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1. Introduction 

Battery is a device that stores electrical energy as chemical 

energy and converts chemical energy into electrical energy 

when a load is connected. In hybrid and electric vehicle tech-

nology, high voltage battery packs are used to supply electric 

energy for electric drive and auxiliary devices. Battery packs 

are formed by serial and parallel connection of many battery 

cells [1]. A single battery cell consists of a positive and neg-

ative electrode, electrolyte and a separator which is used to 

separate the electrodes from each other [2, 3].There are some 

parameters should be considered in the selection of batteries 

used in hybrid and electric vehicles. These parameters are as 

follows [4, 5, 6, 7]:   

 

 Mass and volumetric power density 

 Initial purchase & lifetime cost 

 Life cycle cost and operating time 

 Safety 

 Charge and discharge efficiency 

 

Nowadays, there are many types of batteries which have 

different chemical and physical structures to be used in hy-

brid and electric vehicles. In addition, battery technology is 

improving day by day. Batteries directly determine the vehi-

cle range in electric vehicles and have an important role in 

decreasing the fuel consumption in hybrid vehicles [8, 9]. In 
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Table 1, properties of some battery types which in the devel-

opment progress and are in use on hybrid vehicles can be 

seen. 
 

Table 1. Batteries used in hybrid and electric vehicles and their 

characteristic features [10] 

 
Battery 

type 

Operating 

temp.(C°) 

Efficiency 

(%) 

Density 

(Wh/kg) 

Voltage 

(V) 

Life 

cycle 

Lead- 

acid 
-30 - 60 85 20-40 2,1 200 

NiMH -20 - 50 80 40-60 1,2 <2500 

Li-ion -20 55 93 100-200 3,6 <2500 
 

Lead acid batteries are used in power systems in many sec-

tors for more than a century. Its cost-efficiency, high dis-

charge current, maintainability are among the most important 

advantages of this battery type. However, there are some dis-

advantages such as low cycle life and low energy density 

compared to other battery packs [4]. 

Even though nickel cadmium batteries is an alternative 

storage source in daily usage thanks to their advantages such 

as higher energy density, long cycle life and low mainte-

nance costs compared to lead acid batteries, they are that 

common. NiMH batteries are developed to decrease nickel 

cadmium batteries’ disadvantages. NiMH batteries have 

higher power density even though there is no change in nom-

inal voltage values. Safety problems may occur when NiMH  

batteries are overcharged [11,12,13]. 

The most common battery type used in hybrid and elec-

tric vehicle is lithium ion batteries. Lithium batteries were 

commercially produced in the 1990s and their use became 

rapidly widespread. Lithium ion batteries have high stor-

age energy efficiency and higher energy density compared 

to other battery technologies [14]. Lithium ion batteries 

have approximately 110-160 Wh/kg energy density. Many 

studies are being carried out to improve the chemical struc-

ture of lithium batteries and to increase its safety and en-

ergy density. These studies are especially focused on the 

development of alternative materials and cost reduction for 

the electrode construction of lithium ion batteries [4,15].  

  Lithium polymer batteries have approximately lithium 

ion batteries properties. The only difference between these 

two battery structures is using of  polymer material as the 

electrolyte.  Polymer electrolyte material has higher con-

ductivity than other organic liquid electrolytes [8]. Lithium 

iron phosphate batteries are lithium batteries that their pos-

itive electrode material is lithium iron phosphate. Lithium 

iron phosphate batteries are widely used due to the high 

energy density, life cycle and safety. Besides these ad-

vantages, its performance is slightly lower than other lith-

ium-ion batteries. In lithium sulfide (Li-S) batteries, sulfur 

is used as the cathode material. Lithium sulfide batteries 

are lithium-based batteries with high energy density, high 

charging efficiency, low cell voltage and an average cycle 

life [11]. Characteristic of lithium based battery types are 

shown on Table 2.  

 

 

Table 2. Lithium battery types used in hybrid and electric vehicles and their characteristics [10, 16] 
 

Initials LCO NLO LMO LFP LTO 

Battery type Lithium Cobalt 

Oxide 

Lithium Nickel 

Oxide 

Lithium Manganese 

Oxide 

Lithium Iron 

Phosphate 

Lithium Tita-

nate 

Positive electrode LiCoO2 LiNiO2 LiMn2O4 LiFePO4 LMO, NCA 

Cell voltage (V) 3,7–3,9 3,6 4 3,3 2,3-2,5 

Energy density (Wh/kg) 150 150 120 130 85 

Power + 0 + + ++ 

Safety - 0 + + ++ 

Life cycle - 0 0 + +++ 

 

Another point to be mentioned about the batteries used 

in electric and hybrid vehicles is the control of the battery 

temperature. The purpose of battery cooling system is to 

keep the battery in the optimum temperature range neces-

sary for it to operate in high efficiency and safe. Two basic 

battery temperature control systems, air and liquid cooling 

and heating, are widely used in electric and hybrid vehicles. 

Liquid and air-cooled systems are examined in two differ-

ent groups: active and passive. The most effective cooling 

in batteries is provided by liquid and active cooling system 

[17,18,19]. 

Ceylan M. et al, created a hybrid battery model and 

proved the accuracy of the model with measurements 

made in the laboratory environment. As the battery cell, 

they used lithium-ion battery cell with high energy density 

and long life cycle. They created the model of the battery 

using the equivalent circuit Thevenin method. While an 

average of 0.422% error was observed between simulation 

outputs and experiment results, a maximum of 3% error 

was obtained. This study proves that the battery model cre-

ated using the equivalent circuit method is very close to 

reality [20]. Tremblay O. et al, created a battery model for 

use on dynamic simulation software. The variable param-

eter of the battery model has only been determined as the 

battery charge rate. They determined the variable parame-

ter of the battery model only as the battery charge rate. The 
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internal resistance graphic depending on the battery charge 

rate is taken from the manufacturer. Using mathematical 

equations, they calculated the battery efficiency based on 

battery charge rate. In this model which is created for 

nickel metal hidirite battery cell, they obtained the average 

battery cell efficiency as 99.5%. By creating models of dif-

ferent types of battery cells, they obtained battery cell volt-

ages depending on time. They validated the model by com-

paring the results with manufacturer’s data. They provided 

the verified battery model to be used on a hybrid vehicle 

model [21]. Samadani E. et al, created the lithium ion bat-

tery pack model and also performed the characterization 

test. The battery pack was created with 20 serial connec-

tions of the LiFeMnPO4 battery cell. The created battery 

pack model was subjected to different tests by using it on 

a Ford Escape vehicle. Open circuit voltage graphs based 

on the battery model and test process and the battery 

charge ratio were compared and they found that the differ-

ence between the values obtained was acceptable. In the 

internal resistance graph depending on the battery charge 

rate, it was found that it works most efficiently when the 

charge rate is between 10% and 90%.  They obtained that 

the battery internal resistance values were close to 210 

mOhm as the battery charge rate was approaching to 0% 

and to 100%. They found that the lowest resistance is 60 

mOhm at the level where the battery charge rate is 55% 

[22].  

In this study, the testing process of the battery cell is 

carried out in order to determine the characteristics of the 

battery cell to be used in the modeling of the lithium-ion 

battery pack. In order to create the best simulation of a bat-

tery pack, it is necessary to know some characteristic prop-

erties of the battery cell.  In the design of the battery pack 

to be used on the hybrid vehicle, a 18650 size lithium ion 

battery cell is used. This battery cell allows minimum 5 A 

discharge and 1.62 A charge currents and is suitable for 

use on hybrid and electric vehicles. In addition, this battery 

cell has features (high energy density, high safety, etc.) 

that will allow it to be used on electric and hybrid vehicles. 

Battery cell manufacturers give the average internal re-

sistance value of the battery cell in the catalogs. However, 

since factors such as ambient temperature, battery charge 

life cycle constantly change the internal resistance of the 

battery, the datasheet and catalogs cannot share the inter-

nal resistance graph based on the battery charge rate. In 

this study, a battery test setup is created. During the charg-

ing and discharging of the battery cell, open circuit voltage, 

internal resistance and efficiency graphs based on the SOC 

are obtained. In case the battery cell is charged and dis-

charged with a current of 1 A, the efficiency values of the 

battery cell depending on the battery charge rate are ob-

tained. 

 

 

2. Material and method 

Batteries are used on hybrid and electric vehicles to pro-

vide electric power to the electric motor and accessories. 

There are many types of batteries vary on their technical 

properties, voltage changes, operating temperatures and 

modeling method. The battery charge status must be 

known in order to observe the charge status of the battery 

and to control the hybrid system according to the charge 

status [21]. 

A battery model is created to determine the battery char-

acteristics of the batteries. There are four common meth-

ods for battery modelling. These methods are analytical 

(experimental), statistical, electrochemical (physical) and 

electrical circuit models [23]. 

Analytical model is combination of physical and statis-

tical model. The physical model is created with the values 

obtained with the help of experiments [20]. The statistical 

model is based on creating meaningful structures from in-

formation rather than deriving parameters with physical 

data or mathematical models. This modeling method is 

easy and fast, but its level of accuracy is low compared to 

other methods. This modeling method is not very preferred 

due to the low level of accuracy [11].  Electrochemical 

circuit models are one modeling type based on the chemi-

cal structure of the battery. This model is the best sensitive 

type of modeling but its structure is complex and difficult. 

It is not very preferred due to difficulty of application [20]. 

The electrical circuit model is created on equivalent cir-

cuits. The battery model created with equivalent circuits 

also allows mathematical operations to increase the accu-

racy of the battery model [11]. Power systems used on the 

vehicle tend to be gotten feed from the battery without los-

ing any power. By creating a battery circuit model, battery 

operating time, charge status estimation and optimization 

can be easily resolved. Electrical circuit models are created 

by using the parameter values of the battery and circuit el-

ements [24,25]. These parameters can be obtained experi-

mentally and can be used with theoretical values. Many 

equivalent circuit models are used in the electrical circuit 

model and these models can be seen in Figure 1. 
 

 

Fig. 1. Equivalent circuit models [11] 

 

The equivalent circuit method is divided into four 

groups as Rint, PNGV, RC and Thevenin models. In the 



 

T. Kocakulak / International Journal of Automotive Science and Technology 4 (4): 264-271, 2020 

 

267 

 

battery model created in this study, equivalent circuit Rint 

method is used. 

 

2.1. Equivalent circuit Rint method  

In this study, the battery cell model is created with the 

equivalent circuit method, the Rint circuit method. Figure 

2 shows the Rint circuit diagram of the battery cell model. 

 

Fig. 2. Rint battery circuit diagram 

 

In the process of using electric motor and high voltage 

receivers working on the hybrid electric vehicle, energy is 

supplied from the battery. Pbat shows the power that receiv-

ers tend to use from the battery and the SOC (Battery 

charge status) indicates the battery's charge rate. 

In order to calculate the battery charge status, the current 

used from the battery (Ibat) must be calculated. The effect 

of battery temperature on battery internal resistance is also 

evaluated. Battery charge status and battery efficiency are 

taken as output from the battery model. The parameters, 

the input and output of which are provided in the battery 

model, are shown in Figure 3. 

 

 
 

Fig. 3. Battery model input and output parameters 

 

In order to calculate battery SOC and efficiency values, 

mathematical equations of battery Rint circuit model are 

used [26].  
 

arg

internal

arge

0 ( )

0 ( )

bat ch e

bat disch

I ise R SOC
R

I ise R SOC

  
  

  
        (1) 

 
The current value of the battery cell is considered nega-

tive during the charging period, and the current value is 

considered positive during the discharge process. Accord-

ing to equivalent circuit method, Rint method, the relation-

ship between battery voltage, battery open circuit voltage, 

current and internal resistance is stated as follows: 

 

internal( )bat oc batV V SOC I R                     (2) 

 

The relationship between the power used from the bat-

tery, battery voltage and current is stated as follows: 

bat

bat

bat

P
I

V
                                  (3) 

Change of battery charge rate (SOC) over time is stated 

as follows: 

0

t

bat bat

t

TotEn

V I dt

SOC
Bat

 


                         (4) 

And the battery SOC can be formulated as follows: 

 

iSOC SOC SOC                          (5) 

Rinternal used in equations defines the internal resistance 

of the battery, Rcharge defines the internal resistance of the 

battery during charging, Rdischarge defines the internal re-

sistance of the battery during the discharge. 

Battery efficiency is an important part of the energy ef-

ficiency of hybrid and electric vehicles. It is possible to 

calculate battery efficiency with a set of mathematical 

equation. During the charging and discharging, the internal 

resistances depending on the battery SOC should be 

known. The battery efficiency equation is derived by cal-

culating the power loss caused by the internal resistance. 

The equation used to calculate battery efficiency is given 

in Equation 6 [27].  

 

2

2

0

0

oc bat

bat

oc bat bat ic

bat

oc bat

bat

oc bat bat ic

V I
I ise

V I I R

V I
I ise

V I I R



 
  

  
 
  

          (6) 

2.2. Test setup 

The schematic representation of the test setup prepared 

for the battery cell test is shown in Figure 4. In the test 

scenario, the battery cell is charged / discharged for a cer-

tain amount of time, and data output  is provided for the 

cases where the circuit is closed and opened at 30 second 

periods. 

In the test setup, this process is enabled by the relay con-

trolled by the Arduino mega. In the case of a charge test, 

the charger is taken to the system by means of a key. In the 

discharge test process, resistance is included into the cir-

cuit. 
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The current value is measured by connecting the amme-

ter to the circuit in series, and the system and battery volt-

age are measured by connecting the voltmeter in parallel 

to the circuit. 

 

  

 

Fig.4. Schematic representation and prototype of the battery cell test setup 

 

The devices and equipment in Table 3 are the materials 

used in the preparation of the setup for testing the battery. 

Table 3. Properties of test materials 

Material Description 

Battery cell 18650 

Relay Finder 5 V (maximum 250 A) 

Resistance ARCOL 2,2 Ohm 100 W 

Controller Arduino Mega 

Measuring Device UNI-T UT58D 

Charging device TP4056 

Cable AWG 6 Standard 

Cooler 12 V fan 

 

Characteristic properties of the battery cell that is used 

in the test are shown in Table 4. 

 

Table 4. Characteristic properties of the battery cell [28] 

 

Nominal 

capacity

(mAh) 

Nominal 

Voltage

(V) 

Min/Max. 

Voltage 

(V) 

Max. 

Charge/discharge 

current (A) 

3400 3,6 2,5 - 4,2 1,625 - 5 

 

The battery cell is fully charged with the charger before 

discharge test. During the discharge test, the battery cell is 

discharged for 30 seconds, and before the circuit was cut, 

the circuit voltage and current are measured, and after the 

circuit was cut, the open circuit voltage is measured. This 

process is repeated 205 times and each data is recorded.  

The maximum discharge state of the battery cell is pro-

vided before the charge test. During the charging test, the  

battery cell is charged for 30 seconds and the circuit volt-

age and current is measured before the circuit is cut, and 

the open circuit voltage is measured after the circuit is cut. 

This process is repeated 437 times and each data is rec-

orded. Using the open circuit voltage (Voc), circuit voltage 

(Vbat) and current (Ibat) data obtained by the test method, 

the internal resistance (mOhm) and efficiency (%) values 

of the battery cell is calculated. 

 

3. Result and discussion 

As a result of the test carried out within the scope of this 

study, the internal resistance and efficiency are calculated 

by measuring the circuit voltage, open circuit voltage and 

current depending on the battery charge rate during the 

charge and discharge of the battery cell. 

Open circuit voltage graph obtained as a result of the test, 

depending on the battery cell SOC during discharge and 

charging is shown in Figure 5. The battery open circuit 

voltage graph obtained is compared with the values in the 

battery cell data sheet and its accuracy is confirmed. 

It has been observed that the battery cell voltage has 

reached a maximum value of 4.15 V as a result of the cur-

rent cut of the charging module. In the discharge test pro-

cess, it is observed that the open circuit voltage is 3.2 V 

when the battery cell charge rate is 7%, and the decrease 

in the open circuit voltage value is accelerated if it drops 

below this level. 
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Fig. 5. Open circuit voltage graph based on battery SOC during charging and discharging 

 

The internal resistance graph depending on the battery 

cell charge rate during battery cell discharge and charging 

is shown in Figure 6. As a result of the test, it has been 

observed that the battery cell charge rate starts to rise if it 

drops below 15%. In case of the battery cell charge rate is 

between 15% to %95, it was determined that the average 

internal resistance in the discharge process is 51,452 

mOhm and 57,48 mOhm in the charging process. 

 

Fig. 6.  Internal resistance graph graph based on battery SOC during charging and discharging 

 

The efficiency graph based on the battery cell charge 

rate during battery cell discharging and charging is created 

as shown in Figure 7. In case of the battery cell charge rate  

 

is between 15% to %95, it is determined that the average 

efficiency during the discharging (1 A) process is 98,58% 

and the charging (1A) process is 98,496%.  

 

Fig. 7. Efficiency graph graph based on battery SOC during charging and discharging 
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4. Conclusion 

In this study, the charge and discharge tests of the lith-

ium battery cell used on hybrid vehicles are carried out and 

the characteristics of the cells are determined by equivalent 

circuit method the Rint method. As a result of the tests and 

calculations, it is observed when the battery cell charge 

rate is between 15% to %95, the average internal resistance 

value is 51,452 mOhm in the discharge process and 57,48 

mOhm in the charging process. In case of the battery cell 

charge rate is between 15% to %95, it is determined that 

the average efficiency in the discharging process is 98,58% 

and 98,496% in the charging process. The most accurate 

result in the creation of hybrid and electric vehicle battery 

models is the equivalent circuit method as can be seen in 

the related literature.  The graphs obtained as a result of 

the study can be used directly in the modeling of the bat-

tery with the equivalent circuit method, Rint method.  

Open circuit voltage, battery cell internal resistance and 

efficiency graphs obtained as a result of the study can be 

provided as an input to battery and battery management 

system models created for hybrid and electric vehicle mod-

els. 
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Nomenclature 

Battoten : battery total energy (kWh) 

Ibat : battery current (A) 

Li-ion : lithium ion 

NiMH : Nikel metal hidrat 

Pbat : battery power (W) 

PNGV : partnership for a new generation of vehicles 

RC : resistor-capacitor 

Rinternal : internal resistance (mOhm) 

SOC : State of charge 

Vbat : battery voltage (V) 

Voc : open circuit voltage (V) 
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