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Abstract: This work focuses on the fuzzy controller for the proposed three-phase
interleaved Step-up converter (ISC). The fuzzy controller for the proposed ISC
converters for electric vehicles has been discussed in detail. The proposed ISC
direct current (DC-DC) converter could also be used in automobiles, satellites,
industries, and propulsion. To enhance voltage gain, the proposed ISC Converter
combines boost converter and interleaved converter (IC). This design also reduces
the number of switches. As a result, ISC converter switching losses are reduced.
The proposed ISC Converter topology can produce a 143 V output voltage and
1 kWof power. Due to the high voltage gain of this converter design, it is suitable
for medium and high-power systems. The proposed ISC Converter topology is
simulated in MATLAB/Simulink. The simulated output displays a high output
voltage. But the output voltage contains maximum ripples. Fuzzy proposes an
ISC Converter which makes closed loop responsiveness and reduces the output
voltage ripple. The proposed ISC converter has the lowest ripple output voltage,
which is less than 2%, because the duty cycle is regulated using the fuzzy logic
controller. It offers high voltage gain, minimal ripple, and low switching loss. The
performance of the proposed converter is compared to that of the fuzzy and Pro-
portional Integral (PI) controllers implemented in MATLAB.

Keywords: Step-up converter; interleaved converter; ripple voltage; fuzzy; electric
vehicles

1 Introduction

The scarcity of fossil fuels and the rising threat of global warming have recently emerged as major
worldwide concerns. Electric vehicles (EV) are the most reliable and practical solution for complying
with increasingly strict environmental standards. The vast majority of these vehicles are equipped with
battery packs that can be used to power electric automobiles [1]. In modern EV chargers, power control
components such as DC-DC converters, which provide a direct current link between the battery and the
inverter circuit, are included [2,3]. In the automotive, aerospace, industrial, and propulsion industries, the
three-phase Interleaved Step-up DC-DC Converter (ISC) is well suited for battery applications. In order
to store the energy required to provide the necessary torque and speed, electric cars are equipped with
large-capacity batteries [4]. Topologies of DC-DC converters for electric vehicles include the Boost
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Converter, Buck Converter, Interleaved Converter, and others [5,6]. Because of the downsizing capabilities
of battery packs, they are frequently used in a variety of applications.

2 Literature Survey

A three-phase Interleaved Step-up DC-DC Converter based on the fuzzy architecture has been
presented. In addition, this converter has the capability of operating in a Step-up mode. Electric vehicle
propulsion systems require a high input voltage to function properly. As a result, the output voltage
ripple, voltage stress, voltage gain, and efficiency are all reduced [7–9], and the voltage gain and
efficiency are all raised. The most active research field in industrial and automation is fuzzy logic control
(FLC). Unlike other control methods, FLC works best on complex, ill-defined issues that can be
controlled by human experts. As a result, it provides a system with a double advantage. In addition to
lowering the total cost, fuzzy enhances voltage regulation while simultaneously reducing complexity
[10,11]. By modifying the duty cycle of the proposed ISC Converter, fuzzy was used to regulate the
output voltage ripple and reduce the losses of the proposed ISC Converter. Consequently, it has a higher
level of precision and efficiency. The current topology of the interleaved converter is quite similar to that
of a single-phase boost converter, which has been utilized in electric vehicles in the past. Once the battery
packs have been decreased, the rated voltage [12–14] will be reduced as well. Due to a lack of capability,
the single-phase interleaved converter is incapable of supplying sufficient voltage to the transmission
system (electric motor) due to a lack of capability [15,16]. Among the topology’s features is the
incorporation of a three-phase interleaved boost converter, which assists in the downsizing of battery
packs while also supplying sufficient voltage to the electric motor [17].

3 Proposed Three Phase Interleaved Step-up DC-DC Converter and Modes of Operation

The block diagram of fuzzy based converter is shown in Fig. 1. A high step up is therefore conceivable
with the suggested ISC Converter topology, as illustrated in Fig. 2. A three-winding transformer between two
phases is combined with a five-winding transformer as a result of the overall design of the converter
topology, which results in a total of five winding transformers. The high Step-up operation creates a high
output voltage that supplies propulsion to the motor while also overcoming the back emf of the driving
circuit. The battery is directly connected to the inductor windings (L1, L2, and L3) through the use of a
direct connection cable. The proposed converter circuit contains six diodes (D1 to D6) and central
inductor windings (LC1 and LC2) are connected to the cathodes of the diodes D1, D2, and D3 and the
anodes of the diodes D4, D5, and D6 through the central windings LC1 and LC2 respectively. An
additional component of the ISC converter is a set of three power semiconductor switches (S1, S2, and
S3), as well as an output capacitor (C) that is attached across the load resistance (R). Also connected
across the switches is a freewheeling diode, which allows for freewheeling of the leakage current passing
through the switches. The structure of ISC is depicted in Fig. 2. Eight modes of operation for the
proposed ISC Converter will be described below using Fig. 3.

Mode 1: Switch S1 is firstly switched on, while switches S2 and S3 are turned off, as shown in Fig. 3a.
The battery’s current passes through the L1 winding and switch S1. L2 and L3 are likewise carried by the
battery current. L2 transfers current to D2, LC1, D4, C, and the load. L3 transfers current to D3, LC2, LC1,
D4, C, and the load.

Mode 2: Switch S2 is firstly turned on, whereas S1 and S3 are turned off, as shown in Fig. 3b. Through
the winding L2, current from the battery reaches the switch S2. L1 and L3 are both supplied by the battery
current. L1 transfers current to D1, LC1, D5, C, and the load. L3 transfers current to D3, LC2, D5, C, and
the load.
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Mode 3: Switch S3 is turned on, whereas S1 and S2 are turned off, as shown in Fig. 3c. The battery’s
current travels through the L3 winding and the S3 switch. L1 and L2 are also connected to the battery
current. D1, LC1, LC2, D6, C, and the load all receive current through L1. D2, LC2, D6, C, and the load all
receive current through L2.

Mode 4: The switches S1 and S2 are initially turned on, as shown in Fig. 3d, while S3 is turned off. The
battery’s current passes through the winding L1 and switch S1, as well as the winding L2 and switch S2. L3,
D3, LC2, LC1, D4, C, and the load are all supplied by the battery current.

Mode 5: The switches S2 and S3 are initially turned on, while S1 is switched off, as shown in Fig. 3e. The
battery’s current passes through the winding L2 and switch S2, as well as the winding L3 and switch S3. L1,
D1, LC1, D5, C, and the load are all powered by the battery current.

Mode 6: S1 and S3 are initially switched on, whereas S2 is turned off, shown in Fig. 3f. The battery’s
current passes through the winding L1 and switch S1, as well as the winding L3 and switch S3. L2, D2, LC1,
D4, C, and the load are all connected to the battery current.

Mode 7: As shown in Fig. 3g, all three switches S1, S2, and S3 are kept off. The current from the
battery powers the L1, L2, and L3 windings. The current from the battery travels through the L1 to D1,
D4, C, and the load. D2, D5, C, and the load are all powered by L2 current. D3, D6, C, and the load are
all powered through L3.

Figure 1: Block diagram of proposed fuzzy based ISC converter

Figure 2: Proposed three phase interleaved Step-up DC-DC converter [ISC]
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Mode 8: All three switches S1, S2, and S3 are switched on, as shown in Fig. 3h. Current flows through
the L1 and S1 windings, as well as the L2 and S2 windings, and the L3 and S3 windings. The capacitor C is
also discharged into the load.

Figure 3: Modes of operation
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The inductor’s current ripples (ΔiLn)

DiLn ¼ ViD

Lnf
(1)

Value of inductor (Ln) is calculated by

Ln ¼ ViD

DiLnf
(2)

The maximum voltage ripple (ΔV) over the capacitance-voltage relationship

DV ¼ VOD

RCf
(3)

Value of capacitor (C) is calculated by

C ¼ VOD

DVRf
(4)

The voltage gain (M) is the ratio of output voltage (Vo) to input voltage (Vi) can be calculated using the
equation

M ¼ Vo

Vi
¼ 4ð1þ NÞ

ð1� DÞð4þ NÞ (5)

The switch’s voltage stresses (Vs) and diode’s voltage stresses (Vd) are represented as

Vs ¼ Vd ¼ ð3þ 4NÞ Vi

ð1� DÞð4þ NÞ ¼
ð3þ 4NÞ Vo

4ð1� DÞð4þ NÞ (6)

where, f is the frequency and N is the number of turns in the inductors.

4 Fuzzy Logic Control Design and Operation

In recent years, there has been a great deal of interest in fuzzy management in DC-DC converters, mostly
because of its ability to improve dynamic performance and provide the needed outputs [18–20]. In this work,
Sugeno’s fuzzy inference method serves as the foundation for the control of DC-DC converters. Its ability to
process a large amount of data while also responding to various fault scenarios for changes in inputs while
operating in real-time settings is one of its many advantages [21,22]. The operating waveforms of switches is
shown in Fig. 4.

Specifically, the fuzzy controller uses the error signal and its rate of change to determine the required rate
of change in the plant’s output feedback [23]. Fig. 5 depicts the block diagram of the fuzzy system, which is
composed of four components: fuzzification, rule-base, inference mechanism, and defuzzification. Using the
fuzzification interface, the inputs are classified into the relevant categories, such as Error (E) and Change in
Error (CE). The rule-base is made up of fuzzy sets (database) and fuzzy control rules [24,25].

By employing fuzzy relations and inference rules, the inference mechanism can replicate human
decision-making based on fuzzy ideas as well as infer fuzzy control actions from fuzzy concepts. As
shown in Fig. 5, When the defuzzification stage is completed, it extracts findings from the inference
mechanism and generates an output that is then fed back into the pulse width modulation (PWM) stage,
which adjusts the duty cycle of the proposed ISC converter [26,27].
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Figure 4: Operating waveform of duty cycle (D) = Ts/8

Figure 5: Basic component of fuzzy

As illustrated in Fig. 6, digital data is transformed from the output of the proposed ISC Converter,
namely, error (E) and change in error (CE). Fuzzification is a process that involves comparing the
suggested converter output value to a reference value. The various values of error (E) and change in error
(CE) are transformed into an error membership function that has a range of 0 to 1 point. Fig. 7 shows a
representation of the membership function for error, while Fig. 8 depicts a representation of the
membership function for change in error.

A rule base is a collection of distinct sorts of rules that are grouped together. Fuzzy logic algorithms are
often composed of “if and then” criteria that must be met in order to function. A condition is represented by
the preposition "if," while a conclusion is denoted by the preposition "then." This is illustrated in Fig. 9,
where the controller implements these concepts and delivers the appropriate signal to the plant based on
the received input data, such as error (E) and change in error (CE). If the load voltage of the converter is
greater than the required value, the duty cycle should be lowered to compensate. If the load voltage of
the converter is less than the reference voltage, the duty cycle should be increased. Generally, the
inference mechanism is a decision-making process that generates a control signal that is supplied to the
plant under a variety of operating circumstances. Defuzzification is the inverse of fuzzification in terms of
its effect. It integrates all of the judgements made into a single crisp value that is sent into the proposed
ISC converter through the PWM generator, which regulates the output voltage by adjusting the duty cycle
of the PWM generator, which is depicted in the flowchart shown in Fig. 10.
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Figure 6: Block of fuzzy (sugeno)

Figure 7: Error membership function
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Figure 8: Change in error membership function

Figure 9: Fuzzy rule base
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5 Result and Discussion

Fig. 2 depicts a three-phase interleaved Step-up DC-DC converter that has been developed. The
proposed ISC converter, both with and without fuzzy, was simulated using MATLAB. [24] It provides
the essential rules for simulating the topology of the converter. The magnitudes of the parameters that
were utilized to test this topology are shown in Tab. 1. The simulated waveforms for the proposed ISC
converter are shown in Fig. 11.

5.1 MATLAB Simulation Result of ISC Converter

As shown in Tab. 1, the proposed Three-phase Interleaved Step-up DC-DC converter contains a number
of parameters and an operating range that may be found in the table. A simulation of the proposed ISC
converter circuit was carried out in MATLAB based on the operating range. Fig. 11 depicts the switching
current, switching voltage, output current, and output voltage waveforms in the absence of a fuzzy
controller, which is the open loop ISC Converter.

Figure 10: Flow chart of fuzzy based ISC converter
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The output voltage and output current shown in Figs. 11g and 11h clearly show that when the
undesirable ripple voltage and ripple current are present at the same time, the desired output voltage can
be achieved. If there is ripple in a DC circuit, it wastes power and has a variety of undesirable effects,
including heating components, creating noise, distortion, and causing digital circuits to operate
incorrectly. By modifying the firing angle of the proposed converter, the fuzzy controller can minimise
the undesired output ripples, hence improving the overall quality of the converter.

5.2 MATLAB Simulation Result with Fuzzy & Proportional Integral (PI) Controller

As illustrated in Fig. 12, the converter’s output voltage is sent to the PI Controller. In general, a PI
controller performs well with lower-order systems because it eliminates steady-state error and high-
frequency noise. The proposed ISC converter’s output voltage is routed through a PI controller, which
also lowers voltage ripple. However, it decreases voltage gain, resulting in a decrease in output power.
Hence, fuzzy control was used in the controller design process, and the results were promising in
improving the adaptability of the proposed ISC Converter. The output waveforms of the proposed ISC
Converter with fuzzy and PI controller are shown in Fig. 13. The proposed converter’s voltage regulation
is improved by the use of a fuzzy controller rather than a PI controller.

There is more than 3% ripple in the voltage and current waveforms, as shown in Figs. 11g and 11h,
raising the system temperature and revealing power quality issues such as waveform distortion and noise.
Because of this, a fuzzy controller must be built to eliminate the disturbance and adjust the output voltage
in direct proportion to the reference voltage, among other functions. As shown in Figs. 13a and 13b, the
use of a fuzzy controller reduces ripple voltage and current to less than 2%, and the fuzzy controller
provides a higher voltage gain than the PI.

Table 1: Ratings of the components involved in the proposed topology

Parameter Range

Supply voltage Vi 70 V

Switching frequency F 50 kHz

Resistive Load R 20 Ω

Inductance winding L1 500 mH

L2 500 mH

L3 500 mH

LC1 500 mH

LC2 500 mH

Capacitor C 3.7 mF

Output voltage Vo 143 V

Output current Io 7A

Output power Po 1000 W
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Figure 11: Proposed ISC converter’s MATLAB output waveforms without fuzzy switching current (a) IS1,
(b) IS2, (c) IS3, Switching voltage, (d) VS1, (e) VS2, (f) VS3, (g) Output voltage, (h) Output current
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5.3 Comparative Analysis

The proposed converter is compared with the converter topology [1] with the same input voltage of both
the converters. By comparing the experimental values, the proposed ISC Converter produced greater output
performance than the converter topology published in [1]. The proposed ISC converter is a three-phase
converter, and the converter topology published in [1] is a four-phase converter. The four-phase converter
topology in [1] is very complex in constructional design with moderate output performance, and the
proposed three-phase ISC converter is easy to design and will produce greater output performance, as
shown in Fig. 14. Hence, this proposed converter topology is appropriate for EV applications.

Figure 13: Simulated output waveform with fuzzy (a) Output Voltage (b) Output Current

Figure 12: PI controller design
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From the simulated output waveforms, it is clearly understood that the proposed ISC Converter produces
a high-power output (1 kW). Hence, this DC-DC converter design is appropriate for medium and high-power
electric vehicle applications.

The comparison of output voltage, output current, and output power of a simulated waveform for the
converter published in [1] and the proposed ISC Converter is shown in Fig. 15. The results obtained in
the proposed three-phase ISC Converter topology are better than the four-phase converter topology
published in [1]. The component comparison with different converters is shown in Tab. 2, which clearly
shows the proposed converter has the reduced components. Hence, switching losses will be reduced.

Figure 15: Simulated waveform for the converter published in [1] vs. the proposed ISC Converter (a)
Output Current, (b) Output voltage, (c) Output Power

Figure 14: Statistical analysis comparison between ISC and converter topology [1]
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6 Conclusion

Thus, a fuzzy-based three-phase interleaved Step-up DC-DC converter has been developed and
implemented. The modes of operation are discussed in detail, the component design is derived, and the
flowchart for ripple reduction is constructed. The simulated output of the proposed ISC converter is
displayed. The comparative output waveforms are displayed for both the fuzzy and the PI Controller. As
a result, the proposed converter with a fuzzy controller provides better performance. The converter
produces an output voltage of 143 V, an output current of 7A, and a power range of 1000 W or 1 kilowatt
(kW). The proposed converter without fuzzy produces ripples in the output characteristics, whereas the
proposed converter with fuzzy produces output characteristics with a minimum amount of ripple voltage.
The reduced ripple voltage is 2.5 V, which is less than 2% of the output voltage. The output of the ISC
Converter may be used by Fuzzy to make quick decisions on the response. It was verified that the
proposed fuzzy-tuned ISC Converter had better output voltage responsiveness. Therefore, the proposed
ISC converter’s performance is improved by the use of fuzzy soft computing techniques. During
fluctuations in load, the fuzzy controller ensures that voltage and current travel through the converter
without interruption.
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