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Abstract  We study in this paper, based on comparison already made in the literature concerning photovoltaic 
generator power models, the most optimal model applied to the operation of the photovoltaic generator of Sévagan 
(Togo). The comparison with the experimental data is carried out, which allowed us to verify the validity of the 
model. Finally, the influence of the characteristic parameters on the photovoltaic module ECO LINE LX-260P used 
to make the photovoltaic generator of the Sévagan dispensary (in Togo) is studied in order to predict the power 
production of the module according to the meteorological conditions(temperature-Irradiation). The comparison with 
the experimental data will be carried out in order to verify the validity of the model. To verify the validity of the 
model throughout the range of weather conditions, the process was done in two steps: on a sunny day and a cloudy 
day. A good agreement was observed with 95%, 97% and 99% correlation coefficients for cloudy, sunny days and 
the generator photocurrent simulation respectively. The results demonstrate an acceptable accuracy of the power 
model under different environmental conditions. 
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1. Introduction 

The design of optimized photovoltaic systems is by 
nature difficult. Indeed, as far as the source of a 
photovoltaic system is concerned, the power produced 
change greatly as a function of the irradiation, the 
temperature, but also the global aging of the system. 
These variables influencing the behavior of the system, 
according to daily and seasonal fluctuations. For these 
reasons, the photovoltaic panel can provide maximum 
power only for a particular voltage and a certain current. 
This operation at maximum power depends on the load at 
its terminals whether of continuous or alternative nature. 
In order for the generator to work most often in its 
optimum speed, the commonly adopted solution is to 
introduce a static converter which will act as a source-
charge adapter: Maximum Power Point Tracker (MPPT). 
For given conditions, the peak power of the installed 
photovoltaic generator is best exploited at the maximum 
power point of the power characteristic as a function of 
the voltage. These points therefore correspond to the point 
of optimum power, the term reflecting the character 
relating to the illumination and temperature conditions of 
the power supplied. In the literature, there are many 
simplified mathematical models to determine the 
maximum power supplied by a photovoltaic generator as a 
function of variations in solar irradiation and ambient 
temperature. For example, Borowy and Salameh, [1] gave 
a simplified model whereby the maximum power produced 

can be calculated for a certain photovoltaic module after 
the solar irradiation on the photovoltaic module and the 
temperature are determined. Other researchers (Jones and 
Underwood, [2]) proposed another model to calculate  
the maximum electrical power at the terminals of a 
photovoltaic sensor. The latter has a reciprocal relationship 
with the temperature of the module and it has in addition a 
logarithmic relationship with the solar irradiation absorbed 
by the module. Lu Lin, [3] developed another model to 
calculate the maximum power supplied by a photovoltaic 
module for a given sunshine and module temperature with 
four constant parameters to be determined experimentally. 
A presentation of the different power models is made in 
this paper. On the basis of the comparisons already made 
in the literature, the most optimal model will be chosen for 
application to the Sévagan photovoltaic generator. The 
comparison with the experimental data will be carried out 
in order to verify the validity of the model. 

2. Materials and Methods 

2.1. Materials and Experimental Method 
The experimental equipment consists of an AHLBORN 

pyranometer type FL A613-GS, SN: 15111835/15, a 
thermometer serving as a temperature sensor, an  
ALMEMO datalogger and multimeters for measuring the 
current and voltage of ECO LINE LX-260P solar module. 

Measurements were carried out at the Solar Energy 
Laboratory of the University of Lomé (LES-UL) on the 
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ECO LINE LX-260P module as well as solar irradiation 
and ambient temperature. The same mesurements were all 
so done in Sévagan for the photovoltaic generator 
constitued by 11 modules ECO LINE LX-260P. All these 
measurements were made with an accuracy of 10-4. These 
data were automatically recorded using the ALMEMO 
control unit. 

2.2. Power Models 

2.2.1. Model 1: Benchmark Model [3] 
This model was developed and validated experimentally 

by Lu Lin [3]. It allows to determine the maximum power 
supplied by a photovoltaic module, for a sunshine G and a 
given module temperature with only four constant positive 
parameters, to be determined. The parameters a, b, c and d 
can be known experimentally, and a system of simple 
equations can be solved resulting in a sufficiently extended 
set of measurement points (Belhadj [8] and Jones [2]). 

 ( )max,1 . . .cP aG b T c G d= − + + +  (1) 

With 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 ,1  the maximum power produced in Watt; 
𝑇𝑇𝑐𝑐 : the temperature of the module that can be described 

by Equation 2. According to the experimental measurements 
carried out on a module (BP Solar 340), the constants a, b, 
c and d are 0.0002; 0.0004; 0.1007 and 0:1018 
respectively. The NOCT of the module BP Solar 340 is 
47∓2 °C; which allows us to find: 

 0,03375 .c aT T G= + ×  (2) 

So equation (1) becomes: 

 ( ) ( )max,1 . . 0,03375 . .aP a G b T G c G d= − + + × + +  (3) 

2.2.2. Model 2: Input / Output Power Model 
The power produced by a photovoltaic generator is 

estimated from the data of the global irradiation on an 
inclined plane, the ambient temperature and the data of the 
manufacturer for the photovoltaic module used. It is given 
by equation (4): (Fethi [4]; R. Zeiba, [5]) 

 max,2 . . . .gP S N Gη=  (4) 

With S: area of the module constituting the photovoltaic 
field,  
N: Number of photovoltaic field modules, G: Irradiation 
on inclined plane, 
𝜂𝜂𝑔𝑔 : Instantaneous efficiency of the photovoltaic 
generator given by equation (5): 

 ( ). . 1g r pt t c rT Tη η η β = − −   (5) 

  𝜂𝜂𝑟𝑟  : Reference efficiency of the modules under standard 
conditions, 
 𝜂𝜂𝑝𝑝𝑝𝑝 : Efficiency of the tracking system of the maximum 
power point which is equal to 1 if a perfect system is used, 
 𝑇𝑇𝑟𝑟 : Reference temperature, 
 𝛽𝛽𝑝𝑝 : Experimentally determined temperature coefficient of 
yield. 

It is defined as the variation of the efficiency of the 
module for a 1°C variation in the temperature of the cell. 

Typical values for this coefficient are between 0.004 and 
0.006 (Fethi, [4]; R. Zeiba [5]). 

2.2.3. Model 3: Simulation model of Borowy and 
Salameh 

This model was developed by (Borowy and Salameh 
[1]). The principle of the model is based on the equivalent 
circuit with one diode (Figure 1). 

 
Figure 1. Equivalent diagram of a solar cell: model with one diode 

This model use the characteristics of the modules 
provided by the manufacturers. It therefore offers a very 
simple way of calculating the power produced by the PV 
modules. The formulas for calculating the maximum 
current intensity as well as the maximum voltage of the 
module under arbitrary conditions are given by the 
following relations (Lu Lin [7], Belhadj [8]): 
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𝐼𝐼𝑐𝑐𝑐𝑐 : Short-circuit current of the module (in Ampere), 
𝑉𝑉𝑐𝑐𝑐𝑐 : Open circuit voltage of the module (in Volt). 

The parameters 𝐶𝐶1  and 𝐶𝐶2  are calculated by equations 
(7) and (8): 
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𝐼𝐼𝑚𝑚 : Maximum current of the module under standard 
conditions, 
𝑉𝑉𝑚𝑚 : Maximum voltage under standard conditions  

The maximum voltage under arbitrary conditions is (3): 

 max,3
0

. 1 0,0539.log . .m V s
GV V K T R I
G

  
= + + ∆ − ∆  

   
 (9) 

𝐺𝐺0: Solar irradiation under standard conditions (1000𝑊𝑊/𝑚𝑚2), 
𝐾𝐾𝑉𝑉 : Temperature coefficient of open circuit voltage, 
𝑅𝑅𝑠𝑠: Series resistance of the module. 

 c rT T T∆ = −  (10) 

 . . 1 .I cc
O O

G GI K T I
G G

   
∆ = ∆ + −   

   
 (11) 

𝐾𝐾𝐼𝐼  is the temperature coefficient of the short-circuit 
current. The maximum power at the output of a module is 
determined by equation (12): 
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 max,3 max,3 max,3.P I V= ×  (12) 

For a number of modules 𝑁𝑁𝑠𝑠 in series and 𝑁𝑁𝑝𝑝  in parallel, 
the maximum power produced is given by (equation [13]): 

 max max,3 max,3. . . .p sP N N I V=  (13) 

2.2.4. Model 4: Jones and Underwood Simulation 
Model (Fill Factor Power Model) 

The following model was developed by Jones and 
Underwood to calculate the maximum power delivered by 
a photovoltaic module. 

 ( )
( )

1 0
max,4

0 1 0
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lncc co
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 (14) 

The coefficient 𝑘𝑘1  is calculated by the following 
formula:  

 1
0

Kk
I

=  (15) 

Where 𝐼𝐼0 is the inverse saturation current of the diode and 
K is a constant expressed in 𝐴𝐴/𝑊𝑊/𝑚𝑚2 defined by: 
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FF is the fill factor defined by: 
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 (17) 

𝑃𝑃𝑚𝑚  is the maximum power of the module under standard 
test conditions. 

2.2.5. Model of Prediction of the Power Produced by 
the Photovoltaic Generator of Sévagan 

In the literature, several authors have carried out 
comparative studies between the different power models. 
The reference model is model 1 which was developed 
experimentally by Lu Lin [7]. Lu Lin has checked and 
compared the model of Jones and Underwood and those  
of Borowy and Salameh [1]. He found that the model  
of Borowy and Salameh gives a very good accuracy  
when solar irradiation and temperature are high (𝐺𝐺 ≥
900𝑊𝑊/𝑚𝑚2 𝑒𝑒𝑝𝑝 𝑇𝑇𝑐𝑐 ≥ 27°𝐶𝐶 ). Belhadj Mohammed [8] then 
compared the three simplified power models to the 
reference model. 

According to his results, the values delivered by the 
model input / output (Model 2) are in very good agreement 
with the reference model. In addition, the error is linear as 
a function of temperature and irradiation, this error does 
not exceed 0.5% in all cases (Kashif Ishaque [9]). The 
input / output model was therefore used to estimate the 
power produced by the Sévagan photovoltaic generator. 

2.3. Model to Describe the Behavior of 
Photovoltaic Cell 

A photovoltaic cell is an optoelectronic component 
made of semiconductor materials doped differently: type P 
and type N. It transforms solar light into electricity by 

photovoltaic effect. The models used to describe the 
behavior of a real photovoltaic cell are the one-diode and 
two-diode models. The one-diode model is easy to 
implement but less accurate than the two diode model. 
The iterative method described in the work of Villalva (M. 
Villalva [10]) is the best. However, its accuracy deteriorates 
for low irradiations, particularly in the vicinity of the open 
circuit voltage (Kashif Ishaque [11]). The introduction of 
the second diode in the circuit increases the number of 
parameters to be determined: the inverse saturation current 
and the ideality factor of the second diode are added to the 
existing parameters. The determination of all parameters 
of the model constitutes the major problem. For the two-
diode model, the Levenberg-Merquardt fitting technique is 
applied to construct the I-V curve, (Ja Gow [10]). According 
to the work of (S. Chowdhury [11]), an equivalent Thevenin 
circuit is used to estimate the model parameters, whereas 
according to Hovinen (Anssi Hovinen [12]), the parameters 
are calculated as a function of the series resistance. 
However, in all these techniques, (Hovinen [12]; J. Hyvarinen 
[13]), several new additional coefficients are introduced 
into the equations. In addition, difficulties arise in 
determining the initial values of the parameters. Another 
approach to describe the two-diode model is to examine 
its physical characteristics such as electrons defect 
coefficient, lifetime of minority carriers, carrier intrinsic 
density, and other semiconductor parameters. The most 
important work in this field is the method of decomposing 
the irradiation of the solar cell (J. Hyvarinen [13]) (the 
irradiance decay cell analysis method), the zone of 
predominance of the diffusion current (Ken-ichi Kurobe 
[14]), the two-diode model modified (Kensuke Nishioka 
[15]) and the modified three-diode model (Kensuke 
Nishioka [16]). Although these models are useful for 
understanding the physical behavior of a solar cell, 
information on semiconductor parameters is not always 
available on the technical data sheets of commercially 
available photovoltaic cells. Moreover, in most of these 
works, the following values have been considered for 
ideality factors: n1 = 1 and n2 = 2. This assumption is 
widely used but is not always true. In view of these 
discussions, we can conclude that, although the two-diode 
model is preferable in terms of precision, its implementation 
requires more computation compared to the one-diode 
model, (Hovinen [12], J. Hyvarinen [13]). Moreover, the 
modeling using the semiconductor approach as described 
in (Kensuke Nishioka [13]) is not suitable because of the 
insufficient information on the technical data sheets. The 
method proposed by (Kashif Ishaque [9]) has the 
advantage of simplifying the equation of current: only four 
parameters have been calculated. The equivalent electrical 
circuit of the model is shown in Figure 2.  

 
Figure 2. Equivalent electrical circuit of two diodes model 
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The output current is given by Equation (18): 
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Where I01 and I02 are the inverse saturation currents of 
diode D1 and diode D2 respectively. n1 and n2 represent the 
ideality factors of the diodes. The term containing I02 in 
equation 18 compensates for loss by recombination in the 
space charge zone as described in (Chih-Tang SAH [17]). 
For the determination of the parameters, we rely on the 
model proposed by (Ishaque Kashif [9]). The current is 
given by equation (22). A modification of equation 23 
gives the inverse saturation currents I01 and I02 which are 
taken as equal. 
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Factors n1 and n2 represent the components of the 
diffusion and recombination current, respectively. In 
accordance with Shockley's theory of distribution, n1 must 
be equal to unity, (Chih-Tang SAH [17]). The value of n2 

can vary. A better compatibility is obtained between the 
proposed model and the experiment if n2 ≥ 1.2. Since  
(n1 + n2) / p = 1, it follows that p ≥ 2. This generalization 
eliminates the ambiguity in the choice of the values of n1 
and n2. Equation (18) can be simplified in terms of p as: 
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Rs and Rsh are calculated simultaneously in a manner 
similar to the procedure proposed by (Ishaque Kashif [9]). 
The maximum power calculated by the model I - V using 
equation (21), Pmax,m is equal to the maximum 
experimental power Pmax,e supplied by the manufacturer on 
the datasheet. Thus, Pmax,m = Pmax,e = Vm × Im gives us the 
equation 21 for the shunt resistance:  
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Figure 3. Flowchart of resolution of equation(20) 
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The series resistor is initialized to zero and the value of 
the series resistance is set to zero. The shunt resistance 
initialy is given by equation (24). The iterative method of 
determining Rs and Rsh is represented by the flowchart of 
Figure 3; The Newton Raphson method will be applied to 
equation (20). The variable p can take any value greater 
than 2.2. Despite the high number of parameters, the 
model proposed by (Kashif Ishaque [11]). only allows us 
to calculate four since I01 = I02 = I0; n1 = 1 and the value of 
p can be chosen arbitrarily, ie p ≥ 2.2. 
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3. Results and Discussion 

In this section, experimental data measured on site were 
compared to simulated power values. The parameters 
required for the calculation of the power are: the ambient 
temperature in the vicinity of the cells and the solar 
irradiation. These data are stored automatically by the 
ALMEMO control unit. For the experimental power 
values, voltmeter and an ampermeter were used to take the 
current and voltage measurements. The photo-voltage  
and photo-current values were taken every ten (10) 
minutes. The check was carried out for two typical days: a 
cloudy day (first day: Saturday 03 December 2016)  
and clear sky conditions with a few cloudy passages  
(day 2: Sunday 04 December 2016). In each case, the 
input / output model was compared to the experimental 

data. This allowed us to verify the validity of the model  
in the full range of weather conditions. At least 60 values 
for each of the clear sky and cloudy conditions were used 
to verify the simulation model. The comparison of the 
results is facilitated by the implementation of a linear 
correlation coefficient 𝑅𝑅2  given by equation (25) (Whei 
Zhou [30]): 
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With: 
•  𝑦𝑦𝑖𝑖  represents the measured data of the current of the 

photovoltaic generator; 
•  𝑦𝑦𝑖𝑖�  is the current value predicted by the simulation 

model; 
•  𝑦𝑦 is the arithmetic mean of the measured data. 

3.1. Model Check: Case of Cloud Conditions 
We present in Figure 4 the profiles of the measured and 

simulated values of the output power of the Sévagan 
photovoltaic generator in the case of a cloudy day. 

We observe that the simulated power follows quite well 
the trend of the measured values. However, the observed 
deviations are due to a poor estimation of the temperature 
value of the cells by the model. The phenomenon of 
ambient air convection, thermal inertia and / or poor 
location of the thermal sensor may cause a delay between 
the measured ambient temperature used to predict the 
temperature of the cell and its actual temperature. We can 
emphasize that the values of the photocurrent and the 
voltage delivered by the photovoltaic generator are not 
measured simultaneously. Also, an increase in the error on 
the measured power, due to the indirect measurement by 
product I × V. 

We also present on (Figure 5) the correlation between 
the simulated values and the measured values of the power. 

 
Figure 4. Comparison between the measured and simulated output power values for a cloudy day 
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Figure 5. Correlation between measured and simulated power values (cloud conditions) 

We see clearly that the calculated values vary linearly 
with the experimental data. Only slight differences were 
observed. The red line corresponds to the points where the 
calculated values coincide with the experimental values. 
The correlation coefficient thus calculated gives us a value 
of 0.95. 

In the work of (Whei Zhou [18]) correlation curves 
were plotted for four typical cloudy days of March, June, 
September and December. They obtained a linear 
correlation coefficient  𝑅𝑅2 of 0.96. 

3.2. Model Check: Clear Sky Day with Only a 
Few Cloudy 

The data from our second measurement day in Sévagan 
were used to check the power model. We show in Figure 6 
the profiles of the measured and simulated values of the 
output power. We find a good agreement of the simulation 
model with the experimental values. The deviations observed 
in this case are smaller compared to the cloudy day.  

Figure 7 shows the correlation between the measured values 
and the theoretical values. The correlation is linear with a 
correlation coefficient 𝑅𝑅2 = 0.97. This correlation coefficient 
is higher than that obtained for the first cloudy day. This 
difference can be explained by a greater error on the 
estimated value of the temperature of the modules under 
cloudy conditions. Indeed, the rapid changes in the solar 
irradiation caused by the cloudy passages cause a sudden 
change in the ambient temperature. Given the thermal 
inertia of the thermometer used to measure the temperature, 
there may be discrepancies between the recorded value of 
the temperature and its instantaneous actual value. 

This result is in agreement with that obtained in the 
literature. Our results are in agreement with those obtained 
by (Whei Zhou [18]) in the case of clear sky days. He 
obtained a correlation coefficient of 0.98. 

In both cases, cloudy or sunny weather, the high values 
of the correlation coefficient demonstrate a good 
prediction of the performance of the generator by the 
simulation model. 

 
Figure 6. Comparison between the measured and simulated power values (clear sky conditions) 
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Figure 7. Correlation between measured and simulated power values (Clear sky conditions in Togo) 

 
Figure 8. Curves I - V and P - V adjusted to the three remarkable points: case of the model with two diodes 

3.3. Results for Photocurrent Prediction 

The Figure 8 show the I-V and P-V curves of the Ecoline 
LX -260P module which pass exactly through the three 
experimental points provided by the manufacturer in the 
technical figure. These curves show the nonlinear relationship 
between intensity and the voltage of the module on the 
one hand, and on the other hand between the power and 
the voltage of the module. They make it possible to understand 
the operation of a photovoltaic module subjected to a 
given illumination and a given operating temperature. 

The following figures (Figure 9 and Figure 10) show 
the comparative curves of the simulated and experimental 
values for different ranges of solar irradiation. These 
comparisons have been made for the two diode models of 
the photovoltaic cell. Since solar irradiation and temperature 
at the module's neighbors are not constant, an average of 
these magnitudes over the duration of the experiment was 
considered in the model validation program. 

In general, good agreement is observed between the 
experimental curves and the simulation results. However, 
more or less pronounced deviations are observed. These 
deviations can be explained by:  

-  Variation of the luminous flux received by the 
modulus during an experiment. The light flow 
received by the module greatly influences the 
photocurrent. This problem can be solved in the 
laboratory using either a model of characterization 
of the photovoltaic modules as described in the 
works of (Bertrand Gelis [19]), or a solar simulator 
that fixes the illumination per unit area received by 
the photovoltaic module. 

-  Incorrect estimation of the operating temperature of 
the cells using the ambient temperature 

-  The phenomenon of air convection. 
-  The thermal inertia of the temperature sensor used 

may cause a delay between the ambient temperature 
used to predict the operating temperature of the 
cells and the actual temperature. Characterization 
models have a temperature probe to directly 
measure the temperature of the cells and thus avoid 
this problem.  

-  The performance of the module under real 
conditions: often the efficiency of the modules 
under actual conditions of use does not correspond 
to those provided by the manufacturer. 
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Figure 9. Theoretical and experimental I-V and P-V curves for G=310W/m²; T=33°C 

 
Figure 10. Theoretical and experimental I-V and P-V curves for G=850W/m²; T=35°C 

 
Figure 11. Variation of solar radiation and ambient temperature in the vicinity of the modules for three days at the Sévagan site 
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Figure 12. Comparison of measured and simulated photocurrent values 

Presentation of the irradiation and temperature 
profiles of the Sévagan site and validation of the model 

The final objective is to verify whether the model was 
able to predict the performance of the photovoltaic system. 
To validate the model, measurements were made over 
three days (from 03 to 05 December 2016). The total 
sunshine and the temperature in the vicinity of the 
modules recorded for these days are shown in Figure 11. 
The solar irradiation increases from the morning to reach a 
maximum at the solar noon before decreasing again until 
canceling out at nightfall. The first day of measurement 
was a very cloudy day with short periods of high solar 
irradiation. The solar irradiation at Sévagan can exceed 
1000 𝑊𝑊/𝑚𝑚2 ; During the three days a maximum of 
1150 𝑊𝑊/𝑚𝑚2 was reached on the third day at 12h33min. 
The ambient temperature can drop to about 23.51°C at 
night, but during the day it depend on the level of sunshine 
and climatic conditions it can rise between 40 and 45° C. 

These types of temperature and solar irradiation profiles 
have been recorded by several authors, in particular (R. 
Merahi [20] and R. Shenni [21]). The data were recorded 
at the Renewable Energy Research Center (CRAER) of 
the University of Nouakchott, in Mauritania over three 
days in August (R. Shenni [21]). The temperature change 
over the three days showed a maximum temperature of 39 ° 
C on the third day. The maximum irradiation on this site 
during these three days did not exceed 800 𝑊𝑊/𝑚𝑚2 . The 
simulation results of the photovoltaic generator were 
compared with the values measured in (Figure 12). 

We find a good agreement for the sunny day with only 
a few cloudy passages (second day). On the other hand, 
discrepancies are observed for the cloudy days. These 
deviations can also be explained by a poor estimation of 
the temperature value of the cells by the model. The 
phenomenon of ambient air convection, thermal inertia 
and / or poor location of the thermal sensor may cause a 
delay between the measured ambient temperature used to 
predict the temperature of the cell and its actual 
temperature. 

Thus, the rapid changes in the solar irradiation caused 
by the cloudy passages cause a sudden change in the 
ambient temperature. Thus, there may be a phase shift 
between the stored ambient temperature value and its 
actual instantaneous value, and the values used in the 
model may not correspond to the actual values. 

The correlation coefficients obtained for these three 
days are respectively: 0.9995; 0.9996 and 0.9963. We note 
that the sunniest day has the highest correlation coefficient. 
However, the high values of the correlation coefficient 
reflect the quality of the model proposed in this study to 
predict the performance of photovoltaic generators. 

4. Conclusions 

We present in this paper a list of the models of 
maximum power of a photovoltaic generator encountered 
in the literature. Simplified models of maximum power 
are very useful in practical applications as in the study of 
photovoltaic systems integrated in the building. On the 
basis of the work carried out by Lu Lin [7] and Belhadj 
Mohammed [8], the input / output model is used to predict 
the maximum output power of the Sevagan photovoltaic 
generator in Togo. To verify the validity of the model 
throughout the range of weather conditions, the verification 
was done in two steps: on a sunny day and a cloudy day. 
A good agreement was observed with 95%, 97% and 99% 
correlation coefficients for cloudy, sunny days respectively 
and the generator photocurrent simulation. The results 
demonstrate an acceptable accuracy of the power model 
under different environmental conditions.  
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