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Batteries are critical components of electric vehicles and energy storage systems. The connection of a battery to the 
power grid for charge and discharge greatly affects energy storage. Therefore, an accurate and easy-to-observe battery 
model should be established to achieve systematic design, simulation, and SOC (state of charge) estimations. In this 
review, several equivalent circuit models of representative significance are explained, and their respective advantages 
and disadvantages are compared to determine and outline their reasonable applications to Li-ion batteries. Numerous 
commonly used model parameter identification principles are summarized as well, and basic model verification 
methods are briefly introduced for the convenient use of such models.
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1. INTRODUCTION

In recent years, Li-ion batteries have become increasingly 
used for various applications. As such, many studies have 
comprehensively analyzed Li-ion battery models based on the 
demand for Li-ion battery applications. A Li-ion battery model 
demonstrates the mathematical relationship between the influ-
ential elements of Li-ion batteries and their working character-
istics, including voltage, current, power, SOC (state of charge), 
temperature, internal resistance, internal voltage, operation 
cycles, and self-discharge. Reference [1] summarizes the con-
siderable research on Li-ion battery models and divides such 
models into four categories, namely, electrochemical, thermal, 
coupling, and performance models. The electrochemical model 
is based on electrochemical theories and describes the reaction 
that occurs in a Li-ion battery. The thermal model looks into the 
heat building and transmission of Li-ion batteries. The coupling 
model describes the interactive effects of the electrochemical 
process as well as the heat building and transmission of such 
batteries. Finally, the performance model describes the external 
features of Li-ion batteries during operation. Among all these 
models, the performance model can be used easily and has di-

verse structures.
The equivalent circuit model is a Li-ion battery performance 

model used to simulate the dynamic characteristics of a Li-ion 
battery using resistance, capacitance, voltage source, and other 
circuit components to form a circuit. This model has been 
widely used in studies related to electric vehicles and energy 
storage systems. The implications of investigating Li-ion bat-
tery models for electric vehicles and energy storage systems 
are apparent in the simulation of such vehicles and systems 
as well as in the proper administration of SOC estimation and 
Li-ion battery management. Studies on Li-ion battery models 
involve analysis from the perspectives of Li-ion battery usage 
and management more than the design and production. As 
such, the equivalent circuit model is generally used in analyses 
through the application of circuit and mathematical methods 
and has therefore become the most widely adopted Li-ion bat-
tery model. Reference [2] introduces several typical equivalent 
circuit models and presents a universal battery model. Refer-
ence [3] develops a modified equivalent circuit model based on 
the typical models.

In this review, numerous Li-ion battery equivalent circuit 
models are introduced in detail along with their respective 
advantages and disadvantages. In addition, several commonly 
used model parameter identification methods are analyzed, 
and some disputable ones are even briefly explained. Finally, 
some of the commonly adopted verification methods are dis-
cussed.
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2.  ANALYSIS OF THE COMMONLY 
   ADOPTED Li-ion BATTERY EQUIVALENT 
   CIRCUIT MODELS

Battery equivalent circuit models are used to describe the 
working characteristics of Li-ion batteries through a circuit 
network based on principles about how the battery works. As 
such, these models can be used to analyze further diversified 
batteries. Researchers have developed many Li-ion battery 
equivalent circuit models to meet the demands for simulative 
technologies. Reference [4] divides the existing methods used to 
establish equivalent circuit models into two categories of time 
and frequency domain analysis models. The time domain analy-
sis model mainly uses Li-ion battery voltage and current data, 
whereas the frequency domain analysis model primarily adopts 
the Nyquist and Bode diagrams measured with Li-ion battery 
impedance. The most commonly used equivalent circuit mod-
els are established through time domain analysis. This review 
is focused on the RC, PNGV, Thevenin, and modified Thevenin 
models [5].

2.1 RC model

An RC model is composed of two capacitances and three resis-
tances as shown in Fig. 1 [6]. The large capacitance Cb describes 
the ability of the Li-ion battery to store electric charges, the small 
capacitance Cs represents the surface capacity and the diffusion 
effect of the Li-ion battery, Rt is the terminal resistance, Rs is the 
surface resistance, and Re is the end resistance.

Voltages VCb and VCs at both ends of the two capacitances are 
the status variables, terminal current IL is the input variable, and 
terminal voltage VL is the output variable. Equation (1) is formu-
lated based on Kirchhoff’s law from which the RC model state 
space equation is deduced.

(1) 

Reference [6] establishes an extended Kalman filter with the 
RC model, and reference [7] uses the RC model to develop a slid-
ing mode controller for Li-ion battery SOC estimation.

2.2 Thevenin model 

The Thevenin model depicted in Fig. 2 is a commonly used 

model [4]. This model describes the Li-ion battery OCV (open 
circuit voltage) through an ideal voltage source and uses the se-
ries resistance RO and an RC parallel network (RP and CP) to pre-
dict the response of the Li-ion battery to the instantaneous load 
at a certain SOC.

Voltage VCp at both ends of capacitance Cp is the state variable, 
terminal current IL is the input variable, and terminal voltage 
VL is the output variable. Equation (2) is then formulated based 
on Kirchhoff’s law, from which the Thevenin model state-space 
equation is deduced.

(2)

Owing to its comparable simplicity and ability to meet the ba-
sic requirements for Li-ion battery, the Thevenin model has been 
extensively used. However, if the OCV does not change with SOC, 
the model can only be used to describe the temporary responses 
of the Li-ion battery at a certain SOC. Correspondingly, the mod-
el can neither be used to describe the steady voltage changes 
of Li-ion batteries nor to predict their operation duration. The 
model also fails to describe the relationship between the bat-
tery’s OCV and SOC as well as to predict its operation duration 
and the charge and discharge management. Certain types of 
derivative circuits, such as capacitors, can be formed by adding 
some components to the circuit to attain improved simulation 
effects.

2.3 PNGV model 

The PNGV model is obtained by adding a capacitor Co to the 
Thevenin model as depicted in Fig. 3 [8]. This model is of dis-
tinct physical significance, with the ideal voltage source OCV 
indicating the Li-ion battery’s OCV. Resistance RO is the battery’s 
ohmic internal resistance, resistance Rp is the polarization inter-
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nal resistance, capacitance Cp is the polarization capacity, IL is 
the load current, Ip is the polarization current, VL is the terminal 
voltage, and capacitance Co refers to the changes in OCV caused 
by the timely integration of load current IL. When the Li-ion 
battery is in a charging or discharging state, the accumulation 
of current with time changes the SOC, which in turn further 
changes the battery’s OCV, represented by voltage changes on 
the capacitor Co. In this model, capacitance Co not only repre-
sents the capacity of the Li-ion battery but also its direct cur-
rent response, thereby compensating for the deficiencies of the 
Thevenin model.

Voltage VCo at both ends of capacitance Co and voltage VCp at 
both ends of capacitance Cp are the state variables, terminal 
current IL is the input variable, and terminal voltage VL is the 
output variable. Equation (3) is then developed based on Kirch-
hoff’s law from which the PNGV model state-space equation is 
deduced.

(3) 

The PNGV model is the Li-ion battery model introduced by 
the US PNGV and is significantly influenced by the Freedom CAR 
hybrid electric vehicles. Parameter identification experiments 
can easily be conducted using this model owing to its systematic 
parameter identification methods and comparatively high model 
accuracy. As such, this model is among the most frequently ad-
opted models.

2.4 Modified thevenin model

The unipolar models of Li-ion batteries cannot always meet 
the dynamic performance requirements; thus, researchers 
have introduced many bipolar and multi-polar models [9]. 
Among these models, the modified thevenin model shown in 
Fig. 4 is frequently used. In this model, the ideal voltage source 
represents the OCV of the Li-ion battery, resistance RO is the 
ohmic internal resistance, resistance Re is the electrochemi-
cal polarization internal resistance, capacitance Ce is the 
electrochemical polarization capacitance, resistance Rc is the 
concentration polarization internal capacitance, capacitance 
Cc is the concentration polarization capacitance, VCe is the 
electrochemical polarization voltage, VCc is the concentration 
polarization voltage, IL is the load current, and VL is the termi-
nal voltage.

The electrochemical polarization voltage VCe and the concen-

tration polarization voltage VCc are the state variables, terminal 
current IL is the input variable, and terminal voltage VL is the 
output variable. Equation (4) is drawn based on Kirchhoff’s law 
from which the modified Thevenin model state-space equation 
is deduced.

(4)

The polarization of the modified Thevenin model includes the 
accurate demonstration of the dynamic characteristics of the 
battery. This model is increasingly used because of the increasing 
demands on Li-ion battery performance. However, similar to its 
original version, the modified Thevenin model fails to describe 
the changes in OCV caused by the timely integration of the load 
current IL. If the OCV in the Thevenin model is a variable, then 
the Li-ion battery OCV-SOC relationship equivalence can replace 
capacitance Co in the PNGV model. In spite of their deficiencies, 
the Thevenin model and its modified version are still of great 
practical significance.

2.5 Other models

Reference [10] introduces the CPE (constant phase element) in 
detail. This equivalent electrical circuit component can be used 
to describe the impedance-based equivalent circuit model. CPE 
impedance has multiple definitions, one of which is expressed 
below.

(5)

Where T is a constant, and Φ is related to the rotation angles of 
the pure capacitive lines on the complex planes. In general cases, 
Φ=1 represents a pure capacitance, Φ=0.5 represents the infinite 
Warburg impedance, Φ=0 denotes a pure impedance, and Φ=-1 
indicates a pure inductance.

Reference [11] establishes an impedance-based universal 
equivalent circuit model, which is shown in Fig. 5. In this model, 
L is the parasitic inductance, RO is the ohmic internal resistance, 
CDL (CPE) represents the double-electrode layers, RCT is the 
charge transfer, and ZW (CPE) is the Warburg impedance repre-
senting diffusion.

Such an impedance-based universal equivalent circuit model 
is only applicable to situations in which the frequency is already 
fixed or known because of difficulties in impedance measure-
ment or in the transformation from the frequency to the time 
domain.

Reference [9] introduces and compares several second- and 
third-order equivalent circuit models, whose working principles 
are similar to those of the modified Thevenin model. Reference 
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[12] proposes a Randle equivalent circuit model. This model 
divides the polarization resistance of the Thevenin model into 
two and describes their functions respectively based on their 
physical significance. Reference [13] presents the Massimo Cer-
aolo equivalent circuit model, a modified Thevenin model with 
a self-discharge resistance similar to the GNL model in refer-
ence [2].

3. MODEL PARAMETER IDENTIFICATION

The existing Li-ion battery model parameter identifica-
tion methods can be divided roughly into two categories. The 
methods that belong to the first category determine the model 
parameters through calculation equations and are applicable 
only to specific models. By contrast, the methods that belong to 
the second category obtain the model parameters through data 
fitting and are appropriate for most models. Nonetheless, both 
methods can only be adopted through auxiliary experiments. 
This review explains the three model identification methods.

3.1 Identification method I

Reference [6] explains the calculation of RC models in detail. 
The mechanism is explained in the succeeding paragraphs.

First, capacitance Cb should be calculated. The energy stored 
in capacitance Cb can be determined through OCV at 0%SOC 
and 100%SOC and is equal to the Li-ion battery’s rated capacity 
Qrated. 

(6)

Second, capacitance Cs should be identified. The pulse dis-
charge experiment shown in Fig. 6 is conducted; it can be as-
sumed to be approximately 

/
1 3 4 3( )(1 )tV V V V e τ= + − −  at empty 

load, and the time constant τ can be deduced. Given the time 
constant ( )e s sR R Cτ = + .

(7)

Third, resistances Rt, Re, and Rs should be estimated. Re is as-
sumed to be equal to Rs and comprises 80% of the total resis-
tance. Rt, Re, and Rs can then be calculated from the measured 
total resistance.

The identification method explained in the preceding para-
graph is comparatively rough but can meet the ordinary de-
mands. 

3.2 Identification method II

Reference [8] details the parameter identification methods 

employed in PNGV models, whose working principles are ex-
plained below.

The first principle is to conduct HPPC experiments. Time tK, 
terminal current IL,K, and terminal voltage VL,K can be obtained 
through equal interval SOC HPPC experiments. The integral 
( )L kI tΣ ∆  of the terminal current on time can be calculated with 
equation (8). This integral refers to changes in the charges in 
comparison with their initial states.

(8)

The second principle is to conduct multivariate linear regres-
sion analysis. The polarization time constant τ is estimated, 
and the polarization current IP,K is calculated with equation (9). 
( )L kI tΣ ∆ , IL,K and IP,K are the independent variables, and VL,K is 
the dependent variable. The multivariate linear regression analy-
sis is conducted based on equation (10), from which the model 
parameters OCV, 1/Co, Ro, and Rp as well as the fitting determina-
tion coefficient r2 are deduced.

 (9)

 (10)

The last principle is to determine the model parameters. The 
polarization time constant τ is changed to repeat the above pro-
cesses until the maximum fitting determination coefficient r2 is 
obtained, from which model parameters OCV, Co, Ro, Rp and C 
are deduced at the τ value.

This identification method is applicable to PNGV models, 
Thevenin models, modified Thevenin models, and other polar-
ization models.

3.3 Identification method III

Reference [13] introduces the identification of model param-
eters through z-transform methods, whose working principles 
are stipulated in the subsequent paragraphs.

First, the s domain equation should be acquired. For the PNGV 
model shown in Fig. 2, OCV is a constant, and a new terminal 

voltage L LV V OCV′ = −  can be obtained when the constant is rid 
of the circuit. The s equation of the circuit is

(11)

Second, the discrete s domain equation should be obtained. 
Conducting z-transform on the obtained s domain equation can 
yield the following discrete difference equation:

(12)
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sampling time.
Finally, parameters a, b, c, d, and e should be identified, and 

the model parameters should be calculated. Equation (12) can 
then be rewritten as

 (13)

The recursive least squares can be expressed as follows:

(14)

where 1
1

1 11
k k

k T
k k k

PG
P

ϕ
ϕ ϕ

+
+

+ +

=
+

, and 1 1 1
T

k k k k kP P G Pϕ+ + += − . After a,b,c,d, 

and e are obtained with recursive least squares, the model pa-
rameters can be obtained through calculation based on known 
data.

Reference [14] also introduces the recursive least squares that 
have weighting factors, and as a supplement, describes some de-
tails for the application of the method.

3.4 Other identification methods

References [2] and [3] both determine the model’s ohmic 
internal resistance by considering the circuit responses to the 
pulse charge and performing discharge experiments. These stud-
ies then fit the model parameters based on other circuit relation-
ships using least square methods.

Reference [10] presents a CPE model parameter calculation 
method, and reference [15] uses small signal square waves to 
identify the time domain parameters of the CPE model.

Reference [12] proposes that the ohmic resistance of the 
Randle model performs a linear change along with the discharge, 
and the remaining two resistances have an exponential relation-
ship with the discharge time. The model parameters are then 
identified through discharge experiments and nonlinear least 
square methods.

4. MODEL VERIFICATION

A model can be verified after it has been established for future 
application. One commonly adopted verification method [1] is 
to conduct the same tests with the Li-ion battery and the cor-
responding Li-ion battery model under the same conditions. 
The results of the Li-ion battery experiment should then be com-
pared with the simulation results from the Li-ion battery model 
for evaluation taking into consideration the average error, mean 
square error, or other indexes.

Verification experiments can be classified into two, namely, 
steady state or dynamic experiments. In steady state experi-
ments, different current levels are normally adopted for the 
charge or discharge process with a constant current. Contrarily, 
dynamic experiments are conducted using self-designed or 
typical verification cycles (e.g., FUDS, NEDC, and FTP-75)[16]. 
Driving cycles usually have requirements on velocity or power, 
and when a Li-ion battery experiment is conducted, the method 
provided in reference [17] can be followed to convert the velocity 
or power input into the current input.

The experiments require long durations for verification of 
model stability. The driving cycle experiments can be repeated 

simply or designed as required. Reference [8] details various ex-
periments for verifying Li-ion battery performance.

5. CONCLUSION

Considering the increasingly extensive application of Li-ion 
batteries, this review collects and presents the existing equiva-
lent circuit models. In particular, the models are thoroughly 
described, and their respective advantages and disadvantages 
are analyzed. In addition, several commonly adopted model 
parameter identification methods are discussed, and the basic 
methods and frequently used experiments for model verifica-
tion are briefly explained. In recent years, the requirements on 
Li-ion batteries brought about by electric vehicles and energy 
storage systems have drawn the attention of researchers to 
focus on Li-ion battery circuit models. The model establish-
ment process for various Li-ion battery circuit models can be 
summarized as applicability analysis, circuit model selection, 
parameter identification, and model verification. A universal 
high-accuracy Li-ion battery performance circuit model is yet 
to be established to cover all influential factors because of the 
diversity of Li-ion battery performance influences and their 
high nonlinearity.
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