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Abstract. The  reason for this paper  is to give methods 
verified experimentally,  to use in an efficient manner, a green 
system using  photovoltaic  energy. This study concerns 
optimization of photovoltaic system operation, in real time. 
Tracking maximum power method has been verified 
experimentally. Another  technique for optimum switching of 
photovoltaic (PV) modules with electrical array reconfiguration 
is proposed, whatever are conditions (insulation, temperature, 
load).  A microcontroller is used as support of the electronic 
control and practical tests are presented. 
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1. Introduction 
 
Solar energy is one of the most promising renewable 
sources. The paper is approaching a theme: renewable 
photovoltaic source for optimum energy production. The 
purpose of the work is to optimize the system’s operation. 
The main reason for this paper  is to give methods verified 
experimentally  to supply in an efficient manner a green 
system using  photovoltaic  energy.  
 
2.   Model Of Pv Array 
 
Photovoltaic (PV) cells  convert photon power [1]-[2] into 
electrical power which is delivered to  load (Figure 1). 

 
Fig. 1. Photovoltaic cell conversion 

 
The power produced by a single PV cell is not enough for 
general use. Model of PV Cell selected is a single diode. 

The equivalent circuit shows in Figure 2 is formed by a 
current source in parallel with a diode and includes two 
resistors [1-3].  

 
Fig. 2. Photovoltaic  cell equivalent circuit 
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Where 
I is the output current. 
V is the output voltage. 
Rs is serial resistance which takes into account contact’s 
and connection’s resistances. 
Rsh is parallel resistance which represents the leakage 
current at the junction. 
UT : thermal potential. 
Iph is the photocurrent source equal to the short-circuit 
current Icc. 
Io is the saturation current of a solar cell. 
A is the ideality factor for a p–n junction. 
At the open-circuit point on the current-voltage I-V 
curve, V = Voc and I = 0. 
At the short-circuit point on the I-V curve, I = Icc and V 
= 0. 
At the maximum-power point on the I-V curve, I = Iopt 
and V = Vopt. 
In our case, 36  polycristallin PV cells Kyocera LA 361 
K51 are connected in series to form a PV module. The 
PV cell model can be used for PV module.  Data sheet 
information are values in standard conditions of 
measurement : Voc, Icc, Popt (optimal power),Vopt,Iopt.  
Electrical parametersl for PV module used are: 
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Voc = 21.2V,  Icc  = 3.25A, Vopt =16.9V, 
 Iopt =3.02A, Rs =0.4Ω .  
 
3.   Photovoltaic Array 
 

 
Fig. 3. Photovoltaic connections 

 
An array (Figure 3) is a structure that consists of a number 
of PV modules, mounted on the same plane with electrical 
connections to provide enough electrical power. To 
increase the voltage, modules are connected in series and 
to increase the current, they are connected in parallel [2]. 
Np represents strings  in  parallel connections. Each string 
is  Ns modules  connected in series. The mathematical 
equation of generalized model for photovoltaic array 
(PVA) can be described as[2]: 
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If Rsh is neglected: 
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4.  PV Module Modeling                                                          
 
Figure (4) illustrates the PVA characteristics curves 
obtained I-V: current-voltage, at different insulations Es at  
temperature T=25°C for one PV module [2]. 

 
Fig. 4. The PVA electrical characteristics at different insulations , 

T=25°C 
Figure (5) illustrates the PVA characteristics curves 
obtained I-V: current-voltage, at different temperatures at 

Es constant (Es=1kW/m2 corresponding to Es= 100%) 
for one PV module [2]. 

 
Fig. 5. The PVA electrical characteristics 

I-V at different temperatures  , Es=100% 
 
 

 
5. Photovoltaic Array Maximum Power  

 
It is observed that the solar array output characteristics 
are nonlinear and affected by the insulation, temperature 
[2]. The relationship of power–voltage (P-V) for a 
photovoltaic module is  
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Eq.  6 can be solved using for example Newton 
Raphstons method. The current Iopt is obtained using Eq 
6 and voltage Vopt is obtained using Eq. 1. 
Each curve I-V, for specific conditions has only one 
maximum power point (MPP) of coordinates (Iopt-Vopt), 
which is the optimal operating point for solar array 
efficient use. As shown in  Figure 6-a, the maximum 
electric power increases with the irradiance Es. To show 
the effect of temperature on the performance of a module, 
the irradiance is kept fixed at 1000W/m2 corresponding 
to Es= 100% and the values of temperatures are changed 
to different values (Figure 6-b). The maximum electric 
power strongly decreases with temperature (Figure 6-b) 
[2]. Iopt variation versus T and Es is shown in Figure 6-c. 
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a- under varied solar irradiance,  T=25°C 

 

                               
b- under varied temperature, Es=100% 
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c- Iopt versus Es for different T                            

 
Fig. 6. Characteristics curves under varied Es and under varied T 
 
6.  Maximum Power Transfer 
 
  There are three factors that mainly affect the 
performance of  PV system; insulation,  temperature and 
electric load. There is no control over Es and T. In order to 
operate the PV array at its MPP, the PV system must 
contain a maximum power point tracking (MPPT) 
controller. By controlling the switching of this converter, 
the power control  can be provided. For the equivalent 
circuit shown in Figure 7, the maximum power transfer 
can be done by adjusting K : DC-DC converter duty cycle. 
The control technique the most used consist to act on the 
duty cycle automatically to place the generator at its 
optimal value whatever the variations of insulation, 
temperature or sudden changes in loads The DC-DC 
converter is called MPPT: maximum power point tracker.  
The converter must at all times track the maximum power 
point [4-7].  

 

a- MPPT control 

 
b- Equivalent circuit 

 
Fig. 7. MPPT principle 
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To verify this method, an experimental bench has 
been realized as shown in Figure 8. 

 
Fig. 8. Experimental bench 

 

The control module has been implemented on a 
microcontroller [2-4]. All practical results below 
consider a PVA consists of three modules in series.       

 

a- Voltage variations 
 

 

b- Current variations 
 

Fig. 9. Starting PVA voltage and current characteristics 
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Figure (9) shows PVA voltage and current experimental 
curves. Initially, the voltage Voc  is 60V which 
corresponds to zero current . The connected load has an 
operating point of a voltage of  about 21V and a current of 
about 2.05A. The MPP operation must  be recovered. As 
seen in the figures, the operating point  reached the 
optimum power with optimal voltage of 45V and an 
optimal current approximately equal to 1.7A. 
Figure (10) illustrates the the power P as a function of the 
voltage practical results . The search  of MPP gradually is 
shown. 'A ‘ is the operating point with voltage VA, current  
IA , power PA.  According to the power’s comparison 
algorithm [2]-[4], the developed program  compares  
powers and gradually adjusts K to move towards the MPP. 
At MPP,   power is  Popt with Vopt . The operating system 
will stabilize at the end between three points encircling the 
MPP . 

 
Fig. 10.  MPP Gradual Research 

  
Sudden load changes case have been verified practically. 
Figure (11-a) and (11-b) show experimental results. For 
example at  point A, there has been sudden decrease in 
load (Figure 11-a). Figure (11-b) shows the case where a 
sudden increase in load occurred at point A.   We see in 
Figures that the system  find always an optimal operation. 
 

 
a) Behavior of PVA voltage at load decrease 

 
b) behavior of the PVA voltage at   load increase 

Fig. 11. Practical results 

 
7.  Electrical PV Array Reconfiguration 

Strategy  
 
This section presents a novel strategy for producing the 
best power output from photovoltaic arrays using 
dynamic cell reconfiguration. We propose a new and 
efficient system for the maximization of the power output 
generated by the PV system. A suitable reconfiguration 
of the modules is adopted [8]-[12].  
For illustration purposes, we select two configurations. 
On Figure 12, the PVA characteristics for two different 
configurations (NpxNs=2x3and 1x6) as well as that of 
two different loads Za and Zb are plotted. In this case, the 
insulation and temperature are kept constant. As it could 
be seen the power corresponding to point A1 is higher 
than that of point A2, which means that the first 
configuration (2x3) provides a better load matching for 
this load than the second configuration (1x6). Whereas 
for load Zb, the power on point B1 is higher than that of 
point B2, which means that in this case, the second 
configuration is better. It is then necessary to select on 
line and in real time the PVA appropriate configuration 
for a given load and under given working conditions in 
order to reduce the mismatch losses [3], [10]-[12]. 

 
Fig. 12.  The P-V PVA and loads characteristics 

 
The Figure 12 shows that the two P-V, PVA 
characteristics intersect on a point noted ‘P’. On this 
operating point, either configuration could be used. 
Point ‘P’ is taken as a reference. For loads where 
their operating points are at the point ‘P’ left, 
configuration 1 (noted parallel configuration) should 
be used. And for all loads with operating points 
situated at the point ‘P’ right, configuration 2 (noted 
series configuration) is to be used. Therefore it is 
necessary to find a way to determine on line the 
point’s ‘P’ position: the voltage Vcom and the 
current Icom corresponding to this point. Then, the 
load voltage and current is compared to Vcom and 
Icom. The PVA is switches then onto the appropriate 
configuration [3] [10]-[12]. 
The commutation current varies linearly with 
insulation and is hardly affected by the temperature. 
Therefore it could be described by the following 
equation: 
 

                             EsKIcom '.=                             (12) 
                                                                                     
Where, K’ is a constant which depends upon of the 
module’s number in parallel and types.  
Vcom as a function of insulation for different 
temperatures has characteristics which  have been 
subdivided into 2 intervals and a linear 
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approximation has been used in each interval. Vcom 
will then be described by the following equation [3], 
[10]-[12]: 
 

                   ii EsVcom βα += .                               (13) 

 
Where αi, βi are constants relative to each interval and 
calculated at 25°C. Vcom is significantly affected by 
the temperature [3],[10-12]. As T increases, Vcom 
diminishes linearly. To take into account the 
temperature’s effect, the equation is corrected and 
rewritten as follows: 
 

             )25(. TEsVcom iii −++= δβα                    (14) 

 
where δi is a constant. 
To test the validity of the method, an experimental 
system has been considered ([3],[10-12]) and is 
illustrated in Figure 13. The control card permits the 
insulation and the temperature measurements, to 
determine Vcom,  Icom. If the PVA is in the parallel 
configuration then the current flowing into the load is 
measured and compared to Icom. If it is higher, the 
PVA remains in its actual configuration, otherwise it 
is reconfigured into the series configuration. If 
however the PVA is in the series configuration, then 
the load’s voltage is measured and compared to 
Vcom. If it is greater, then the PVA remains in its 
actual configuration, otherwise it is switched onto the 
parallel configuration. As a result the PVA is always 
switched onto its best configuration for any load and 
any weather conditions on line. 

 
 
Fig. 13.  Experimental system bloc scheme  
 
Figure 14 shows experimental results obtained with 
the described system. A variable load has been used in 
order to cover a large currents and voltages range. As 
it could be seen the commutation from one 
configuration to the other occurs exactly on the same 
predicted point ‘P’ noted Pcom in figure below 
[3],[10]-[12]. 
 
                       

 
Fig. 14. Practical I-V results at Es=78%, T=27°C. 
 

8. Mismatching problem  
 
 

PV system can be  subjected to partial shading. Our 
simulation (Figure 15) treated the case of 3 PV modules 
[13]-[14].  

 

 
Fig. 15. Bloc diagram of model 

 
Figure (16) shows this case [13]. We simulated a sudden 
shading 50 %, 20% after an irradiance of 100 %. Figure 
17-a shows the power-voltage curve obtained with the 
addition of a bypass diode for each module.  Figure 17-b   
illustrates characteristic obtained  without these diodes.  

 
Fig. 16. Modules with by pass diodes 

 

 
a. with bypass diodes          
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             b. without bypass diodes 

 
Fig. 17. photovoltaic generator P-V curves  in partial shade. 

 
P–V curves exhibit multiple peaks in Figure 17-a. In 
Figure 17-b, there is one peak corresponding to optimum 
power with a low value. 
             
9. Conclusion  

 
Maximum power point tracker method has been 
implemented, in real time. PV-load coupling system 
should be able to maximize the energy output of the PV 
generator, which should operate always at its maximum 
power point (MPP) in order to achieve maximum global 
efficiency. The second method is based on the 
determination of the optimal configuration of a PV 
generator for a fixed number of modules. The proposed 
methods have been validated by the experimental data 
whatever are climatic or load conditions. The quality of 
PV–load matching will be improved. These methods are 
simple to implement. 
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