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Abstract

This study implements a fuzzy logic-based control mechanism
integrated with a super-lift Luo converter to achieve maximum power
point tracking (MPPT) in solar energy systems. A comparative analysis
of two distinct converter topologies, Boost and Super-lift Luo - an
approach not commonly found in similar studies - and constitutes an
original component of our research, has been conducted in the context
of a DC-DC converter block within the control system. A fuzzy logic
controller has been developed as the MPPT algorithm for both systems,
utilizing identical solar panel conditions. The super-lift Luo converter
has roughly 4% greater efficiency than the conventional boost
converter, offering enhanced voltage gain and reduced input current.
Furthermore, it has been established that the system utilizing the super-
lift Luo converter is better suited for high-power loads and industrial
applications. The stability of both systems was verified under sudden
changes in environmental parameters, demonstrating their ability to
maintain the maximum power point without oscillations or instability.
The engineered controller configuration has enabled both converters to
achieve steady output values and function at the maximum power point
without overshooting. Moreover, additional research was conducted
under diverse irradiance and temperature conditions and at varied load
levels, to assess system robustness and dynamic response. These
investigations also highlighted the suitability of fuzzy logic control for
real-time embedded PV applications, due to its low computational
burden and strong adaptability to nonlinear behaviours. The results
obtained distinctly demonstrate the influence of converter type and
control methodology on system performance.

Keywords: Fuzzy logic, Super-lift luo, Solar energy systems, MPPT.

Oz

Bu calismada, giines enerjisi sistemlerinde maksimum giic noktasi
takibi (MPPT) elde etmek icin stiper-lift Luo dontistiiriicii ile entegre
edilmis  bulamk mantik tabanli  bir kontrol ~mekanizmasi
uygulanmaktadir. Benzer calismalarda yaygin olarak bulunmayan bir
yaklasim olan ve arastirmamizin orijinal bir bilesenini olusturan iki
farkli dontistiirticti topolojisi olan Yiikselten ve Siiper-lift Luo'nun
karsilastirmali  bir analizi, kontrol sistemi igindeki bir DC-DC
déniistiirticti blogu baglaminda gergeklestirilmistir. Her iki sistem icin
MPPT algoritmast olarak, ayni giines paneli kosullarini kullanan bir
bulantk mantik denetleyicisi gelistirilmistir. Calismada stiper-lift Luo
déniistiirticti, geleneksel yiikselten déniistiirticlive gére yaklasik %4
daha fazla verimlilige sahiptir ve gelismis voltaj kazanct ve azaltilmis
giris akimi sunmaktadir. Ayrica, siiper-lift Luo déniistiiriicii kullanan
sistemin yiiksek giiclii yiikler ve endiistriyel uygulamalar icin daha
uygun oldugu tespit edilmistir. Her iki sistemin kararliligi, cevresel
parametrelerdeki ani degisiklikler altinda dogrulanmis ve salinim veya
kararsizlik olmadan maksimum giic noktasini koruma yeteneklerini
gostermistir.  Tasarlanan  kontrolér  konfigiirasyonu, her  iki
déniistiirtictintin de sabit ¢ikis degerleri elde etmesini ve asim olmadan
maksimum gii¢ noktasinda ¢alismasini saglamistir. Ayrica, sistemin
saglamligini ve dinamik tepkisini degerlendirmek icin farklr isinim ve
sicaklik kosullari altinda ve cesitli yiik seviyelerinde ek arastirmalar
yapilmistir. Bu arastirmalar ayni zamanda bulanik mantik
kontrolctintin uygunlugunu da vurgulamistir.

Anahtar Kelimeler: Bulanik mantik, Siiper-lift luo, Gilines enerji
sistemleri, MPPT.

1 Introduction

A variety of algorithms have been employed to enhance energy
efficiency and improve maximum power point tracking (MPPT)
in renewable energy systems. In recent years, fuzzy logic
controllers (FLC) have exhibited enhanced control
effectiveness relative to conventional approaches. The
implementation of FLC-based control in a hybrid renewable
energy system resulted in a 30% reduction in fuel consumption
and a 15% enhancement in system efficiency [1]. A study
combining Perturb and Observe (P&0) with FLC revealed that

*Corresponding author/Yazisilan Yazar

the FLC-MPPT algorithm exhibited reduced power fluctuation
and greater resilience to fluctuating weather conditions than
standard P&O [2]. Experimental findings highlight the
performance differences between the FLC-based P&O
algorithm and the conventional P&O approach. The research
indicates that the FLC-based P&O algorithm outperforms the
traditional P&O algorithm [3]. A comparative evaluation of the
FLC-P&O structure and flexible P&O algorithms revealed that
the FLC-P&O structure resulted in reduced power fluctuations
and shown enhanced performance regarding oscillation,
response time, and computational accuracy [4]. In a similar
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manner, to harness the advantageous impacts of FLC within the
system, FLC will be implemented in both systems developed in
the study. Instead of comparing the controllers, the impact of
FLC on two distinct types of converters inside a solar energy
system will be analyzed.

Various control methods for MPPT in photovoltaic (PV)
systems, together with their comparisons to FLC, are
documented in the literature. A study comparing FLC with the
incremental conductance (InC) algorithm revealed that FLC
attained the maximum power point more rapidly than InC,
exhibited reduced fluctuation, and demonstrated superior
efficiency [5]. In a study comparing InC with FLC, a commercial
photovoltaic system was examined utilizing the dSPACE
platform. The study concluded that FLC demonstrated superior
performance compared to InC regarding steady-state
oscillation, response time, and overshoot [6]. A comparative
evaluation of the FLC and InC algorithms revealed that FLC
more efficiently mitigated voltage variations than InC.
Simultaneously, FLC has exhibited a more rapid and effective
response to fluctuating weather conditions than InC.
Consequently, FLC has been employed instead of InC for
enhanced system stability and efficiency. [7]. A comparative
examination of the P&O0, InC, and FLC algorithms highlights the
advantages of the FLC approach. The results show that FLC
delivers more consistent output power under fluctuating
irradiation and transient faults. Furthermore, the study
confirms that FLC achieves higher efficiency compared to the
InC and P&O algorithms [8]. A study highlighted the rapid
responsiveness of FLC to environmental changes and its
insensitivity to circuit parameter variations, in contrast to InC
and P&O, in a PV-powered battery system [9]. In a separate
investigation comparing particle swarm optimization (PSO),
FLC, and P&O algorithms revealed that FLC and PSO exhibited
superior efficiency relative to the P&O0O approach. The study
attained an efficiency value of 97.38% using FLC [10]. In
assessing the superiority of FLC compared to alternative
control techniques, this study will utilize FLC for the regulation
of converters to guarantee optimal system efficiency. The study
will also analyze the modifications necessary for the FLC
algorithm in the PV systems developed using the boost and
super-lift Luo converter topologies.

In contrast to traditional MPPT methods that rely on specific
parameter tuning or mathematical modeling (such as P&O or
InC), FLC provides adaptable rule-based control and can
maintain accurate MPPT performance under dynamic and
partially shaded conditions. Numerous comparison studies
have repeatedly shown that FLC surpasses conventional
approaches in terms of tracking speed, reduced oscillations,
and overall efficiency [11],[12]. Considering system
requirements and environmental factors, FLC stands out as one
of the most efficient MPPT systems based on our simulation
results and recent findings in literature.

On the other hand, Artificial Neural Networks (ANN) may
demonstrate superior theoretical efficiency owing to their
learning capabilities; however, they frequently require
substantial computational resources, resulting in delays and
constraining their applicability in real-time scenarios.
Conversely, FLC provides a harmonious blend of robustness,
efficiency, and simplicity, rendering it more suitable for
embedded PV systems requiring rapid and dependable
responses [13].

Figure 1 illustrates a column graph comparing the efficiency of
various control methods (FLC, InC, P&O, ANN).
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Figure 1. Efficiency comparison of several control systems.

A comparative evaluation of FLC against commonly utilized
MPPT methodologies is offered to endorse the adoption of FLC
as the control strategy for converter control. FLC is
acknowledged for its efficacy in managing nonlinear systems
with uncertainties, independent of exact mathematical
description. Table 1 juxtaposes the FLC method with InC, P&O,
and ANN, emphasizing performance criteria including decision
correctness and adaptability.

Table 1. Comparative analysis of MPPT control algorithms.

Control

Algorithm Decision Accuracy Adaptability
High. Able to make Medium-High.
FLC human-like decisions  Effortlessly modified
in uncertain using rule-based
conditions. logic.
Medl_um. Responswe Low. Predicated on
InC to variations in voltage ) .
fixed logic.
and current.
Low-Medium.
Influenced by Low. Inability to
P&O fluctuations, solely proficiently adjust to

takes into account the
direction of variation.

High. Elevated
ANN precision contingent
upon training data.

system dynamics.

High. Can swiftly
acclimate to novel
circumstances by

learning.

Research is also being undertaken on converters utilized in
renewable energy systems, alongside control systems. The
research in power electronics underscore the significance of
converters in renewable energy systems. A research on
hydroelectric systems compared the classical boost converter
with the Luo converter. The traditional boost converter
exhibited a system efficiency of 75%, whereas the super-lift Luo
converter attained an efficiency of 98%. Simultaneously, the
settling and rising durations have been decreased while
employing the super-lift Luo [14]. A study showed that a hybrid
renewable energy system, integrating solar and wind energy,
was stabilized with a PI controller, resulting in the super-lift
Luo converter achieving an efficiency of 96%. The research
highlighted that the super-lift Luo converter provides a
sustainable and economical alternative for renewable energy
systems [15]. In the hybrid renewable energy system utilizing
wind and solar energy, the super-lift Luo converter was
employed alongside the P&O algorithm. The study proposed
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utilizing the super-lift Luo converter for hybrid power
generation and optimizing the system size if additional
resources were required [16]. While most of the studies
discussed previously have focused on hybrid energy systems,
the present work investigates the performance of classical
Boost and super-lift Luo converters controlled by fuzzy logic in
a solar energy system. The objective is to enhance efficiency
using the converter and the FLC algorithm. A study
demonstrated that a hybrid renewable energy system,
governed by a grey wolf optimization (GWO)-based MPPT
algorithm, utilized the Luo converter to stabilize voltage and
mitigate energy fluctuations [17]. A study comparing the P&0O
and FLC algorithms for MPPT in solar energy systems also
employed a super-lift Luo converter. In the MATLAB/Simulink
environment and under varying levels of solar irradiance, the
FLC algorithm demonstrated more precise and stable
maximum power tracking than the P&0O method, thereby
enhancing system efficiency [18]. In another study utilizing the
super-lift Luo converter, an interval type-2 fuzzy neural
network (IT2FNN)-based controller was implemented. The
controller demonstrated lower settling time, recovery time, and
steady-state error compared to the interval type-2 fuzzy
controller (IT2FC) and conventional PI controller. Simulations
under varying reference voltages, input voltages, and load
conditions confirmed the superior performance of the IT2ZFNN
[19]. An interval type-2 Takagi-Sugeno-Kang fuzzy logic
controller (IT2-TSK-FLC) was implemented for a super-lift Luo
converter in a PV system. To enhance MPPT and control
stability, it was optimized using the Firefly Algorithm (FA).
Comparative simulations under challenging environmental
conditions demonstrated that the optimized IT2-TSK-FLC-FA
controller reduced settling time by over 56%, increased
efficiency by up to 10%, and provided improved control signal
stability compared to the standard IT2-TSK-FLC [20]. A study
was conducted on a super-lift Luo converter, evaluating system
performance through a P&O-based MPPT method. This
converter demonstrates consistent current output across
varying load conditions and adjusts to changes in irradiation
and temperature [21]. Compared to this study, the present
work also employs the same type of converter; however,
converter control is performed using FLC instead of the
traditional P&O algorithm. In a study utilizing super-lift Luo and
optimizing the MPPT process through artificial neural network
(ANN)-based control approaches, it was found that controllers
with dynamic learning rates yielded more stable voltage and
power output than static methods [22]. A study evaluating Cuk,
Buck-Boost, SEPIC, Boost, Zeta, Ultra-Lift Luo, and Super-Lift
Luo converters under partial shading conditions revealed that
the super-lift Luo converter yielded the maximum output
voltage and power. Luo-based converters enhance system
durability by functioning at low duty cycles [23].

This study will analyze the system response resulting from the
integrated usage of converters and control structures,
anticipated to demonstrate superior performance compared to
traditional control methods and converters in photovoltaic
systems. The project aims to enhance system efficiency by
employing the FLC algorithm, recognized for its efficacy in PV
systems, in conjunction with the super-lift Luo converter. The
distinction between the converter and traditional converters is
concurrently being analyzed. This will elucidate the alterations
in the FLC structure and optimize the system's operational
efficiency.

2 Solar energy systems

Solar energy is the most plentiful renewable energy source
globally. In solar energy systems, solar radiation is transformed
into electrical energy by PV devices [24]. The photovoltaic cells
are the initial recipients of solar radiation. Figure 2 illustrates
the single diode model of the photovoltaic cell. Light photons
are essential for the conduction of current in these photovoltaic
cells. The current flowing through the PV cell is associated with
the cell voltage as delineated by the Shockley Diode Equation.
This link is illustrated in Equation (1). The instantaneous
photo-voltaic current (Izy) depicted in the circuit is expressed
by Equation (2). Here I.;; is the photocurrent, Ry, is the shunt
resistance, Ry is the series resistance and Vg, represents the
terminal voltage of the PV cell.
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Figure 2. The single diode model of PV cell.
Ip = Is(e(VFV+IFVRs)/nVT - 1) 68)

_ Vv + IpyRs

Ipy = ooy — 1S(e(VFv+IFVRs)/"IVT — 1) 2)
Rsh
In this context, I, I and V; represent the current through the
diode, reverse saturation current and thermal voltage,
respectively. 1 represents the ideality factor. The I value
typically ranges from 10-6 to 10-5 A. n assumes a value within
the range of 1 to 2. The calculation of thermal voltage is

illustrated in Equation (3).

_— kT @)
" q
T denotes the temperature measured in Kelvin. k represents
the Boltzmann constant, valued at 1.381x 10723 /K.
q denotes the electron charge, valued at 1.602 x 10719 C [25],
[26].

In solar energy systems, uncontrollable external factors such as
sun irradiation and temperature influence the current and
voltage outputs of the photovoltaic (PV) panel. Consequently,
the current-voltage and power-voltage graphs are likewise
non-linear. These nonlinear graphs have a singular maximum
power point (MPP) [27]. Figure 3 presents the current-voltage
and power-voltage characteristics of a standard PV panel.

max

Current (1) [A)
Power (F) [kWy]

max
Voltage (V) [V]

Figure 3. Current-voltage and power-voltage characteristics of
a typical PV panel.
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There are various ways for MPPT in solar energy systems.
Current solar energy systems employ the P&O algorithm for
MPPT. Nonetheless, prior research indicates that FLC has
superior efficiency compared to P&O. Consequently, in this
investigation, FLC was favored over P&O.

3 Converters

3.1 Boost converter

Primary circuit schematic the boost converter circuit
illustrated in Figure 4 elevates the input voltage according to
the signal sent to the switch component inside the circuit. The
signal transmitted to the switch dictates its open or closed
status. The circuit equations vary according to the switch's
position [28],[29]. When the switch is closed, the circuit
equations are represented by Equations (4 and 5); when the
switch is open, the circuit equations are represented by
Equations (6 and 7).

L

Yo

L +
R§ Vour

Figure 4. Circuit diagram of boost converter.

Switch on;
Vi=Vin=L—" (4)
t
Vin DT
(AiL)on = LT (5)
Switch off;
Vi =Vin = Vour =L— (6)

(VL - Vout)(l - D)T
L

Qiy)osr = (7)
In this context, V;;,, denotes the input voltage, V; signifies the
inductor voltage, and V,,,; indicates the output voltage, whilst
i represents the current traversing the inductor. T represents
the period, whereas D denotes the duty cycle.

3.2  Super-lift luo converter

Super-lift Luo converters are engineered to deliver increased
voltage amplification. In traditional converters, the output
voltage rises arithmetically, however in the super-lift Luo
converter, the output voltage is augmented geometrically [29].
Also, this converter design distinguishes itself from traditional
boost converters by providing markedly better voltage gain and
enhanced overall efficiency. It attains high output levels
without necessitating excessive duty cycles or intricate multi-
stage setups, rendering it a more pragmatic and efficient
alternative. Furthermore, the super-lift Luo converter exhibits
little output voltage and current ripple, rendering it a safer and
more dependable choice for sensitive electrical applications
where ripple mitigation is crucial. This study incorporates the
super-lift Luo converter in a comparison examination with the

commonly utilized boost converter topology in solar energy
systems.

Figure 5 illustrates the primary circuit diagram of the
converter. The converter has a single inductor (L), a switching
element (S), a resistive load (R), two diodes (D;, D;), and two
capacitors (Cy, C).

D,
N
LY

O SjT\ G REv

Figure 5. Circuit diagram of super-lift Luo converter.

The voltage gain of the super-lift Luo converter is determined
using Equation (8).

V. 2—k

G — out — (8)

Ve 1—k
In this context, G represents the voltage transfer gain, V,,;
denotes the output voltage, V;, signifies the input voltage, and
k indicates the conversion ratio. The voltage gain equation
stipulates that the conversion ratio must not exceed 1.

The converter circuit varies based on the switch position.
Figure 6 illustrates the circuit schematics corresponding to the
open and closed states of the switch. When the switch is closed,
the D; diode conducts within the circuit. In this instance, energy
is accumulated in the L and C; components as a result of the
closed loops established at the input. When the switch is
opened, only the D, diode conducts within the circuit. The L and
C; components are arranged in series, while current traverses
through the €, and R components. The input voltage is elevated
and conveyed to the output [30],[31].

Iin Dl
L~ +
Co— R§ Vout
(a)
P [
| I
1= an +1 I
Vin = r—i

C) C,== R§ Voul

(b)
Figure 6. Super-lift Luo converter circuit. (a): Switch on.
(b): Switch off.

The circuit equations for the open/closed switch scenario are
delineated in Equations (9-12).

Switch on;
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lin =1y + I¢, (9)
1in=1L+(1;k)x1L=% (10)
Ie, = (1 - k) x I, (11)

Switch off;
lin =1, = I, (12)

I;, represents the input current, I; denotes the inductor
current, and I, signifies the current traversing the C; capacitor.

Upon closing the switch, energy is accumulated in the C;
capacitor as a result of the input. Upon opening the switch, the
C; capacitor, positioned in series with the inductor element,
acts as a source, supplying the load and the C, capacitor. The
voltage across the C; capacitor at the instant the switch is
closed and at the conclusion of the switch being opened is
specified in Equations (13 and 14), respectively.

t
VC1 = Vin - AVC1 = Vin _C_llL (13)
T
1 —
AV, =— f I, dt = TI, (14)
Cl 1

kT

When the switch is opened, the C, capacitor, which is charged,
feeds the resistive load by forming a closed loop with the
resistive load due to the D, diode being in the off state when the
switch is closed. When the switch is in the open position and at
the end of the closed position, the voltage across the
C, capacitor is given in Equations (15 and 16), respectively.

t t
VC2 = Vout — C_Zlout = Vour <1 _R_Cz) (15)

AV, = (16)

—V,
fiXxRxCy ¥
The voltage variations across these two capacitors in the circuit

are analyzed, and the change in the output voltage is given by
Equation (17).

1 k) Vo

AVO=AV61+AVCZ=<C—1+C—2 xR
S

(17)

In this context, f; denotes the switching frequency, while T
represents the time. AV, and AV, represent the terminal
voltages across the C; and C, capacitors, respectively [32],[33].

These circuit equations facilitate the representation of the
waveforms for the output voltage, input current, and the
current through the C; capacitor. The waveforms are depicted
in Figure 7.

4 Fuzzy logic

Zadeh, the pioneer of fuzzy logic (FL), asserted that this
approach mirrors human cognitive processes, making it
appropriate for scenarios lacking clear determinations [34]. FL
eliminates the necessity for a mathematical model and
definitive input data in the regulation of nonlinear systems
[35].

FL employs numerous membership functions, including
triangular, trapezoidal, sigmoid, Gaussian, and bell curve [36],
[37]. The triangular membership function, commonly used in
solar energy systems, encompasses three states [38].
Consequently, in this function, the membership values are
presented as specified in Equation (18).

(x—a)/(b—a),a<x<bh
ta(x) = pa(xia,b,c) ={(c—x)/(c—b),b<x<c (18)
0,x>cVvx<a

In this context, a, b and c denote the values of the membership
function, arranged in the sequence a < b < c.

4.1 The operational principle of fuzzy logic

The FL system comprises a knowledge base, fuzzification,
inference, and defuzzification components. The knowledge
base comprises data and rule bases. The rule base contains
rules created using traditional If-Then-Else structures for
system control. Figure 8 illustrates the process block diagram
of the FL system.

The fuzzification unit constitutes the initial component of the
fuzzy system. This unit integrates input data with fuzzy sets
through the application of membership functions. The
established fuzzy values are conveyed to the inference unit
utilizing the rules from the rule basis. The derived fuzzy outputs
are transformed into crisp outputs within the defuzzification
unit for application in the system [35],[39].

The error and rule bases established for FL are formulated in
alignment with the system to be controlled. Consequently, they
may also function as MPPT algorithms in photovoltaic systems.
In contrast to alternative control methods, it autonomously
establishes the input-output connection for the system
requiring control. This facilitates controller design without
requiring supplementary definitions.

V (V) | (A)

I (A)

t :
kT T >t ol KT

pt

(@

()

Figure 7. Waveforms. (a): Output voltage. (b): Input current. (c): Current through the C; capacitor.
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Fuzzy Logic System

E;;Tll Fuzzication }Mq Tnfe;ence }MX'{ Defuzzication [():Lll-ti;llt

Knowledge Base

Data and
Rule Base

Figure 8. Block diagram of a FL system.

MPPT algorithms utilizing FL typically employ two inputs:
error and the rate of change of error. The maximum operating
point is characterized as the juncture at which power remains
constant relative to the operating voltage, with the error and its
variation articulated by Equations (19 and 20), respectively.

E(k)=(P(k) —P(k—1))/(V({k) =V (k — 1)) (19)
AE(k) = E(k) —E(k — 1) (20)

The current state is represented by k, whereas the preceding
state is shown by k — 1 [40].

5 System design and evaluation

The study examines the enhancement of a PV panel's output
voltage -under similar specifications- using two distinct
converter topologies: the conventional boost converter and the
super-lift Luo converter, both regulated by a fuzzy logic control
strategy. To achieve this, MATLAB/Simulink environment was
chosen to design, construct, and assess the performance of
these systems under diverse environmental conditions, owing
to its block-based modeling framework, comprehensive
component libraries, and robust capabilities in dynamic system
analysis. Its suitability for power electronics and intelligent
control applications facilitated accurate modeling of the
converters and efficient simulation of their real-time
performance. The entire simulation time was set to 1 second to
accurately capture rapid transient responses to variations in
irradiance and temperature, allowing for a precise comparison
of dynamic performance. Figure 9 displays the comprehensive
circuit schematics of the two designed systems.

The PV panel values utilized in the study are not affiliated with
any particular brand but were derived from the selection of
appropriate values based on existing literature. Table 2 shows
the chosen PV panel parameter values necessary for attaining
optimal system efficiency. The PV panel values have remained
consistent for systems engineered with conventional boost and
super-lift Luo converters.

Table 2. PV panel features.

Parameters Values
Parallel strings: n,, 5
Series-connected modules per string: n; 5
Cells per module: N, 54
Maximum power: P, (W) 1575.7875
Voltage at maximum power point: V,,, (V) 33.35
Current at maximum power point: I, (A) 9.45
Open circuit voltage: V,. (V) 40.85
Short-circuit current: I, (A) 9.98
Temperature coefficient of V. (%/°C) -0.29
Temperature coefficient of I, (%/°C) 0.05

A~ Fv n ;

(b)
Figure 9. The engineered solar energy system. (a): Employing
a boost converter. (b): Employing a super-lift Luo converter.

The internal structure of the FLC designed for the control of
converters is shown in Figure 10. The current and voltage data
acquired from the PV panel is compared with the preceding
(k —1) state utilizing memory blocks. The error and its
variation are computed in this manner. The error and the
modification in the error data are assessed in the established
rule table to produce the triggering signal. The signal derived
from the FLC output is calibrated to a range of 0-1 via the PWM
Generator block, converting it into a suitable triggering signal
for the converter's switching element.

rpv E
,:‘,
va

= I O FE et
-E:D 1 il

Figure 10. The internal structure of the developed FLC.

The fuzzy rules formulated for the regulation of classical boost
and super-lift Luo converters utilized in the solar energy
system are presented in Tables 3 and 4, respectively. In the
study, five membership functions were established for the
inputs of both converters, yielding a total of 25 rules. In the
conventional boost converter, power and voltage parameters
were utilized as inputs to minimize the error rate. The system
has attained optimal performance.
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Table 3. Rule table for the boost converter.

Vn/Pv NB NS ZE PS PB
NB ZE ZE PB PB PB
NS ZE ZE PS PS PS
ZE PS ZE ZE ZE NS
PS NS NS NS ZE ZE
PB NB NB NB ZE ZE

Table 4. Rule table for the super-lift Luo converter.

Error/AError NB NS ZE PS PB
NB NB NB NS NS ZE
NS NB NS NS ZE PS
ZE NS NS ZE PS PS
PS NS ZE PS PS PB
PB ZE PS PS PB PB

The input voltage value was utilized in the rule table formulated
for the super-lift Luo, as presented in Table 4. The process is
conducted by analyzing the error, its variation, and the rate of
change of the error. In the rule base, the definitions with
negative values (NS, NB) yield a voltage that is below the
reference for the converter, resulting in a reduced estimated
duty-cycle ratio. The FLC system facilitates the attainment of
optimal power by endeavoring to enhance this ratio. Moreover,
positive values correspond to an increased duty cycle, thereby
contributing to the regulation of the output voltage. The fuzzy
rule base was constructed according to delta error values
observed through voltage variation analysis, and the rule table
was developed using a trial-and-error approach to fine-tune the
system performance.

Membership functions delineate the fuzzy set distribution of
input and output variables and are essential in establishing the
rule base. In this study, triangular membership functions were
selected due to their ability to provide sharper and more
precise responses in converter control applications. The initial
input membership function and the defined ranges of the two
planned systems exhibit discrepancies. The voltage range of the
Luo converter exceeds that of the classical boost converter,
resulting in a broader definition range for the membership
functions. Membership function parameters were determined
based on the converters' operating voltage ranges to ensure
accurate fuzzification of system variables. Figure 11 illustrates
the membership functions developed for the traditional boost
and super-lift Luo converters.

Figure 12 illustrates the control surface derived from the FLC
structure designed for super-lift Luo. The rapid switching of the
Luo converter results in several harmonics in the surface graph.
The yellow zone on this surface, delineated by the error and
error variation specified in Equations (4) and (5), represents
the system's optimal operating region.

A parallel capacitor (Cpy) is situated between the solar panel
and the converter. The primary purpose of this improvement is
to deliver a more constant input voltage to the converter by
filtering the fluctuating voltage from the PV panel.

The circuit specifications of the parallel-connected capacitor
and the converters utilized are presented in Table 5. The
switching frequencies of the boost and super-lift Luo
converters have been selected differently due to structural
differences; however, the input currents have been kept
approximately equal. This approach facilitates the examination
of the voltage values that the converters can provide under
similar operating conditions, thereby ensuring a fair
comparison in performance evaluations.
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Figure 11. Membership functions for boost and super-lift Luo
converters. (a): First input of boost. (b): Second input of boost.
(c): Output of boost. (d): First input of super-lift Luo.
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Figure 12. The FLC control surface of the super-lift Luo
converter.
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Table 5. The circuit parameters of the converters.

Components Boost Super-lift Luo
Converter Converter
Parallel Capacitor (Cpy) 833 uF 4400 pF
Switching Frequency 5 kHz 76 kHz
Inductor (L) 0.1 mH 5 mH

Capacitor (C1) 4266 pF 1100 pF
Capacitor (C3) - 1100 pF
Resistor (R) 7.5 Ohm 80 Ohm

The input voltage and input current graphs derived from the PV
panel, utilizing the circuit parameters specified in Table 5, are
illustrated in Figure 13. In the circuit utilizing the super-lift Luo,
it has been seen that the input current is significantly lower
than that of the traditional boost converter circuit. This
scenario originates from the circuit schematic of the Luo
converter. The converter facilitates the attainment of high
voltage at low currents.
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Figure 13. Input graphics. (a): Voltage. (b): Current.

The values derived from the PV panel include the current,
voltage, and power graphs received from the converter outputs,
as illustrated in Figure 14. The graphs demonstrate that
significantly greater voltages are achieved using the super-lift
Luo converter in comparison to the traditional boost converter.
Moreover, although the Luo converter achieves a reduced
current, its output power surpasses that of the conventional
boost converter. The system utilizing the super-lift Luo rapidly
mitigates initial oscillations, thus preventing generation of
harmonics. Nevertheless, the system designed with the
conventional boost converter attains a stable state more
rapidly. Furthermore, both systems can generate a consistent
voltage level without overshooting.

The ultimate state values derived from the engineered circuits
are displayed in Table 6. This data indicates that the super-lift
Luo converter enhances both the power output from the PV
panel and delivers superior voltage and efficiency levels. To
examine the dynamic response of the systems under fluctuating
environmental conditions, the temperature and irradiance
values applied to the PV panel were modified as illustrated in
Figure 15.
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Figure 14. Output graphics. (a): voltage. (b): current.
(c): power.

Table 6. The final values and settlement durations obtained
from the systems.

Boost Super-lift Luo
Parameters
Converter Converter
Input Voltage (V) 186.6 335.2
Input Current (A) 49.95 49.86
Input Power (W) 9305 16650
Output Voltage (V) 245.8 1091
Settling Time (s) 0.12 0.5
Output Current (A) 32.78 13.64
Output Power (W) 7981 14870
Efficiency (%) 85.77 89.34

The temperature was reduced linearly from 25 °C to 15 °C over
0.25 s, held constant until 0.45 s, and then increased linearly to
28 °C by 0.75 s, where it stabilized for the remainder of the
experiment. The irradiance level initially started at 1000 W /m?
and decreased linearly to 850 W/m? within 0.2 seconds. It
remained constant until 0.4 s, followed by a linear increase to
1050 W /m? by 0.75 s, following which it remained stable until
the end of the 1-second simulation.
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Figure 15. Graphs of the variable parameters applied to the PV
panel. (a): temperature. (b): irradiation.

Figure 16 illustrates the output current, voltage, and power
characteristics of both converters under different irradiance
and temperature conditions.
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Figure 16. Output graphs with variable irradiation and
temperature. (a): Voltage. (b): Current. (c): Power.

Under these conditions, it was noted that the current
component significantly influenced the output power of PV
panel; owing to the current's direct reaction to variations in
irradiance and temperature, the power graph displayed more
pronounced fluctuations than the voltage graph. Among the
two topologies, the super-lift Luo converter exhibited less
sensitivity to fluctuations in irradiance and temperature,
displaying more seamless power changes. The FLC used in
MPPT algorithm proficiently regulated the system's transient
behavior, ensuring both converters reacted rapidly and reliably
to changing conditions. It was noted that following the transient
process, the output values aligned with the reference values
established under constant conditions. The results
demonstrate that FLC, by its adaptive control functionality,
mitigates power fluctuations, thus improving the continuity
and stability of system.

To ensure the converters functioned under identical load
settings, the boost converter circuit characteristics were
modified in the study. The revised specifications for the boost
converter circuit are detailed in Table 7.

Table 7. Revised parameters for the boost converter.

Components Boost Converter
Parallel Capacitor (Cpy) 1600 uF
Inductor (L) 0.5 mH
Capacitor (C) 6000 pF
Resistor (R) 80 Ohm

The two converters were evaluated under identical load
conditions, and the resultant output current-voltage statistics
are illustrated in Figure 17.
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Figure 17. Output graphs for varying load conditions.
(a): Current. (b): Voltage.

The load resistance was adjusted to 75, 80, and 85 Q, and the
system responses were assessed. Both converters attained a
stable voltage under varying loads; notably, the early transient
oscillations in the super-lift Luo converter diminished with
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increasing load. Conversely, the output current in the boost
converter demonstrated greater ripple, and the current
magnitude diminished as the parameter values increased. This
condition has adversely affected the system efficiency due to
increased energy transmission losses. For instance, with an 80
Q load, the super-lift Luo converter has an efficiency of 89.34%,
whilst the boost converter maintains an efficiency of 75.96%.
These findings demonstrate that the super-lift Luo converter
has enhanced stability in transient behavior during load
variations and offers superior overall system efficiency.

6 Conclusion

Two systems employing the same PV panel types and different
converter types were assessed using FLC. The standard boost
converter system achieved a low voltage output of 245.8 V and
a high current of 32.78 A, rendering it suitable for residential
loads. The system employing the super-lift Luo converter
achieved an output voltage of 1091 V and a current of 13.64 A.
This output, however excessive for a residential system, can be
utilized across several sectors, including specialized DC loads
operating at high voltage, HVDC distribution, industrial
applications, data centers, electric vehicle charging stations,
and large-scale battery systems.

Concerning settling durations, the conventional boost
converter demonstrates greater speed; however, the increased
power output of the super-lift Luo converter explains this
difference. Besides, neither system demonstrates overshoot,
and both achieve stable output levels.

In simulation performed under fluctuating environmental
conditions (irradiation and temperature), both converters
effectively managed transient behavior due to the FLC-based
MPPT control framework and rapidly attained reference values.
The super-lift Luo converter has exhibited enhanced transient
performance, characterized by reduced voltage ripple and a
more stable voltage level throughout fluctuating load
situations. Furthermore, it has been noted that the level of
oscillation in this converter diminishes as the load resistance
increases. Conversely, substantial variations were seen in the
output current of the boost converter as the load increased, but
the efficiency stabilized around 75.96%. Conversely, the super-
lift Luo converter exhibited a more stable and efficient solution,
with an efficiency of approximately 89.34%. The findings
demonstrate that the employed converter topology directly
influences both output magnitudes of variables and the
system's reaction to environmental and load-related variables.
Consequently, choosing the suitable converter type for the
application domain is essential for the system's overall
performance and this study clearly demonstrates how the
choice of DC-DC converter topology affects system efficiency.

For future work, it is recommended to apply advanced
optimization techniques such as Genetic Algorithms, Particle
Swarm Optimization, or other metaheuristic methods to tune
the fuzzy membership functions, rule base, and scaling
parameters to further enhance the FLC performance.
Additionally, a comparison with Type-2 fuzzy controllers or the
adoption of novel modeling techniques could be conducted to
provide deeper insights and improve the control robustness
and dynamic response of the system.
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