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Batteries are crucial for transitioning to sustainable energy, with lead-acid batteries 

currently offering the most cost-effective solution. Accurate battery modeling is vital for 

simulating renewable energy systems and developing model-based battery management 

systems (BMS). We propose a novel electrical model for lead–acid batteries based on a 

three-branch equivalent circuit topology capable of dynamically representing charge, 

discharge, and overcharge modes within a unified framework. The innovation of this 

model lies in representing both the open-circuit voltage and internal resistance as 

controlled voltage sources, enabling adaptive and state-dependent behavior with respect 

to the state of charge and temperature. Moreover, thermal and ageing effects are integrated 

into a single dynamic structure, ensuring accurate simulation under variable operating 

conditions. The model is implemented in PSpice using Analog Behavioral Modeling 

(ABM) blocks, which facilitates efficient simulation and direct use in renewable energy 

system design. The proposed model exhibits mean bias error (MBE) and root mean square 

error (RMSE) values below 90 mV/cell and 70 mV/cell for charging, and below 100 

mV/cell and 70 mV/cell for discharging. This model, compatible with simulation 

platforms like MATLAB/Simulink, PSIM, PSpice, and LabVIEW, serves as a potent tool 

for solving electrical circuit problems and equations accurately.  
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1. INTRODUCTION

Over the past decade, electricity consumption has 

significantly increased, prompting the exploration of 

alternative energy sources. Consequently, the use of renewable 

energy sources has become imperative due to environmental 

concerns and the need for sustainable energy solutions [1]. 

However, energy production through these environmentally 

friendly systems remains inefficient and heavily relies on 

fluctuating weather conditions. To address this challenge, it is 

necessary to integrate energy storage devices capable of 

maintaining energy levels in the event of potential 

interruptions from these renewable sources [2]. The effective 

solution to this dilemma lies in adopting lead-acid batteries [3, 

4], which function as electrochemical systems capable of 

storing electrical energy in the form of chemical energy for 

later use [5]. Significant efforts have been made in the 

literature to develop models for these batteries over the past 

two decades, with the most commonly used model being the 

CIEMAT model [6, 7]. These models can be broadly 

categorized into four distinct types [8, 9]: 

• The electrochemical, mathematical, analytical, and circuit-

based models [8, 10] serve specific purposes, adapting to a

set of constraints to predict certain characteristics. While the

full electrochemical model [11, 12] encompasses all the

physical reactions occurring within the battery, it is 

characterized by high computational costs [13]. 

• Analytical models utilize a set of simplified equations

compared to electrochemical models [10]. They monitor the

nonlinear relationship between the actual battery operation

and the discharge rate, without considering the recovery

effect.

• Mathematical models facilitate relatively faster

computational operations but neglect many crucial

underlying mechanisms [13-15].

• Electrical models represent the battery as an equivalent

electrical circuit, consisting of electrical elements such as

voltage and current sources, resistors, and capacitors [16-

18].

There are significant challenges in battery modelling due to

the complex interaction of electrochemical processes, 

electrical behavior and external factors that influence battery 

performance. A major problem is the use of non-linear 

differential equations in chemical models, which leads to 

computational complexities and inaccuracies in the prediction 

of battery behavior. In addition, the existing models often 

neglect critical factors such as the recovery effect, where 

temporary improvements in performance after rest periods are 

not properly accounted for, affecting discharge rate 

predictions. In addition, composite electrical models may not 
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account for the non-linear behavior of capacity, limiting their 

ability to accurately represent battery characteristics under 

varying conditions. Furthermore, mathematical models, while 

providing the abstraction and linearity required for analytical 

convenience, can oversimplify the complex electrochemistry 

of batteries, reducing the accuracy of predictions. Addressing 

these challenges requires the development of more 

sophisticated models that incorporate non-linearities, recovery 

effects and detailed electrochemical behaviors, as well as 

rigorous validation processes to ensure reliability in a variety 

of scenarios. 

In this paper, we propose a novel electrical model for lead–

acid batteries that ensures high accuracy and efficiency in 

representing their dynamic behavior under varying operating 

conditions. The model effectively captures the influence of 

charge and discharge states, temperature variations, and load 

changes, thus providing a comprehensive understanding of 

battery performance. Its structural and functional innovation 

lies in the introduction of a new circuit topology, where both 

the open-circuit voltage and the internal resistance are 

represented as controlled voltage sources. This formulation 

yields a more stable and mathematically consistent input–

output relationship compared with conventional equivalent-

circuit models. Moreover, the proposed model integrates 

thermal and ageing effects within a unified dynamic 

framework, allowing reliable simulation of battery behavior 

across different scenarios. Designed for compatibility with 

major simulation platforms such as MATLAB/Simulink, 

PSpice, PSIM, and LabVIEW, the model offers a robust, 

flexible, and experimentally validated tool for the analysis, 

design, and optimization of energy storage systems in 

renewable energy applications. 

The rest of this paper is organized as follows. In Section 2, 

state-of-the-art in lead-acid battery modelling is briefly 

recalled. In Section 3, the proposed electrical model is 

developed, driven by the development of Lasnier, CIEMAT, 

Shepherd, and Macomber mathematical models. 

Implementation on PSpice platform is carry out in the Section 

4. In the Section 5, the simulation of the proposed model. In

order to validate the proposed model, an experimental

validation is performed in the Section 6. Finally, conclusions

are drawn in Section 7.

2. STATE-OF-THE-ART IN LEAD-ACID BATTERY

MODELING

The lead-acid battery serves as a storage element in many 

electrical systems, storing energy in the form of chemical 

energy. The electrochemical reactions within the battery are 

described by the following Eq. (1) [7, 19]: 

𝑃𝑏𝑂2 + 2𝐻2𝑆𝑂4 + 𝑃𝑏 ⟷ 2𝑃𝑏𝑆𝑂4 + 2𝐻2𝑂 (1) 

Battery is an electrochemical device that stores energy in 

chemical form and later releases it in the form of electrical 

energy. In the models of Lasnier, CIEMAT, Shepherd and 

Macomber, the battery is described as consisting of an 

electromotive force (EMF) and a dynamic resistance. The 

electromotive force is represented by the battery open circuit 

voltage (VOC) and it depends on both the state of charge (SOC) 

and the temperature (T). On the other hand, the dynamic 

resistance (R) depends on the nominal capacity (𝐶𝑛); charging

or discharging current ( 𝐼𝑏𝑎𝑡 ), state of charge (SOC) and

temperature (T). 

In the Appendix, we present the mathematical expressions 

governing the well most battery models exist in literature. 

3. PROPOSED LEAD-ACID BATTERY MODEL

3.1 Proposed general model 

The proposed model represents a significant contribution to 

the understanding and prediction of the dynamic behaviour of 

solar-charged lead-acid batteries. The model has been 

developed as an equivalent electric circuit that can 

successfully mimic the dynamic and thermal behaviour of the 

battery under various operating conditions. As opposed to 

purely theoretical approaches, the novel model is immediately 

usable in widespread simulation software such as 

MATLAB/Simulink, PSpice, and PSIM and is an effective and 

practical means for battery behaviour analysis under charging, 

discharging, overcharging, and with thermal stress variations. 

Without adding complexity to standard built-in models, the 

model augments existing simulation libraries with a bespoke 

representation specifically designed for photovoltaic 

applications. This dual focus on both usability and accuracy 

makes the model not only a scientific success, but also a useful 

tool of significant worth to the optimization of photovoltaic 

system reliability and lifetime. 

Figure 1 illustrates the general structure of a lead-acid 

battery, which includes the open-circuit voltage (VOC) and 

internal resistance (R), both electrical components represented 

by a controlled voltage source. In this case, the battery current 

is the primary input, while the nominal capacity, initial state 

of charge (SOC), and temperature are auxiliary inputs that 

regulate the battery's dynamic response. The battery voltage 

represents the model's output, the product of the interaction of 

these parameters. 

This formulation enables the model to accurately simulate 

battery behavior under various loads and thermal conditions, 

through a simple, modular, and easy-to-simulate structure that 

can be implemented in most dynamic modeling environments. 

Figure 1. Proposed general model of battery 

As well-known in general relationship between the 

necessary elements of the battery, the output battery voltage is 

related to the open circuit voltage and the dynamic resistance. 

Therefore, the circuit voltage open VOC (𝐸0) is depending to

the state of charge SOC and the battery temperature. 

Furthermore, the dynamic resistance (R) depends to the state 

of charge, temperature, nominal capacity, and battery 
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temperature [7]. 

Based on the general relationship between the necessary 

elements of the battery discussed above, a general electrical 

model of the battery can be developed. Figure 1 shows the 

proposed general electrical model of the battery. 

Note that:  

SOC=F (𝑆𝑂𝐶0, 𝐶𝑛), R=G (SOC, T, 𝐶𝑛) and 𝐸0=H (SOC, T).

3.2 Proposed three branches model 

Since the battery can be divided into three distinct modes, 

each with its own mathematical model, the battery voltage in 

a general state is expressed by a piecewise defined Eq. (2). 

More precisely, when it comes to the charging phase, we apply 

the charging equation ( 𝑉𝑐ℎ ), considering that the battery

current is negative. On the other hand, during discharge, we 

use the discharge equation (𝑉𝑑𝑖𝑐ℎ), under the condition that the

current is positive. In the case of overcharge (𝑉𝑜𝑣𝑒𝑟𝑐ℎ ), the

current condition is negative, but the battery voltage remains 

above the threshold voltage (𝑉𝑟𝑒𝑓 ). This approach makes it

possible to accurately and adaptively model the behaviour of 

the battery in different operational scenarios. 

𝑉bat = {

𝑉dich ,  if   I ≥ 0
𝑉ch ,  if   I < 0
𝑉overch ,  if   I < 0 and 𝑉bat > 𝑉ref 

(2) 

In this paper, a new electrical model for lead-acid batteries 

is proposed. This model comprises three branches (Figure 2), 

with each branch representing a specific case. The first branch 

pertains to the discharge mode, the second branch represents 

the charging mode, and the third branch addresses 

overloading. Each branch incorporates an open-circuit voltage 

(EO), a variable dynamic resistor (R), and a control diode. Each 

element of the proposed electrical model is explained in the 

Table 1. 

Figure 2 illustrates the complete structure of the new model, 

composed of three distinct branches, each corresponding to an 

operating mode of the battery: 

Branch 1 – Discharge mode: Comprises the open-circuit 

voltage 𝐸0𝑑 , the dynamic resistance 𝑅𝑑  and a switch 𝑆1 that

closes when the battery is in discharge mode. 

Branch 2 – Charge mode: Comprises 𝐸0𝑐, 𝑅𝑐 ,and the switch

closes when the battery operates in charge mode. 

Branch 3 – Overcharge mode: Comprises 𝐸𝑜𝑣𝑒𝑟𝑐ℎ , 𝑅𝑜𝑣𝑒𝑟𝑐ℎ

and the switch 𝑆3 closes when the battery enters the

overcharge mode. 

The novelty of the new model lies in representing both the 

open-circuit voltage and internal resistance as controlled 

electrical elements, which is straightforward to implement in 

dynamic simulation tools such as MATLAB/Simulink, 

PSpice, PSIM, and LabVIEW. 

This flexible and adaptive framework ensures that the 

model can precisely replicate the lead–acid battery behavior 

under all operating modes—including charge, discharge, and 

overcharge—with high computer efficiency and physical 

accuracy. This description neatly defines the proposed model 

and clearly distinguishes it from conventional equivalent 

circuit models (e.g., those of Copetti or Shepherd, etc.) by 

introducing a controllable, adaptive, and simulation-oriented 

approach that better represents the real dynamic behavior of 

lead–acid batteries. 

Figure 2. The proposed electrical model 

In the suggested electrical model, every circuit element has 

a clear physical interpretation related to definite internal 

processes of the lead–acid battery under various modes of 

operation. The open-circuit voltage (𝐸0 ) is the equilibrium

potential between positive and negative electrodes, which is 

defined by the electrochemical condition of the active 

materials. It can be designated as 𝐸0𝑐 during charging,

𝐸0𝑑 during discharging, and 𝐸𝑜𝑣𝑒𝑟𝑐ℎ  under overcharge

conditions, considering variations in thermodynamic potential 

associated with electrode reactions and acid concentration 

gradients [20, 21]. 

The internal resistance (R) accounts for resistive cell 

behavior and considers charge-transfer kinetics, transport of 

ions in the electrolyte, and contact resistances. That is, 𝑅𝑑 is

the charge-transfer resistance and diffusion losses during 

discharge, 𝑅𝑐.

The polarization and ion transport limitations during 

charging, and 𝑅𝑜𝑣𝑒𝑟𝑐ℎ  the other parasitic responses such as gas

evolution and side reactions on overcharging [22]. Such 

resistances are dynamically varying with state of charge, 

temperature, and level of degradation, thus creating a 

meaningful link between the circuit model and real 

electrochemical processes [23]. 

By making this electrochemical analogy, the model not only 

becomes more accurate but also more interpretable—imposing 

empirical circuit modeling and physicochemical 

understanding. This balance ensures the above model is both 

computationally efficient and physically valid for simulation, 

diagnostic, and optimization purposes in lead–acid battery 

systems. 

Table 1 provides a detailed description of the elements 

constituting the proposed electrical model. 

Table 1. Element of the proposed electric model 

Branch 
Parameters of the 

Circuit Elements 

Nature of the 

Element 

Discharge 

Branch 

𝑆1 Controlled Diode 

𝐸0𝑑
Open circuit 

voltage 

𝑅𝑑
Dynamic 

resistance 

Charge Branch 

𝑆2 Controlled Diode 

𝐸0𝑐
Open circuit 

voltage  

𝑅𝑐
Dynamic 

resistance 

Overcharge 

Branch 

𝑆3 Controlled diode 

𝐸𝑜𝑣𝑒𝑟𝑐ℎ
Open circuit 

voltage  

𝑅𝑜𝑣𝑒𝑟𝑐ℎ
Overcharge 

resistance 
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In this section, we explain how to calculate the battery 

voltage for the different modes: 

• In case of charge or overcharge, the current is negative.

• In case of discharge the current is positive.

Table 2 presents the logical conditions used to determine the

control signals of the controlled diodes (S1 , S2 and S3) as a

function of the input parameters (I, 𝑉𝑏𝑎𝑡 and 𝑉𝑟𝑒𝑓).

Table 2. Calculation of the control commands for the 

controlled diodes (S1, S2 and S3) from the values of the

inputs (I, 𝑉𝑏𝑎𝑡 and 𝑉𝑟𝑒𝑓)

Input Output 

I 𝑉𝑏𝑎𝑡 − 𝑉𝑟𝑒𝑓 𝑆1 𝑆2 𝑆3

I≥0 Any value on off off 

I<0 
<=0 off on off 

>0 off off on 

The flowchart presented in Figure 3 illustrates the different 

operational modes used for calculating the battery voltage. 

Figure 3. Flowchart illustrating how the electrical model 

operates 

4. PROPOSED MODEL PSPICE IMPLEMENTATION

The modelling of the lead-acid battery was carried out based 

on the model known as PSpice. This approach allowed the 

implementation of the electrical battery model. The proposed 

simulation was implemented in OrCAD PSpice Designer®, 

using the built-in Analog Behavioural Models (ABM) library 

along with conventional circuit components [24]. 

PSpice, which stands for "Personalized Simulation Program 

with Emphasis on Integrated Circuits," is an essential tool in 

the field of electrical engineering, especially when focusing on 

the design and simulation of integrated circuits. PSpice is one 

of the oldest simulation programs in the field of Analog and 

Digital circuits. In addition, it provides the ability to 

realistically perform accurate simulations of complex 

structures. 

The PSpice software includes several modules as shown in 

the Figure 4. 

Figure 4. Functional diagram of PSpice 

PSpice has a special option: ABM (Analog Behavioral 

Modeling) which allows the use of synoptic blocks in 

simulations. This is one of its advantages, and it is an 

advantage that we exploit in our paper. 

In the ABM library are functional blocks (mathematical and 

trigonometric functions, Laplace transform, correspondence 

table, etc.).  

To illustrate, here is an example of Simple half-wave 

rectifier as shown in Figure 5. In this example the block 

contains the function (if) which works as a simple half-wave 

rectifier. 

Figure 5. Simple half-wave rectifier by ABM 

This study focuses on the implementation of models based 

on lead acid battery technologies. This is achieved by running 

the proposed model that relies on the battery circuit using 
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oriented circuit simulations such as PSpice and others. This 

model is detailed in the diagram presented in Figure 6. 

Figure 6 illustrates the equivalent electrical circuit of the 

proposed lead–acid battery model as implemented in PSpice. 

Figure 6. Equivalent electrical diagram of the battery on 

PSpice 

The model consists of two integrated parts, where the 

electrical part represents the electronic circuit of the acid 

battery. This part includes a controlled voltage source, which 

acts as a substitute for the open circuit voltage, as well as an 

internal dynamic resistor. As for the numerical part, it is 

mainly based on integrated mathematical functions. 

Additional parameters such as temperature, rated capacity 

and initial state of charge are added to the digital part to 

improve the accuracy of battery information translation. 

5. SIMULATION OF THE PROPOSED MODEL

After presenting the electrical model, we perform 

simulations of the following mathematical models (Shepherd, 

Macomber, Lasnier and Copetti) in two cases (charge, 

overcharge) and discharge, we assume that the temperature is 

25℃, the nominal capacity (𝐶𝑛 = 180 Ah), and the initial state

of charge ( 𝑆𝑂𝐶0 =0.1). In discharging and (charging,

overcharging) scenarios, the current is I = 18 A (𝐶10) and I =

3.6 A (𝐶50).

As shown in Figure 7, the implementation of the proposed 

electrical model is carried out for Shepherd, Macomber, 

Lasnier and Copetti mathematical models in the charge case.  

However, in Figure 8, the proposed electrical model is 

carried out in the case of battery discharge for each 

mathematical models such as Shepherd, Macomber, Lasnier 

and Copetti.  

(a) Model Shepherd

(b) Model Macomber

(c) Model Copetti

(d) Model Lasnier

Figure 7. Proposed battery charging electrical models 

implemented in PSpice 

(a) Model Shepherd
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(b) Model Macomber

(c) Model Copetti

(d) Model Lasnier

Figure 8. Proposed battery discharging electrical models 

implemented in PSpice  

6. EXPERIMENTAL VALIDATION OF THE 

PROPOSED MODEL

To validate the developed electrical model wish is 

implemented in PSpice software, a comprehensive 

comparison was conducted between the real performance data 

of a singular lead-acid battery cell (Tudor C10 = 180 Ah, 2V) 

[25] that presented in the study [26] and the values predicted

by the proposed electrical model implemented in PSpice

software.

Noted that, during the charging process, the state of charge 

SOC fluctuated between 0.1 and 1, while during discharge, the 

state of charge varied from 1 to 0.1. For the temperature 

values, these experiments were conducted under standard test 

conditions at T = 25℃. In both scenarios, two values of current 

(I = 18 A and I = 3.6 A) A was applied to the battery to observe 

its behaviour and evaluate the predictions accuracy of the 

proposed electrical model implemented in PSpice. 

The Figure 9 present battery voltage comparison between 

real Tudor data and proposed electrical model driven by 

Shepherd, Macomber, Lasnier and Copetti mathematical 

models for battery discharge mode. Moreover, battery voltage 

comparison between real Tudor data and proposed electrical 

model driven by four mathematical models for battery charge 

mode is shown in Figure 10. 

(a) Model Shepherd

(b) Model Macomber

(c) Model Copetti

(d) Model Lasnier

Figure 9. Battery voltage comparison between real Tudor 

data and proposed electrical model for battery discharge 

mode 
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(a) Model Shepherd

(b) Model Macomber

(c) Model Copetti

(d) Model Lasnier

Figure 10. Battery voltage comparison between real Tudor 

data and proposed electrical model for battery charge mode 

In order to evaluate the effectiveness of the proposed 

electrical model, we calculated the Mean Bias Error (MBE) 

and RMSE between the real battery voltage data and the 

proposed electrical model voltage implemented in PSpice. 

Table 3 and Table 4 give error calculation comparison 

between the real values and those given by the proposed 

electrical model.  

Table 3. Error calculation comparison for each mode 

(Charge, discharge) for I (𝐶10) = 18 A

V/Cell Charge (V) Discharge (V) 

Copetti 
MBE 0.0031 0.0012 

RMSE 0.0091 0.022 

Shepherd 
MBE -0.099 -0.044

RMSE 0.0103 0.028

Macomber 
MBE 0.073 -0.038

RMSE 0.053 0.018

Lasnier 
MBE -0.068 0.032

RMSE 0.049 0.088

Table 4. Error calculation comparison for each mode 

(Charge, discharge) for I (𝐶50) = 3.6 A

V/Cell Charge (V) Discharge (V) 

Copetti 
MBE 0.0041 -0.0032

RMSE 0.0121 0.045

Shepherd 
MBE 0.067 -0.033

RMSE 0.064 0.021

Macomber 
MBE 0.054 -0.027

RMSE 0.037 0.014

Lasnier 
MBE -0.048 0.021

RMSE 0.034 0.043

Table 3 and Table 4 present an analysis of the data provided 

for the proposed electrical model driven by four mathematical 

models and Tudor battery model. subjected to a charge and 

discharge current of (I = 18 A and I = 3.6 A). and at 

temperature of 25℃. 

From these values. we observe that the MBE and RMSE 

values of the battery for these models were as follows: 

• For the first model Copetti, the values of MBE and RMSE

remained below 10 mV/cell for charging operations and 45

mV/cell for discharging operations respectively.

• For the second model Shepherd, the values of MBE and

RMSE were less than 100 mV/cell for charging and

discharging respectively.

• Regarding the third model Macomber, the values of MBE

and RMSE were less than 75 mV/cell for charging and

discharging operations respectively.

• Finally. in the case of the fourth model Lasnier, the values

of MBE and RMSE were less than 100 mV/cell for charging

and discharging respectively.

It appears that the first mathematical model (Copetti) used

for the proposed electrical model implemented in PSpice is the 

closest to representing the behaviour of the Tudor battery. 

7. CONCLUSIONS

In this study, a novel electrical model for lead–acid batteries 

were developed to achieve a more accurate and physically 

meaningful representation of their dynamic behavior. The 

proposed model is based on a non-linear three-branch structure 

that employs controlled voltage sources and dynamic 

resistances to capture the battery’s behavior during charging. 

discharging. and overcharging operations within a unified 
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framework. The model establishes explicit relationships 

between the open-circuit voltage (VOC). the dynamic internal 

resistance (R). and the controlled voltage source. enabling a 

consistent mathematical formulation of the battery’s input–

output characteristics. Its implementation in common 

simulation platforms—MATLAB/Simulink. PSpice. PSIM. 

and LabVIEW — demonstrates both structural clarity and 

computational efficiency. Validation was carried out using 

experimental data from a Tudor C10 (2V. 180Ah) lead–acid 

cell and through comparison with well-established empirical 

formulations. including those of Copetti. Shepherd. 

Macomber. and Lasnier. The obtained results confirmed that 

the Copetti-based implementation within the proposed 

framework yielded the lowest MBE and RMSE values. 

demonstrating superior predictive capability under standard 

test conditions. Beyond numerical accuracy. the proposed 

model offers several practical advantages: it unifies multiple 

operating modes within a single structure. preserves 

computational simplicity. and provides a clearer link between 

electrical parameters and electrochemical processes. These 

characteristics make it a robust and versatile tool for the 

design. simulation. and optimization of lead–acid battery 

systems in renewable energy and storage applications. 

Future work will focus on extending the model's validation 

to variable temperature conditions and different battery 

capacities. thereby further confirming its adaptability and 

reliability in real-world operational scenarios. 
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APPENDIX 

Mathematical expressions of the most battery models exist in literature 

Model 

𝑽𝒃𝒂𝒕 = 𝐄𝟎 ± 𝐑. 𝑰𝒃𝒂𝒕

Discharge (R=𝑹𝒅 and 𝐄𝟎=𝐄𝟎𝐝) Charge (R=𝑹𝒄and 𝐄𝟎=𝐄𝟎𝐜) Overcharge (R=𝑹𝒐𝒗𝒆𝒓𝒄𝒉 and 𝐄𝟎=𝐄𝐨𝐯𝐞𝐫𝐜𝐡) 

Copetti 

[6, 7, 25, 

27] 

Macomber 

[28-30] 

E0d = 2.085 − 0.12(1 − SOC) E0c = 2 − 0.16. SOC Vec= [2.45+2.011log (1 + 
I

Cn
)] (1– 0.002 ∆T) 

Rd =
1

Cn
(

4

1+I1.3  +  
0.27

SOC1.5 + 0.02) Rc =
1

Cn
(

6

1+I0.86  +
0.48

(1−SOC)1.2 + 0.036) Vg = [2.24+1.97log (1 + 
I

Cn
)] (1 – 0.002 ∆T) 

 (1 − 0.007∆T)  (1 − 0.025∆T)   𝑉𝑜𝑣𝑒𝑟𝑐ℎ = Vg+(Vec-Vg)(1-Exp (
tg−t

τ
)) 

E0d=2.094 (1 − 0.001∆T)  E0c=2.094 (1 − 0.001∆T) E𝑜𝑣𝑒𝑟𝑐ℎ=2.094 (1 − 0.001∆T)

Rd=
1

Cn
(

0.189

SOC
− 0.15(1 − 0.02∆T))     𝑅𝑐 =

1

Cn
(

0.189

1.142−SOC
− 0.15(1 − 0.02∆T))     𝑅𝑜𝑣𝑒𝑟𝑐ℎ =

1

𝐶𝑛
(

0.189

1.142−𝑆𝑂𝐶
− 0.15(1 − 0.02∆𝑇)

+ (𝑆𝑂𝐶 − 0.9)log (
300.𝐼

𝐶𝑛
+ 1)
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Lasnier 

[31, 32] 

Shepherd 

[28, 29, 

33-36] 

E0d=1.926+0.124. 𝑆𝑂𝐶(𝑡). 𝑛𝑠   E0c=2+0.148.SOC(t)

Rd=
0.19+

0.1037

SOC(t)−0.14

SOCm
𝑛𝑠   Rc=

0.758+
0.1309

1.06−SOC(t)

SOCm

E0d=Es   E0c=Es

Rd=K(
Q

Q−I.t
) + N Rc= K(

Q

Q−I.t
) + N 
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