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Abstract- Since the beginning of the war in Syria, most of the electricity infrastructure has been destroyed, leaving millions 
with unreliable energy. In such regions vulnerable to energy insecurity, an alternative means of electricity production is sought. 
As an attractive option, the interest is directed to solar energy. However, because of a lack of expertise in solar energy 
conversion and the high cost of smart technology in these regions, people have typically used photovoltaic systems in primitive 
ways, in which the efficiency of solar energy conversion is low. There is, therefore, a need for inexpensive, easy-to-implement, 
yet highly efficient and high performing solutions. STMicroelectronics 32-bit ARM as a maximum power point tracking 
(MPPT) controller offers a potential solution to the problem of low conversion efficiency in stand-alone solar systems. In this 
study, using Matlab-Simulink and STMicrelectronics-32 bit ARM board, simulation and practical test is set up to evaluate the 
performance of the Perturbation & Observation, Incremental Conductance, and Fuzzy Logic MPPT algorithms, in order to 
determine the most appropriate algorithm to use in small scale solar energy systems. Therefore, the objective of this study is to 
explore rapid control prototyping tools for saving time and effort to the experts in the implementation process of the proposed 
systems. The results indicate the effectiveness of the fuzzy logic algorithm to draw more energy, decrease oscillation and 
provide a fast response under variable weather conditions. Furthermore, the three algorithms were able to find and track MPP. 

Keywords Photovoltaic, MPPT, Incremental Conductance, Perturbation&Observation, Fuzzy Logic, Rapid Prototyping. 

 

1. Introduction 

The continued reliance on fossil fuels for energy 
production has led to the continued rise in carbon emissions, 
giving rise to atmospheric changes [1]. Furthermore, it was 
reported that today 85% of the world’s global energy 
consumption is met by fossil-based fuels [2], and continual 
daily increases in global energy use are depleting the 
supplies of oil and gas, therefore, a tendency to alternative 
renewable energy sources gained importance [3]. Renewable 
energy sources are more viable alternatives since they are 
clean, pollution-free and non-exhaustible. Among all 
renewable energy systems, the solar energy system has 
received the most attention due to its ease of implementation 
and its relatively low cost [4]. Despite advances in PV 
technology, solar cells have some drawbacks such as the fact 

that their energy conversion efficiency is low and their 
characteristic curve is nonlinear and depends on the 
irradiance level and ambient temperature (Fig. 1) [5]. To 
increase the efficiency of the solar cell and optimize the 
power obtained from the PV system, many maximum power 
point tracking techniques (MPPT) have been proposed [6-9], 
such as Perturbation&Observation, Incremental Conductance 
and Fuzzy Logic. The Maximum Power Point (MPP) is the 
point on the current-voltage (I-V) curve (Fig. 1) which 
corresponds to the maximum possible power output for the 
given PV panel (Pmax), and the Maximum Power Point 
Tracker (MPPT) is a device that constantly tracks the MPP 
under variable weather conditions [10]. In this regard, much 
research has been carried out to evaluate the performance of 
the three techniques. It has been reported that the Fuzzy 
Logic controller has better tracking achievement than 
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conventional techniques and can obtain maximum power in 
terms of variable temperature and solar insolation conditions 
[11,12]. In addition, the Fuzzy Logic algorithm increases the 
conversion efficiency of the PV array [13]. It has been found 
that the Fuzzy Logic algorithm exhibits the high stability and 
conversion efficiency needed to maintain maximum power 
output [14,15]. It has been observed in recent years that there 
is a great deal of interest in proposing new MPPT techniques 
based on new artificial intelligence methods [16-18], 
enhancement the performance of existing conventional 
MPPT techniques [19] or modified hybrid optimizations [20-
22] to increase the efficiency of the energy production of 
photovoltaic systems. In the light of what has been said 
above, to date, the proposed hardware solutions suffer from 
various degrees of complexity, high-cost, inefficiency and 
power dissipation. Furthermore, in many cases, it is arguably 
pointless to use a more complicated or more expensive 
algorithm if a simpler and less expensive one can yield 
similar results.  

In spite of the fact that the proposed system can be used 
in all remote communities which do not have reliable and 
sustainable access to electricity, this argument is particularly 
pertinent to the case of Syria. After the destruction of electric 
power plants in Syria as a result of the war, and because of 
the high prices of conventional fuel used to run electrical 
generators, Syrians have begun using photovoltaic generation 
systems to meet the daily needs of electric power. Because of 
the lack of experience in using photovoltaic systems and the 
high cost of smart technologies, which can improve the 
produced electricity, Syrians have begun using photovoltaic 
systems in primitive ways where the efficiency of the 
generation system is low as shown in Fig. 2. New MPPT 
techniques are both too complicated and too expensive to 
offer a feasible solution to improve conversion efficiency in 
stand-alone (e.g. domestic) solar systems. Instead, there is a 
need for inexpensive, easy-to-implement, yet highly efficient 
and high performing solutions. Additionally, these need to be 
able to be easily integrated with existing systems and be 
operated under variable weather conditions. The purpose of 
this paper is to offer an efficient, easy-to-use, high-
performance MPPT system to optimize the use of a solar 
energy system for regions facing insecure production and 
distribution of electricity. 

Very little was found in the literature on the studies 
investigating the use of STMicroelectronics 32-bit ARM as 
an MPPT controller, yet it offers an inexpensive, high 
performance, rapid  processing  and  easy  to  install  solution 

 
Fig. 1. P-V & I-V characteristics of a solar panel. 

 
Fig. 2. The use of solar panels in small scale local 

installations in Syria. 

that is supported by Matlab. It, therefore, offers a potential 
solution to the problem of low conversion efficiency in 
stand-alone solar systems in low resource contexts. In this 
study, deploying Matlab-Simulink and STMicrelectronics-32 
bit development board containing an ARM cortex-M3 
microcontroller, the simulation and the practical test is set up 
for an easy and rapid transition from the simulation to real-
time operation on the PV system. The performance of the 
three aforementioned MPPT algorithms is evaluated to 
determine the most appropriate algorithm to use in small-
scale solar energy systems and the advantages provided by 
performing rapid control are demonstrated. For the 
performance evaluation, the mathematical models of the 
P&O, IC and FL algorithms are designed in 
Matlab/Simulink. The simulation results are obtained under 
different irradiation and temperature levels. Furthermore, 
thanks to the Matlab support of STMicroelectronics, the 
models designed in Simulink are transferred into the control 
board and then the practical results are collected. A typical 
diagram of the MPPT in a PV system is shown in Fig. 3. 

In the following section, the principles of each of the 
three algorithms are outlined in turn. The building of 
mathematical models in Matlab is then described. Following 
this, the simulation results are discussed. The practical 
aspects of the study are then outlined, starting with the 
transfer of the algorithmic code to the control board, 
followed by the testing of each algorithmic technique under 
different weather conditions using a solar simulator. The 
results of the tests are then discussed, and suggestions are 
made for the application of the appropriate algorithms in 
small-scale stand-alone solar energy systems. 

 

 

Fig. 3. Typical diagram of MPPT in a PV System 
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2. Maximum Power Point Tracking Algorithms 

2.1. Perturbation&Observation (P&O) 

This algorithm depends on changing the duty cycle 
(perturbation) and measuring the output power (observation). 
The basic principle of the P&O algorithm is summarized in 
Table 1. First, if the change in duty cycle is positive and 
change in power is positive, the next perturbation would be 
positive. On the other hand, if the change in power is 
negative, the next perturbation would be negative [23]. 

Table 1. The basic principle of the P&O algorithm 

Perturbation Change in power Next 
perturbation 

Positive Positive Positive 
Positive Negative Negative 
Negative Positive Negative 
Negative Negative Positive 

2.2. Incremental conductance (IC) 

This technique is based on the comparison of the 
incremental conductance (dI/dV) and the instantaneous 
conductance (-I/V) [24]. The position of the MPP can be 
determined by the relationship between dI/dV and -I/V, as 
given by: 

              (1) 

By using the measured values of Vpv and Ipv at different 
instants, the MPP can be reached as shown in Fig. 4. 

2.3. Fuzzy Logic (FL) 

Generally, fuzzy logic control consists of three stages: 
fuzzification, rule base table lookup, and defuzzification 
[25,26]. In the fuzzification stage and based on a 
membership function, shown in Fig. 5, numerical input 
variables  are  converted  into  linguistic  variables. Here, five 

 
Fig. 4. The principle of the IC algorithm. 

fuzzy levels are used: NB (Negative Big), NS (Negative 
Small), ZE (Zero), PS (Positive Small), and PB (Positive 
Big). 

In Fig. 5, a&b represent the range of the numerical 
variable values. Usually, the inputs to a fuzzy logic-based 
MPPT controller are the error (E) and a change in error (ΔE). 
It depends on the expert to decide how to compute E and ΔE. 
The inputs adopted in this study is given by Eqs. (2) and (3). 

                 (2) 

and 
                      (3) 

 
Fig.5. The proposed membership function for inputs and 

output of the fuzzy logic algorithm. 

After calculating E and ΔE, they are converted to the 
linguistic variables. The fuzzy logic controller output, which 
in this case is a change in duty cycle ΔD of the power 
converter, can be found in the proposed rule base as shown in 
Table 2. 

Table 2. The proposed fuzzy logic rule base. 

         ΔE           
 E NB NS ZE PS PB 

NB ZE ZE NB NB NB 
NS ZE ZE NS NS NS 
ZE NS ZE ZE ZE PS 
PS PS PS PS ZE ZE 
PB PB PB PB ZE ZE 

During the defuzzification stage, the linguistic variables 
are converted to numerical variables depending on the 
proposed membership function that is shown in Fig. 5. This 
generates a signal that will control the power converter of the 
MPPT. 

3. Model of the System 

Based on the general mathematical equation of the PV 
cell, the model of the PV panel was built in Matlab/Simulink. 
Since the temperature and irradiance have a major effect on 
the performance of the solar energy systems compared with 
other factors, only their effects were considered in this study. 
I-V and P-V characteristics of the PV panel are obtained in 
three cases. The first case, at variable irradiance levels and 
constant temperature, is shown in Fig. 6. The second case, at 
variable temperature levels and constant irradiance, is shown 
in Fig. 7. The third case, at variable irradiance and variable 
temperature levels, is shown in Fig. 8. 
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Fig. 6. I-V and P-V characteristics of the modeled PV panel under variable irradiance levels.  

      
Fig. 7. I-V and P-V characteristics of the modeled PV panel under variable temperature levels. 

       
Fig. 8. I-V and P-V characteristic of the modeled PV panel under variable temperature and variable irradiance levels. 

The different levels of solar irradiance and temperature 
were applied through (5 sec.) as shown in Figs. 9 and 10, 
respectively. 

 

Fig. 9. The different levels of solar irradiance.  

 

 

The maximum output powers of the modeled PV panel 
according to the three mentioned cases are shown in Tables 
3, 4 and 5 respectively. 

 

Fig. 10. The different levels of temperature. 
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Table 3. The MPP values according to the variable 
irradiance levels. 

Irradiance  
level (W/m2) 

Temperature  
level (oC) 

Maximum  
power (W) 

800  25 33 
1100 25 46 
1200 25 50 
1000 25 41 
900 25 38 

Table 4. The MPP values according to the variable 
temperature levels. 

Irradiance  
level (W/m2) 

Temperature  
level (oC) 

Maximum  
power (W) 

1000 25 41 
1000 35 38 
1000 45 34 

 

A DC-DC boost converter was utilized in the simulation. 
By controlling the duty cycle of the switching elements, the 
PV terminal voltage was kept at the point that maximum 
power is obtained, and also the output voltage of the PV 
panel was matched with the desired load voltage. The input-
output equation of the DC-DC boost converter is:  

                  (4) 

Here, Vpv is PV panel output voltage, V0 is DC-DC boost 
converter output voltage, and D is the duty cycle [27]. 

 

Table 5. The MPP values according to the variable 
irradiance and temperature levels. 

Irradiance level 
(W/m2) 

Temperature level 
(oC) 

Maximum power 
(W) 

800 25 32 
1100 25 46 
1200 35 46 
1000 45 33 
900 45 31 

 
The proposed system was modeled and simulated using 

MATLAB/Simulink. Fig. 11 shows our Simulink model. In 
the simulation study, the three MPPT techniques were 
simulated and evaluated under three mentioned situations. 

4. Simulation Results and Discussion 

One significant objective of this research is to investigate 
an efficient, easy-to-use, high-performance MPPT system to 
allow the use of electricity in regions without a proper 
connection to the grid. With a view to evaluate and analyze 
the maximum power point tracking techniques, an offline 
simulation was tested in Matlab/Simulink for every 
algorithm to present a quick transition to final system 
implementation.  

In the three mentioned cases, using each algorithm 
separately, the withdrawn power from the PV panel was 
plotted with respect to time (see Figs. 12-14). 

 

 
Fig. 11. Diagram of the simulated system. 

)1( DVoVpv -=
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(First case) 

 
(Second case) 

 
(Third case) 

Fig. 12. Output power of solar panel with P&O algorithm.  

  
(First case) 

   
(Second case) 

 
(Third case) 

Fig. 13. Output power of solar panel with IC algorithm. 

   
(First case)  

 
 (Second case)  

 
(Third case) 

Fig. 14. Output power of solar panel with FL algorithm. 

From the collected simulation results, it can be seen that 
all the tested algorithms were able to detect and track the 
maximum power point despite the instantaneous change in 
the irradiance and temperature. It is also clear that both P&O 
and IC algorithms were able to make the operating point of 
the system near the MPP, while FL algorithm made the 
operating point exactly at the MPP. Thus, the withdrawn 
energy from the solar panel using the FL algorithm in the 
three cases is greater than the energy produced using the 
other algorithms, as shown in Table 6. 

As shown in Fig. 12 and Fig. 13, the P&O and IC 
algorithms showed efficient dynamic performance, but 
steady-state oscillations were larger at the MPP, which made 
the MPPT accuracy low. The simulation results indicate that 
the steady-state oscillation at the maximum power point was 
less when using the FL algorithm, Fig. 14, resulting in lower 
energy loss and increased system efficiency. 

5. Experimental Validation and Discussion 

Extensive experimental studies have been carried out to 
evaluate the MPPT algorithms. Significant results have been 
obtained by taking advantage of advancements in embedded 
systems technology and discussed in this section. The goal 
was to compare the described MPPT algorithms under 
strictly the same conditions. The hardware arrangement of 
the system is shown in Fig. 15. 
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Table 6. The withdrawn power by using each algorithm. 

First case 
 

Irradiance 
level 

(W/m2) 

Temperature 
level (oC) 

Withdrawn 
power by P&O 

(W) 

Withdrawn 
power by IC 

(W) 

Withdrawn 
power by 

FL(W) 
800  25  31.5 32 33 

1100  25 45 45 46 
1200  25 49 50 50 
1000  25 40 41 41 
900  25 36 37 38 

Second case 
 

1000  25 40 41 41 
1000 35 37 37 38 
1000 45 32.5 33 34 

Third case 
 

800 25 31 31 32 
1100 25 45 45 46 
1200 35 45 45 46 
1000 45 32 33 33 
900 45 30 30 31 

 
The system was designed to work at 500 W and 

STMicroelectronics-32 bit ARM, which has not been used 
before in such an application was adopted as a controller in 
this study. In addition, the DC-DC boost converter was used 
to raise the input voltage to the required value and a solar 
panel simulator was used to generate the characteristic of real 
PV panels. After the simulation of the control algorithm 
(model in-the-loop-simulation) for MPPT, 
STMicroelectronics 32-bit ARM board is used to test and 
optimize the system hardware in real-time (hardware-in-the-
loop simulation). 

The test was set up in three stages as shown in Fig. 16. 
The first stage at constant temperature (25oC) and constant 
irradiance level (1000 W/m2), the second stage at constant 
temperature (25oC) and variable irradiance level from (100 
W/m2) to (1000 W/m2) then to (100W/m2), the third stage at 
constant irradiance (1000W/m2) and variable temperature 
from (0oC) to (75oC) then to (0oC). The duration of each 
stage is 500 seconds. Through the three stages, the three 
algorithms were employed and practical results were 
collected. 

 

Figs. 17, 18 and 19 show the current, voltage and power 
respectively produced from the solar PV system by using 
P&O algorithm in the three aforementioned stages. The 
results show that P&O algorithm was able to find and track 
the maximum power point. However, there was a steady-
state oscillation at the MPP, which led to some loss in 
produced power. 

Using the IC algorithm, the current, voltage and power 
produced from the solar PV system are shown in Figs. 20, 21 
and 22, respectively. The results show that the IC algorithm 
was able to detect and track the maximum power point with a 
smaller steady-state error at MPP than P&O algorithm, and 
that improved the efficiency of the MPPT controller.  

The fuzzy-based MPPT routine was also employed. As 
demonstrated from the practical results, the FL algorithm 
improved the tracking performance of the controller 
concerning to steady-state and dynamic characteristics. It 
was also able to make the operating point exactly at MPP. 
Figs. 23, 24 and 25 show the current, voltage and power 
produced from the solar system by using FL algorithm. 

 

 
Fig. 15. The hardware arrangement of the system. 
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Fig. 16. The three stages used to test the algorithms 

 
Fig. 17. The current, voltage and power values obtained by using P&O algorithm in the first stage 

 
Fig. 18. The current, voltage and power values obtained by using P&O algorithm in the second stage 

 
Fig. 19. The current, voltage and power values obtained by using P&O algorithm in the third stage 

 
Fig. 20. The current, voltage and power values obtained by using IC algorithm in the first stage 

 
Fig. 21. The current, voltage and power values obtained by using IC algorithm in the second stage 

 
Fig. 22. The current, voltage and power values obtained by using IC algorithm in the third stage 

 
Fig. 23. The current, voltage and power values obtained by using FL algorithm in the first stage 
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Fig. 24. The current, voltage and power values obtained by using FL algorithm in the second stage 

 
Fig. 25. The current, voltage and power values obtained by using FL algorithm in the third stage 

Finally, although all the tested algorithms were able to 
find and track the MPP under variable weather conditions, 
the results showed that the Fuzzy Logic technique exhibited 
better performance in terms of efficiency than the 
conventional techniques, (P&O and IC). In this regard, the 
oscillations present in the Fuzzy Logic algorithm was also 
less than the other algorithms. Moreover, the response was 
better. This corresponds to the simulation results obtained. In 
other words, the collected practical results and simulation 
results validate each other. 

These findings suggest that the Fuzzy Logic algorithm 
applied to STMicroelectronics board can produce low cost 
yet effective MPPT systems to ensure electricity production 
from stand-alone solar energy systems in areas facing power 
outage problems. 

6. Conclusion 

This study responded to a need to produce an 
inexpensive, easy-to-implement, yet highly efficient and high 
performing MPPT system for the regions needing new means 
of electricity production to optimize the use of small-scale 
solar energy system solutions under variable weather 
conditions. Using the STMicroelectronics 32-bit ARM, the 
designed MPPT controller offers a potential solution since it 
is cheap and has high-performance and high processing 
speed. Additionally, as it is supported by Matlab, there is no 
need to write any control code. The simulation and practical 
tests were set up to verify the performance of the P&O, IC 
and FL MPPT algorithms in order to determine the most 
appropriate algorithm. In addition to the comparison of the 
results, by means of the rapid prototyping, the design process 
could be quicker and fast adjustments on each algorithm to 
obtain satisfactory results could be made. The simplification 
of the code generation process could direct the focus on 
design and testing by decreasing time-consuming 
programming process. Consequently, the simulation and 
real-time implementation results were obtained in harmony 
and the results indicated an accurate and reliable solution. 

The findings revealed that the Fuzzy logic algorithm is 
preferable to conventional techniques.  It had better tracking 
achievement and was able to obtain maximum power in 
terms of variable irradiance and variable temperature. In 
addition, the Fuzzy Logic algorithm also reduced the steady-
state oscillations at the MPP resulting in decreased power 

losses. Future efforts will be directed towards implementing 
one of the new optimization algorithms dealing with partial 
shading conditions by using STMicroelectronics-32 bit 
ARM. 
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