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Chapter

Electrical Equivalent Circuit
Models of Lithium-ion Battery
Rushali R. Thakkar

Abstract

Modelling helps us to understand the battery behaviour that will help to improve
the system performance and increase the system efficiency. Battery can be
modelled to describe the V-I Characteristics, charging status and battery’s capacity.
It is therefore necessary to create an exact electrical equivalent model that will help
to determine the battery efficiency. There are different electrical models which will
be discussed and examined along with the benefits and demerits. A systematic
comparison and analysis using simulation will help us to select an ideal model which
will suit best to a specific application.

Keywords: battery, lithium-ion batteries, battery modelling, state of charge,
electrical equivalent, simulation

1. Introduction

Renewable energies play a major role in the power quality applications of
emerging technologies. Batteries are considered as one of the most important
amongst the component. Batteries are energy storage devices that can be utilised in
a variety of applications and range in power from low to high. Batteries are
connected in series and parallel to match the load requirements. The advantages of
lithium-ion batteries include their light weight, high energy density, and low dis-
charge rates. They’re commonly seen in high-power applications like electric vehi-
cles and hybrids. Lithium-ion batteries have a terminal voltage of 3-4.2 volts and
can be wired in series or parallel to satisfy the power and energy demands of high-
power applications. Battery models are important because they predict battery
performance in a system, designing the battery pack and also help anticipate the
efficiency of a system [1, 2].

2. Existing electrical equivalent battery models

The mathematical relationship between the elements of Lithium-ion batteries
and their V-I characteristics, state of charge (SOC), internal resistance, operating
cycles, and self-discharge is depicted in a Lithium-ion battery model. The equiva-
lent circuit model of a Lithium-ion battery is a performance model that uses one or
more parallel combinations of resistance, capacitance, and other circuit components
to construct an electric circuit to replicate the dynamic properties of Lithium-ion
batteries. Time domain analysis is used to produce the most often utilised electrical
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equivalent models. The simplest model equation for battery model can be
represented by Open Circuit Voltage (OCV)

v tð Þ ¼ OCV (1)

SO0C of a cell is 100% when cell is fully charged and SOC is 0% when cell is
fully discharged. The amount of charge removed from 100–0% is the total capacity
measured in Ah or mAh.

Following are the models used for Lithium-ion battery to determine the
performance on the system [3].

2.1 Simple battery model Rint model

Figure 1 illustrates the most widely used battery model. It consists of an ideal
battery with open circuit voltage (OCV) V0, a constant equivalent internal resis-
tance Rint, and v tð Þ as the terminal voltage. When completely charged, the terminal
voltage v(t) may be determined by measuring the open circuit voltage, and Rint can
be determined by connecting a load and detecting both the terminal voltage and
current.

SOC is represented as z(t) of a cell is 100% when cell is fully charged and SOC is
0% when cell is fully discharged. The amount of charge removed from 100–0% is
the total0 capacity (Q) measured in Ah or mAh.

v tð Þ ¼ OCV z tð Þð Þ � i tð ÞRint (2)

dz

dt
¼ �

i tð Þ

Q
(3)

z tð Þ ¼ z t0ð Þ �Q

ðt
t0
i Tð ÞdT (4)

At the point when a battery is completely charged, its Open Circuit Voltage is
higher than when it is discharged. The Rint model appears to be relatively simple,
however it ignores the variable nature of the internal resistance related to temper-
ature, state of charge, and electrolytic concentration.

Figure 1.
Resistive Thevenin battery model.
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2.2 Resistive Thevenin battery model

Figure 2 shows the circuit schematic for the resistive Thevenin battery model.
This model has two types of internal resistances, R0 and R1, which are connected to
the charging and discharging properties of the battery, respectively. Electrical and
non-electrical losses are modelled by the internal resistances R0 and R1. Diffusion
Voltages also can be closely found using1 or more RC parallel branches. The model
gives better results than Rint model, however transient conditions like the capaci-
tance effect are not considered. As a result, this model is non-dynamic and
unsuitable for applications involving electric vehicles and electric hybrids [4–8].

In relaxationmode, voltage gradually reduces to zero, this is termed as diffusion
voltagewhich can be closely approximated using parallel RC branches (Figure 3) [4, 5].

v tð Þ ¼ OCV z tð Þð Þ � i tð ÞRint� Vc1 tð Þ (5)

2.3 An accurate electrical battery model

An Accurate Electrical Battery Model, models the battery capacity, charging
state, and run time using a capacitor and a current controlled source. The circuit
takes into account the battery life time as well as the slow and fast transient
response. A voltage controlled voltage source that is a function of state of charge is
used to overcome the barrier between SOC and OCV (Figure 4) [1].

Figure 2.
Thevenin battery model with 1 RC branch.

Figure 3.
Thevenin battery model with 2 RC branches.
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2.4 Models of electrical equivalent batteries

Table 1 gives the different Electrical equivalent circuit models along with its
important features so that it will be useful to predict the performance of the battery
and for which application the battery can be used for.

2.5 Electrical characteristics of lithium-ion battery

Lithium-ion battery specifications used for battery model: LIR18650 mAH are
given in the following Table 2 [8].

Figure 4.
Accurate electrical battery model.

S. No. Battery model Features

1 Rint model Model is static.

2 Thevenin electric model Does not consider the dependency of state of charge.

3 Second order RC Thevenin model Model does not consider the parameters like

temperature and capacity.

4 Accurate electrical equivalent model Model considers the battery life time.

Table 1.
Comparison of electrical equivalent battery models [8].

Capacity Nominal capacity: 2600 mAH (0.52 A discharge, 2.75 V)

Nominal voltage 3.7 V

Internal impedance ≤70 mΩ

Discharge cut off voltage 3.0 V

Maximum charge voltage 4.20 � 0.05 V

Standard charge discharge current 0.52 A

Rapid charge discharge current 1.3 A

Maximum pulse discharge current 2.6 A

Table 2.
Battery model specifications LIR18650 mAH.
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2.6 Charging and discharging characteristics

Figures 5 and 6 shows the rate charge and discharge characteristics of the
battery Model LIR18650 2600 mAH. The battery charges with Constant Current
Constant Voltage mode. The battery is charged at a constant current until it reaches
4.2 volts, then it is charged at a constant voltage until the current drops to zero [8].
The charging time of battery can be calculated as the ratio of battery Ah to the
charging current.

3. Simulation results and discussion

M file is created inMatlab to simulate themodel’s charging and discharging curves.
The generalised model for lithium-ion batteries uses the equations below [7, 8].

Figure 5.
Rate charge characteristics.

Figure 6.
Rate discharge characteristics.
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Discharge Model (i*>0)

f 1 it, i ∗ , ið Þ ¼ E0� K:

Q

Q � it
:i ∗ � K:

Q

Q � it
þ A: exp �B:itð Þ (6)

Charge Model (i*<0)

f 1 it, i ∗ , ið Þ ¼ E0� K:

Q

itþ 0:1:Q
:i ∗ � K:

Q

Q � it
þ A: exp �B:itð Þ; (7)

E0 is constant voltage (V), K is polarisation constant in (Ah�1), i* is low
frequency current dynamics, Q is maximum battery capacity (Ah), A is exponential
voltage (V), B is exponential capacity (Ah�1), it is extracted capacity (Ah).

The implementation of the generalised model in MATLAB shows that the char-
acteristics developed by mathematical electrical model of battery in Matlab and are
close to the actual characteristics of Lithium-ion Battery Model LIR18650 2600
mAH [8].

4. Conclusion

Being a static model, the Rint model does not account for the battery’s charging
and discharging properties. Thevenin’s electric model (1RC) ignores dynamic
behaviour and neglects to account for state of charge dependency. 2 RC branches
would be closer to match the data at the beginning of the transient. 3RC branches
can be chosen as a compromise between complexity of model and its fidelity.
Various electrical equivalent models are studied along with its different features in
the existing models.
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