9.
Both set of values obtained from the different
techniques show similar trend with higher
resistances at very small SOCs, plateau in the
region of 20-80% SOC and slight increase in
resistance at the end at 90-100% SOC. This
indicates that the optimisation script does work
well and does give comparable results. The only
difference was that the optimisation script gives
slightly bigger resistances (about 3 mQ higher) but
this is a reasonable and acceptable limitation of the
method considering the bigger changes in the
resistance values that can occur if there are
measurement inaccuracies or unintended contact
resistance at the cell current collector terminals.

In [21], other methods of calculating the internal
resistance of the cell are suggested.
Electrochemical Impedance Spectroscopy (EIS),
energy loss method and Joule’s law technique with
the aid of the Accelerated Rate Calorimeter (ARC)
production of Thermal Hazard Technology (THT)
company are used and compared with the results
from the current pulse technique. The
comprehensive tests and experiments are under
investigation and out of the scope of this paper.

3.5.2 Comparison of the simulated and
measured voltages

To validate the SOEC model, the parameters
extracted from the optimisation script are used to
simulate the cell voltage response for cell type 1
fed with another HPPC test profile similar to the
one used for the training data. Fig.10 shows the
simulated voltage response and the measured
voltage measurement. Fig.11 shows the modelling
error. It can be seen that SOEC model can capture
the dynamic voltage response of the cell very well
with a modelling error of approximately less than
3% from 10% SOC to 90% SOC. However the
model response is poor at SOCs below 10%
producing a big modelling error.
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At very low SOCs, the cell behaves differently
and the voltage decreases exponentially when
there is a discharge current. A detailed study at
very low SOCs is required. Either the structure of
the SOEC model has to be changed at very low
SOCs or the method of obtaining the parameters
needs to be further verified. This is scope of
future work. Also in the context of the work the
discharge VOC was used in the discharging
direction of the HPPC profile and the charge
VOC was used in the charging direction.

This could be done as there was apriori
knowledge of the charging direction and voltage
simulation was done off-line. However for on-
line real-time simulation of the voltage response
when the current measurements are captured as
in a BMS application, this is not possible. In
most cases, other researchers have resorted to
using the average VOC method. But it has been
observed that the use of average VOC can
produce suboptimal results due to the hysteresis
effect. A more sophisticated method such as the
use of enhanced self-correcting cell model
method where there is a hysteresis rate constant
as stated in [22] is needed and this is also the
scope of future work

3.6 Investigation on cell chemistry

The cell characterization is strongly dependent
on its chemistry. The criterion for choice of cell
chemistry depends on the EV application,
specific energy and specific power, safety, cost
and its lifespan. Some chemistry have high
specific energy, low specific and viz., different
discharge characteristics, different charging
protocol and their performance is influenced by
state of charge (SOC) and temperature. A
universal battery model with same set of
parameters is not possible to describe the

dynamic behaviour of different cell chemistries.
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Figure 10: Measured and simulated voltage response
the SOEC model for Cell Type 1.
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Figure 11: SOEC Modelling Error.

This section describes the dynamic behaviour of
different cell chemistry Lithium-ion cells at
various SOC as stated in Tab.2. A study was made
on VOC behaviour of these chemistries. The VOC
data is obtained from HPPC tests at every 10%
SOC step when the cells are discharged, followed
by a 1 hour complete pause to attain voltage and
temperature  equilibrium.  Fig.12 shows the
comparison of VOC plotted vs. SOC at 10% SOC
interval step.
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Figure 12: VOC vs. SOC for different cell chemistry.

LCO and LMO chemistries exhibit sloping
characteristics of SOC vs. open circuit voltage.
However the open circuit voltage behaviour of
LFP shows complete contrast to other two
chemistries. The open circuit voltage increases
between SOC 0 and 20%. Then it is goes into a
plateau region between 20 and 90% SOC, again it
increases above 90% SOC. LFP exhibits two phase
transition during charging and discharging. During
this process, the electrode potential shows a minor
change in VOC with respect to SOC change due to
constant lithium concentration within the phase
regions [23, 24]. However in LCO and LMO
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chemistries, lithium insertion and de-insertion
take place without two phase transition.

A SOEC model is developed for LCO and LMO
chemistries by repeating the HPPC test. Three
sample cells were tested from each of the
chemistry for statistical reliability of the
measured data. The circuit parameters are fitted
in Matlab as described in section 3.4. The results
of the fitting parameters are then plotted for the
chemistries described in Tab.2. Fig.13(a)-(e)
show the plot of circuit parameters against SOC.
The internal resistance R; is very low (~20 mQ)
for cell type 1 when compared to cell type 2 and
cell type 3. This is a typical characteristic of high
power Lithium-ion cells. The resistance R; for
the three chemistries shows similar behaviour
throughout the SOC window. It is almost flat
from 100% - 20 % SOC and increases below
20% SOC, maximum at completely discharged
state [25]. The resistance R; which contributes to
charge transfer reaction has the least value
compared to other resistance R; and R,. It also
shows a similar trend as R;. The resistance R,
increases abruptly when the cells are discharged
beyond 20%. SOC. The diffusion process
becomes a limitation factor when the cell is near
complete discharge. The values of Capacitance
C; and C, generally increase with increase in
SOC, but at some SOC it does not change
significantly or its value decreases.

The model is validated by simulating the voltage
behaviour for different C-Rate and comparing
them with the measurement values. Fig.13(f)
shows the plot of measured and simulated
voltage against the discharge capacity for LCO
chemistry. The simulated voltage shows good
agreement with the measured values. However
there is a deviation in the simulated value below
20% SOC. This deviation can be correlated to the
fitting parameter values below 20% SOC. From
these results, it can be understood that the circuit
parameter values are the intrinsic property of the
cell chemistry. A more detailed understanding of
chemistry is required to quantify the values of
circuit parameters. Therefore, a SOEC model is
applicable for all practical purposes to study the
dynamic behaviour of the cells having different
chemistry.

4 Conclusions

An extensive testing method for the development
and validation of a SOEC model has been
presented. A method to identify the parameters for
the SOEC model from characteristic HPPC power
test measurements is also described. The
performance of the SOEC model is good
producing very low modelling errors as low as less
than 3% in the SOC range from 20-80%. This is
sufficient to capture the dynamics of most lithium-
ion cells for most BMS applications as most EVs
and HEVs typically operate in that range.

The current pulse step technique was also
described. This method is useful for verifying R;
obtained from the parameter characterization
method. It is also verified that the SOEC model is
valid for cells from different chemistries but the
model parameters have to be determined
individually for each of the cell chemistry as this is
an intrinsic property of the cell.
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