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ABSTRACT 

PV energy is one of the most important renewable energies because it is clean, requires very little 

maintenance. However, the relatively high costs and low conversion efficiency are still the major 

challenge to a larger and faster spread of PV systems. Therefore, the maximum power point tracker 

(MPPT) is essential in a PV system for maximizing the conversion efficiency of the solar array. 

Because of the nonlinear behavior of PV systems, various techniques of MPPT are employed in order 

to continuously operate the PV array at their MPP despite the unavoidable changes in solar irradiance 

and temperature. This paper presents an assessment of five widely used MPPT techniques. These 

techniques are simulated in Matlab/Simulink environment in order to provide a comparison in terms of 

sensors required, ease of implementation, efficiency and the dynamic response of the PV system to 

variations in temperature and irradiance to determine appropriateness for the different applications of 

PV system. This can be used as a reference for future research related to PV power generation. 

لأنها طاقة نظيفة وتحتاج لصيانة قليلة جدا، وبالرغم من ذلك؛  اهم مصادر الطاقة المتجددة تعتبر الطاقة الفولتوضوئية واحدة من
ولذلك؛ من الضرورى استخدام  .لسريع لهامثل العائق الاساسى للانتشار الكبير والنسبى لتكلفتها وانخفاض كفاءتها يمازال الارتفاع ا

تها. نتيجة للعلاقة الغيرخطية بين التيار اتحسين كفائة منظوملمتتبع نقطة الطاقة القصوى لتعظيم الاستفادة من الخلايا الفولتوضوئية و
مع خلايا عند هذه النقطة ال على عملع نقطة الطاقة القصوى للحفاظ طرق عديدة تستخدم فى تتب والجهد الخاص بهذه الخلايا؛ ظهرت

طرق من الطرق  خمسةللذا فانه فى هذا البحث تم عمل تقييم . التغيرات الدائمة التى لا نستطيع تجنبها فى الحرارة والاشعاع الشمسي
نعًم  Matlab/Simulinkفى تطبيقات المنظومات الفولتوضوئية. هذه الطرق تمت محاكاتها فى بيئة برنامج  الاكثر استخداما  

والاستجابت انذيناييكيت نهتغيشاث فى انحشاسة  ادساجها فى انًنظىيتعذد انحساساث انًطهىبت وسهىنت و انكفاءةيقاسنت بينهى ين حيث 

انًستقبهيت  لاعًالفى اقذ يستخذو هزا انبحث ًنظىياث انفىنتىضىئيت، وهنهتطبيقاث انًختهفت نوالاشعاع انشًسى؛ ورنك نتحذيذ يلائًتها 

 بطت بتىنيذ انطاقت انفىنتىضىئيت.انًشت

Keywords: MPPT techniques, Photovoltaic system (PV), Perturb and Observe (P&O), Incremental 

Conductance (IncCond) and Fuzzy Logic Control (FLC).

1. INTRODUCTION 

There is no doubt about it that the future world energy 

supply must be a mixture of many different sources, 

with a growing share of renewable energy. The main 

reasons that make the photovoltaic systems play a key 

role in this issue are the production of the electrical 

energy close to where it is required so that transport 

expenditure and energy losses can be avoided, no 

greenhouse gas emission, low maintenance cost and no 

noise because it do not require any moving parts [1]. 

The main applications of PV systems are in solar 

vehicles, water pumping, street lighting, remote areas 

electrification and space stations [3]. However, there 

are many drawbacks of PV systems: nonlinear 

behavior, the variation of the maximum power point 

with the climatic conditions which complicates the 

tracking task, low conversion efficiency which is less 

than 17% [2]; and high installation cost. So, it 

becomes necessary to use MPPT system in order to 

ensure the efficient operation of the solar array. MPPT 

is a switch-mode power converter can be used for 

extracting the maximum power despite the continuous 

changes in irradiance and temperature by the control 

technique which adjusts the power and achieves its 

greatest possible value [5]. Several MPPT techniques 

have proposed in literature such as Fractional open 

circuit voltage technique [6], Perturb and Observe 

(P&O) technique [8, 15], Incremental Conductance 

(IncCond) technique [14], Fuzzy Logic Control (FLC) 

based technique [16] and Temperature measurement 

based techniques [11, 20]. These techniques vary in 



Mohamed A. Farahat,  Mohamed A. Enany  and  Ahmed Nasr " ASSESSMENT OF MAXIMUM …….." 

Engineering Research Journal, Menoufiya University, Vol. 38, No. 2, April 2015. 128 

complexity, sensors required, convergence speed, ease 

of implementation, popularity, and in other respects. 

This paper presents a careful assessment for five 

MPPT techniques, using models in Matlab/Simulink 

environment, with a brief discussion in order to 

provide a reference for the future works related to the 

design of PV systems. The rest of this paper is 

organized as follows: section II introduces MPPT 

system overview; Section III describes the main   

MPPT techniques; Section IV presents the obtained 

simulation results and discusses the different 

techniques. Finally, conclusions are contained in 

section V. 

2. SYSTEM OVERVIEW 

PV systems consist of PV panels, DC-DC converters, 

control technique and loads. A typical operation of 

MPPT system is depicted in Fig. 1, where the 

measured values of the output voltage and/or current 

of the PV panel are fed to the MPPT technique which 

updates the duty cycle (D) of the DC-DC converter to 

maximize the power delivered to the load [10]. 

 

Fig. 1. Implementation of MPPT system. 

A. PV model: 

The PV panel is composed of several PV cells 

connected in series or parallel or both. The equivalent 

circuit of the single-diode model for PV cells is shown 

in Fig. 2. The most commonly used expression of the 

output current IPV and output voltage VPV of a PV 

panel with NS cells in series and NP strings in parallel 

based on the single exponential model is found      

from Eq. (1) which describes the current-voltage 

characteristics of a PV module [6]. 
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where Isc is the light generated PV current, Io is the 

reverse saturation current, n is the diode ideality 

factor, q is the charge of electron, K is the Boltzmann 

constant, T is the cell temperature, and RS, RP are the 

series and parallel equivalent resistances of the solar 

cell respectively.  

The main electrical parameters of SM55 PV module 

used are summarized in Appendix A. The current-

voltage characteristics, shown in Fig. 3, demonstrate 

that the maximum power point (MPP) of the PV 

module is influenced by the irradiance (G) and 

temperature (T) changes and show that either the PV 

voltage or PV current can represent this point. 

 

 

 

Fig. 2. Equivalent circuit of a PV cell using the single 

exponential model. 
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Fig. 3. Simulated I-V curves of a specific solar module, 

SM55, (a) at different irradiance at 25 OC, (b) at 

different temperature at 1000 W/m2. 

At a certain operating condition, the control of the 

MPPT regulates the voltage or current to a value that 

represent the MPP. The PV voltage regulation is 

preferred over the PV current regulation due to the 

following reasons [4]: 

 Measuring the voltage signal is cheaper and 

easier than that of the current. 

 The voltage of the MPP is within a certain range, 

about 65% to 82% of the open circuit voltage. 

 The voltage of the MPP is affected slightly by 

changes in the irradiance. 

 The cell temperature is the major factor that 

affects     the voltage of the MPP; however, it has 

slow dynamics and is always within a certain 

range.  

B. DC-DC Converter: 

DC-DC converter is used for matching the 

characteristics of the load with those of the PV panel 

and regulating the PV voltage by varying the duty 

cycle using MPPT technique in order to maintain the 

operating point at the MPP of the PV panel. DC-DC 

converters are classified into many types: boost 

converters, buck converters, buck-boost converters 

and ćuk converter. The performance parameters of 

each type can be described by: voltage gain (Av), 

boundary filter inductance (Lb) and minimum filter 

capacitance (Cmin) [9]. These parameters can be 

calculated using the relationships which are 

summarized in Appendix A. Boost DC-DC converter, 

shown in Fig. 4, is chosen in the present work because 

its sensitivity to small changes in D is larger than buck 

and buck-boost converter [9]. 

 
Fig. 4. Circuit diagram of boost DC-DC converter. 

 3. MAIN MPPT TECHNIQUES 

A. Modified fractional OC voltage technique: 

Fractional open circuit (OC) voltage is one of the 

simplest MPPT techniques because it is based on the 

approximately linear relationship between the voltage 

at MPP (VMPP) and the open circuit voltage (Voc) of the 

PV panel under varying irradiance and temperature 

levels as described by the following equation: 

                                                       

where K1 is proportionality constant, which depends 

on the characteristics of the PV panel being used.  

This constant has to be computed in advance by 

determining VMPP and Voc for the specific PV panel at 

different irradiance and temperature levels [14]. The 

value of K1 ranges from 0.63 and 0.8 for SM55 PV 

module over a temperature range of 25–75 
o
C and 

irradiance levels from 200 to 1000 W/m
2
 as shown in 

Fig. 5. 

 
Fig. 5. VMPP as a percentage of VOC as functions of irradiance 

and temperature. 

Once K1 is known and Voc is measured periodically by 

momentarily isolating the power converter, VMPP can 

be calculated using Eq. (2) and it can be reached by a 
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closed loop control loop on the power converter [5]. 

Although this method is very easy and cheap to 

implement as it needs a single voltage sensor and 

doesn’t require microcontroller control, it has two 

major drawbacks. First, The MPP reached is not the 

real one because Eq. (2) is only an approximation and 

depends on difficult choice of the optimal value of the 

constant K1. Second, the power supplied to the load is 

lost due to periodic isolation of the power converter in 

order to measure Voc [6]. So, the modified fractional 

open circuit voltage technique is used to overcome the 

loss of power problem by measuring   the temperature 

and irradiance in order to calculate Voc using the 

following equations [13]: 

   

             
                                             

         
  

   
                                       

                                                

where CTV is the variation of Voc with temperature, 

   
    is the open circuit voltage at standard test 

conditions - STC (1000 W/m
2
, 25 

o
C), Kv is the 

temperature coefficient of Voc (it is taken -0.077 V/ 
o
C 

for SM55 PV module), CGV is the variation of Voc with 

solar irradiance,               ⁄ ) and ∆T is the 

temperature change due to change in irradiance. The 

values of    and    taken are 0.0016 and 0.006 

respectively. 

Once Voc is calculated, VMPP can be determined using 

Eq. (2) and it can be reached using PI controller which 

minimize the error between the output voltage of the 

PV panel and VMPP by adjusting the duty cycle of the 

power converter. 

 
Fig. 6. Flow chart of Modified fractional open circuit voltage 

technique. 

Fig. 7 validates the simulation of the modified open 

circuit voltage method according to the flow chart 

depicted in Fig. 6. 

 
Fig. 7. Tracing of MPP using modified open circuit voltage 

technique. 

B. Perturb and Observe (P&O) technique: 

This method is based on periodical perturbing 

(increasing or decreasing) the PV panel’s terminal 

voltage or the switching duty cycle in order to change 

the system operating point and then observing the 

output power variation (∆P). If the power increases 

(∆P is positive), the MPP will be approached, 

therefore the perturbation should be kept the same for 

the following stage; otherwise the perturbation should 

be reversed. This process is repeated until the MPP is 

reached [14]. Fig. 9 validates the simulation of the 

P&O MPPT technique according to the flow chart 

depicted in Fig. 8. The main features of this MPPT 

technique is its simplicity and ease of implementation 

as it requires two sensors to measure the PV          

panel voltage and current [14].  However, P&O (or 

hill climbing) has two fundamental defects. First, it       

has oscillations around the MPP because of the 

perturbation process. This oscillation can be 

minimized by reducing the perturbation step size but 

the tracking speed will be reduced. To overcome this 

problem a modified adaptive hill climbing (MAHC) is 

proposed in [15] to avoid tracking deviation and 

improve its performance by making the perturbation 

step size of the switching duty cycle large during 

transient stage and small in steady state. In [16], fuzzy 

logic control is used for optimizing the perturbation 

step size. Second, it fails to track the MPP during 

rapidly changes in atmospheric conditions because it 

is not able to determine whether the change in the 

power is due to its own voltage perturbation or due to 

the change in the irradiance levels. This defect has 

been treated in [17]. 
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Fig. 8. Flow chart of P&O technique. 

 
Fig. 9. Tracing of MPP using P&O technique. 

C. Incremental conductance (IncCond) technique: 

It is one of the MPPT techniques which are based on        

the fact that the slope of the PV panel’s power-voltage 

characteristics (dP/dV), represented by Eq. (6), is zero 

at the MPP as shown on Fig. 10.  

  

  
 

     

  
     

  

  
         

  

  
   

 

 
                   

  

  
          

  

  
    

 

 
                                      

  

  
         

  

  
    

 

 
                                       

where    ⁄    is the reverse of the instantaneous 

conductance and    ⁄     is the incremental 

conductance of the PV panel.  

Hence, from  the  voltage  and  current  measurements,  

the algorithm calculates the PV panel’s instantaneous 

conductance and its incremental conductance to   

decide  if  the duty cycle of the converter D should be 

increased or decreased according to equations (6), (7) 

and (8) for tracking the MPP as shown in Fig. 10.  

 

Fig. 10. The power-voltage characteristics of a PV panel. 

 

Fig. 11. Flow chart of IncCond MPPT technique [8]. 

A large step size of the increment or decrement 

improves the tracking speed but negatively affect the 

oscillations around the MPP in steady state. The main 

advantage of IncCond over the P&O technique is     

that it is presents better transient performance       

when subjected to rapidly changes in atmospheric  

conditions [5], [14]. The dynamic response can be 

improved using PI controller which provides                

a dynamic step size for the duty cycle of the power 

converter depending on    the error between the reverse 

of the instantaneous conductance the incremental 

conductance of the PV panel. Fig. 12 validates the 

simulation of the IncCond MPPT technique in 

Simulink according to the flow chart depicted in     

Fig. 11.  
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Fig. 12. Tracing of MPP using IncCond technique. 

D. Fuzzy logic control (FLC) based MPPT technique: 

Fuzzy logic controllers have occupied a high position 

for tracking the maximum power point over the last 

decades because of its simplicity, its ability to handle 

nonlinearity, fast convergence, capability of dealing 

with imprecise inputs and doesn’t need accurate 

mathematical model [14, 16, 19]. 

Fuzzy logic control consists of three stages: 

fuzzification, decision-making and defuzzification as 

depicted in Fig. 13. During fuzzification stage, the 

numerical crisp inputs are transformed to linguistic 

variables based on a membership function like the 

ones in Fig. 14. The number of membership functions 

used depends on the accuracy of the controller, but it 

usually varies between five and seven. In the decision 

making stage, the rules which are specified by a set of 

IF-THEN statements, depending on the power 

converter being used, defines the behavior of the 

controller. In the defuzzification stage, the fuzzy logic 

controller output is transformed from linguistic 

variable to a numerical crisp variable still using a 

membership function [10]. 

In this work, the inputs of the fuzzy logic controller 

are chosen to be the change of the PV output power ∆P 

and the change of the output voltage ∆V which are 

defined by Eq. (9) and (10) and the output is the 

increment of the duty cycle of the power converter ∆D 

as proposed in [16]. Seven fuzzy levels are used for e 

ach variable: NB (negative big), NM (negative 

medium), NS (negative small), ZE (zero), PS (positive 

small), PM (positive medium), PB (positive big). 

 

Fig. 13. The basic Configuration of fuzzy logic controller. 

                                              

                                             

Once ∆P and ∆V are calculated and converted to 

linguistic variables, the fuzzy logic controller output 

∆D can be looked up in a rule base table such as Table 

1, which is proposed for the boost converter used in 

this work. These rules are based on the fact that if    

the change in the voltage causes the power to increase, 

the moving of the next change is kept in the same 

direction otherwise the next change is reversed. For 

example, if the operating point is far to the right of the  

 
Fig. 14. The membership function of (a) The input variable 

∆P;     (b) The input variable ∆V; (c) The output 

variable ∆D. 

MPP, ∆P is NB, and ∆V is PS, then to reach   the MPP 

the duty cycle should increase, so ∆D should be PB 

(Positive) to move the operating point towards the 

MPP. Rapid changing solar irradiance is taken into 

account while designing these rules. Fig. 15 validates 

the simulation of FLC based MPPT technique. 
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TABLE 1 

RULE BASE USED IN THE FUZZY LOGIC CONTROLLER 

     ∆V 

∆P 
NB NM NS ZE PS PM PB 

NB NS NM NS PS PS PM PS 

NM NM NS NM PS PM PS PM 

NS NB NB NS PS PS PB PB 

ZE PB PB PB PS NB NB NB 

PS PE PM PS NS NS NM NB 

PM PM PS PM NS NM NS NM 

PB PS PM PS NS NS NM NS 

 
Fig. 15. Tracing of MPP using FLC based MPPT 

technique. 

E. Temperature measurement based MPPT 

technique: 

This technique is based on the fact that the PV output 

voltage is directly proportional to the temperature on 

the PV surface. In [20], two different temperature 

techniques are available. The first one is the 

temperature gradient (TG) technique which uses the 

temperature to determine the open-circuit voltage Voc 

from Eq. (11) and then calculate the optimal voltage 

VMPP as in the fractional open circuit voltage 

technique. The second one is the temperature 

parametric equation (TP) technique which adopts     

the optimal voltage Eq. (12) and determines VMPP 

instantaneously   by measuring the temperature (T) 

and the solar irradiance (G). 

         
                                                 

       [                    ]    
                     

where u, v, w and y are the parameters of the optimal 

voltage equation that depends on the irradiance level. 

In [11], a simple temperature technique called MPPT-

temp is proposed. In this technique, the current sensor 

is substituted by a temperature sensor fixed on the PV 

back surface. The system starts measuring the PV 

output voltage VPV and temperature T then evaluates 

the VMPP by (13) and depending on the difference 

between the measured value of the PV output voltage 

VPV and the desired maximum power point voltage 

VMPP, the duty cycle D is updated in order to keep the 

PV output voltage as close as possible to VMPP.  

           
                                         

where     
    is the maximum power point voltage at 

standard test conditions (1000 W/m
2
, 25 

o
C) and uv is 

the temperature coefficient of VMPP (PV panel’s 

datasheet information). The main features of this 

technique are its ease of implementation, simplicity, 

fast tracking and no steady state oscillation around the 

MPP. Fig. 17 validates the simulation of the 

temperature measurement based MPPT technique in 

Simulink according to the flow chart depicted in     

Fig. 16. 

 

Fig. 16. Flow chart of temperature measurement based 

MPPT technique. 

 
Fig. 17. Tracing of MPP using temperature measurement 

based MPPT technique. 

4. SIMULATION RESULTS AND DISCUSSION 

In this section, the simulations were performed on a 

PV system for comparing the MPPT techniques. The 

PV system used in the simulations is shown in Fig. 18. 

This system consists of SM55 solar module which 

provides a maximum power of 55 W. The input of    
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the power converter is connected to the PV panel,    

the output is connected to the resistive load and               

the control signal generated by each MPPT technique 

fed to a PWM for controlling the boost converter’s 

switching MOSFET. The system was simulated in 

Matlab/Simulink software environment. Different 

types of changes in the solar irradiance and 

temperature are used during the simulation to test the 

MPPT techniques at different operating conditions: 

step changes   (Fig. 19a) and ramp changes (Fig. 19b). 

The simulation results indicates that the modified 

fractional open circuit voltage technique, the IncCond 

technique, the FLC based technique as well as the 

temperature based technique are all able to track the 

MPP for fast changes in the solar irradiance and 

temperature but the P&o technique fails to do that as 

depicted in Fig. 19b. As mentioned above, the 

accuracy of the modified fractional open circuit 

voltage technique and the temperature based technique 

suffers as a result of the difficult choice of the optimal 

value of the constant K1 however; they have the best 

convergence speed as depicted in Fig. 19a. 

Furthermore, the P&o technique has the worst tracking 

speed and it can be improved by increasing               

the perturbation step size. 

The efficiency of the MPPT technique is a very 

important consideration for special PV system 

applications such as the power supply used in space 

stations and satellites. It can be determined by the 

following equation [6]: 

  

  
 

 
 ∑

  

      

 

   

                                            

where Pi is the PV output power, Pmax is the maximum 

power and n is the number of samples.  

The simulation results indicated that the FLC based 

technique as well as the modified fractional OC 

voltage has the best efficiency as compared to the 

other techniques. 

The ease of implementation of the MPPT technique 

has a large impact on the overall cost of the PV 

system. Whether the MPPT technique is an analog or 

digital implementation and the sensor requirements   

are    important    factors    specifying    its    ease    of  

 

Fig. 18. Configuration of the PV system in Simulink environment. 
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implementation. The analog implementation is easier 

and cheaper than the digital one as it doesn’t          

need microcontroller and programming. As a result, 

the P&O technique, as well as the temperature 

measurement based technique is easier and cheaper 

than the other techniques because they can be 

implemented in an analog manner and need double 

sensors. The characteristics of the simulated MPPT 

techniques are summarized in Table 2. 
 

 

 

TABLE 2 

THE CHARACTERISTICS OF THE MPPT TECHNIQUES 

MPPT 
technique 

Convergence 

speed 
Efficiency 

Digital 

or 

Analog 

Number 

of sensors 

Modified 

fractional 
OC voltage  

Fast 98.46% Both 3 

FLC  Fast 98.1% Digital 2 

IncCond  Medium 97.6% Digital 2 

P&O  Low 97.5% Both 2 
Temperature 

technique 
Fast 96.2% Both 2 

5. CONCOLUSION 

In this work, the most widely used MPPT techniques 

have been assessed according to simulations in 

Matlab/ Simulink environment based on the dynamic 

response of the PV system, the tracking speed of 

convergence, the efficiency and the ease of 

implementation.  

The results indicate that the modified fractional OC 

voltage technique, the FLC based technique and the 

IncCond technique provide an excellent tracking 

performance independently on the climatic conditions. 

The temperature measurement based technique is 

characterized by its simplicity of implementation but it 

has the lowest efficiency because of its bad accuracy. 

Finally, the performance of the P&O technique 

depends on the perturbation step size. 

This simulation based assessment can be useful           

in specifying the appropriateness of the MPPT 

techniques for    the different PV system applications. 

Appendix A 

The electrical parameters of the SM55 PV Module are 

shown in Table A.1. 

TABLE A.1 

ELECTRICAL PARAMETERS OF THE SM55 PV MODULE. 

Maximum power rating Pmax 55 W 

Rated current IMPP 3.15 A 

Rated voltage VMPP 17.4 V 

Short circuit current ISC 3.45 A 

Open circuit voltage VOC 21.7 V 

Temperature coefficient of ISC 1.2 mA/OC 

Temperature coefficient of VOC -0.077 V/ OC 

The DC-DC boost converter under study is operating 

at 10 kHz, a filter inductance of 2 mH, a filter 

capacitor of 1000 µF and a resistive load of 20 Ω with 

electrical parameters are shown in Table A.2. 

 

 

 

Fig. 19. The PV output power in changes of irradiance and temperature: (a) step changes, (b) ramp changes 
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TABLE A.2 

PERFORMANCE PARAMETERS FOR DC-DC BOOST CONVERTER 
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