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1. Introduction

The growth of renewable energy sources 
has attracted research interest, as a result of 
technological developments and changes in 
the energy market, particularly following the 
depletion of fossil fuels, the energy crisis, as well 
as environmental issues, including pollution and 
global warming. Renewable energy sources such 
as photovoltaic solar panels, small turbines, are 
becoming more impetuous. 

A PV system can function under various loads 
and system conditions in a grid-connected 
configuration. (Shah et al., 2020; Taşcıkaraoğlu 
& Erdinc, 2019). Grid-connected PV systems are 
widely used to inject power into a grid as part of a 
distributed generation system. A stand-alone PV 
system is preferable from a financial perspective, 
whereas other sources of electricity, such as 
those in mobile applications, transportation, 
and satellite networks are impossible or difficult 
to utilize (Hariri et al., 2020). However, PV 
systems have a low conversion efficiency and 
higher manufacturing costs relative to fossil fuel. 
(Ahmed & Salam, 2016). It should be noted that 
the PV array’s power and current characteristics 
are non-linear and impacted by the temperature 
and solar irradiance change. Hence, a maximum 
power point tracker (MPPT) can be used in the 
PV system to track the maximum power point 
(MPP). Several different techniques for MPPT 
have been proposed. 

The current methods differ in terms of simplicity, 
precision, time response, expense and other 

technological aspects (Ali et al., 2020). The 
MPP-tracking voltage base system states that the 
ratio between maximum power voltage and open-
circuit voltage is linearly proportional in various 
weather conditions (Raverkar et al., 2020). As this 
method relies on an estimation of a fixed value, 
the extracted power is probably lower than the 
actual MPP, causing significant power loss. In 
addition, this approach will not monitor MPP if 
such PV array cells have been partially shaded 
or impaired. 

A current-based MPPT method was presented 
in (Owusu-Nyarko, Elgenedy & Ahmed, 2019). 
This system calculates the ratio of maximum 
current to short-circuit current under various 
weather conditions. This method is the same as 
the voltage-based MPPT method. Due to its easy 
implementation and high monitoring precision, 
the incremental conductance (INC) method is 
usually employed. This method is based on the 
fact that the slope of PV power derivative over 
PV voltage is zero at the MPP. This approach is 
proposed to improve the precision and dynamic 
efficiency of monitoring under quickly changing 
conditions. However, it requires a complex 
calculation with the purpose of obtaining good 
results under different weather conditions (Ali et 
al., 2021; Liu et al., 2008). 

A new technique known as ripple correlation 
control (RCC) was developed (Sahu, Sharma & 
Dey, 2020). This uses the ripples of a converter 
signal to track the MPP. By adjusting the operating 
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current as per location, the optimum point is 
reached. In this technique, the tracking speed is 
reasonably fast. 

A comparison was made between MPPT methods 
(Ali et al., 2020; Shadlu, 2019). The perturb and 
observe (P&O) and hill-climbing (HC) algorithms 
are the most popular MPPT algorithms among 
other MPPT methods due to their simplicity and 
low cost. However, these algorithms suffer from 
series issues, such as continually oscillating around 
the MPP. Furthermore, as their irradiation increases 
rapidly over time, the P&O/HC is prone to losing 
its tracking direction (Ahmed & Salam, 2018). 
In addition, there must be compromise between 
fast tracking and steady-state response in order to 
determine the suitable step-size of the perturb and 
observe algorithm. The trade-off problems typically 
need to be considered in the context of fixed step-
size MPPT methods. The situation becomes even 
worse in case of rapid and constant fluctuations 
of environmental conditions such as irradiance 
and temperature (Kollimalla & Mishra, 2014) 
Many variable step-size MPPT methods were thus 
proposed to eradicate such dilemmas. However, 
the step-size of such procedures is dependent 
on panel data specifically applicable to the 
operating environment. Instead, advanced artificial 
intelligence (AI) systems are being developed by 
(Chiu, 2010; Alshareef et al., 2019) for extracting 
the maximum power in order to avoid problems 
related to fixed and variable step-size methods, 
such as neural network, fuzzy logic (FL), particle 
swarm optimization (PSO) or genetic algorithm. 

Fuzzy logic is one of the most suitable techniques 
for controlling PV systems as it relies on prior 
knowledge of the input / output relationship of the 
system and does not require the use of accurate 
system data (Tang et al., 2017; Kamal et al., 2019). 
Accordingly, an important research area has led 
to the development and improved performance 
of FL-based MPPT methods. Many studies have 
implemented hybrid MPPT methods using FL. 
The best functionality of the combined methods 
is exhibited by these hybrid MPPT methods. A 
hybrid approach incorporating the FL and hill-
climbing (HC) approaches has been proposed. 
(Bouakkaz et al., 2020). The FL control has a 
better performance compared to the traditional 
HC method. Furthermore, in (Remoaldo & Jesus, 
2021), the perturb and observe (P&O) is presented 
in correlation with a new MPPT approach that 
is enhanced by a fuzzy logic algorithm. These 

methods have obtained a good trade-off between 
the steady-state response and the dynamic 
response. Nevertheless, they have proven to be 
more difficult to apply and have a lower reliability 
under rapidly changing irradiance conditions. 
An adaptive fuzzy logic controller has been 
introduced to ensure the MPP of the PV system 
is accurately and adaptively monitored (Rezk et 
al., 2019).

 In this paper, a new flexible fuzzy logic controller 
(FLC) based on variable step-size hill-climbing 
MPPT method is proposed for a PV system. 
The weakness of the conventional hill-climbing 
algorithm is investigated. The proposed controller 
will eliminate the downsides of the hill-climbing 
method. The FL controller is designed according 
to the controller input and output and divided into 
five membership functions (MFs) that convert the 
MPPT algorithm into 25 fuzzy rules. With the 
purpose of testing the performance and reliability 
of the proposed method, simulation results are 
obtained. The proposed FLC based on variable 
step-size hill-climbing method was compared to 
the conventional hill-climbing controller.  

The key contributions of this work can be 
summarized as follows: 

 - A new approach for flexible MPPT control 
is proposed, developed, and applied on the 
basis of the fuzzy logic control method;

 - Using C-block programs in the MATLAB-
Simulink simulation software, a simple 
implementation of adaptive algorithm for the 
fuzzy logic based on variable step-size hill-
climbing MPPT method is introduced.

This paper is organized as follows: Section 2 
presents the PV model and Section 3 describes 
the conventional hill-climbing method. Section 
4 defines the proposed MPPT method, while 
Section 5 sets forth the use of MATLAB-Simulink 
software in order to verify the effectiveness of the 
proposed MPPT method. The conclusion of the 
paper is outlined in Section 6.

2. PV Model

PV arrays consist of PV panels, which consist of 
series and parallel attached PV cells. The panels 
are connected in series and in parallel in order to 
match the needed voltage, current and power. With 
a view to displaying the mathematical model of 
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the PV array, a single diode model is employed for 
modelling the PV cell as it is shown in Figure 1, 
Equation (1), which is derived from the equivalent 
circuit of a cell, can be used to model the PV array 
where all the cells are similar (Alajmi et al., 2011).

Figure 1. Equivalent circuit of PV cells  
(Ali et al., 2021)
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PVV  and PVI reflect the PV array output voltage 
and PV array output current, respectively. 

SR and PR  represent the series and parallel 
resistance of solar cells. PHI  is the current 
generated by light, OI  is the reverse current 
of saturation, A  is an ideal factor, k is the 
Boltzmann constant, 23 11.38 10 J K− −× × . T  is 
the temperature (in Kelvin degree), and SN and

PN show the number of cells connected in series 
or in parallel, respectively. q  is the charge of the 
electron ( 191.6 10 C−× ).  

Changing irradiance G and temperature T  have 
a significant influence on the characteristic curves 
of the PV array. In addition, these changes may 
have significant implications for the control and 
design of the PV system. Figure 2 shows the 
characteristics of the Power-Voltage ( )P V− curve 
at different levels of irradiance and temperature. 

The maximum power point can be located in a 
particular duty cycle, based on environmental 
conditions, as it can be seen in Figure 2. The 
PV array can be operated at its maximum power 
point by direct or indirect coupling. (Salas et al., 
2006) mentioned that the PV array can be attached 
directly to the load using a direct coupling method 
and periodic fine-tuning is needed. On the other 
hand, the PV converter can be connected, using 
the indirect coupling method between the PV 
array and the load such that automatic monitoring 
of maximum power point is enabled. The MPPT 
algorithm is employed for controlling the power 

converter switch with the purpose of obtaining 
maximum power from the PV array. PV system 
structure diagram is shown in Figure 3.

(a)

(b)
Figure 2. Influences on the characteristics of 

P V−  curve by (a) solar irradiation ( )G  and (b) 
temperature ( )T

Figure 3. Schematic diagram of the PV system 
(Alshareef et al., 2019)

3. Conventional Hill-Climbing Method

The hill-climbing method perturbs the operating 
point of the PV system by adjusting the duty cycle 
of the power converter and analyses its influence 
on the PV output power array. The hill-climbing 
method has several benefits, such as a simple, 
fast and inexpensive implementation which 
make it the most common algorithm in practice. 
Conversely, it has three disadvantages: 1) The 
PV power amplitude oscillates around the MPP 
at normal conditions, leading to system power 
loses, 2) long tracking time to the MPP, 3) The 
operating point moves  away from MPP on cloudy 
days when irradiance changes immediately.  
Figure 4 illustrates the behaviour of the PV system 
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controlled through the conventional hill-climbing 
based MPPT method. The PV output power shown 
in Figure 4(a), in the context of using the hill-
climbing algorithm, was forced to reach the MPP. 
Fluctuation around the MPP can then be noticed, 
after the PV power reaches the MPP. The solar 
irradiance is changed from 0.5 kW/m2 to 1 kW/m2 
at 0.5s thereby transferring the PV output power to 
the new MPP. Figure 4(b) displays the controller 
output to validate the above-mentioned drawbacks 
of the hill-climbing algorithm. Ellipse 1 indicates 
the required time to determine the converter’s 
ideal duty cycle. The variation of the duty cycle 
around the ideal value is illustrated by Ellipse 2. 
Ellipse 3 indicates the divergence from the ideal 
value of the duty cycle. 

  Figure 4. The hill-climbing technique’s 
disadvantages: (a) PV output power and (b) duty cycle

Many strategies have been discussed in literature 
with a view to improving the hill-climbing 
method. A strategy to overcome the oscillation 
around the MPP was implemented in (Femia et 
al., 2005) by optimizing the time rate of sampling 
depending upon the converter dynamics. The 
second downside of the hill climbing algorithm has 
been substantially reduced, although the first 
and the third downsides remain. An adaptive-
based controller was proposed to improve the 
steady-state and converging-speed performance 
(Weidong & Dunford, 2004). The process begins 
with a small step in the steady state, and in the 
transient stage the incremental steps are increased.

To change the incremental step-size, the following 
equation is used:

( )
( 1)

P
k M

a k
a

∆
=

−                                           
(2)

where ( )a k  represents the incremental step-
size at the corresponding perturbation instant 
k , the change in power condition is expressed 
by ( ) ( 1)P P k P k∆ = − − , ( 1)a k − indicates the 
historic value of ( )a k , and M is a constant 
parameter at the k th−  perturbation.

The downside of (2) is that for the various 
irradiation levels and PV system, M  needs 
manual tuning, making it economically 
unworkable. A new β -form technique is proposed 
(Jain & Agarwal, 2004; Pradeep et al., 2015). This 
approach uses conventional hill-climbing and the 
approximated β  MPP method respectively to 
obtain the exact MPP. The β  technique enable 
a quicker convergence toward the MPP than the 
conventional hill-climbing method. Such a system, 
however, relies on the parameters of the PV array, 
which make it impractical. An adaptive hill-
climbing method is presented which is based on 
the application of a power window in conventional 
hill-climbing (Szabados & Fangnan, 2008). The 
window size is tuned after each iteration loop, 
until the optimum power is attained. The direction 
of the next incremental step depends on the 
comparison between the recent measured power 
and previous measured power in the conventional 
MPPT method. The three-point comparison 
method proposed involves point A which is the 
current operation, point B is perturbed from point 
A, and point C is doubly perturbed from point B in 
the opposite direction (Baba, Liu & Chen, 2020; 
Ying-Tung & China-Hong, 2002). This method 
removes the problem of oscillation effectively; 
nevertheless, there is still poor convergence along 
with divergence problems.  

4. The Proposed MPPT Method

This section is divided into the following two parts: 
part A provides a brief description of the fuzzy logic 
process and part B presents the proposed fuzzy 
logic controller (FLC) based on MPPT method.

A. Brief Description of The Fuzzy  
Logic Controller

The application of fuzzy logic controller is 
extended as it is simple, requires no mathematical 
modelling data and can overcome system 
nonlinearity. PV arrays’ non-linear design and 
weather conditions make the tracking process very 
complex. Therefore FL-based MPPT methods 
can track MPP in the PV system with simple 
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implementation and less-needed data, as indicated 
in (El Khateb et al., 2014). Many FL algorithms 
are proposed in the previous studies to extract 
MPP from PV systems.  

Three main stages can be used in the fuzzy logic 
controller’s function and design. These stages are 
fuzzification, rule base, and defuzzification and 
they are shown in Figure 5. The fuzzy system 
has crisp input and crisp output. According to 
the form of membership function, the crisp 
input is converted into a fuzzy input through 
the fuzzification process. The rule base is a 
series of IF-THEN rules that can be derived 
from human or automatic creation of rules. In 
the fuzzy inference stage and based upon the 
fuzzy rules, the fuzzy output variable is provided 
with an implication process and an aggregate of 
all fuzzy outputs. The defuzzification method is 
then implemented to obtain the crisp output used 
during the control process.

B. Fuzzy Logic Control Based on the 
Variable Step-size Hill-Climbing 
MPPT Method

The main difference between the conventional 
fuzzy logic MPPT method and the proposed 
method lies in the following aspect: in the former 
case, the membership function limits and shapes 
are usually defined by the power level and power 
conversion system parameters, while in the latter 
case the membership limits and shapes are defined 
by a C-code that can allow easy adaptation of the 
membership function type.

The proposed controller is designed to take benefit 
of the simple implementation of hill-climbing 
method and eliminate all the drawbacks referred 
to in Section 3. The proposed controller uses 
hill-climbing algorithm where the step-size is 
controlled by the FLC-based algorithm shown in 
Figure 6.

Figure 5. The basic stages of a fuzzy logic controller (Ali et al., 2021)

Figure 6. (a) FLC-based variable step-size hill climbing MPPT algorithm and, (b) flowchart of the proposed 
Fuzzy logic controller
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The inputs of FLC are: Fixed perturbation step 
size and the instantaneous slope /P V∆ ∆ .

The following two equations can be used to 
determine the instantaneous slope /P V∆ ∆ .

( ) ( ) ( 1)P i P i P i∆ = − −                                   (3)

( ) ( ) ( 1)V i V i V i∆ = − −                                    (4)

where ( )P i  and ( 1)P i −  represent the current 
and past samples of PV measured output power. 

( )V i and ( 1)V i − indicate the actual and 
previously measured samples of the PV output 
voltage, accordingly. 

Input and output membership functions (MFs) 
variables are divided into five different fuzzy 
subsets: ( )PVS positive very small, ( )PS  
positive small, ( )PM  positive medium, ( )PH  
positive high, ( )PVH  positive very high. In the 
proposed FLC controller, the implementation of 
the algorithm includes a total of 25 fuzzy rules. 
As the algorithm determines the fixed step-size 
and slope /P V∆ ∆ values, the FL Interface 
converts these values into linguistic variables 
(fuzzification). Then, the proposed FL controller 
delivers the requirement for step-size of the duty 
cycle to the system of output MFs. The Mamdani 
(Max–Min) method is employed to operate the 
fuzzy combination.

The final stage of the FL controller is 
defuzzification in which the center of area 
algorithm (COA) is utilized to transform changes 
of fuzzy subset duty cycle into actual numbers 
(Alajmi et al., 2011).

( )

( )

n

i i
i

n

i
i

D D
D

D

µ

µ
∆ =

∑

∑
                                         

(5)

where the FL controller output is represented by 
D∆ and iD indicates the Max-Min composition 

center of the output membership function.

Table 1 indicates rules of the proposed FL 
controller for the input and output MPs.

 In Figure 6(a), the inputs of fuzzy logic controller 
block are the fixed step-size perturbation and 
the slope /P V∆ ∆ , and the control changes the 

hill- climbing step-size ( )S∆  according to the 
irradiance and temperature conditions.

The current power ( )P k  is compared with prior 
power ( 1)P k −  in order to compute the changes 
in output power. According to the result of the 
comparison, if the change in power is positive, the 
perturbation of the duty cycle D will move in the 
same direction. If not, the perturbation of the duty 
cycle D  will move in the opposite direction. The 
operating point would progressively shift towards 
the MPP by repeating the procedure.              

It is important to mention that, the step-size ( )S∆  
is not fixed and is determined by the proposed 
fuzzy logic controller block. The idea of the 
proposed fuzzy logic control is to change the step-
size value to the location of the operating point. 
When the operating point is far from the MPP, the 
fuzzy logic controller block adjusts the step-size to 
a large value; if the operating point is closer to the 
MPP, step-size is changed to a small value. This 
process continues until the MPP is reached, and 
the proposed fuzzy logic controller set the step- 
size to nearly zero. This ensures a quick dynamic 
response and prevents oscillations around the 
MPP when a steady state is attained. 

Figure 6(b) shows the flowchart of the proposed 
FL controller (the membership function limits 
and shapes are defined through C-code). The 
two inputs, that is instantaneous slope /P V∆ ∆  
and fixed step-size can be used to define the 
parameters of the proposed FLC controller. 
In Stage 1 the membership type and limits 
are defined according to the required system 
response (fuzzification). In Stage 2, the estimated 
parameters and the specified membership 
functions are incorporated into the proposed FL 
controller, which outputs the duty cycle for the 
power converter.

This kind of fuzzy structure is used by (Rezk et 
al., 2019). However, this paper used this structure 
with a different MPPT algorithm.

Figure 7 displays the triangular membership 
functions for input and output MPs after the 
simulation of the PV system and after the input 
and output performance of the controller has 
been tested. 
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Figure 7.  Membership function for input  
and output MPs

The 0B , 1B , …, 5B points in Figure 7 can be 
statically or dynamically modified in conjunction 
with the needed response. This allows the MPPT 
controller to be adapted to its implementation.

Table 1. The rules of the FL for the input and  
output MPs

5. Results and Discussion

In this section, the simulation program is employed 
with the purpose of validating the performance of 
proposed MPPT method. The program MATLAB-
Simulink is used for modelling and testing of 
performance of the proposed FLC based on 
variable step-size hill-climbing method. The 
S-Function block is employed in order to insert 
the proposed controller algorithm in the form of 
C-code to allow fast adaptation of the membership 
functions type.  The software allows measurable 
comparison of the efficiency and the convergence 
time between the hill-climbing method and the 
proposed method; and the PV system illustrated 
previously in Figure 3 is simulated. The PV 
voltage and the current are used as input for the 
MPPT controller to monitor the MPP. The output 
of the MPPT controller is the gate pulse used for 
operating a DC-DC converter’s IGBT switch. The 
PV system specification used in the MATLAB 
simulation is defined in Table 2.

Firstly, the proposed method is tested under 
standard conditions at an irradiation level of 1000 
W/m2.   Figure 8 illustrates the PV output power 

for the hill-climbing method and for the proposed 
method. The tracking time for the proposed 
FLC method was less than a 0.01 second ( )s . 
The proposed method moves the operating 
point more quickly toward MPP than the hill-
climbing method, which means that the proposed 
method features a quicker convergence time. In 
comparison with the proposed FLC method for 
tracking MPP, the hill-climbing MPPT method 
took around 0.04 s . In addition, there are large 
continuous variations in the waveform of PV 
output power. It is worth mentioning that the 
PV output power oscillations produced by the 
proposed method are significantly lower than the 
long-term oscillations observed in case of the hill 
climbing method.  

Table 2. Specification of PV system used in 
MATLAB simulation

    
Figure 8. Simulation result of the proposed FLC based 
on variable step-size hill-climbing MPPT method and 

hill-climbing method under 1000 2/W m

These two methods are compared under fast 
irradiation conditions, changing from 1000 

2/W m   to 800 2/W m  to 600 2/W m   and then 
400 2/W m   at the sample rate of 0.25 s , as it is 
shown in Figure 9.  The hill-climbing MPPT method 
provides an insufficient result over a large oscillation 
around MPP, with a longer convergence time. These 
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are two of the main drawbacks of the hill-climbing 
method, as it was explained earlier in Section 3.

The two disadvantages are inherently eliminated 
by the FLC, since the decremental and incremental 
step-size vary in accordance with the fuzzy rules, 
hence the step-size is increased when the operating 
point is away from the MPP and vice versa.

Under gradually changing irradiation conditions, 
the proposed method is tested. Solar irradiance 
is steadily increasing/decreasing and requires a 
properly designed MPPT controller. In the context 
of a linear increase in irradiation, from 500 

2/W m to 550 2/W m  at 0.5 s , the proposed FLC 
method was then evaluated. The result shown in 
Figure 10 demonstrated that the proposed method 
can follow the slow-changing irradiances acutely, 
allowing the PV system to attain maximum power 
during its entire operation.

Figure 9. Simulation result of the proposed FLC 
based on variable step-size hill-climbing MPPT 

method and hill-climbing method under fast 
irradiation conditions

Figure 10. Simulation result of the proposed FLC 
based on variable step-size hill-climbing MPPT 
method and hill-climbing method under gradual 

irradiation conditions

Clearly, it is easy for the proposed FLC to track 
irradiance change over a limited period. The 
proposed controller could also mitigate the 
variability of the hill-climbing method. Therefore, 
the findings of the simulations indicated that the 

proposed method accomplished fast tracking with 
low variations around MPP during the steady-state 
condition. Additionally, the proposed method also 
offers a good trade-off between the steady-state 
response and the dynamic response.

Figure 11. Simulation result of the proposed FLC 
based on variable step-size hill-climbing MPPT 

method and two others MPPT methods

A comparison has been made in order to illustrate 
the effectiveness of the proposed FLC method 
in Figure 11. The proposed FLC based on 
variable step-size hill-climbing MPPT method 
is presented in comparison with two others 
previously developed FLCs. The high tracking 
speed and the low fluctuation around the MPP 
are offered by both technologies. Nevertheless, 
in (Mahamudul, Saad & Henk, 2013), the FLC 
does not track the new MPP directly, and diverges 
from MPP under various weather conditions. This 
may lead to a failure in tracking the MPP during 
rapidly changing weather conditions. In addition, 
FLC operates by using the change of PV power 
derivative over the PV current derivative as 
inputs. This could lead to a difficult operation of 
the controller, particularly in a noisy environment. 
Table 3 illustrates the additional validation of the 
considered method by comparing the proposed 
FLC based on variable step-size hill-climbing 
MPPT method with the existing MPPT methods. 

Table 3. Compared performance of the MPPT methods
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As it is illustrated in Table 3, the proposed method 
provides a fast tracking speed, great accuracy and 
no oscillation around MPP.   

6. Conclusion 

This paper proposes a new FLC based on variable 
step-size hill-climbing MPPT method for PV 
systems. The main benefits of the proposed 
method are the accurate and adaptive tracking 
performance of the MPP and the elimination of 
power variations around the MPP in transient 
and steady-state conditions. In addition, the 
proposed FLC, based on variable step-size hill-
climbing MPPT method, performs a faster MPPT 
convergence and can be easily implemented. 
The proposed method could easily overcome the 

drawbacks of existing MPPT techniques in the 
literature. In the MATLAB-Simulink environment, 
the proposed method was applied via a C-block. 
The SIMULINK model was employed for 
verifying the findings of both the conventional 
hill-climbing method and the proposed FLC based 
on variable step-size hill-climbing MPPT method. 
The results of the proposed method indicate faster 
convergence and a lower oscillation around the 
MPP, and there is no deviation from the MPP 
under various weather conditions. 
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