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ABSTRACT 

In the electric circuit of combustion cars, the electric energy is produced by the internal alternator, Therefore, in 

the case of use of the accessories during its stops or in the cranking phase, it is essential to put a battery to store the energy 

captured to provide power. We have proposed in this paper to study the modeling of a lead acid battery to highlight the 

physical phenomena that govern the operation of the storage system. This work is devoted to the modeling and simulation 

of two battery models namely the model CIEMAT and the simplified electric model PSpice under the MATLAB 

environment. A pulse discharge and charge test are performed on a commercial automotive lead acid battery in order to 

collect data to evaluate those models, results are presented and compared. 
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1. INTRODUCTION 

The storage of electrical energy represents a 

major challenge. At present, however, only 

supercapacitors and accumulator batteries are capable of 

having an autonomous energy reserve. There are several 

types of accumulators and several electrical and chemical 

factors that can affect their performance. Hence the idea of 

looking for models to represent them to ensure a rigorous 

design. However, the difficulty for modeling an 

accumulator lies in the nature of the electrochemical 

and/or dynamic phenomena that occur during its 

operation. Indeed, to understand the behavior of an 

accumulator such as a battery, it is necessary to build a 

model capable of predicting and simulating its operation. 

This modeling proves, according to several authors very 

complex [4, 5]. Despite this, at the level of literature, there 

is a wide variety of drumming models described by several 

authors as [6] [7] [8][9]. Most often, in these models the 

battery is represented by an equivalent electrical circuit 

consisting of resistors, capacitors and other elements of 

fixed value or varying with parameters, such as state of 

charge and temperature [10]. 

To establish a reliable model capable of 

predicting operation, in solar energy applications 

photovoltaic, in this paper we propose to design, under the 

MATLAB / Simulink environment, two battery models; 

that is, based on the universal CIEMAT model [11,12,13]. 

and the one built according to the simplified classical 

model PSpice [14]. Then, we compared these two models 

with the experimental curves of the commercial 

automotive 62Ah, 12V, 540A (TUDOR TB620) lead acid 

battery. 

Our paper is organized as follows: after a brief 

introduction, in section 2, we briefly present the structure 

and principle of operation of the batteries. In section 3 we 

introduce the modeling of lead batteries, focusing on both 

so-called CIEMAT and PSpice models. In section 4, we 

expose and interpret the results of simulations of the 

models developed. This section concludes with a 

comparative study of our simulations with the 

experimental measurements of the manufacturer of 

TUDOR lead acid battery. Finally, our conclusions and 

perspectives are presented. 

 

2. STRUCTURE AND FUNCTIONING OF  

BATTERIES 

A battery consists of a set of electrochemical 

cells, capable of storing electrical energy in chemical 

form, then of restoring it partially afterwards, thanks to the 

reversibility of the reactions involved. These reactions 

consist of oxidation and reductions in the electrodes. The 

current is produced by the circulation of electrons between 

two plates or electrodes, a positive electrode composed of 

an oxidizing body, capable of attracting electrons, and a 

negative electrode composed of a reducing body, capable 

of giving off electrons. 

A battery is therefore characterized first of all by 

a couple "Oxidizer-Reducer", exchanging electrons, for 

example "Lead / Lead Oxide - Nickel / Cadmium". The 

association of two plates constitutes the primary entity of a 

battery. Both plates are immersed in a liquid electrolyte 

solution or gel (Electrolyte). It is a chemical reaction 

between the solution and the electrodes that causes the 

displacement of electrons and ions in the solution. Thus, 

the function of the electrolyte is to provide ionic 

conduction and, more generally, to participate in the 

chemical reaction. A porous insulator (separator) separates 

the two plates while allowing the passage of ions [16]. In 

the case of lead-acid batteries, they are based on the 

following oxidation-reduction reaction [15]: 

 ܾܲ + ܾܱܲଶ + ଶܵܪʹ ସܱ ↔ ʹܾܲଶ+ + ʹܵ ସܱଶ− +  ଶܱ      ሺͳሻܪʹ

 

3. MODELING LEAD-ACID BATTERIES 

In this part, we expose the models chosen to 

perform simulations. 

 

3.1 Description of the CIEMAT model 

The first model used for the simulation was 

developed by CIEMAT in Spain (Centro de 

Investigaciones Energéticas, Mediombientales y 

Technologicas) [12]. This model is based on the electrical 
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diagram of Figure-1. It defines the voltage across the 

battery according to some parameters, such as the imposed 

current, its state of charge and its temperature. This model 

takes into account the faradic efficiency in charge to 

calculate the evolution of its state of charge, while 

integrating the phase of degassing (hydrogen release) 

which is a phenomenon peculiar to lead batteries, causing 

a significant rise in voltage at the end of charge [17]. 

 

 
 

Figure-1.Equivalent circuit of the CIEMAT battery. 

 

In this model, for nb cells in series, the voltage 

across the battery is given below: 

 𝑉௕௔௧ = ݊௕ ܧ௕ + ݊௕ܴ௕௔௧ܫ௕௔௧                                                    ሺʹሻ 

 

Where Vbat and Ibat are the voltage and current of 

the battery, Eb is the e.m.f (electromotive force) of a cell 

of the battery and Rbat its internal resistance. 

The description of the behavior of the battery 

according to the CIEMAT model requires three equations 

corresponding to the three modes of operation: the 

discharge regime, the charging regime and the battery 

overload regime. The set of these equations takes into 

account the standardized expression of the battery capacity 

Cbat. The SOC state of charge of the battery is a function of 

the residual charge and the charging or discharging regime 

[4]. 

 

3.1.1 Modeling CBAT capacity 

The model of the capacitance Cbat gives the 

amount of energy that can be restored by the battery 

according to the average discharge current Ibat, moy, disc. This 

capacity is given by (3). 

ܥ  = ͳ.͸͹ × ͳܥ + Ͳ.͸͹ × ቀIbat, moy, discI10
ቁሺଵ+଴.଴଴ହ∆்ሻ                                  ሺ͵ሻ 

 

With: 

 

 I10: Nominal battery current (in A) given by the 

manufacturer. 

 C10: Nominal capacity of the battery (in Ah) in a 

constant current discharge regime for 10 hours. It is 

given by the manufacturer and is such that: 

ଵ଴ܥ  = ͳͲ ×  ଵ଴                                                                          (4)ܫ

 

 ΔT: The heating of the battery compared to the 

ambient temperature of 25 ° C. It is assumed to be 

identical for all elements of the battery. 

The state of charge of the battery SOC is a 

function of the capacitance Cbat and the amount of charge 

missing at the battery Qm which depends on the operating 

mode of the battery, it is defined by (5): 

 Qm = Iୠୟ୲ × t                                                                           ሺͷሻ 

 

Where t is the operating time of the battery with 

an Ibat current. The expression of the state of charge of the 

battery SOC is given by (6): 

ܥܱܵ  = ͳ − ܳ𝑚ܥ௕௔௧                                                                       ሺ͸ሻ 

 

The charge quantity Qbat at a time t, is obtained as 

a function of the value of the current Ibat, the Faradic 

efficiencies (charge and discharge) and the charge state 

SOC calculated at the previous instant Qt-1, according to: 

 ܳ௕௔௧ = {ܳ௧−ଵ + η௖ℎ௔௥𝑔௘     × ܳ௘𝑥௖ℎሺ𝑡ሻ      𝑖݂ ܫ௕௔௧ > Ͳܳ௧−ଵ + ηௗ𝑖௦௖ℎ௔௥𝑔௘ × ܳ௘𝑥௖ℎሺ𝑡ሻ      𝑖݂ ܫ௕௔௧ < Ͳ    (7) 

 

Where the amount of charge exchanged Qexch is: 

 ܳ௘𝑥௖ℎሺ𝑡ሻ = ∫ ௕௔௧ܫ  ሺ𝑡ሻ݀𝑡                                                         ௧଴ (8) 

 

3.1.2 Modelling faradic performance 
Faradic performance is efficiency that relate to 

the capacity of the battery to store energy. They do not 

involve Joule losses in the internal resistance. For the 

CIEMAT model, the faradic efficiency is taken into 

account in the case of the load and is assumed equal to 1 in 

the discharge regime. 

 ηௗ𝑖௦௖ℎ = ͳ                                                                                  (9) 

 

The faradic efficiency under load depends on the 

charge rate; it has a value close to 100% for low load 

currents and a low state of charge. Then, it gets worse as 

we approach full load. ηcharge is given by (10): 

 η௖ℎ௔௥𝑔௘ = ͳ − ݁𝑥݌ [ ଶ଴.଻ଷ𝐼್ೌ𝑡𝐼భబ +଴.ହହ ሺܱܵܥ − ͳሻ]                       (10) 

 

3.1.3 Battery voltage in discharge regime 
In discharge regime, the e.m.f and the internal 

resistance are determined by (11) and (12): 

௕−ௗ𝑖௦௖ℎܧ  = ͳ.ͻ͸ͷ + ሺͲ.ͳʹ ×  ሻ                                  (11)ܥܱܵ

 Rୠ−ୢ୧ୱୡ୦ = Rୠୟ୲ = ͳCଵ଴ ×  ( Ͷͳ + |Iୠୟ୲|଴.ଷ + Ͳ.ʹ͹SOCଵ.ହ + Ͳ.Ͳʹ)× ሺͳ − Ͳ.ͲͲ͹∆Tሻ                                 ሺͳʹሻ 

 

then the expression of the battery voltage, for this 

discharge regime: 

 𝑉௕௔௧−ௗ𝑖௦௖ℎ = ሺ݊௕ܧ௕−ௗ𝑖௦௖ℎሻ − ݊௕ܴ௕−ௗ𝑖௦௖ℎ|ܫ௕௔௧|               (13) 
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3.1.4 Battery voltage in charge regime 

In the charging regime and before the appearance 

of the phenomenon of "Gassing" (gaseous release of 

hydrogen and oxygen), the electromotive force and the 

internal resistance are determined by (14) and (15): 

௕−௖ℎ௔௥𝑔ܧ  = ʹ + Ͳ.ͳ͸ ×  (14)                                              ܥܱܵ 

 ܴ௕−௖ℎ௔௥ = ܴ௖ℎ௔௥ = ଵ𝐶భబ ቀ ଺ଵ+ሺ𝐼್ೌ𝑡ሻబ.86 + ଴.ସ଼ሺଵ−ௌ𝑂𝐶ሻభ.మ +Ͳ.Ͳ͵͸ቁ ሺͳ − Ͳ.Ͳʹͷ∆ܶሻ                                                         (15) 

 

The expression of the voltage of the battery 

before the overcharge (16): 

 𝑉௕௔௧−௖ℎ௔௥ = ݊௕ܧ௕−௖ℎ௔௥ + ݊௕ܴ௕−௖ℎ௔௥ܫ௕௔௧                                  (16) 

 

3.1.5 Battery voltage in overcharge regime 

In overload mode, the expression of the voltage 

of the battery takes into account two physical phenomena 

which are: 

 

 The "Gassing" whose tension is Vg. 

 The saturation that expresses the rest of the battery, 

when its state of charge no longer varies. the battery 

voltage called end of charge voltage Vec. 

 

For this overcharge regime, the expression of the 

battery voltage is then given by (17): 

 𝑉௕௔௧−𝑜𝑣௘௥௖ℎ = ݊௕𝑉𝑔 + ݊௕(𝑉௘௖ − 𝑉𝑔) [ͳ − ݁𝑥݌ (௧−௧𝑔𝜏𝑔 )]  (17) 

 

With: 

 tg: the instant after which Vbat-char = Vg. 

 Vg: "Gassing" tension expressed by (18). 

 Vec: end of charge voltage expressed by (19). 

 𝜏𝑔: Time constant expressed by (20). 

 𝑉𝑔 = [ʹ.ʹͶ + ͳ.ͻ͹ 𝑙݊ ቀͳ + 𝐼್ೌ𝑡𝐶భబ ቁ] ሺͳ − Ͳ.ͲͲʹ∆ܶሻ          (18) 

 𝑉௘௖ = [ʹ.Ͷͷ + ʹ.Ͳͳ 𝑙݊ ቀͳ + 𝐼್ೌ𝑡𝐶భబ ቁ] ሺͳ − Ͳ.ͲͲʹ∆ܶሻ        (19) 

 𝜏𝑔 = ͳ.͹͵ͳ + ͺͷʹ ቀ𝐼್ೌ𝑡𝐶భబ ቁଵ.଺଻                                                       ሺʹͲሻ 

 

The different mathematical formulations 

presented above, allowed us to develop, under the 

MATLAB / Simulink environment, the model of the 

CIEMAT battery, whose block diagram is represented in 

Figure-2. 

 

 
 

Figure-2. Diagram of the CIEMAT model of the lead-acid 

battery under MATLAB-Simulink. 

 

3.2 Description of the PSPice model  
The second model of the lead battery has been 

implemented on the basis of the so-called PSpice model 

[14]. It has two operating modes of charging and 

discharging. When the battery current is positive, then it is 

in charge mode. While it is in the discharge mode, if this 

current is negative. Figure-3 illustrates the equivalent 

diagram of the lead battery according to the PSpice model. 

 

 
 

Figure-3. Equivalent diagram of the PSpice battery. 

 

 The parameters listed below were used for modeling 

the lead-acid battery. 

 SOC1 = SOC (0): initial state of charge (%); 

 SOC (t): Available load (%); 

 SOCm: Maximum state of charge (Wh); 

 nb: Number of 2 V cells in series; 

 D: Battery discharge rate (h 
-1

); 

 Kb: Efficiency of charge and discharge of battery. 

 

As SOC varies linearly with the open-circuit 

voltage of the Vocb battery, the relationship between the 

open circuit voltage of the battery and the SOC charge 

state can be determined using the following table [14]. 

 

Table-1. State of charge according to Vocb. 
 

Voltage Vocb State of charge(%) 

12.64 100 

12.53 90 

12.46 80 

12.40 75 

12.26 60 

12.16 50 

11.98 25 

11.75 0 
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According to the PSpice model shown 

schematically in Figure-3 above, the voltage across the 

lead battery is then given by: 

 𝑉௕௔௧ = 𝑉ଵ + ܴଵܫ௕௔௧                                                                       ሺʹͳሻ 
 

V1 and R1 depending both on the operating mode 

of the battery; Ibat is positive when the battery is in charge 

mode (ch) and negative when it is in discharge mode 

(dch). 

In charging mode, the resistor Rch and the voltage 

Vch of the battery can be written as follows: 

 Rଵ = Rୡ୦ = ቆ Ͳ.ͳ͵ͻ(ͳ.Ͳ͸ − SoCሺtሻ) × nୠ + Ͳ.͹ͺͷቇ × ͳSoCm         ሺʹʹሻ 

 𝑉ଵ = 𝑉௖ℎ = ሺͲ.ͳͶͺ × ሺ𝑡ሻܿ݋ܵ + ʹሻ × ݊௕                                    ሺʹ͵ሻ 

 

In discharge mode, the resistance Rdch and the 

voltage Vdch of the battery are then written in the following 

manner: 

 Rଵ = Rୢୡ୦ = ( Ͳ.ͳͲ͵͹ሺSoCሺtሻ − Ͳ.ͳͶሻ × nୠ + Ͳ.͹ͺͷ) × ͳSoCm        ሺʹͶሻ 

 𝑉ଵ = 𝑉ௗ௖ℎ = ሺͲ.ͳʹͶ × ሺ𝑡ሻܿ݋ܵ + ͳ.ͻʹ͸ሻ × ݊௕               ሺʹͷሻ 

 

To estimate the value of SoC (t), the following 

equations will be used to describe the PSpice model [14]. 

 SoCሺt + dtሻ = SoCሺtሻ (ͳ − D dt͵͸ͲͲ)+ KୠሺVୠୟ୲Iୠୟ୲ − RଵIୠୟ୲ଶ ሻdt͵͸ͲͲ                 ሺʹ͸ሻ 

 

In the previous equation, the time is expressed in 

seconds. Using equation (21) of Vbat and after integration, 

the value of SoC (t) can be determined as indicated by 

(27): 

ሺ𝑡ሻܥ݋ܵ  = ሺ𝑡ܥ݋ܵ − ͳሻ + ͳ͵͸ͲͲ ∫ [𝐾௕𝑉ଵܫ௕௔௧ܵܥ݋𝑚 − ሺ𝑡ܥ݋ܵ − ͳሻ ܦ] ݀𝑡                     ሺʹ͹ሻ௧
௧−ଵ  

 

Following these mathematical formulations, we 

can develop, under the MATLAB / Simulink environment, 

the PSpice model of the lead-acid battery, whose block 

diagram is shown in Figure-4. 

 

 
 

Figure-4. Simulink model of the PSpice battery. 

 

 

4. ANALYSIS OF THE RESULTS 
Under the MATLAB / Simulink environment we 

simulated the two models thus developed; namely that of 

CIEMAT and that of PSPice. The characteristics of the 

battery used for our simulations are as follows: 

 

 Nominal capacity of the battery: C10 = 62 Ah; 

 Nominal current of the battery: I10 = 10 A;  

 Nominal voltage of the battery: Vbat-nom = 12 V; 

 Number of cells in series nb = 6. 

 

In order to validate the simulations and to have 

the results allowing evaluating the quality of the chosen 

model and that of the adopted approach, we used the 

experimental data presented by N. Achaibou and all. of 

reference [15]. The various results of simulations that we 

have reached are summarized in Figures 5 and 6. 

 

 
 

Figure-5. Comparison, in load mode, of the two CIEMAT 

and PSpice models, with experimental TUDOR TB620 

readings for a capacity of 62 Ah and for a current 

setpoint I = 10 A. 

 

 
 

Figure-6. Comparison, in discharge mode of both 

CIEMAT and PSpice models, with experimental TUDOR 

TB620 readings for a capacity of 62 Ah and for a current 

setpoint I = 10 A. 

 

These Figures 5 and 6 show well, in load mode, 

that despite the difference in the modeling approaches 

adopted, there is a certain similarity between the two 

battery models in comparison with the experimental 

readings of the TUDOR TB620 battery. 
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In discharge mode, we note that the CIEMAT 

model shows a rapid discharge, after 4.5 h, compared to 

that of PSpice. In addition, the response of the PSpice 

model is close to the experimental readings of the TUDOR 

TB620 battery. Finally, following our investigations 

presented above, we can confirm the superiority of the 

PSpice model over that of CIEMAT. 

 

5. CONCLUSIONS 

In this work, we presented one of the main 

components of electrical energy storage namely the 

battery. Two behavioral models were presented. After 

simulation of these models, we chose, for the rest of our 

study, the PSpice model because of its characteristics quite 

similar to that of the experimental readings of the TUDOR 

TB620 battery.  

In perspective to our current work, we will 

proceed to insert the model of the chosen battery, PSpice, 

into a hybrid system composed of several renewable 

energy sources. The management of this system can be 

ensured by different methods such as that which is based 

on multi-agent systems. 
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