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Abstract

Battery selection remains an up-to-date engineering problem for hybrid and electric ve-
hicle manufacturers. Type of battery and its capacity will depend on the trip and vehicle
parameters. An electric vehicle produced with the ideal battery type will undoubtedly be
preferred by customers. Data collected from black boxes of trolleybuses operated by Ma-
latya Metropolitan Municipality were used in this study. The real road and driver charac-
teristics were included in the study with the experimentally obtained data. These data are
the accelerator pedal data obtained from vehicles driven by different drivers in regular and
congested traffic hours. In this study, four different battery chemistries were run separately
on a hybrid vehicle model and analyzed. Chosen battery chemistries are the most com-
monly used by manufacturers. These are Lead Acid, Nickel Cadmium, Nickel Metal Hy-
dride and Lithium Iron Phosphate batteries. The results of the study are presented in detail
comparatively. Among the battery chemistries, Lithium iron phosphate is observed to be
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1. Introduction

In today's world, besides the decrease in energy resources,
the environmental problems caused by fossil fuels and the in-
crease of environmental sensitivity in individuals reinforce the
importance of renewable energy resources. For this reason, stud-
ies on renewable energy sources are increasing rapidly. One of
the focal points of these studies is sustainable transportation,
which is vehicles powered by renewable energy (1). Leaving the
internal combustion engine technology that has dominated the
automotive industry for years and completely transitioning to
electric vehicle technology, it is seen as a risk factor for vehicle
manufacturers (2). In addition, the lack of financial and political
support provided by governments is another factor that reduces
consumers' interest in electric vehicles (3). Vehicle manufactur-
ers also face a dilemma in the face of these adverse situations
(4,5).

Technology behind electric vehicles dates back to mid-19th
century (6). However, since the energy storage problem could
not be overcome, it had to be supported by internal combustion
engines (7). This was a driving reason for the development of
hybrid electric vehicles. Therefore, it can be said that hybrid ve-
hicles are a transition between fossil fuel vehicles and electric

vehicles (8). The main problem of automotive manufacturers in
the development process of hybrid and electric vehicles has al-
ways been related to batteries. At this point, the optimal selec-
tion of batteries' cost, safety, energy storage capacity and
lifespan are critical parameters not only in the vehicle manufac-
turing process but also in every stage of life cycle. Choosing the
right battery is of great importance for manufacturers working
on the concept of hybrid electric vehicles. Currently, three types
of battery chemistry are preferred in electric vehicle technolo-
gies and are widely used for automotive applications. These
types are; lead acid (Pb-Acid), nickel metal hydride (Ni-Mh) and
lithium based batteries. Lead acid batteries, which are widely
used in automobiles, consist of six cells connected in series (9).
In such batteries, the anode of each cell is made of lead. The
cathode part is made of lead dioxide placed on a metal plate (10).
The cathode and anode are immersed in a sulfuric acid solution
that acts as an electrolyte (11). Lead acid batteries are widely
preferred by manufacturers as they are used in systems such as
lighting, starting and ignition due to their low cost. Besides, they
are also used in vehicles such as golf carts and wheelchairs as
the main power source (12). Nickel metal hydride batteries are
one of the frequently used battery types for electric vehicles. For
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example, nickel metal hydride batteries were used in the General
Motors EV1 electric car, which was the first mass production
electric vehicle (13). In recent decades, various lithium-based
battery technologies have been studied and developed for their
ability to be used in battery electric vehicles and hybrid electric
vehicles (14). Some of the lithium-based batteries are Lithium
Iron Phosphate (LFP), Lithium Titanate Oxide (LTQO) and Lith-
ium Sulfur Dioxide batteries (15).

Lithium iron phosphate (LiFePO4 - LFP) batteries play a
dominant role in the electric vehicle industry because they are
less affected by changes in ambient temperature, they can work
more efficiently at high temperatures, charge relatively faster,
and most importantly, they are safer on the basis of these fea-
tures. For applications requiring high power, such as with an
electric vehicle, the preferred LFP battery cells have an average
nominal cell voltage of 3.3 Volts (16). This kind of batteries
have a relatively slow capacity fade compared to other lithium-
based batteries and have a longer shelf life. LFP batteries are
gaining popularity day by day among automobile manufacturers
and the R&D community as they can maintain their nominal
voltage in the 10% - 90% state-of-charge range (17-19).

The general parameters of these three types of batteries
mentioned above are presented in Table 1. As can be seen that
lithium iron phosphate (LFP) batteries are the most suitable bat-
tery type for use in electric vehicles with their high energy den-
sity, long working life and high reliability (3,20,21).

Table 1. General technical specifications of batteries with different
chemistry used in electric vehicles

Nickel s Ni
Parameters Legd Metal Lithium Cd
Acid . lon
Hydride
Nominal Voltage
2 3.2 3.6-3.7 1.2
V)
Charge Voltage
16 3.7 3.7 1.4
V)
Life (Cycles) 2000 1500 3000 2000
Operating
Temperature (C) 60 100 8 50
Safety Low Medium Good Good
Energy Density
(Whikg) 40 70 150 60

The fact that battery types have different voltage and current
levels allows each battery pack to operate in different ranges. In
this study, by modeling a hybrid electric vehicle and using real
operation data, the accelerator pedal signals of different days
and hours are examined by applying them on two different sce-
narios (22-25). These data have been processed based on spec-
ified driving scenarios and have provided a real driving experi-
ence with different battery types for the hybrid vehicle. In our

previous studies (26,27) tests were carried out on four different
battery chemistries with different driving scenarios and the data
obtained were presented in tables and  figures (28).

Turgut 6zl Bulvan,
Yanyolu 1065712

Fig. 1. Malatya city trolleybus route and elevation profile

In this study, more realistic data was obtained with the ac-
celerator pedal signals received from a fully electric trolleybus
vehicle (29,30). These vehicles provide public transportation
services in Malatya city between Inonu University on the east
side and the intercity bus terminal on the west side. This route is
38.2 km long and is shown in Figure 1.

The accelerator pedal signals used were taken from the black
boxes integrated into the communication line. The aim here is to
integrate the hybrid electric vehicle modeled by taking the real
accelerator pedal signals of different drivers, and enable the hy-
brid electric vehicle to operate on the same route (31). When a
hybrid vehicle is in operation, the electric motor must be acti-
vated and deactivated according to the power required. When
the electric motor is activated, the batteries will begin to dis-
charge and when the electric motor is deactivated, the batteries
will begin to charge (31). During this application, a parameter
was needed to define the transition of the vehicle from the inter-
nal combustion engine to the electric engine (9). For this reason,
hybrid mode has been defined. The charge and discharge char-
acteristics of four different types of batteries have been investi-
gated on this model.

2. Material and Methods

2.1 Vehicle Dynamic Model

The motion of an object is the result of the forces acting on
that object. From such a simple perspective, the motion of an
electric vehicle, despite its complexity, can be calculated ac-
cording to the resultant of the forces acting on it. This is called
the mathematical model of the vehicle. Therefore, the movement
of the vehicle can be modeled by examining the forces acting on
the vehicle separately. The forces acting on the vehicle are as in
Figure 2.
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Fig. 2. Forces acting on the vehicle (32)

These forces can be calculated with the help of the following
equations.

mV, = F, — F; —mgsin 8 €))
Fe = n(Fxf + Fxr) 2
1
Fq= ECdpA(Vx +7,)? ®)
F. = —h(Fg+mg sin B+mVy)+bmg cos B

zf = n(a+b) (4)
_ h(Fy+mgsin B +mV,) + amg cos B 5)

S n(a + b)

Here;

CG: Center of gravity

h: Height of the center of gravity

g: Gravitational acceleration

m: Total mass of the vehicle

B: Angle of inclination

a, b: The distance of the projection of the center of gravity to the
axle plane to the front and rear axle

V,.: Vehicle speed

V,,: Wind speed

n: Number of wheels on each axle

Fyr, Fe: Longitudinal forces at the point of contact of the front
and rear wheels with the ground

F,¢, F,,: Normal forces at the point of contact of the front and
rear wheels with the ground

A: Effective front area of the vehicle

C,: Aerodynamic drag coefficient

p: Air density

F;: Aerodynamic drag force

The state of the car can be simulated instantaneously with
the functions created while the vehicle is in motion. At this
point, the dynamic model of the vehicle alone is not sufficient
for a realistic simulation. In addition, parts such as mechanical
connection assembly, engine, and electrical systems should be
included in the model.

2.1 Mechanical Coupler Model

In parallel hybrid and serial parallel hybrid vehicles, the in-
ternal combustion engine and electric motor provide the traction
required for the vehicle together or separately. The power from
both motors is brought together by a mechanical link which gen-
erally has two types: torque connection and speed connection
[16]. In the torque connection, the torques obtained from the in-
ternal combustion engine and the electric motor are combined
and transmitted to the axle. In the speed connection, the speeds
of the internal combustion engine and the electric motor are
added together with their torques. In this case, they cannot be
controlled independently. In a no-loss (ideal) torque connection,
the input power and output power are equal. In this case;

T;03 = Tyw, + Tow, (6)
Here, T, is the torque produced by the internal combustion
engine and w, is its speed. Likewise, T, is the torque pro-
duced by the electric motor and w, is its speed. If T; is the
total torque w5 is the rotational speed of the wheels. Therefore,
the torque coupler can be expressed as;

T3 = Tiky + Tk, (7)

Here k, and k, are the structural parameters of the torque
coupler and expressed as:
wy _w
h=ﬁ,b—ﬁ (8)
Again, k; and k, being the structural parameters of the speed
coupler, the torque and speed expressions for the speed coupler
are as follows in parallel with the torque coupler;

w3 = klwl + kz(l)z

T )
1 2

T, = — 4+ —= 10
ST (10)
)
Battery Ah

Linearly ramp | Tor_min_dem (V)

7
Nm2Volts Volts2Nm

Torque to be
used to charge
the battery
> GO

Gen_Trq_Dem

,. Pp{ rpm Tmax

Engine RPM |§

Engine-
Inverse engine generator -4 —
map gear ratio
Fig. 3. Mode change model in hybrid electric vehicle(33)
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3. Simulation

In this study, a parallel hybrid electric vehicle modeling was
performed in Matlab/Simulink® environment. In the model pre-
sented in Figure 4, A 114 kW internal combustion engine and a
50 kW electric motor are used to provide hybrid electric vehicle
power. In addition, batteries with four different chemistries,
namely lithium iron phosphate, nickel metal hydride, nickel cad-
mium and lead acid were used in order to examine the effects of
battery chemistries on the model. Each of the battery packs is
configured as 350 Volt and 14 kWh.

(Motion_mode

Start_mode
entry: Gen_Enable=1;
Mot_Enable=1;
ICE_Enable=0;

—

[brake>=0.05]

[enging_speed<=Eng OffRPM] [engine_speed>Eng@nRPM;

mormal_mode )
entry: ICE_Enable=1;

Brake_mode
entry: Mot_Enable=1;

Gen_Enable=0;}
ICE_Enable=0;

entry: Gen_Enable=0;

[{speed < 0.998 *oldspeed ()

|| spee: *oldspeed ()) MO!—Enable= L

[brake<0.05]

[(speed > 0998 *oldspeed ()

MATLAB Functipn
y = oldspeed

S <)

nocharge
entry:Gen_Enable=0;

Fig. 4. Generator working model

Hybrid mode term is used to activate the electric motor in
cases where the power of the internal combustion engine is less
efficient or to deactivate the electric motor when there is suffi-
cient power. When the hybrid mode is active, the electric motor
will be activated and the batteries will begin to discharge. When
the hybrid mode is passive, the electric motor will be turned off
and the batteries will start charging.

Controllsr Vehicla System

Inpuls

Fig. 5. Hybrid electric vehicle model

The driving scenarios required for the hybrid electric vehicle
model were created by using the black box data obtained from
the trolleybusses operated by Malatya Municipality public trans-
portation company (Motas Inc). Accelerator pedal signals were
used from the data and two different driving scenarios were cre-

ated. According to the data from Motas Inc. two driving scenar-
ios are formed. The first driving scenario is determined to be
between 10.30 and 11.30 when passenger traffic is the slowest
in the day. This scenario is presented in Fig 6.

Driving 1 (10:30 - 11:30)

Acceleration Rate (%)

Fig. 6. First driving scenario

The second driving scenario is set between 12.30 and 13.30,
when the number of passengers are the most compared to the
other times of the day. This signal is presented in Figure 7.

Driving 2 (12:30 - 13:30)

Fig. 7. Second driving scenario

In the hybrid electric vehicle simulation, four different bat-
tery chemistries used on the vehicle and the discharge and charg-
ing power of the batteries analyzed for both driving scenarios.
At the end of this trip, which was carried out during the heavy
and light traffic conditions, the remaining state of charge (SoC)
was examined and the most efficient battery type was analyzed.

4. Result and Discussions

The simulation has been prepared in Simulink® using
MATLAB® 2020b software. The ideal sampling frequency of
the simulation is 1 kHz. Ode23tb was used as solver. Each unit
of time (T=1) in the simulation is equal to 23 seconds in real
time. The simulation is ran for 60 minutes of real time. This time
has been determined as T=156.52 in total on Matlab®. The sim-
ulation was made with the following assumptions:

e Switches and contacts are ideal.
e Batteries are completely healthy.
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e Ambient temperature is constant 25 °C.

In the first driving scenario, the hybrid mode graph of the
vehicle is presented in Figure 8. This mode change will be used
for the four battery chemistries in the first driving scenario.

Hybrid
1
0.8 [ 1
=
9
< 06 f -
o
2
S04 4
>
I
02 - -
0 1 1
0 20 40 60
Offset=0 Time (min)

Fig. 8. Hybrid mode switching during first driving scenario

Four different battery types were placed on the vehicle in the
selected driving scenario and SoC analysis was performed with
the determined battery powers. The battery, generator and en-
gine power during the first driving scenario of the Lithium Iron
Phosphate (LFP) battery are shown in Figure 9.

«10%
1 220 .

Motor Power
Generator Power

05 F ~

Battery Power

Power (W)

4 : "
0 20 40 60
Time (min)

Fig. 9. Power data when using LFP batteries

LFP battery was used to power 50 kW of electric motor until
T=30 during the first driving scenario. Due to the high power
requirement on the vehicle during the initial move, the electric
motor worked at full capacity. Until this point, the hybrid mode
was active as seen in Figure 8. The electric motor was deac-
tivated until T=40 and only the internal combustion engine was
effective to drive the vehicle. Between T=55 and T=80, the elec-
tric motor was activated again and continued to operate with 50
kW full load. When the hybrid mode is off, the electric motor is
deactivated, and when the hybrid mode is on, the electric motor
is activated. As soon as the electric motor is active, the batteries
will be discharged and the batteries will be charged when the
hybrid mode is off. Battery charging is provided by the genera-
tor placed on the hybrid electric vehicle model. As soon as the
electric motor is deactivated, the generator will start and charge
the batteries with a maximum power of 30 kW. This situation
will also affect the SoC of the LFP battery. The SoC change of
this battery type during the trip is shown in Figure 10.

85

SOC (%)

msr

70

Time (min)

Fig. 10. SoC status of LFP batteries

The test was started with the SoC value of 100% for the LFP
battery and the SoC status was 82% at the end of the run. The
battery, generator and engine power during the first driving sce-
nario of the Nickel Metal Hydride (Ni-MH) battery are shown
in Figure 11.

x10*

5
L'\
0
2
)
3 s
Motor Power
Generator Power
S— Battery Power
-10 : L
0 20 ) . 40 60
Time (min)
Fig. 11. Power data using Ni-MH batteries

During the first driving scenario, the Ni-MH battery began
to be discharged at first. With the hybrid mode on, the electric
motor was activated at T=0 and T=30 instantly and the vehicle
started driving with a power of 50 kW. Since hybrid changes
occur at three different instances, the electric motor has also
been activated at three different instances. This situation had an
effect on the charge and discharge of the Ni-MH battery. The
SoC graph that occurs during the trip is given in figure 12.

100

95 r

=

85

80 F

SOC (%}

sr

70t

65

Time (min)

Fig. 12. SoC status of Ni-MH batteries
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The simulation was started with 100% SoC and this value at
the end of the run was 74%. In this driving mode, the charge
capacity of Ni-MH batteries has decreased by 26%. Lead Acid
battery is the third type of battery used for this driving mode.
The battery, generator and engine power generated during driv-
ing are shown in Figure 13.

x10*

6

4

N

o

0

Power (W)

— Motor Power
Generator Power
— Battery Power

A

&

20 ) ) 40 60
Time (min)

(=]

Fig. 13. Power data using lead-acid batteries

Between T=0 and T=55, the electric motor supported the
driving with a supplied power of 55 kW. Later, the power of the
electric motor decreased over time and it was completely deac-
tivated at T=55. Between T=55 and T=100, the electric motor
was not active. Afterwards, it starts working in conjunction with
the internal combustion engine. At the end of the simulation, the
SoC status of the Lead-Acid battery is given in Figure 14.

100

a0

SOC (%)

70

20 40 60
0 Time (min)

Fig. 14. SoC status of lead-acid batteries

The Lead-Acid battery was used within the first driving sce-
nario with a 100% SoC, and at the end of the simulation, the SoC
was calculated as 64%. There was a total loss of 36% during the
drive. At this stage, the lead acid battery has been further dis-
charged. Finally, Nickel Cadmium (Ni-Cd) battery type was
used with the first driving scenario. The battery, generator and
engine power generated during driving are shown in Figure 15.

<10*

2 ‘-\|
2o
o
g 2|
a
4 ¢
Motor Power
6 Generalor Power
— Batterv Power
8 ; ;
0 20 . . 40 60
Time (min)

Fig. 15. Power data using ni-cd batteries

Here, it was observed that the electric motor was activated at
three instances. The electric motor included in the system with
a power of 55 kW, causing the batteries to be discharged. The
electric motor, which was switched on for the third time between
T=110 and T=140, was not activated until the end of the simu-
lation. The SoC graph of the battery after a one hour simulation
is given in Figure 16.

0F b

20 40 60
0 Time (min)

Fig. 16. SoC status of Ni-Cd batteries

At the end of the first driving scenario, the charge and dis-
charge characteristics of the batteries according to the hybrid
mode are examined. The first factor in the charging and dis-
charging of the batteries is the hybrid mode, and as the hybrid
mode is activated the electric motor charges or discharges the
batteries. Nickel Cadmium battery has a 72% SoC at the end of
the simulation. The second driving mode, on the other hand, was
made with the data gathered between 12:30 and 13:30, which is
the busiest time of the day, as shown in Figure 7.

1

Hybrid On/Off
© o o
a2 o @

o
)

0 1 1
0 20 40 60

Time (min)

Fig. 17. Hybrid mode switching during second driving scenario
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More hybrid mode changes observed on the hybrid vehicle
at these time intervals. Frequent full stops and accelerations in-
crease the need for the electric drive in this scenario. The hybrid
mode change that occurred in the vehicle during this time period
is shown in Figure 17.

<10°

1.5
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(=]

Power (W)

Generator Power
Battery Power

0 20 40 60
Time (min)

at
’ = Molor Power

Fig. 18. Power data when using LFP batteries

In total, hybrid mode changes occurred at four instances. At
these instances, the electric motor was enabled to be switched
on and off.

In the second driving scenario, LFP battery was used first.
The battery, generator and engine power during the trip are
shown in Figure 18.

When the above data are examined, hybrid mode changes
occurred between T=0 and T=20, between T=40 and T=60, be-
tween T=100 and T=120, and finally between T=130 and
T=145. In the first three changes, the electric motor producing a
total of 50 kW of power was activated, and this power was meas-
ured as 55 kKW. The SoC during the simulation is given in Figure
19.

95
9
Q €
O
@

85 F

80 i ;

0 20 40 60
Time (min)

Fig. 19. SOC status of LFP batteries

When the SoC graph was examined, it was seen that the lith-
ium iron phosphate battery that started in full charge following
a 20% decrease and then increased to 100% back again. The bat-
tery, which was slightly discharged in the last hybrid mode
change, went down to 97% and recharged to 100% again. The
second type of battery used with the second driving scenario is
Nickel Metal Hydride. The battery power, generator and engine
generated during driving are shown in Figure 20.

I BVERST ovomeencinees
<10°
2
s Mollor Power
15F Generator Power
1k — Battery Power
2 ost
] g
g o0
a
-0.5
At
1.5 y -
0 20 40 60

Time (min)
Fig. 20. Power data using Ni-MH batteries

When the graph was examined, it was seen that the hybrid
mode was on at four different instances where the batteries were
discharged. In the first three hybrid mode changes, the electric
motor was operated with 50 kW and in the last mode change it
was operated with 55 kW. The SoC status of the batteries during
one hour drive is given in Figure 21.

100

95 r

SOC (%)

»Br

700 20 40 60
Time (min)

Fig. 21. SoC status of Ni-MH batteries

Ni-MH battery has been discharged to 75%. The SoC could
not reach 100% until the end of simulation. It completed the sim-
ulation with 95% SoC. The third type of battery used with the
second driving scenario is Lead acid. The battery, generator and
engine power generated during driving are shown in Figure 22.
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3

Motor Power
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Power (W)
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Fig. 22. Power data using Lead-Acid batteries

Like the other two batteries, the Ni-MH battery has experi-
enced a total of four hybrid mode changes. In the last hybrid

220



Ekici et al. / International Journal of Automotive Science and Technology 5 (3): 214-223, 2021

PARAPY.....ccr ™
v' " y AUTOMOTIVE ENGINEERS

mode change, it provided additional power to the internal com-
bustion engine with a power of 55 kW. The SoC chart formed
during the simulation is presented in Figure 23.

100

95 1

a0k

85

SOC (%)
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Fig. 23. SoC status of Lead-Acid batteries

Lead-Acid was discharged to 65% SoC during simulation.
Next, the battery simulation started charging the batteries and
the simulation was completed with a charge rate of 83%. It has
less SoC at the end of the simulation compared to the other two
battery types. The last battery type used with the second driving
scenario is Nickel-Cadmium. The battery, generator and engine
power generated during driving are shown in Figure 24.
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Fig. 24. Power data using Ni-Cd batteries

When examined, it was seen that there were hybrid mode
changes at four different instances depending on the hybrid
mode change. The SoC chart formed during the trip is presented
in Figure 25.
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Fig. 25. SoC status of Ni-Cd batteries

The Ni-Cd battery was discharged up to 74% SoC during
the simulation. When the simulation was terminated, the state of
charge was measured as 92.5%. This state of charge rate shows
that nickel cadmium battery is more efficient than lead acid bat-
tery. However, when compared to Nickel Metal Hydride and
Lithium Iron Phosphate batteries, Ni-Cd is observed to be less
efficient.

5. Conclusion

In this study, battery modeling of a hybrid electric vehicle
with four different chemistries was performed and realistic re-
sults were obtained by applying the black box data obtained
from public transportation on the hybrid model. In the first driv-
ing scenario, the electric motor is positioned to support the in-
ternal combustion engine reaching the highest power level of 50
kW with the hybrid mode is on. In addition, when the hybrid
mode is off, the generator has been activated with a power of 30
kW, allowing all batteries to be charged.

During the charge and discharge changes in hybrid mode,
battery capacity readings are fluctuated. This is because when
the battery starts charging, the voltage instantly increase fol-
lowed by slow increase in voltage until it becomes stable at fully
charged. Similarly, opposite case is true for the discharging case.
In the first driving scenario, the initial conditions were taken as
100% SoC and it was observed that the battery with the highest
SoC value at the end of the simulation was LFP. The lithium
iron phosphate battery was found to be the most efficient battery
type in these test criteria. In addition, the lead acid was observed
to be the most inefficient battery type with 64% SoC value at the
end of the simulation under these test conditions. SoC values of
the batteries at the end of the simulations are given in Table 2.

Table 2. SoC values of the batteries at the end of the test according to
the first driving scenario

Initial SoC Minimum Final SoC
SoC
LFP 100% %78 82%
Nickel Metal 100% %72 76%
Hydrate
Lead Acid 100% %59 64%
Nickel Cadmium 100% %66 72%

In the second driving scenario, the initial conditions of all
batteries were selected as 100% SoC. In the test that is con-
ducted during the busiest hours of the day, the battery type that
reached the lowest SoC value was Lead Acid. At the end of the
simulation, the battery type with the highest capacity was Lith-
ium iron phosphate. According to the parameters of the second
driving scenario, the most efficient battery type was LFP and the
most inefficient battery type was lead acid. The SoC values of
the batteries at the end of the simulations are given in Table 3.
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Table 3. Soc values of the batteries at the end of the test according to
the second driving scenario

Initial . Final

SoC Minimum SoC SoC

LFP 100% 80% 100%

Nickel Metal 100% 750 95%
Hydrate

Lead Acid 100% 65% 83%

Nickel 100% 74% 93%
Cadmium

As a result of the study, efficiency analysis of the batteries
with four different battery chemistries used in a hybrid electric
vehicle model was performed for two different driving scenar-
ios. According to these analysis, lithium iron phosphate batteries
have been determined as the most ideal battery type for hybrid
electric vehicles. On the contrary, lead acid batteries found to be
the most inefficient battery type.

Table 4. Cost of batteries by type for the 14 kwh battery capacity used
on the hybrid electric car model (34)

Battery Types kV;I;OZPOr)lce Total Price
LFP 137 $ 1918 $
Nickel Metal
Hydrate 300 $ 4200 $
Lead Acid 200 $ 2800 $
Nickel Cadmium 350 $ 4900 $

Considering the SoC ratio, it has been observed that com-
pared to the other battery types, a lithium iron phosphate battery
can extend the driving range for a hybrid electric vehicle under
the same conditions. The battery type providing the shortest
range was lead acid. The order of the batteries from the longest
range to the shortest range is respectively: Lithium iron phos-
phate, nickel metal hydride, nickel cadmium and lead acid.
Cost analysis of the 14 kWh battery capacity used on the hybrid
electric car model is shown in Table 4.

According to the table, the most economical battery type is
lithium iron phosphate with total cost of 1918 dollars. Construct-
ing a battery pack with lead acid batteries costs 2800 dollars.
The most expensive battery chemistry that can be used on the
vehicle is Nickel Cadmium. In order to create 14 kWh battery
capacity, in total 4900 dollars must be spent. In future studies,
this subject can be examined in detail with new driving scenarios
and new types of vehicle models.
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