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Abstract 
In order to deliver maximum output of photovoltaic (PV) cells, the usage of maximum power point 

tracking (MPPT) is essential. The speed and stability of the tracking technique are highly desired. Perturb 
and Observe (P&O) is one of the most common tracking techniques, but it suffers from the slow tracking 
speed at small duty cycle step and fluctuates when subjected with large duty step, which results in higher 
losses under dynamic weather to which the photovoltaic (PV) cells exposed. In this paper, variable step 
size Perturb and Observe is introduced throughout Matlab/Simulink simulation to overcome this problem to 
achieve higher efficiency, reliable tracking accuracy and higher speed under fast changing weather. In 
comparison with other variable P&O techniques, the proposed method features a dynamic step size for 
more tracking efficiency and accuracy. Double diode modelling is used in this technique for better 
photovoltaic (PV) cell’s characteristic prediction. In this study, the adapted technique had been tested to 
wide range of sun irradiance and operation temperatures.  
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1. Introduction 

PV cells are recognised for having non-linear characteristics. At one point, which is 
known as the maximum power point (MPP), the cells are capable to operate at maximum 
efficiency and give the maximum output [1]-[4]. Figure 1 shows the V-I and V-P characteristics 
of a typical 150W PV cell. The V-I and V-P can be distinguished from how their load is applied, 
either from short circuit to open circuit, i.e. from zero loads to infinity.       
 
 

(a)     
 

(b) 
 

Figure 1. V-I and V-P characteristics of a typical 150W PV cell; (a). V-I (b). V-P  
 
 

The point of maximum operation shifts with the changes of the sun irradiance, solar 
panel surface temperature and degree of the sun irradiance [5]. Figure 2 illustrates the V-I and 
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V-P characteristics with respect to solar irradiance when the temperature is fixed. When the 
solar irradiance changes, the point of maximum shifts; for example, the PV cell output current 
decreases dramatically when the solar irradiance decreases. In Figure 3, it is noticeable that the 
increase of PV cell temperature causes a significant drop in the output voltage as well as output 
power.  
 
 

 
(a) (b) 

 
Figure 2. V-I and V-P characteristics under variable radiations; (a). V-I (b). V-P 

 
 

 
 

(a) (b) 
 

Figure 3. V-I and V-P characteristics under variable temperature;(a). V-I (b). V-P 
 
 

2. PV cell equivalent  circuits 
The PV cell can be modelled either using single diode for ease of calculation, or double 

diode for better accuracy, efficiency and prediction of the characteristics during partial shading 
[4],[6]. 
 
 
2.1   PV cell single diode equivalent circuit 

As illustrated in Figure 4, the PV cell can be implemented by integrating a current 
source, one exponential diode, and parallel-series equivalent resistance, where V and I 
represent the terminal voltage and the current. For certain temperature and irradiance, the 
output current of the solar panel can be calculated as follows: 
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Figure 4. Single diode equivalent circuit of Solar cell 
 

 
2.2 PV cell double diode equivalent circuit 

In the double diode circuit as shown in Figure 5, the solar cell is represented by two 
exponential diodes. One is an ideal diode, while another is non-ideal.    
 
                                                                                      

 
 

Figure 5. Double diode equivalent circuit of solar cell 
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where ܫ௣௩ ൌ current generated by incidence light, ܴ௦, ܴ௉ ൌ series and shunt equivalent 
resistance, ܫ஽ଵ,஽ଶ ൌ diode current,	ݍ ൌ 1.602 ∗ 10ିଵଽܿ	(electron charge),	ܭ ൌ 1.38 ∗ 10ିଶଷܬ/
ܶ	,ሻݐ݂݂݊݁݅݁݅݋ܿ	݊݊ܽ݉ݖݐ݈݋ܾ	ሺܭ ൌcell surface temperature in Kelvin, ௥ܶ௘௙ ൌreference temperature 
in Kelvin, (25°C), ܭ௜ ൌtemperature coefficient of SC in percent change per degree, 
ܩ ൌirradiance value W/m3, ܩ௥௘௙ ൌirradiance nominal value (1000W/m3), ௦ܰ ൌnumber of series 
cells, ௣ܰ ൌnumber of parallel cells,	݊ ൌ diode quality factor, and ܫ௦ଵ,௦ଶ =diode saturation current. 
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3. Perturb and Observe (P&O) 
Perturb and Observe is the most commonly used method in practice for its simplicity 

and ease of implementation [7]-[10]. In this method, the output voltage of the solar panel is 
perturbed periodically, and then the output power is compared to the previous cycle. Next, 
corrective action is taken to enforce the voltage to move toward the maximum operation output 
voltage. The comparison can determine the position of the operation point and the direction of 
perturbation [11]-[14].  

In total, there are three positions and two directions involved. Figure 6 and Table 1 
demonstrate the possible positions and directions during the perturbation and observation 
process and also the required action [15]-[18] in each case to achieve the maximum power 
output.  
 
 

 
 

Figure 6. P&O MPPT positioning 
 
 

Table 1. P&O MPPT positioning and taken action in each case 
Position  Variations Action  

1 0dP No action taken  
2 +dP /+dV  increase V  
3 +dP /-dV  decrease V  
4 -dP /-dV  increase V 
5 -dP /+dV  decrease V  

 
 
4. Proposed variable step size Perturb and Observe  

Large step duty cycle has a fast response but experiences noticeable fluctuation around 
the point of maximum output of a PV module. Meanwhile, small step duty cycle has a slower 
tracking speed at the start of operation and under dynamic weather, but results in smoother 
perturbation .The vibration of the large step and the slow speed of associate in power loss are 
not desired. Benefiting from the high speed of large duty cycles and the soft tracking of the 
small duty cycle, the proposed variable Perturb and Observe method states that if the 
perturbation is toward the maximum power point, the duty cycle is increased by multiplication by 
a factor (A) i.e. ∆P>0. However, if ∆P<0, the duty cycle should be divided by (A), in which 
this factor is a constant and greater than 1. Figure 7(a) shows the flow chart of the conventional 
P&O, where fixed duty increment is applied. In Figure 7(b), the flow chart of 
the proposed technique is presented. In comparison, other variable P&Os, as mentioned in 
reference [13], utilize two different duty cycles, one is relatively large, used at the beginning of 
perturbation, and the other is small, used when the system vibrates around maximum power 
point. This method has a dynamic step size of the duty cycle, which increases its speed, 
resulting in higher efficiency. 
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(a) 

 
 

 
(b) 

 
Figure 7. Flowchart of  Perturb and Observe; (a) conventional (b) Modified 
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5. Simulation and Results 
Photovoltaic solar system consists of PV array, switching converter, MPPT controller 

and load, which may be a DC load, battery charger or inverter. The input(s)/output(s) of MPPT 
controller may differ from one method to another. Figure 8 shows the block diagram of a typical 
MPPT system.   
 
 

 
 

Figure 8. Solar MPPT System 
 
 
 In this study, a 150 W solar panel with the following specification was used in the simulation. 

 
 

Table 2. PV solar panel data 
Parameter Value 

Maximum power (Pmax) 150 W 
Voltage at Pmax (VMPP) 34.5 V 
Current at Pmax (IMPP) 4.35 A 
Short circuit current (ISC) 4.75 A 
Open circuit voltage (Voc) 40 V 
Temparature coefficient of ISC 0.065±0.15%/°C 
Temparature coefficient of Voc -160±20mV/°C 
Temparature coefficient of power -0.5±0.05%/°C 
Ideality factor 1.2 

 
 

In this simulation, boost converter was used to function in continuous current mode. The 
values of the capacitor and inductor had been calculated for suitable range of duty cycle, and 
then the highest values were chosen. Table 3 shows the specification of the boost converter’s 
components. Switching frequency of 40 kHz was used slightly above the audiable noise. 
 

 
Table 3.   Boost converter component specification 

Parameter Value 
Switching frequency 40 kHz 
Inductor 160 µH 
Capacitor  65 µF 
Load resistance 1000 Ω 
Output voltage ripple  0.01V 

 
 

Figure 9 shows the Simulink model subsystem of double diode modeled PV solar, 
where the mathematical equation and PV panel parameters are represented. V-I and V-P 
characteristics of PV module had been determined through open to short-circuit test by ranging 
the output resistance from zero to infinity. 
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Figure 9. Simulink subsystem of PV module 
 
 

Figure 10 shows the V-I and V-P characteristic under Standard Test Condition (STC), 
where G=1000W/m2 and T=25°C. This result was obtained from the circuit as shown in Figure 9. 
   

 

 
(a) 

 
(b) 

 
Figure 10. V-I and V-P characteristic under Standard Test Condition (STC); (a) V-I characteristic 

of PV module (b) V-P characteristic of PV module 
 
 

Figure 11  shows the comprehensive system blocks of the solar module,  Perturb and 
Observe algorithm and the switching converter. 
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Figure 11. Simulink model of P&O MPPT system 
 
 

Figure 12 shows the output of large step duty cycle. It had a fast response but also 
experienced noticable fluctuation around the point of maximum output of a PV module. It took 
0.05 m seconds but stabilized at 0.5 milli-second. The vibration of the large step reduced the 
efficiency, which was not desired. 

 
 

 
 

 Figure 12. (a) Solar module output power  (b) Solar module output voltage  
Condition: Duty cycle step of 0.5V, 25°C, unity irradiance 

 
 

Figure 13 shows the output of small step duty cycle. The small step duty cycle had a 
slower tracking speed at the start of operation and under dynamic weather, but resulted in 
smoother perturbation in changing weather  at 25°C and unity irradiance. Figure 14  shows the 
output of the variable step duty cycle P&O at 25°C and unity irradiance. It was observed 
fluctuating at the beginning of the operation but then rapidly settling. In comparison to the same 
input as applied in the previous conventional P&O, the variable P&O settled after 0.025 milli-
second. 
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 Figure 13. Output of small step duty cycle; (a) Solar module output power  (b) Solar module 
output voltage - condition: duty cycle step of 0.05V, 25°C, unity irradiance 

 
 

 
 

Figure 14. Plot of (a) Solar module output power  (b) Solar module output voltage  
Condition: Variable duty cycle, 25°C, unity irradiance 

 
 

Figure 15 shows the output of conventional  P&O when using large duty cycle,  at 25°C 
and variable irradiance. It was obvious that the system fluctuated dramatically with any 
irradiance change. This fluctuation was associated with power losses. Figure 16  shows the 
output of conventional P&O when using small duty cycle, at 25°C and variable irradiance. Here, 
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the system fluctuation was less harsh with any irradiance change. However, the tracking speed 
was slower, in which the power lost under changing weather. 

 
 

 
 

Figure 15. Plot of (a) Solar module output power  (b) Solar module output voltage  
Condition: Duty cycle step of 0.5V, 25°C, variable irradiance input 

 
 

 
 

Figure 16. Plot of (a) Solar module output power  (b) Solar module output voltage  
condition: duty cycle step of 0.05V, 25°C, variable irradiance input 

 
 

As shown in Figure 17, under fast weather change, variable P&O delivered the best 
performance, benefiting from the high speed during the first stage of perturbation and fine tuning 
around the peak power point .  
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 Figure 17. Plot of (a) Solar module output power  (b) Solar module output voltage  
Condition: A variable duty cycle, 25°C, variable irradiance input 

 
 

6. Conclusion 
In this paper, a new variable step size P&O has been introduced, which 

shows significant improvement in terms of tracking speed, accuracy and efficiency without 
additional cost with respect to the conventional P&O MPPT. The proposed modified P&O MPPT 
has successfully combined the speed of relatively large step size P&O and the smooth tracking 
of the small step size P&O. 
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