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Abstract. Photovoltaic energy has, nowadays, an increased importance in electrical
power applications. However, the output power provided via the photovoltaic conversion
process depends on solar irradiation and temperature. Tracking the Maximum Power Point
(MPP) of photovoltaic (PV) systems is the most important part of the PV systems. In this
paper, modeling and parameter extraction methods are proposed to describe the optimal
current, voltage and power of the photovoltaic cells. The aim is to �nd a formula that
considers these factors and to study the interactions between these various factors. The
design of experiments is a powerful tool to understand systems and processes. Experiments
are often run so that the e�ect of one factor is unknowingly confused with the e�ect
of another factor. A brief comparison between classic modeling is presented. In order
to model the optimal current, optimal tension and optimal power, a methodology of
experimental design is presented. The obtained results show the merits of the proposed
mathematical model, which makes the study of the interactions between various climatic
factors possible.

c 2014 Sharif University of Technology. All rights reserved.

1. Introduction

The consumption of fossil fuels has an environmental
impact, in particular the release of carbon dioxide
(CO2) into the atmosphere. CO2 emissions can be
greatly reduced through the application of renewable
energy technologies, and renewable energy resources
are su�cient to meet world energy requirements.
Photovoltaic systems have become increasingly pop-
ular and are ideally suited for distributed systems,
as solar energy is the most abundant renewable re-
source.
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2. Photovoltaic characteristics

There are three classic parameters that are very impor-
tant for PV characteristics, namely, short-circuit cur-
rent (Icc), open-circuit voltage (Voc) and the maximum
power point (Iopt; Vopt). The power delivered by a
PV cell reaches a maximum value at the point (Iopt;
Vopt). Solar photovoltaic (PV) arrays consist of many
Ns cells connected in series to provide the required
terminal voltage, and Ns cells, which are connected
in Np branches to provide the current ratings. PV
power systems do not have any moving parts, they are
reliable, they require little maintenance and they do
not generate pollutants or noise [1-8].

The voltage- current characteristic of a solar array
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Figure 1. An equivalent circuit of a real photovoltaic cell
where V and I are the output voltage and current of the
PV module, respectively; Rs and Rsh are the series and
shunt resistances.

in Figure 1 is given by Eq. (1) [1-8]:

I = Iph � Io:
�
exp

Vd
A:UT

� 1
�
� Vd
Rsh

; (1)

with:

Vd = V +Rs:I; (2)

where V and I are the output voltage and current
of the PV module, respectively; Rs and Rsh are the
series and shunt resistances of the module, UT is the
thermal voltage, Iph is the light-generated current, Io
is the reverse saturation current, and A is an ideality
factor. In this studied case, a photovoltaic module is
constituted of 36 solar polycrystalline cells in series
(Kyocera LA 361 K51), mounted 35� south.

P = V:I: (3)

The simulation result of the output module character-
istics (Ns = Np = 1) using Eq. (1) and Eq. (3) is
shown in Figure 2 [3-8]. Voc and Icc points are shown
in Figure 2(a). The curve shows a MPP (Maximum
Power Point), M , where the solar array operates more
e�ciently (Figure 2(a)), which corresponds to the
optimal power, Popt, shown in Figure 2(b).

According to the maximum power transfer theory,
the power P delivered to the load is maximum when the
source internal impedance matches the load impedance
in a direct coupling. The peak Popt in Figure 2 is
provided by solving (4) [8]:

dP
dI

=� 2:Rs:I +A:UT : ln
�
Icc � I + Io

Io

�
� A:UT :I
Icc � I + Io

= 0: (4)

The current Iopt is the solution of Eq. (5):

Figure 2. Electrical characteristic of the module at solar
radiation, Es = 100% and temperature, T = 25�C: a)
I � V characteristic; and b) P � V characteristic.

Icc = Iopt + Io:

"
exp

"
(2:Iopt:Rs)
A:UT

+
Iopt

Icc � Iopt + Io

#
� 1

#
: (5)

The simulation results are shown in Figures 3 and 4.
Figure 3 shows the characteristic curves at di�erent
irradiances, Es, for a constant temperature. The
characteristic curves at di�erent temperatures for a
constant Es, is illustrated by Figure 4. Both �gures
demonstrate that the output characteristic of a solar
module is crucially inuenced by solar radiation, Es,
and temperature, T , conditions.

Due to the high cost of the photovoltaic generator,
it is important to operate the modules close to their
maximum power. So, in order to assure maximum
power transfer, the objective is to obtain the maximum
power point: Iopt, Vopt, Popt [8-13].
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Figure 3. I � V and P � V characteristics of a solar
module under varied solar irradiance and constant
temperature: a) I � V characteristic; and b) P � V
characteristic.

3. Experimental design methodology and
development of the method

The methodology of the experimental designs allows
one to determine the number of experiments to be
achieved according to a well de�ned objective, to study
several factors simultaneously, to reduce dispersion
related to measurements, to appreciate the e�ects of
coupling between factors, and, �nally, to evaluate the
respective inuence of the factors and their interac-
tions [7-10].

Finding mathematical models of good quality
with minimum e�ort depends on how input factor
intervals are selected. This method can be used, as
follows [14-19]:

Figure 4. I � V and P � V characteristics of a solar
module under varied temperatures and constant
irradiance: a) I � V characteristic; and b) P � V
characteristic.

� Selection of the most interesting and inuential
factors;

� Determination of maximal, minimal and average
values of each factor;

� Carrying out a matrix of experiments with all
possible states and their corresponding responses.

Before starting the experiments, it is necessary to set
the best and suitable design which can model the pro-
cess with the most possible precision. In this paper, the
Centred Faces Composite design (CCF) is chosen which
allows the use of Response Surfaces Modelling (RSM).
It is possible to determine a quadratic dependence
between the output function to optimize (response) and
the input variables, ui (i = 1; � � � ; k):

y = f(ui) = c0 +
X

ciui +
X

cijuiuj +
X

ciiu2
i :
(6)

Knowing that �ui and ui0 are, respectively, the step of
variation and the central value of factor i, the reduced
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centred values of input factors may be de�ned by the
following relation:

xi = (ui � ui0)=�ui: (7)

With these new variables, the output function becomes:

y=f(xi)=a0 +
X

aixi +
X

aijxixj +
X

aiix2
i :

(8)

The coe�cients can be calculated or estimated by a
data-processing program in such a way as to have a
minimum variance between the predictive mathemati-
cal model and the experimental results.

4. Software Modde 5.0

The software MODDE 5.0 (Umetrics AB, Umea, Swe-
den) was used, which is a Windows program for the
creation and evaluation of experimental designs [20].
The program assists the user for interpretation of the
results and prediction of the responses. It calculates
the coe�cients of the mathematical model. In fact, it
draws the surfaces of response (RSM) and identi�es
the best adjustments of the parameters for process
optimisation.

Moreover, the program calculates two signi�cant
statistical criteria, which make it possible to validate
the mathematical model or not:

� The predictive power is given by Q2. This is a
measure of how well the model will predict the
responses for a new experimental condition.

� The goodness of �t parameter is given by R2.

A good mathematical model must have criteria Q2 and
R2, whose numerical values should be close to unity.

5. Results

The analysis of electric power, current and voltage were
achieved using a CCF experimental design with two
factors. In the experiments site in ORAN, used in this
work, the domain of variation of each factor is:

� Solar radiation, ES : ESmin = 10%, corresponding
to 100 W/m2, and ESmax = 100%, corresponding
to 1 KW/m2;

� Temperature: Tmin = 20�C and Tmax = 50�C.

Measurements of the three responses, i.e. power, Popt,
current, Iopt, and voltage, Vopt, obtained according to
a CCF design, are given in Table 1.

Once the experimental values of the responses
are measured, software MODDE.05 checks whether
experimental results are \reasonable". It detects any
\doubtful" measurement result.

Table 1. Obtained results.

Experience
n =�

Es
[%]

T
[�C]

Popt

[W]
Vopt

[V]
Iopt

[A]
1 10 20 4.38 14.836 0.295
2 100 20 49 16.528 2.957
3 10 50 3.62 12.476 0.29
4 100 50 42.5 14.525 2.926
5 10 35 4.07 13.904 0.293
6 100 35 46.3 15.723 2.947
7 55 20 27.298 16.737 1.631
8 55 50 22.882 14.2 1.611
9 55 35 25.107 15.467 1.623
10 55 35 25.107 14.467 1.623
11 55 35 25.107 14.467 1.623

The statistical tests achieved with MODDE.05
lead to a valid mathematical model, since R2 and Q2

reach higher values ranging between 0.991 and 1.000.
The models suggested by MODDE.05 are:

- For power, Popt:

Popt =25:17 + 20:96E�s � 1:95T � � 0:07(E�S)2

� 0:17(T �)2 � 1:44(E�ST �): (9)

- For voltage, Vopt:

Vopt =15:51 + 0:93E�S � 1:15T � � 0:77(E�S)2

� 0:12(T �)2 � 0:09(E�ST �): (10)

- For current, Iopt:

Iopt =1:62 + 1:32E�S � 0:009T � � 0:003(E�S)2

� 0:02(T �)2 � 0:06(E�ST �): (11)

6. Discussions

The values of the coe�cients associated with the factors
show the degree of the inuence of each factor. The
signs indicate how much the response is inuenced.
The coe�cients could also be plotted as shown in
Figure 5. The latter shows that the ES e�ect is
more signi�cant than all the others. It arises from
mathematical models that within the variation limits
of the selected intervals, ES is the most e�ective.
This was con�rmed by iso-responses surfaces shown in
Figure 6, where it could be veri�ed that factor ES is
more signi�cant than temperature. Furthermore, as
expected, the inuence of ES is positive and the one of
T is negative.

According to this power model, the operation set
point, i.e. the optimum of the process corresponding to
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Figure 5. Plotted coe�cients of the model.

Figure 6. Iso power contours P (W ) plotted by Modde 5
based on the data of Table 1.

the maximum power, should be obtained for ES = 100
and T = 20�C.

The design of the experiment model shows di-
rectly the relationship between the climatic data: solar
radiation, Es, temperature, T , and response, Popt. It
shows also interactions between these climatic factors.

7. Conclusion

In this work, we provide an approach to �nd optimal
power, optimal current and optimal voltage in order to
�nd the MPP. The control variables considered for the
optimization include solar radiation and temperature.
The aim is to show interactions between these various
factors. This method can be applied to control a DC-
DC converter device. An experimental design method-
ology was employed for determining the optimum value
of each variable, using commercial software (MODDE,
Umetrics, Sweden).
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