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Abstract—This article proposes a new fuzzy logic controlled Z-source dc-dc converter topology for electric vehicles. Compared
with existing dc-dc converter circuits used in electric vehicles, it can reduce the inrush and high harmonic current on the
battery, provide a wider output dc voltage range, and increase reliability. In terms of energy efficiency, it can work as voltage
fed and current fed in cases where the source and load are changed. It can perform both the function of increasing and
decreasing the output voltage in the two proposed operating states. The working principle and fuzzy logic control method of this
new topology proposed for electric vehicles are presented. Analysis and simulation results of a voltage-fed Z source dc-dc
converter are shown in an example Matlab / Simulink electric vehicle application.
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1. INTRODUCTION

In recent years, some countries have been trying to increase the share of green-renewable energy in production and use with
different economic incentive approaches, as a solution approach to the problem of global warming and climate change, which are
one of the most destructive results of unnecessary and excessive energy consumption of humanity [1-5]. For a realistic and
sustainable global energy policy, it is very important to increase the share of renewable-green energy resources on the energy
production side. When these energies are ranked according to the size of their production share, dam or canal-based hydraulic power
plants [6-12], wind-based production methods [13-16], photovoltaic-based energy production methods [17-22], different biogas-
based production techniques [23-30] and geothermal sources [31] should be more involved.

From a global perspective, there is a need for a global energy policy that prioritizes energy efficiency on the side of energy
transmission, distribution and consumption. In this respect, efficiency in consumption has a very important place. In order to reduce
the energy used by internal combustion engine vehicles, which is one of the main causes of global warming, and the carbon dioxide
gas emissions they emit, all kinds of scientific researchers are important for increasing the share of use and improving the efficiency
of electric vehicles [32-39].

DC-DC converters are used in a significant part of the power electronics-based systems required for the control of electric motors
used in electric vehicle technologies [40-45]. The circuit connections and dynamic response of the Z-source DC converter can reduce
inrush and high harmonic current values on the motors and batteries of electric vehicles. Various algorithms can be evaluated for the
appropriate selection of Z-connected semiconductor switches and diodes to be used in the circuit [46].

The Z source dc converter [47], which can be a new circuit topology for EV, overcomes some of the theoretical obstacles and
limitations of conventional converters as a common voltage source and current source. The working principle and application of this
converter for fuel cell systems has been demonstrated in various publications [48-49]. The concept of Z source can also be used in
direct AC-to-AC power conversion [50-52]. Similarly, it can be extended to DC-DC power conversion. In this study, Z-source DC
conversion topology for EVs is proposed and its basic working principle, the relationship between input parameters and system
output parameters, and the effect of the control method are discussed.

2. Z-CONNECTED DC CONVERTER CIRCUIT TOPOLOGY

The basic structure of the Z connected converter consists of two switches, two diodes, two coils and two capacitors properly
connected. Figure 1(a) shows the proposed Z connected DC converter. The converter has two operating modes, voltage-fed and
current-fed. When a dc voltage source is connected to the input of this converter, the circuit shown in Figure 1(b) is formed. Another
operating state is the one shown in Figure 1(c) where a dc current source is connected, which can be defined as the current fed state.
The operating modes of the converter are realized with the use of switches S1 and S; [53]. Each switch consists of a MOSFET or
BJT as a power switch and an anti-parallel (or freewheeling) diode to allow bidirectional current flow. Small value inductors and
capacitors are used for filtering.
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Switches of this proposed DC converter type operate like conventional DC converters with PWM duty ratio logic. In voltage-fed
operating mode, the active part of switch S, and the diode of switch S; open and close complementary, while the other two devices
are switched when the power flow is reversed. Similarly, in current-fed operation mode, the active part of switch S; and the diode of
switch S; are switched on and off complementary, while the other two devices are switched when the power flow is reversed. Table
1 shows the steady-state input-output voltage gains of these converters as a function of the D duty ratio of the active device. The
output voltage is regulated as desired by controlling the duty ratio.
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Fig. 1. Z-connected type converter (a) topology, (b) voltage fed, (c) current fed operating mode.

Table 1: Voltage Gain Ratio of Z Source DC Converter

Z Source DC Converter Voltage Gain
Voltage Fed 1-D
1-2D
Current Fed ZDD_ L
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2.1 Mode-1: Electrical Analysis and Matlab/Simulink Simulation of Voltage Feed Z-Type Converter

In general, the operation of the circuit analysis of the Z source dc converter with a voltage supply connection in Figure 1(b) is
explained with Mod-1. Analysis of a voltage-fed Z-connection and analysis of a current-fed Z-circuit are very close. The situation in
Figure 2(a), where the energy flow from the source to the load, should be carefully studied so that circuit analysis can be done more
easily. There are two states in this circuit; Figure 2 shows the equivalent circuits (b) and (c).
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Fig. 2. Z converter (a) voltage fed topology, (b) State 1: S1 is on and S2 is off, (c) State 2: S1 is off and S2 is on.

Inductors L, and L of the Z source dc-dc converter have the same inductance (L) value and capacitors C; and C; have the same
capacitance (C) value. V1 can be calculated from symmetry and equivalent circuits.

Ver =V = V¢ 1)
V=V, =V, 2
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In the 1%t operating state, the switch S2 is OFF and S1 is closed, assuming it is ON. While the DC voltage source charges the z-
connected capacitors C; and Cy, the inductors L, and L transfer their energy to the load at the output. In this case, the range of the
working transducer is (1-D)T. D is the duty ratio of the S, switch and T is the switching period in seconds.

Ve=Vin =V ©)
Vour = Vin — 2V, 4)

In the 2"@ operating state of the converter, the position of switch S; is OFF and the position of switch S, is ON. Z-connected
capacitors are de-energized while inductors charge energy to release and transfer the charge to the charge. It is the mathematical
equivalent (DxT) value of the time interval in which the converter operating in this second operating state is operating.

Ve=V, ()
Vour =0 (6)

The equations describing the circuit parameters in the steady state operating process are given in (1) - (6) respectively.
Accordingly, the output voltage must be zero. From here,

Ve _ 1-D
Vin  1-2D (7

From here, the peak output voltage of the Z converter in a switching cycle is as follows.

Vin
Vout = 2Ve = Vip = 1-2D (8)
The average output voltage of the Z type converter is expressed by equation (9).
1-D
Vour = Ve = EVL %)

By controlling the duty ratio D of the switches in a Z converter, the dc-dc conversion, that is, the output voltage can be adjusted.
Also, the output voltage can be in-phase or out-of-phase with the input voltage, depending on the operating regions of the duty
period. Since the switching frequency is very high in this Z-connection, the inductance and capacitance values of the circuit can be
selected small, so the size and weight of the whole system is low. Figure 3 describes the Matlab/Simulink model of a Z-connected,
DC voltage sourced converter.
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Fig. 3. Z source DC Converter Simulink Circuit Model
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2.2 Fuzzy Logic

The article published by Zadeh in 1965 is considered an important point in the evaluation of the concept of uncertainty in the
modern sense. In this article, Zadeh introduced the "fuzzy set theory" of objects with imprecise boundaries [54]. Fuzzy set theory
was developed to solve problems where imprecise, ambiguous definitions pass. A fuzzy set is characterized by a membership
function with a membership degree between 0 and 1. Purpose of fuzzy set theory; It is to assign a degree of membership to concepts
that express uncertainty, which are difficult to define or difficult to understand, to bring certainty to them. The specificity approach
arises from the transformation of the bivalued set theory into the multivalued set theory. With the use of fuzzy sets, which are the
numerical representation of imprecise information, new mathematical techniques have been developed to be used in modeling the
uncertain structure of real world problems. The methods developed in this uncertainty are quite different from classical linear
programming. It can be said that fuzzy sets are sets with fuzzy boundaries compared to classical sets. Because of this feature, fuzzy
sets are compatible with real life and have a wider application area compared to classical sets [55]. Fuzzy set theory is about a subset
of A in the universe X. The fuzzy subset does not have well-defined boundaries when universe X covers a finite class of elements.
For A, which is a classical subset of the X universe, the membership is represented by the characteristic function pa(x) and varies
between [0,1] as follows [56].

1, Ifx€A

0, otherwise (10)
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Fig. 4. Fuzzy Logic based controller Simulink model.

If the cluster value is indeed allowed to be in the range of [0,1], then the set A is called the "Fuzzy Set". pa(x) is the "membership
degree" of X in set A, and for values of pa(x) close to one, the membership of x in set A increases. A fuzzy set is characterized by a
set of ordered pairs. The fuzzy set A in the universal set X is represented as a set of ordered pairs. The ordered pairs of a fuzzy set A
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are shown in equation (11). The meaning of this expression is expressed as follows; The first of the elements of a fuzzy set, A,
consisting of ordered pairs, is the element of the set, and the second is the value indicating the membership degree of this element
[57-60]. The degree of belonging or membership of x to A is denoted by pa(x).

A= {(x, na())l x € A} (11)

As a result; fuzzy sets help to express ambiguous and fuzzy concepts in language mathematically. Fuzzy set theory was
developed to describe and solve problems with no clear boundaries. The symbols and expressions used in fuzzy sets and most of the
expressions used in classical sets are similar to each other. For a Fuzzy Logic based Matlab/Simulink model, the behavior of the
system to be controlled should be observed first. Appropriate membership functions and rule table are obtained by considering the
control signal applied to the system, the error signal produced by the system and the changes in the error. Figure 4 shows the
Simulink block diagram of fuzzy logic control [61-71].

2.3 Simulation Model of the EV System

The model in MATLAB / Simulink environment of the system representing the proposed Z source DC converter and the battery
unit of the EV and the motors is given in Figure 5. A fuzzy logic-based controller is used as the controller in the system. In order to
examine the electrical performance of the designed converter, the input voltage, load voltage, inductance current, capacitance
voltage, and the generated switching signals are shown in Figure 6.
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Fig. 5. System Matlab/Simulink Model
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The 16-second simulation of some physical data of the vehicle is given in Picture 4. These data are reference and measured
variation of vehicle speed, acceleration, driving torque. Moreover; The electrical power changes of the motor, generator and battery
are also given.
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Fig. 7. Car Outputs

3. CONCLUSIONS

In this study, fuzzy logic-based control of a Z-linked converter selected as a DC-DC power converter between the battery pack
and motors and other electrical loads of an electric vehicle and an efficient design of the system are studied. The dynamic model of
the system was created in the MATLAB/Simulink digital environment. Voltage-fed Z source dc-dc converter simulations were made
for electric vehicles. The simulation results are the parameters of a Z-connected converter are Li=L,=L=500uH, C;=C,=C=1.000uF.
It was observed that when the input dc voltage is 220V nominal value and 50% voltage drop is 110V, with the PWM duty ratio
control, it can keep the 170V output voltage constant. The converter works in buck mode when the input voltage is normal at its
rated voltage, the output and input voltage are reversed, and the converter works in boost mode during voltage drop. In the
simulation, while the switching frequency was 10 kHz, it was worked in harmony between the battery and the load. In the system, it
is predicted that speed control is realized effectively by using fuzzy based controllers instead of PI, PID or Fuzzy Tuned PI / PID
type classical controllers.
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