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Abstract

INTRODUCTION: Maximum power point tracking (MPPT) is an important strategy for optimizing the power output of]
photovoltaic arrays.

OBJECTIVES: The primary objective of this study is to develop an enhanced MPPT control method to address the inherent
limitations of long tracking time and low tracking accuracy in the traditional conductance incremental method for MPPT.
METHODS: An improved incremental conductance method is proposed, which introduces the fuzzy control algorithm to

the incremental conductance method to dynamically adjusts the perturbation step size.

RESULTS: The simulation results show that the improved method proposed shortens the MPPT time and improves the
MPPT accuracy under start-up and sudden change operating condition comparing with other incremental conductance
method.

CONCLUSION: This study provides an effective and reference-worthy control method for further improving the efficiency
of photovoltaic power generation.
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1. Introduction Solar energy has become a research hotspot in the

energy field due to its low development cost, flexible

In recent years, the excessive development of primary application scenarios, and clean and low-carbon

energy has led to incr.easingly serious prqblems of energy characteristics. Among them, photovoltaic ~power
depletion and  environmental pollution. ~ Therefore, generation technology is becoming increasingly mature
countries around the world have invested in the and has been promoted and applied to countries around the
development of new energy such as solar energy, wind world. The installed capacity of photovoltaic power
energy, geothermal energy, and nuclear energy, aiming to generation in China has been continuously expanding over
fully utilize their advantages of low pollution, renewability, recent vyears, exceeding 200GW [3,4]. However,
and abundant reserves to solve energy shortages and photovoltaic power generation also has problems such as
environmental pollution problems. In response, China has large infrastructure investment and long economic return
proposed a "dual carbon” strategic goal, aiming to achieve cycles. In addition, the output of photovoltaic arrays as the
a non fossil energy consumption proportion of over 80% important facility for photovoltaic power generation has
by 2060 [1,2]. non phenomenal characteristics and varies with the
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temperature and light intensity of the operating
environment [5]. In order to improve the operational
efficiency and economic benefits, it is necessary to
maintain the photovoltaic output at the maximum power
point under real-time conditions as much as possible, in
order to maximize its equipment utilization. Therefore,
maximum power point tracking (MPPT) has become a
necessary control strategy in photovoltaic power
generation [6].

The common MPPT methods include constant voltage
method, perturbation observation method, and incremental
conductance method, among which incremental
conductance method is widely used due to its high accuracy
[7,8,9]. However, the traditional incremental conductance
method has disadvantages such as long tracking time and
low tracking accuracy, which seriously affect the
efficiency of photovoltaic power generation [10,11]. Based
on this, the study analyzes the output characteristics of
photovoltaic modules according to their mathematical
models firstly, and then introduces fuzzy control algorithm
into the incremental conductance method to improve the
MPPT method, among which, the fixed-step size
incremental conductance method or the variable-step size
incremental conductance method based on fuzzy control is
adoptd according to the slope between the photovoltaic
output power and the output voltage to adjust step size
adaptively. Finally, the relevant models are built in
MATLAB/SIMULINK and the simulation tests were
conducted for the start-up and sudden changes in operating
conditions of photovoltaic array to verify the practicality
and superiority of the improved MPPT method.

The remaining sections are organized as follows: the
output characteristics of photovoltaic arrays are analyzed
in Section 2, and the principle of improved MPPT method
are explained in sections 3, system modeling and
simulation result analysis are detailed in Section 4, and the
conclusions from this study are summarized in Section 5.

2. Characteristics of photovoltaic output

As the main photovoltaic power generation facility,
photovoltaic arrays are composed of photovoltaic modules
connected in series and parallel. Among them, photovoltaic
modules are the smallest power generation units, which
convert solar energy into direct current electricity [12,13].
The mathematical model of photovoltaic modules under

reference temperature and reference light intensity is as
follows [14,15].

I= 1{1 - A[exp[Bgoc j— 1]} (1)
el
B= (5—;7 1]{11{1 —Ilﬂl 3)

In Egs. (1) to (3), 4. B are the intermediate variables, /
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and U refer to the output current and output voltage of the
photovoltaic module, /s and U, refer to the short-circuit
current and open circuit voltage of the photovoltaic
module, I, and Un, refer to the output current and output
voltage at the maximum power point of the photovoltaic
module, respectively.

When the operating conditions of photovoltaic modules
deviate from the reference temperature and reference light
intensity, it is necessary to correct the relevant parameters
such as Is, Uoc, Im, Unm, as shown in Egs. (4) to (5).

I, :15(1+a*AT)*i

ref

, N
I, =1, (1+a*AT)* ()

ref
Upe =Uge In(e+b*AS)*(1-c*AT)
U, =U, In(e+b*AS)*(1-c*AT)
AT =T —T,
e ®

In Egs. (4) and (5), T and Ter refer to the actual
temperature and reference temperature, S and Sy refer to
the actual light intensity and reference light intensity,
respectively, while a , b and ¢ are the correction factors.In
addition, the output power is calculated as follows:

P=UI (6)

According to Egs. (1) to (6), the output of photovoltaic
modules is related to the characteristic parameters
determined by the model and the environmental conditions
such as temperature and light intensity. The characteristic
parameters of photovoltaic modules selected in this study
are shown in Table 1. Then, the output characteristics of
photovoltaic modules at different lighting under reference
temperature are shown in Figure 1, and the output
characteristics of photovoltaic modules at different
temperatures under reference lighting are shown in Figure
2.

Table 1. Parameters of Photovoltaic Modules

Parameter Parameter values
Tref 25 OC
Sref 1000 W/m?
Is 53A
In 4.8 A
Uoc 448V
Un 37V
a 0.0025 /°C
b 0.0005 / (W/m?)
[¢ 0.00288 /°C
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Figure 1. Output characteristics of different light
intensities at reference temperature

T=15 T
T=257T
- T=35C
5- =
N
\~.\\
O\
4k W\
\\
Lot \
A
T \
\
\
\
o . . . ‘ ‘ . . ‘ A
0 5 10 15 20 25 30 35 40 45 50
un
P-U
200
T=157C
T=25C -
T=35C e \
\ N\
\
150 \\
\ Y
s 100
o
‘
‘
\
L
sof |
/ |
|
1
|
1
0 ! I ! I ! ! I ! L1 |
0 5 10 15 20 25 30 35 40 45 50
UV

Figure 2. Output characteristics of different
temperature at reference light intensities

2 EA

From Fig. 1 and Fig. 2, it can be seen that the electrical
output of photovoltaic modules has nonlinear
characteristics, and under any fixed operating condition, it
has a unique maximum power point that varies with the
operating conditions.

Due to the fact that photovoltaic arrays are composed of
photovoltaic modules, the output -characteristics of
photovoltaic arrays are determined by the photovoltaic
modules. This study focuses on the photovoltaic array
composed of individual photovoltaic modules, therefore,
the photovoltaic arrays and photovoltaic modules have the
same output characteristics.

3. Design of MPPT method

3.1. Principle of incremental conductance
method

Compared with the constant voltage method [16,17] and
the disturbance observation method [18,19] of photovoltaic
MPPT, the conductance increment method can adapt
quickly to changes in operating conditions [20,21], mainly
based on the P-U curve characteristics of the photovoltaic
array for MPPT.

According to Fig. 1 and Fig. 2, it can be seen that the P-
U output characteristics curve of photovoltaic array is a
downward opening parabola, and when the slope of the
curve is 0, photovoltaic array operates at the maximum
power point exactly; When the slope of the curve is greater
than 0, photovoltaic array operates on the left side of the
maximum power point; When the slope of the curve is less
than 0, photovoltaic array operates on the right side of the
maximum power point

While, from Eq. (6), it can be concluded that:

dP dl
—=1+U—
dUu dUu )

Therefore, photovoltaic MPPT can be divided into the
following three situations:

(1) When dP/dU=0, then -I/U=dI/dU. The operating
voltage U of photovoltaic array should be remained
unchanged.

(2) When dU=0 and dI=0, the operating voltage U remains
unchanged; When dU=0 and dI>0, U should be increased
to move the current operating point to the right; When
dU=0 and dI<0, U should be reduced to move the current
operating point to the left.

(3) When dP/dU < 0, then dl/dU < -I/U, U should be
reduced to move the current operating point to the left;
When dI/dU> -I/U, U should be increased to move the
current operating point to the right.

In the above process, the adjustment step size of U will
directly affect the MPPT performance. when the step size
is large, although the speed of MPPT tracking is fast, it can
easily cause photovoltaic output oscillation, resulting in
lower MPPT accuracy; On the contrary; Conversely, it can
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improve the accuracy of MPPT, but the tracking process is
slower, which affects the speed of MPPT [22,23].
According to whether the voltage adjustment step size
changes, the conductance increment method can be divided
into two types: fixed-step size and variable-step size.
While, the incremental conductance method of fixed-step
size cannot balance the speed and accuracy of MPPT due
to the constant voltage adjustment step size, resulting in
poor overall performance of MPPT [24,25]. So, this study
adopts the variable-step size incremental conductance

method.

3.2. Design of variable-step size
incremental conductance method

As show the P-U characteristic curves in Fig. 1 and Fig. 2,
it can be seen that when the current operating point of the
photovoltaic array is far from the maximum power point,
the absolute value of the slope of the curve is large; On
the contrary, the absolute value of the slope of the curve is
small. Therefore, the position of the current operating
point of photovoltaic array can be determined by the slope
of the P-U curve, and the step size can be adjusted to
balance the speed and accuracy of MPPT. That is, when
the absolute value of dP/dU is large, a larger step size
should be used; On the contrary, it is advisable to adopt a
smaller step size.

To In addition, when the current operating point is too
far from the maximum power point, in order to enhance
the control effect, it is advisable to use a larger fixed-step
size to move towards the maximum power point as soon
as possible, thereby further improving the MPPT effect.
So, a threshold is set for the absolute value of dP/dU
denoted as m in this study. When the absolute value of
dP/dU is greater than m, the fixed-step size incremental
conductance method is adopted, and the step size is set to

a larger value; On the contrary, the adaptive-step size
conductance increment method is used for fine
adjustment, among which, the step size operator is

designed as follows.
(®)

step = N* d%U‘

This study takes [dP/dU| and N in Eq. (8) as the input
and output variables of fuzzy control, set their domains to
[0,2] and [0,0.005], respectively, and set the fuzzy sets to
[SS, MS, S, M, B, MB, BB]. The membership function
curves of the two variables are shown in Figure 3

respectively.
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Figure 3. Membership function curve of input and
output quantity of fuzzy control

In addition, the fuzzy control rules are designed as
shown in Table 2 based on the logical relationship between
input and output quantities, and the Mamdani method is

used for fuzzy inference.

Table 2. Fuzzy control rules

In Eq. (8), step refer to the step size, N refer to the ratio
factor, which decides the accuracy and speed of MPPT
during the variable step size adjustment process. To further
improve MPPT performance, the fuzzy control algorithm
is used to adjust the value of NV in this study.

3.3. Design of incremental conductance
method based on fuzzy control

Fuzzy control is a control method based on fuzzy theory,
which maps the input and output signals in the control
system to corresponding fuzzy sets through membership
functions, and determines the control quantity through
fuzzy inference and defuzzification operations [26,27]. So,
it has good robustness and adaptability [28,29].

2 EA

\dP/dU| N
SS SS
MS MS

S S
M M
B B
MB MB
BB BB

By introducing fuzzy control into the incremental
conductance method, the step size can be more accurately
adjusted according to the current output state of the
photovoltaic array, thereby making MPPT faster and more

accurate.
4. Modeling and Simulation
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To achieve photovoltaic MPPT, Boost converter is usually
used to adjust its output voltage [30,31]. Build the
simulation model of main circuit in MATLAB as shown in
Figure 4.

Figure 4. Main circuit model of photovoltaic MPPT
In Figure 4, PV is the photovoltaic model developed

based on Egs. (1) to (5), the electrical parameters of related
components are shown in Table 3.

Table 3. Electrical parameters of circuit components

Circuit Components Electrical Parameter Values
Ci 10 uF
L 10 mH
C 300 uF
R 100 Q

According to the analysis of the circuit, it can be
concluded that:
U=U,*(-D) 9)
In Eq. (9), Uo and D refer to the output voltage and the
duty cycle of the electronic switch of the BOOST
converter, respectively. It is known that D is negatively
correlated with U, and the duty cycle of the electronic
switch in the boost converter can be adjusted to regulate the
photovoltaic output voltage. So build the simulation model
of the control loop as shown in Figure 5, and set the

sampling period to 8ms.
b

] ST

U] JT_,
“'
o] D Py
J—P Ii

powergui 1 MPPT PWM

Discrete,
Ts = le-06 =

Figure 5. Model of control loop

In Figure 5, the MPPT module is the model of MPPT
algorithm, build the simulation model based on the
principle of incremental conductance method, as shown in
Figure 6, among which, step refer to the step size. The
PWM module is the model for generating driving signals
for electronic switches, as shown in Figure 7, among
which, set the carrier frequency to 20kHz.

2 EA
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Figure 6. Model of MPPT module
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Figure 7. Model of PWM module

To verify the superiority of the improved incremental
conductance method proposed in this study, it was
compared with the fixed-step size incremental conductance
method and the variable-step size incremental conductance
method with fixed ratio factor N. To ensure the fairness of
each method, set the maximum step size to 0.01, and starts
to change from 1.0 uniformly. Build the simulation models
for adjusting step size of each method as follows:

(1) Fixed-step incremental conductance method

Set the step size to be fixed at 0.01, and be marked as

Method 1. The simulation model is shown in Figure 8.

Figure 8. Model of fixed step incremental
conductance method

(2) Variable-step size incremental conductance method
with fixed ratio factor

Set the ratio factor to be fixed at 0.005, and be marked
as Method 2. the simulation model is shown in Figure 9

Figure 9. Model of variable step size incremental
conductance method with fixed ratio factor

(3) Improved incremental conductance method

Adjusting the ratio factor through fuzzy control, and be
marked as Method 3. the simulation model is shown in
Figure 10.
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Figure 10. Model of improved incremental
conductance method

To analyze the performance of the various MPPT
method comprehensively, adjust the light intensity and
temperature in Figure 4 according to the parameters shown
in Table 4 to simulate three typical operating conditions of
photovoltaic operation, among which, 1 # corresponds to
the start-up testing condition, and 2 # and 3 # correspond
to the dynamic testing condition. The theoretical maximum
power marked as Py under corresponding operating
conditions can be obtained by analyzing the photovoltaic
output characteristics.

Table 4. Parameters of photovoltaic operating

condition
Operating conditions 1# 2# 3#
Time (s) 0~0.5 0.5~1.0 1.0~1.5
S (W/m?) 800 1200 1000
T (°C) 15 25 25
Pm (W) 137.31 221.03 177.77

After simulation, The duty cycle, photovoltaic output
voltage and output power are shown in Figure 11, Figure
12, and Figure 13, respectively.
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Figure 11. Curve of the duty cycle
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Figure 12. Curve of photovoltaic output voltage
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Figure 13. Curve of photovoltaic output power

To evaluate the performance of MPPT method
quantitatively, the moment when the duty cycle begins to
periodically change or when the amplitude of the duty
cycle change between adjacent sampling periods no longer
exceeds 0.001 is considered as the end of the photovoltaic
MPPT, which is marked as #. Then, the time from the
change of photovoltaic operating conditions to t1 is defined
as the MPPT time, which is marked as #, and the MPPT
accuracy is defined as follows.

B w1000
=% 100% (10)

In Eq. (10), P; refer to the average output power after

MPPT, which is defined as follows.
Pdt
P- '[ (11)

L1

In Eq. (11), #; refer to the moment when the current
operating condition terminates.

Table 5 shows the analysis results of the simulation data
in Fig. 11, Fig. 12, and Fig. 13. It can be seen that the above
three incremental conductance methods can basically
complete photovoltaic MPPT within a certain period of
time, among which the MPPT tracking time is longer under
the start-up testing condition then the dynamic testing
condition. In addition, the improved conductance
increment method proposed in this study can achieve the
shortest tracking time and highest tracking accuracy under
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all operating conditions when comparing with other
photovoltaic MPPT methods, which indicates the MPPT
method proposed has the highest photovoltaic power
generation efficiency.

Table 5. Results of simulation

Operating conditions

MPPT Method Criteria

1# 24 34
1(s) 0.312 0.060 0.048

Method 1 P(W) 13674 21892  176.72
7 (%) 99.585  99.045  99.409

t 0.320 0.188 0.056

Method 2 P 136.73 22071 177.54
y 99.578  99.855  99.871

t 0.304 0.052 0.032

Method 3 Py 137.09  221.00  177.75
y 99.840  99.986  99.989

5. Conclusions

Based on the analysis of the output characteristics of
photovoltaic arrays, the improved increment method was
proposed in this study to meet the requirements of efficient
MPPT for photovoltaic arrays. The MPPT method
proposed introduces the fuzzy control into the incremental
conductance method, and adjusts the step-size adaptively
by the fixed-step conductance increment method or
variable-step conductance increment method based on
fuzzy control according to the slope between the output
power and output voltage of the photovoltaic array to
balance MPPT speed and accuracy, and improve MPPT
performance ultimately.

The performance of MPPT method was validated
through simulation and comparison. The results indicated
that the improved increment method of MPPT proposed in
this study achieves efficient MPPT effects under the start-
up and sudden changes in operating conditions of
photovoltaic array. Based on the results of this study, the
following conclusions can be reached:

(1) The method proposed in this study can achieve MPPT
under various operating conditions of photovoltaic arrays
efficiently.

(2) The MPPT method proposed in this study has shorter
MPPT time and higher MPPT accuracy compared to the
fixed-step incremental conductance method and the
variable-step size incremental conductance method with
fixed ratio factor under various operating conditions of
photovoltaic arrays.

(3) The MPPT method proposed in this study has a
tracking time of 0.304s and a tracking accuracy of 99.840%
for photovoltaic array MPPT under start-up testing
condition.

(4) The MPPT method proposed in this study has a
tracking time of less than 0.06s and a tracking accuracy of
99.98% for photovoltaic array MPPT under dynamic
testing conditions.

2 EA

For the future studies, the photovoltaic MPPT
experimental system will be built to implement physical
testing of the proposed MPPT method to verify its
applicability. Moreover, improve the fuzzy -control
algorithm in the MPPT method in the future. For instance,
optimizing the membership function or fuzzy rules to
further enhance the MPPT performance.

Acknowledgements.

This work was supported by the Shiyan Juneng Power Design Co.
, Ltd through the project ‘Research on Coordinated Control and
System Design of Photovoltaic-Storage Microgrids’ (Grant No.
2025016).

References

[11 HeJ, Li Z, Zhang X, et al. Towards carbon neutrality: A
study on China's long-term low-carbon transition pathways
and strategies. Environmental Science & Ecotechnology.
2022; (01):2-10.

[2] Guan T. Research on the Strategy of Road Transport
Economic Development in Low Carbon Environment.
Economic Outlook the Bohai Sea. 2022; 331(04):37-39.

[3] Dumbrell N P, Wheeler S A, Zuo A, et al. Public willingness
to make trade-offs in the development of a hydrogen
industry in Australia. Energy Policy. 2022; 165. DOI:
10.1016/j.enpol.2022.112987.

[4] Zheng R. Experimental Study on the Design and
Comprehensive Utilization of Solar Thermal Power
Generation Units Based on ORC. Tianjin: Tianjin
University; 2017.

[5] Soto W D, Klein S A, Beckman W A. Improvement and
validation of a model for photovoltaic array performance.
Solar Energy. 2006; 80(1):78-88.
DOI:10.1016/j.s0lener.2005.06.010.

[6] Hua C, Shen C. Study of maximum power tracking
techniques and control of DC/DC converters for
photovoltaic power system. IEEE Power Electronics
Specialists Conference.IEEE.
1998.DOI:10.1109/PESC.1998.701883.

[71 Esram T, Chapman P L. Comparison of Photovoltaic Array
Maximum Power Point Tracking Techniques. IEEE
Transactions on Energy Conversion. 2007; 22(2): 439-
449.DOI:10.1109/TEC.2006.874230.

[8] Reck H, Eltamaly A M. A comprehensive comparison of
different MPPT techniques for photovoltaic systems. Solar
Energy. 2015; 112:1-11.
DOI:10.1016/j.solener.2014.11.010.

[91 LiP, Zhang J, Xu R, et al. Integration of MPPT algorithms
with spacecraft applications: Review, classification and
future development outlook. Energy. 2024;308132927.

[10] Hussein K H, Muta I, Hoshino T,et al. Maximum
photovoltaic power tracking: an algorithm for rapidly
changing atmospheric conditions. Generation, Transmission
and Distribution, IEE Proceedings-. 1995; 142(1):59-64.
DOI:10.1049/ip-gtd:19951577.

[11] Sarvi M, Azadian A. A comprehensive review and classified
comparison of MPPT algorithms in PV systems. Energy
Systems. 2021;13(2):1-40.

[12] Sabir M, Harrag, Abdelhamid L. A New Variable Step Size
Neural Networks MPPT Controller: Review, Simulation
and Hardware Implementation. Renewable and Sustainable

EAI Endorsed Transactions on
Energy Web
| Volume 12| 2025 |



C. Zhou et al.

[13]

[15]

[17]

(18]

[19]

(21]

[22]

[24]

[25]

[26]

(27]

(28]

Energy Reviews. 2016; 68:221-233.
DOI:10.1016/j.rser.2016.09.131.

Villalva M G, Gazoli J R, Filho E R. Comprehensive
Approach to Modeling and Simulation of Photovoltaic
Arrays. IEEE Transactions on Power Electronics. 2009;
24(5):1198-1208. DOI:10.1109/TPEL.2009.2013862..
Villalva M G, Gazoli J R, Filho E R. Comprehensive
Approach to Modeling and Simulation of Photovoltaic
Arrays.JEEE Transactions on Power Electronics. 2009;
24(5):1198-1208. DOI:10.1109/TPEL.2009.2013862.

Shi J, Zhang B, Cai J. Study on modern photovoltaic
agricultural control strategy based on variable step size
maximum power tracking method. Jiangsu Agricultural
Science. 2018;46(24):274-277.

Esram T, Chapman P L.Comparison of Photovoltaic Array
Maximum Power Point Tracking Techniques. IEEE
Transactions on Energy Conversion. 2007; 22(2):439-449.
DOI:10.1109/TEC.2006.874230.

Subudhi B, Pradhan R.A Comparative Study on Maximum
Power Point Tracking Techniques for Photovoltaic Power
Systems. IEEE Transactions on Sustainable Energy. 2013.
DOI:10.1109/TSTE.2012.2202294..

Femia N, Petrone G, Spagnuolo G, et al. Optimization of
perturb and observe maximum power point tracking
method. IEEE Transactions on Power Electronics. 2005;
20(4):963-973. DOI:10.1109/TPEL.2005.850975.

Chen Y, Zhang C, Guo X. Application of new variable step-
size perturbation and observation method in PV power
generation system. Modern Electronic Technology.
2022;45(17):141-144.

Killi M, Samanta S. Modified Perturb and Observe MPPT
Algorithm for Drift Avoidance in Photovoltaic Systems.
IEEE Transactions on Industrial Electronics. 2015;
62(9):5549-5559. DOI:10.1109/TIE.2015.2407854.

Gao J. Research on Maximum Power Point Tracking
Control Algorithm of Photovoltaic Power System under
Different [llumination. Xi‘an: Chang’an University; 2022.
Liu F, Duan S, Liu B, et al. A Variable Step Size INC MPPT
Method for PV Systems. IEEE Transactions on Industrial
Electronics. 2008; 55(7):2622-2628.
DOI:10.1109/TIE.2008.920550.

Wang Q, Xu H, Zhang Q, et al. Research of improved MPPT
Based on Variable Step Incremental Conductance Method.
Electrical &  Energy  Management Technology.
2017;534(21):10-15+47.

Liu F, Duan S, Liu B, et al. A Variable Step Size INC MPPT
Method for PV Systems. IEEE Transactions on Industrial
Electronics. 2008; 55(7):2622-2628.
DOI:10.1109/TIE.2008.920550.

Sabir M, Harrag, Abdelhamid L. A New Variable Step Size
Neural Networks MPPT Controller: Review, Simulation
and Hardware Implementation. Renewable and Sustainable
Energy Reviews. 2016; 68:221-233.
DOI:10.1016/j.rser.2016.09.131.

Lee C.Fuzzy logic in control systems: Fuzzy logic controller
- Part i. Ieee transactions on systems. 2009.

Guo C, Tang Y, Lin S. Fuzzy control based variable step
conductance increment method for maximum power point
tracking strategy. Modern Electronic  Technique.
2022;45(19):145-151.

Li H X, Gatland H B. Conventional fuzzy control and its
enhancement. IEEE Transactions on Systems Man &
Cybernetics Part B Cybernetics A Publication of the IEEE
Systems Man & Cybernetics Society. 1996; 26(5):791-7.
DOI:10.1109/3477.537321.

(29]

[30]

[31]

Passino, K. M. Bridging the gap between conventional and
intelligent control. Control Systems, IEEE. 1993.
DOI:10.1109/37.214940.

Sera D, Mathe L, Kerckes T, et al. On the Perturb-and-
Observe and Incremental Conductance MPPT Methods for
PV Systems. IEEE Journal of Photovoltaics. 2013;
3(3):1070-1078. DOI:10.1109/JPHOTOV.2013.2261118.
Abdolrasol M G M, Tiong K S, Ker J P, et al. Fuzzy
controller-driven pattern search optimization for a DC-DC
boost converter to enhance photovoltaic MPPT
performance. Scientific Reports. 2025;15(1):32376.

EAI Endorsed Transactions on
Energy Web
| Volume 12| 2025 |

2 EA 8





