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Abstract 

Photovoltaic (PV) system transforms sunlight into electricity. PV cells have non-linear I-V relationships with one point 

producing the maximum power output from the PV cells. The best efficiency is obtained at the maximum power point (MPP) 

of PV system. This paper proposes a hybrid MPP control strategy that incorporates both fuzzy logic controller (FLC) and the 

Perturbation and Observation (P&O) algorithm under various cases of whether conditions. The proposed algorithm is 

continuously searching for maximum power point and modify it as needed under rapidly changing weather conditions 

(irradiance and temperature) and be able to perform successful tracking of the MPP under partially shaded conditions. The 

performance and the power output of the system will be evaluated using simulation under specific weather conditions. The 

developed controller is implemented in two stages to overcome the drawbacks of the conventional P&O algorithm; the first 

stage uses fuzzy controller to provide an initial guess for P&O where it combines the speed of FLC approximation with the 

accuracy of P&O. The second stage uses another fuzzy controller to find a proper step size of P&O to enhance the transient 

response and reduce the steady-state oscillations. The results show that the efficiency of the proposed remains high under 

various scenarios; Uniform irradiation, sudden irradiation, partial shading (weak, moderate, and strong). Furthermore, results 

demonstrated that the proposed hybrid FLC-P&O can effectively improve the accuracy of the conventional P&O algorithm. 

© 2024 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved 
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Nomenclature  

Symbol Definition Unit 

PV Photovoltaic - 

MPP Maximum Power Point - 
 FLC Fuzzy Logic Controller - 

P&O Perturbation And Observation - 

DC Direct Current - 

 MPPT Maximum Power Point Tracker - 

IC Incremental Conductance - 

FOCV Fractional Open-Circuit Voltage - 

FSCC Fractional Short-Circuit Current - 

PID Proportional Integral Derivative - 
HC Hill Climbing - 

 NN Neural Network - 

PSO Particle Swarm Optimization - 

ABC Artificial Bee Colony - 

MOSFET A Metal–Oxide–Silicon Field-Effect Transistor - 

PWM Pulse Width Modulation - 

IL  Photocurrent Ampere 

Iph Photocurrent Ampere 
V Output Voltage Volt 

ID Parallel Diode Current Ampere 

Rsh Shunt (Parallel) Resistance Ohme 

Ish Shunt Current Ampere 

Rs Series Resistance        Ohme 

I Output Current Ampere 

G Irradiance  W/m2 
Tc Operating Cell Temperature  K 

Tc,ref  Cell Temperature at STC = 25 + 273 = 298 K 

Isc Short Circuit Current At STC. Ampere 

αIsc 
 

Coefficient Temperature of Isc = 0.05% For 
Proposed PV Module. 

Ampere/K 

Irs 

 
Diode Reverse Saturation Current  Ampere 

εG Physical Band Gap Energy, (1.12 Ev for Si). eV 

k Boltzmann Constant 1.38x10-23  J/K. 

q Charge Of Electron 1.602x10-19  C 

Ns Number Cells Connected in Series,60 Cells. - 

A Ideality Factor, Which Is 1.2 For Si-Mono. - 
RL Load Resistance Ohme 

 RMPP Ideal Internal Resistance of PV Array At MPP Ohme 

dmpp  
Duty Cycle of The Converter at Maximum 

Power Point MPP 
- 

VO Output Voltage Volt 
Po Output Power W 

∆Ipv Input Current Ripple Ampere 

∆VO output voltage ripple Volt 

L Inductor Value mH 

VMMP Voltage at Maximum Power Point MPP Volt 

IMMP Current at Maximum Power Point MPP Ampere 

C1  Input Capacitor μF 

C2 Output Capacitor μF 
fs Switching Frequency  kHz 

Pmax  Maximum Value of Real Power W 

Voc  Open Circuit Voltage Volt 

Isc Short Circuit Current Ampere 

 LMPP Local Maximum Power Point W 

 GMPP global maximum power point W 

* Corresponding author e-mail: assemalkarasneh@bau.edu.jo. 
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1. Introduction 

Renewable energy technology has gained huge attention 

from researchers and scientists due to the energy crisis and 

they are focusing on increasing the performance of solar 

cells and investigating novel uses in order to greatly 

increase the production and use of clean energy [1], [2], [3], 

[4], [5], [6], [7].  PV systems exploit solar energy to supply 

green renewable power, it is used as an alternative of the 

electricity produced from conventional fossil fuels. Solar 

cell/PV system transforms sunlight into electricity where 

this electrical energy can supply various systems, such as: 

hydrogen production, electrical power systems, water-

pumping systems, etc. The generated power relies on 

irradiance amount, temperature, and other weather 

conditions. The maximum power point (MPP) of the 

module depends on the radiation, therefor, MPP tracking is 

essential to obtain and maintain maximum power levels. 

Utilizing DC-DC convertors, PVs are being controlled by 

the algorithm to provide the maximum power to the load. 

Enhancing the electrical energy of PV cells or the 

converter’s efficiency is difficult, as it relies on the available 

modern technology. Accordingly, improving the efficiency 

of the MPPT algorithm by new control strategies is easy and 

not expensive, which increases the PV power generation 

[8]. This leads to a huge improvement on MPPT algorithms, 

for the direct methods: perturbation and observation (P&O) 

[9], [10], Incremental Conductance (IC) [11], Fractional 

Open-Circuit Voltage (FOCV) [12], Fractional Short-

Circuit Current (FSCC) [13], Hill Climbing (HC)  [14], and 

bond graph algorithm[15]. The conventional methods have 

some disadvantages such as, large oscillations, trapped in 

local peaks slow convergence and inaccuracy. In order to 

eliminate these problems, numerous revisions were 

implemented on these traditional methods and indirect 

methods that integrated the conventional  direct methods 

with more advanced strategies: perturbation and 

observation (PID-P&O)[16],[17], PID-incremental 

conductance [18], fuzzy logic-perturbation and observation 

(FLC-P&O) [19], [20] and fuzzy logic-hill climbing (FLC-

HC) [21], , others that use artificial intelligence neural  

network (NN) [22], [23], fuzzy logic [24],[25], genetic 

algorithms (GA) [26], [27], particle swarm  optimization 

(PSO) [28], artificial bee colony algorithm (ABC) [29], 

...etc. The P&O method is a nonlinear method for MPPT, 

which compares prior power amount to current ones to 

obtain the MPP, utilizing the duty cycle as a variable [30], 

This method is the most common one used in commercial 

products [31]. Meanwhile, it has some drawbacks; 

Oscillating around maximum power point and utilizing a 

fixed step size. Low values of step size leading small 

fluctuations throughout steady-state weather conditions 

with slow response. Otherwise, larger step size leading 

faster response with higher oscillations. Various 

developments on the conventional P&O method have been 

presented to enhance its performance under various weather 

conditions. By all of the artificial intelligent controllers, 

FLC is the easiest one to integrate with other algorithms’ 

structures. Recently, researchers have paid a great attention 

to FLC because of their ability to provides better results 

than other traditional controllers and 

improve performance in intricate systems, particularly in t

he field of robotics transportation systems, industrial contr

ol, and renewable systems [32], [33], [34], [35]. A Modified 

P&O-Fuzzy MPPT variable step size has been proposed in 

order to overcome some drawbacks according to the 

conventional P&O MPPT method to enhance the transient 

response and reduce the steady-state oscillations [36], [37]. 

The results showed that the conventional P&O and the 

modified one had a difference in tracking efficiency of 

0.38% for the modified P&O. 

This study aims to develop an efficient MPPT method 

that overcomes the drawbacks of the conventional methods 

under various cases of whether conditions. The system is 

implemented in two stages, the first one uses fuzzy 

controller to provide an initial guess for P&O and the 

second one uses another fuzzy controller to find a proper 

step size of P&O. The efficiency of the proposed study is 

studied successfully using MATLAB/Simulink. The system 

is studied in various scenarios; Uniform irradiation, sudden 

irradiation, and partial shading (weak, moderate, and 

strong). A comparative study between the fixed and variable 

step size P&O algorithms are studied and it confirms that 

the proposed system can effectively improve the accuracy 

compared to the fixed step size algorithm. The rest of this 

paper is organized as the following: Section 2 presents the 

PV modeling. The hybrid variable step size P&O MPPT 

controller is proposed in Section 3. While Section 4 

discusses the simulation results. Finally, Section 5 

concludes the study and gives the perspectives future works. 

2. Methods 

2.1. PV Cell Modeling  

 The basic structure of a solar panel cell is a p-n 

semiconductor junction. DC current is generated when the 

device is exposed to light. The light irradiance affects the 

produced current. The solar cell’s equivalent electric circuit 

is considered as a current source which is connected in 

parallel with the diode and shunt resistance 𝑅𝑆𝐻. A 

resistance RS is connected in series in the electric circuit, as 

presented in Figure 1. The PV solar panel is classified into 

two categories based on the number of diodes, which are the 

single-diode model and two-diode model. The solar cell 

single-diode model is well-known and extensively used for 

evaluation and estimation the output PV current I. Because 

of its simplicity and accuracy the single diode model was 

considered in this proposed study [38]. This model is shown 

below on Figure 1. 

 
Figure 1. The Solar cell single-diode model. 

The PV output current can be calculated from the well-

known Shockley diode equation: 
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The saturation current of the PV cell is expressed by:  
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The reversed saturation current and the photon current 
of PV solar panel are given by equation 3 and 4, 
respectively. 
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 Where:  

∆T = Tc-Tc,ref (Kelvin). 

2.2. Maximum Power Point Tracker (MPPT) Techniques 

MPPT is a significant concern in PV solar systems 

which is defined as a set of rules (automatic control 

algorithm) that is utilized as part of a charge controllers used 

for extracting and achieving maximum available possible 

power harvest from PV solar system array during 

instantaneous changes in light intensity, shading level, 

temperature value, and solar module specifications and 

characteristics. So, the major goal of MPPT techniques is to 

track the maximum power point of the PV solar panel. 

MPPT affects by both changing in temperature and 

radiation. With many changeable temperature and solar 

radiation, the MPP also varies. The maximum power point 

tracker is a DC-DC converter that connected between the 

PV solar units and the inverter or battery. So, the MPPT is 

utilized to adjust the electric power yield by increasing or 

decreasing the output power under the demanded system's 

requirements. There are  abundant MPPT techniques that 

have been studied, implemented, optimized and developed 

by researchers [39], [40], [41]. Maximum power point 

refers to maximum output current and maximum output 

voltage at which a PV solar module can generate the 

maximum power value or peak power. Solar radiation, 

ambient temperature, and solar cell temperature all affect 

the value of maximum power.  Typical PV module provides 

electric power with maximum output voltage of around 17 

V when estimated at a cell temperature of 25°C. According 

to the weather condition the value of the output voltage will 

change. It will fall to about 15 V on a very hot climate, and 

it will also rise to 18 V on a very cold climate. 

2.3. Boost Converter Model  

 In this study, a boost converter was utilized to convey 

the energy from the PV units to the load resistance and it’s 

interfaced between the PV solar unit and resistor load in an 

MPPT system. The DC-DC Converter is a type of electronic 

devices that alters electrical power from one voltage level 

to another according to the duty cycle (d) [42]. The correct 

design of the DC–DC converter is essential to guarantee that 

the PV solar system is working at the best value of the 

efficiency, according to the requirement. In this proposed 

work, a boost converter was selected to modify and step up 

the input voltage and control the level of output power to 

the load. The components of the boost converter circuit are 

namely, resistor (R), inductor (L), Capacitor(C), switching 

device, and a diode. as demonstrated in Figure 2. In this 

investigation, a metal–oxide–silicon field-effect transistor 

(MOSFET) and stand power diode are chosen since there 

are commonly used for low to moderate electric power 

applications [43]. The frequency of the switching device is 

specified at 25 kHz after the balancing between the 

switching losses and size of inductor. 

 

Figure 2. Circuit diagram of the Boost converter. 

The input voltage is determined by the PV solar panels 

output, and the fluctuation of converter duty cycle value is 

executed in accordance with the output of the MPPT. The 

running of DC-DC boost converter primarily depends on the 

opening and closing of the switching device, to insert the 

charging and discharging statuses, respectively [44]. The 

term duty cycle (d) is defined as the ratio between the input 

voltage and output voltage, and it is given by Equation (5). 

This variable is controlled by a PWM signal generator, 

which is in turn controlled by a physical device which in 

this case is a metal–oxide–silicon field-effect transistor 

(MOSFET). For the continuous conduction mode, the value 

of d was constrained between 0 and 1. 
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The other components of the boost converter are selected 

as the following:  

 Selection of the resistor: 

  The following equation describes the relationship 

between the load resistance (RL) of boost converter and the 

ideal internal resistance of PV array at MPP (RMPP). as 

mentioned in [43], [45]: 

 
2

1

MPP
L

MPP

R
R

d



 (6) 

Where, dmpp symbol is the duty cycle of the converter at 

maximum power point (MPP) and RMPP is the internal 

resistance, which can be calculated using eq. 7: 

MPP
MPP

MPP

V
R

I
  (7) 

For the purpose of tracking the maximum power point, 

the boost converter's load resistance must be higher than or 

equal to the PV array's ideal internal resistance at MPP (RL 

≥ RMPP). The array is simulated under fast diverse solar 

illumination to specify the range values of RMPP. Different 

levels of irradiance were selected, the higher at G = 1000 

W/m2 and the lower at G = 200 W/m2 [46]. Under three 

different magnitudes of illumination Figures 3 and 4 show 

the characteristic variation of the curves I–V, P–V, and 

optimum internal resistance. When the radiation intensity 

was reduced from 1000 W/m2 to 200 W/m2, the MPP 

decreased from 249 W to 49.15 W. As a result, the RMPP 

increased from 3.61 W to 17.75 W; thus, the load resistance 
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value of 53 ohm was chosen for this study to be higher than 

the RMPP in the case of lowest illumination. 

For a predefined value of load resistance and a lossless 

converter (PO = Ppv). The output voltage VO of the 

converter, the duty ratio DMPP, and the output current Io can 

be calculated using equation 8,9, 204 and 10: 

 

 o o LV P R   (8) 
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 Selection of the inductor: 

The boost convertor inductor value is selected 

depending on the maximum amount of appropriate current 

ripple at the MPP in the case of maximum solar radiation 

(1000W/m2). As presented in equation 11, When the 

magnitude of inductor is high, the magnitude of output 

current ripple is low, and vice versa. In this proposed work, 

the switching frequency fs was set to 25 kHz in order to 

reduce oscillations at the MPP, and the inductor value was 

properly considered for input current ripple ∆Ipv of 1% 

[46]. As a result, the inductor's minimum value was 

designed according to the equation 11 [46], [47]: 

2

pv MPP

pv s

V D
L

I f



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 (11) 

In this research, the inductor value L is chosen to be 1.1 

mH to guarantee minimal current ripple at the boost 

converter's output, which is critical for this application 

 Selection of the capacitor: 

  The output and input value of capacitor was calculated 

using the output voltage ripple ∆VO of 2%, as following 

equation [47], [48], [49]. 

2
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(12) 

In this proposed study, the input capacitor C1 and the 

output capacitor C2 are chosen to be 400 μF to ensure that 

we maintained the permissible voltage ripple limit for 

efficient MPP tracking under any radiation variations [28]. 

Using all the above equations, Table 1 summarizes the PV 

array characteristics at 25 C for higher and lower solar 

irradiances. 

 
Figure 3. I–V curves of PV module at four insolation level. 

 

 
Figure 4. P–V curves of PV module at four insolation level. 

Table 1. PV solar array and boost converter parameters under the lower and higher solar insolation. 
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3. Proposed Fuzzy-based Variable Step Size P&O 

MPPT 

3.1. P&O Algorithm 

 As shown in Figure 5(A), the operation of the P&O 

concerns shifting the PV operation point according to the 

sign of the last increase of PV power. Otherwise stated, as 

the PV power increases, the operation point increases as 

well and vice versa. In the end, it oscillates about the MPP 

with a fixed step size. The process of P&O according to 

solar PV under constant irradiation is shown in Figure 5(B). 

 
(a) 

 
 

(b)                                                                                                                                            

Figure 5. P&O MPPT operation (a) Flowchart for P&O (b) MPP P&O-based tracking under Constant Irradiation. 
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3.2. Fuzzy Algorithm  

Lotfi A. Zadeh, a computer science professor at the 

University of California at Berkeley, pioneered fuzzy logic 

in 1965. FLC operates with inaccurate inputs, does not 

require a perfect mathematical model, and is capable of 

handling nonlinearity. Furthermore, as compared to 

traditional non-linear controllers, fuzzy is more robust. The 

four essential aspects of FLC operation can be classified 

into fuzzification, rule basis, inference engine, and 

defuzzification. 

The basic idea behind the proposed hybrid algorithm is 

to combine the abilities of both the FLC and P&O 

algorithms into a single platform. The method is developed 

in two stages, the first of which uses FLC to provide an 

initial guess in the region of MPP to the P&O. Therefore, 

this integration combines the speed of FLC approximation 

with the accuracy of P&O. The second stage uses another 

FLC to find the appropriate P&O step size. When utilizing 

a fixed step size perturbation in a standard P&O, there is a 

conflict between eliminating oscillation of PV array output 

power near MPP and convergence of rising time 

approaching MPP. A large step size allows a quick dynamic 

response due to a sudden solar irradiance change. However, 

it results in excessive steady-state fluctuation of the PV 

array output power near MPP, resulting in power loss. A 

small step size ensures that PV array output power oscillates 

less around MPP, but it also obtains a slower dynamic 

response to a rapid change in solar irradiance. In order to 

provide small steady-state oscillations and quick dynamic 

response, a variable step size MPPT will be required. 

Therefore, FLC is used to tune the step size for P&O-based 

MPPT to overcome the constraints of the conventional fixed 

step size P&O. 

3.2.1. Initial guess FLC-based 

 The first FLC has two inputs open circuit voltage (Voc) 

and short circuit current (Isc) and a single output (Initial 

guess of D (Din), and there are five fuzzy sets in each: VS 

(very small), S (small), M (medium), L (large), and VL 

(very large), as shown in Figure 6 and Table 2. 

The fuzzy rule base and fuzzy implication sub blocks 

compose the inference engine. The fuzzified inputs then 

passed to the inference engine, where the rule base is 

applied based on table 2. Using the fuzzy implication 

method, the output fuzzy set is identified. The MIN-MAX 

fuzzy implication is used in this study [50] . Figure 7 depicts 

the surface that was generated for the fuzzy controller. 
Table 2. Fuzzy inference table. 

Voc/Isc VS S M L VL 

VS M M S L VL 

S M M M L VL 

M VS S M L VL 

L VS S M M M 

VL VS S L M M 

 
(a) 

 
(b) 

 
(c) 

Figure 6. (a)Membership function plots for Voc, (b)Membership function plots for Isc, (c) Membership function plots for Di 

 
Figure 7. Surface of generated FLC. 
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In this stage, FLC is responsible for finding the 

appropriate step size of P&O. FLC has two inputs (Error (E) 

and change in error (CE)) The inputs are shown in Eq.s (13) 

and (14), where E is the P-V  curve's slope that defines the 

MPP's position in the PV module and CE determines 

whether the  operating point is moving in the MPP direction 

or not. The output is the step size of the change in duty cycle 

(Delta). This signal is transferred to a dc-dc converter, 

which is used to drive the load. 

Each input includes five fuzzy sets: NL (negative large), 

NS (negative small), ZE (zero), PS (positive small), and PL 

(positive large), and the output includes five fuzzy sets: VS 

(very small), S (small), M (medium), L (large), and VL 

(very large) as shown on Table 3. As a result, the FLC has 

twenty-five rules based on Table 3, where these rules are 

based on minimizing the absolute slope of the P-V curve. 

The MIN-MAX fuzzy implication approach is employed. 

The membership functions of the inputs and outputs are 

shown in Figures 8 and 9 depicts the surface that was 

generated for the fuzzy controller. 

  
( ) ( 1)

( )
( ) ( 1)

P n P n P
E n

V n V n V

  
 

  
 (13) 

( ) ( ) ( 1)CE n E n E n E      
 

 

  (14) 

 

 
(a) 

 
(b) 

 
(c) 

Figure 8. (a) Membership function plots for E (b) Membership function plots for CE (c) Membership function plots for Delta. 

 

Table 3. Fuzzy inference table. 

 

 

 

 
Figure 9. Surface of generated FLC. 

 

 

E/∆E NL NS ZE PS PL 

NL VL NL S S VS 

NS VS VS S S S 

ZE VS VS S VL S 

PS S S VL VL VL 

PL S S VL VL VL 
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The flowchart of the hybrid FLC-P&O-FLC controller 

is shown in Figure 10. The flowchart shows a hybrid control 

system that combines the Perturb & Observe (P&O) 

technique with Fuzzy Logic Control (FLC) to improve the 

efficiency of solar energy utilization. The fuzzy logic 

controller provides an initial estimate of duty cycle after the 

system starts by measuring voltage and current values. 

Power computations are then performed to determine power 

and voltage differences for between the present and 

previous states. These differences allow the duty cycle to be 

modified to maximize power production while minimizing 

steady-state oscillations and optimizing transient responses 

with the use of an additional fuzzy logic controller. This 

dual procedure makes use of the P&O method's precision 

for duty cycle fine-tuning and FLC's quick approximation 

capabilities for preliminary estimations. Expert knowledge 

and experimental data were combined to estimate the ranges 

of the membership functions for the inputs and outputs in 

Figures 6 and 8. The performance features of the MPPT 

algorithm and the typical operating conditions of PV 

systems were considered. This approach allows to ensure 

that the membership functions accurately represent the 

input and output variables within the framework of this 

study. 

Overall, after merging the two stages, the first FLC 

ensures speedy approximation of the initial guess, the 

second FLC ensures steady-state oscillations and fast 

dynamic reaction based on a variable step size, moreover, 

the P&O approach ensures the accuracy of the process. 

Figure 11 shows a complete MATLAB/Simulink model. 

 
Figure 10. The hybrid FLC-P&O-FLC controller flowchart. 
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Figure 11. The hybrid FLC-P&O-FLC MATLAB simulation model. 

 

4. Results and discussion 

 The performance of the proposed hybrid FLC-P&O-

FLC controller variable step size MPPT controller is 

simulated by modeling the entire system in 

MATLAB/Simulink environment under any weather 

conditions, the system consists of a TP250MBZ PV panel 

operating at variable atmospheric conditions (Table 4) and 

a DC-DC boost converter driven by the proposed controller 

to provide it with the optimal duty cycle to achieve GMPP 

of the entire system in various cases of insolation levels. The 

controller tracking efficiency is evaluated from Eq. 15 [51]. 

max

100%oP

P
    (15) 

where Po is the output power of the PV solar module, 

that tracked by the controller and Pmax is the maximum value 

of real power. 

The system is studied and carried out under different 

weather conditions; Uniform irradiation, sudden change, 

and partial shading (weak, moderate, and strong) as 

illustrated in Figures 12 and 13. 

Table 4. Electrical Characteristics of TP250MBZ module (1000 

W/m², 25°C) 

Designation Values 

Maximum Power (PMPP)  

Voltage Pmax (VMPP)  

Current at Pmax (IMPP)  

Short Circuit current (Isc)  

Open Circuit voltage (Voc)  

Temperature coefficient of 

Voc  

Temperature coefficient of 
Isc  

250W 

30V 

8.3 A 

8.83A 

36.8V 

-0.03 %/ 

0 6y c             

0.063805 %/deg.°C 
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Figure 12.  Uniform irradiation pattern used for the MPPT performance testing. 

 
(a) Sudden drop in radiation level from 1000 W/m2 to 500 W/m2 

 
(b) Sudden rise in radiation level from 500 W/m2 to 1000 W/m2 

Figure 13.  Sudden change irradiation pattern used for the MPPT performance testing 

 
Figure 14. Partial shading patterns (weak 750 W/m2, moderate 500 W/m2, and strong 250 W/m2) used for the MPPT performance testing 
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The comparison of the proposed FLC-P&O-FLC and the 

conventional P&O is done in various scenarios: 

4.1. Uniform irradiation 

A comparison of the performance of the P&O and the 

proposed FLC-P&O-FLC under a uniform irradiance is 

shown in Figure 15. The three PV panels receive the same 

amount of solar irradiance (1000 W/m2). It can be observed 

that the proposed FLC-P&O-FLC reaches the MPP faster at 

t=0.14 s. 

4.2. Sudden irradiation change 

To simulate the rapidly varying irradiation condition, the 

irradiation level was unexpectedly reduced from 1000 

W/m2 to 500 W/m2 and then increased from 500 W/m2 to 

1000 W/m2. As shown in Figures 16 and 17, respectively, it 

is noticed that the efficiency of the proposed FLC- P&O-

FLC controller is better than the efficiency of the 

conventional P&O. 

 
(a) (b) 

Figure 15. The simulation results of PV system under a uniform irradiance (1000 W/m2) (a) Conventional P&O and (b) The proposed 

FLC-P&O-FLC controller. 
  .

 
(a) (b) 

Figure 16. The simulation results of PV system under a sudden irradiance (1000 W/m2 to 500 W/m2) (a) conventional P&O and (b) the 

proposed FLC-P&O-FLC controller. 
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(a) (b) 

Figure 17. The simulation results of PV system under a sudden irradiance (500 W/m2 to 1000 W/m2) (a) Conventional P&O and (b) The 
proposed FLC-P&O-FLC controller. 

4.3. Partial irradiation shading 

Various cases of partial shading (weak, moderate, and 

strong) were considered in the simulation for extensive 

verification and to validate the effectiveness of the proposed 

technique. In this section, the simulation results for partial 

shading cases are discussed along with a performance 

comparison of the proposed FLC-P&O-FLC technique 

versus the conventional P&O technique.  

4.3.1. Weak, moderate, and strong partial shading pattern 

 In case of weak partial shading pattern, two connected 

panels obtain uniform radiation (1000 W/m2), while one 

receives 750 W/m2. The arrangement of this case and all 

partial shading cases are listed in Table 5. Figure 18 shows 

the output characteristic of P–V curve of the PV generator 

for partial shading cases, two peaks maximum power are 

noted referring respectively to GMPP and local maximum 

power point (LMPP). 

Through the time under study, the proposed FLC-P&O-

FLC technique has the ability to differentiate GMPP and 

LMPP. Furthermore, as depicted in Figures 19-21, the 

proposed FLC-P&O-FLC technique can track the GMPP, 

and it still has a rapid response time even under partial 

irradiation shading and successfully locates the global 

maximum power point while the P&O got trapped in the 

LMPP. The fuzzy controller always discovers the duty cycle 

that gets the system close to the GMPP.  The P&O algorithm 

part of the proposed FLC-P&O-FLC technique uses this 

duty cycle which is used as an initial guess in order to 

increase the power obtained by the PV module. 

Table 5. Incident insolation for the PV system array with the 

corresponding power at the global maximum power point 

(GMPP). 

Case 
Irradiation on the 

solar module (W/m2) 

Power 

(W) 

Strong partial 

shading pattern 
[1000,1000,250] 577.7 

Moderate partial 

shading pattern 
[1000,1000,500] 577.9 

Weak partial shading 

pattern 
[1000,1000,750] 657.1 

 

 
Figure 18. output characteristic of P–V curve for partial moderate 

shading case. 
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(a) (b) 

Figure 19. The simulation results of PV system under a weak partial shading irradiance. (a) Conventional P&O and (b) The proposed 

FLC-P&O-FLC controller. 
 

 

 
(a) (b) 

Figure 20. The simulation results of PV system under a moderate partial shading irradiance. (a) Conventional P&O and (b) The proposed 
FLC-P&O-FLC controller. 
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(a) (b) 

Figure 21. The simulation results of PV system under a strong partial shading irradiance. (a) Conventional P&O and (b) 

The proposed FLC-P&O-FLC controller. 

A performance comparison under various conditions of 

conventional P&O and the proposed FLC- P&O-FLC 

controller is shown in Table 6. 

Table 6. A performance comparison under various 

conditions of conventional P&O and the proposed FLC- 

P&O-FLC controller 

Parameter 

Conventional P&O 

[52], [53]  

 

FLC-

P&O-

FLC 

Tracking speed Good Very 

Good 

Steady state error High Medium 

Reaching true MPP No Yes 

Oscillations Low Medium 

5. Conclusion 

 The basic idea behind the proposed hybrid controller is 

to combine the abilities of both the FLC and P&O 

algorithms into a single platform. The method is developed 

in two stages, the first of which uses FLC to provide an 

initial guess in the region of MPP to the P&O. Therefore, 

this integration combines the speed of FLC approximation 

with the accuracy of P&O. The second stage uses another 

FLC to find the appropriate P&O step size. When utilizing 

a fixed step size perturbation in a standard P&O, there is a 

conflict between eliminating oscillation of PV array output 

power near MPP and convergence of rising time 

approaching MPP. A large step size allows a quick dynamic 

response due to a sudden solar irradiance change. However, 

it results in excessive steady-state fluctuation of the PV 

array output power near MPP, resulting in power loss. A 

small step size ensures that PV array output power oscillates 

less around MPP, but it also obtains a slower dynamic 

response to a rapid change in solar irradiance. In order to 

provide small steady-state oscillations and quick dynamic 

response, a variable step size MPPT is proposed. Therefore, 

FLC is used to tune the step size for P&O-based MPPT to 

overcome the constraints of the conventional fixed step size 

P&O. The robustness and effectiveness of the proposed 

controller were illustrated under various weather conditions 

simulation results, the accuracy was improved, and the 

efficiency was enhanced, the tracking efficiency for the 

conventional P&O and the proposed FLC-P&O-FLC 

controller have a difference of 0.30% in favor of the FLC-

P&O-FLC controller.  

6. Future work  

 In future work, we will confirm the proposed 

algorithm's performance experimentally. It would also be an 

interesting goal to test its validity on other converter 

structures.  
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