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Abstract

The explosive technological improvement of photovoltaic systems as well as
the necessity of populations to come to less expensive energy sources, that
have led to an implosion at the level of solar panel manufacturers. This causes
a large flow of these equipments to developing countries where the need is
high, without any quality control. That conducted an experimental investiga-
tion on the performance characteristics of a 250 wp monocrystalline silicon
photovoltaic module in other to check the verification and quality control.
Most of these PV panels which often have missing informations are manufac-
tured and tested in places that are inadequate for our environmental and me-
teorological conditions. Also, their influences on the stability of internal pa-
rameters were evaluated in order to optimize their performance. The results
obtained at maximum illumination (1000 w/m?) confirmed those produced by
the manufacturer. The analysis of these characteristics showed that the illumi-
nation and the temperature (meteorological factors) influenced at most the sta-
bility of the internal characteristics of the module in the sense that the maxi-
mum power increased very rapidly beyond 750 w/m? but a degradation of per-
formance was accentuated for a temperature of the solar cells exceeding 50°C.
The degradation coefficients were evaluated at —0.0864 V/°C for the voltage
and at —1.6248 w/°C for the power. The 10° inclination angle of the solar panel
proved to be ideal for optimizing overall efficiency in practical situations.
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Intermittence

1. Introduction

Solar energy is an important source of renewable energy that is an alternative to
the depletion of fossil energy sources [1] [2] and inaccessibility to fissile energy
in developing countries [3]. The relentless pursuit of sustainable energy solu-
tions has propelled photovoltaic (PV) technology into the forefront of renewable
energy sources [3] [4] [5]. As the demand for solar power continues to escalate,
it becomes imperative to scrutinize the stability of performance characteristics
exhibited by PV modules, especially in the dynamic context of varying environ-
mental and meteorological conditions [6] [7].

Suitable for small and medium power applications, this energy is a develop-
ment engine for remote and isolated areas of conventional power distribution
lines. The photovoltaic module that is the centerpiece of this technology, de-
serves a careful study of its parameters before its use since these fluctuate con-
stantly with certain external factors [8]. For a photovoltaic installation, the
change of 50% in illumination automatically causes a degradation of 50% in the
power supplied by the photovoltaic generator [9].

The instability and vulnerability of silicon-based solar cells to environmental
and meteorological factors has led to a considerable increase in research efforts
aimed at developing solar cells based on organic and hybrid materials [10] [11]
[12]. These technologies have shown great performance, gradually gaining
ground in the architecture markets [8].

Various methods have also been found to effectively prevent potential induced
degradation (PID) in P-type C-Si modules [13], as they dominate the present PV
market. The PID progression in standard C-Si modules depends on applied vol-
tage, humidity and temperature. The leakage current exhibits an Arrhenius-type
relationship with temperature. Humidity and applied voltage also affect the PID
in many ways.

The exploration of photovoltaic (PV) materials reflects the ongoing search for
sustainable energy solutions. An analysis has been made of the significant ad-
vances made in this field, from the refinement of silicon-based solar cells, the
development of thin-film technologies and the emergence of materials such as
perovskites [14]. Every advance brings us closer to a future where sustainable
energy is not just a goal, but a reality. Silicon-based cells have long been the
backbone of the solar industry. Thin-film technologies have emerged as a com-
pelling alternative, offering versatility and cost-effectiveness with a smaller ma-
terial footprint. Renewed interest in perovskite solar cells has reshaped the re-
search landscape, with their potential for high efficiency and low-cost produc-
tion attracting keen interest worldwide.

This experimental investigation aims to shed light on the intricate interplay
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between the performance of a photovoltaic module and the myriad factors in its
external surroundings.

Our study deals with the experimental evaluation of the characteristics of the
monocristalline photovoltaic module of 250 wp in order to analyze their stability
against meteorological and environmental factors of the implantation site. For
this, the electrical and performance characteristics of the photovoltaic module
were determined, and the effect of the variation of the instantaneous illumina-
tion, cell temperature and tilt angle on the stability of the internal characteristics
of the PV module was assessed directly at the installation site.

In this context, our study seeks to expand upon the existing body of know-
ledge by providing a nuanced investigation into the stability of specific per-
formance characteristics of a photovoltaic module. Through a series of con-
trolled experiments and meticulous data analysis, we aim to contribute ac-
tionable insights that can inform the design, maintenance, and optimization of
solar energy systems in the face of dynamic environmental and meteorological

influences.

2. Materials and Methods
2.1. Methodology

The experiments were carried out on the roof of a building 10 m above ground
level at the Félix Houphouét-Boigny University in Abidjan. The longitude and
latitude of the site are respectively 5°18'34"North and 4°00'45"West. For differ-
ent values of the overall illumination measured by a thermoelectric pyranometer,
the short circuit current (Z.), the open circuit voltage (V) and the ambient
temperature (7;) were determined. Using a platinum resistance probe connected
to the photovoltaic module, the cells temperature was evaluated. The cur-
rent-voltage characteristics (I-V) were also obtained according to the atmos-
pheric conditions of the site and the tilt angles of the solar collector of 5°, 10°

and 15°, oriented towards the south with respect to the horizontal.

2.2. Annual Variation of Sunshine in Abidjan

The sunshine data for the city of Abidjan from 1978 to 1988 [15] and from 2003
to 2009 [16] show that the average daily sunshine duration is 6.5 hours. The av-
erage daily irradiation values from 1978 to 1988 and from 2003 to 2009 are re-
spectively 4446 wh/m?.d and 3875 wh/m?.d. During these years the sunniest
months are the months of February, March and April. The maximum value of
the overall irradiation is of the order of 5184 wh/m®.d in April. The least sunny
months are June, July and August. These months correspond to the rainy sea-
sons in Abidjan.

The sunshine measurements made at the site in 2017 resulted in an average
annual global irradiation value of 3331 wh/m®*d. In this year, a maximum value
of solar irradiation recorded of 4403 wh/m*d in April and a minimum value of

2351 wh/m?.d in the month of June. The annual variations in global irradiation
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are shown in Figure 1. They show a variability of available solar energy from
1978 to 1988, then from 2003 to 2009 and in 2017 [17]. However, the annual
distribution of solar energy potential in Abidjan typically retains the same type
of variation when moving from one year to another.

On-site illumination measurements yielded maximum values in the order of
1009 w/m? in March. The performance of a photovoltaic panel is related to me-
teorological parameters. It is therefore important to check its compatibility with

the climatic conditions of the installation site.

2.3. Some Characteristic Parameters of the Photovoltaic Module

The essential electrical characteristics of a photovoltaic panel are the short cir-
cuit current (/.), the open circuit voltage (V,,) and the maximum power (Z,,).
These parameters that characterize the PV module are a function of the incident
illumination (£) and the temperature of the photovoltaic cells ( 7;). The values of
I are slightly influenced by temperature. On the other hand, those of V,.and 2,
decay rapidly when the cells temperature increases [18]. A platinum resistance
probe in direct contact with the back surface of the cell is used to assess the cell
temperature. This technique makes it possible to approximately determine the
actual temperature of the photovoltaic cells on the module [18]. The relationship
between the probe resistance R. (Q2) and the cell temperature 7. (°C) is given by
the relation (1).

T, =2.2611R, —223.71 (1)

The intensity (A) of the current supplied by a real photocell under illumina-
tion is [19]:
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Figure 1. Daily average irradiation of Abidjan city from 1978 to 1988, from 2003 to 2009
and in 2017.
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qV +R.I V4RI
l=1_,—1_|ex S 1-1|- E 2
3 { p( KT j } R, @

where 1, is the photocurrent, /; the saturation current of the diode, n ideality
factor of the diode, K Boltzmann constant (1.38 x 107> J/K), ¢ elementary load
(1.602 x 107 C), T cell temperature (K), R, series resistance (Q) and R,; shunt
resistance (Q).

The short-circuit current (/) is obtained for V' = 0. . was measured by con-
necting an ammeter directly to the PV module terminals.

The open circuit voltage V.. is obtained for /=0 (1, = L.):

V., =ﬂln('ij 3)
q |

S

The value of V,. is measured by directly connecting a voltmeter to the PV
module terminals.

A photovoltaic module is also characterized by its series resistance R, and
shunt resistance Ry. R; is due to the resistivity of the material used for the fabri-
cation of the photocells, to the contact resistances and the collector grid. This se-
ries resistance, which characterizes all current losses due to contact at the junc-
tion, reduces the value of the short-circuit current when it has a high value [20].
As for the shunt resistance R, it reports leakage currents in the module. When
the value of Ry is low, this leads a large decrease in the open circuit voltage V.
[21]. In this case, the value of the voltage at the PV module terminals becomes
very low for the small illuminations.

Various methods have been developed for the determination of R, and Ry, [22]
[23] [24]. In our study, The graphical method [25] is used for the evaluation of
the series resistance R.. In practice, the method consists in choosing two I-V
curves at different illuminations but at the same temperature. The arbitrary
choice of these two characteristics I-V is such that AZ which is the variation be-
tween the short circuit current /. and maximum useful current 7, is the same

for both characteristics (Figure 2).

V +Rl
From Equation (2), neglecting the term ——— (R, > R,), at the point of
sh

ALI

T

Figure 2. Graphic method of determination of the series resistance
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short-circuit (Ls = L),

The expressions obtained according to the two illuminations are:

Il = Iscl - Is l:exp[q(v%ssm]_l:l (4)

IZ = Ich - Is [exp(%j_ll (5)

AIdefines as follows:

A=l -l =11, (6)

scl sc2

and the following equations obtained:

exp(MJ :exp[MJ ”

nKT nKT
V,+R, =V, +R, (8)
Since
L= =141 (10)

and by identifying the voltages V; and V; at the point of maximum power, the
expression of series resistance R, is determined by:

V.,V

RS — m2 ml (11)

Iscl - Ich

The shunt resistance Ry, is also determined from an experimental method
which consists to evaluate the slope of the I-V characteristic at the point of
short-circuit (/= I.) [26] according to Figure 3.

In the region of the curve I-V where the cell behaves like a constant current

Al

Im IR R R T e R R N e PR R R R E R R R )

Vm Voc \',

—

AV

Figure 3. Graphic method of determination of the shunt resistance.
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generator (V= 0), the Equation (2) is written:
V +IR,

=1
ph
Rsh

(12)

Differentiating the relation (2) at the point of short-circuit (Z,, = I.), the fol-

lowing expression is:

dl 1
- =—— 13
av e Ry (13
According to Figure 3, the expression of the shunt resistance is defined by the
relation (14).

sh —

_AV (14)
Al I —1

sC m

Figure 4 presents the equivalent diagram of a real photopile to one diode.
Other internal characteristics of the module such as the nominal operating cell
temperature (NOCT) and the diode ideality factor (1) can be evaluated from

certain experimental linear correlations.

2.4. Current-Voltage Characteristic

The current-voltage characteristic I-V of the module is obtained by varying a re-
sistive load connec-ted to the PV module terminals. The block diagram is shown
in Figure 5 and the experimental device in Figure 6.

For tilt angles of 5°, 10° then 15" and for different illuminations, the values of

the current 7and the voltage Vat the PV module terminals are noted. The values

I
[ e, *—

BN\ Idy Rs 1
;G S A | R

Figure 4. Diagram of a real photopile to one diode.

Voltmeter (V) Variable
resistance

\ Ammeter

PV module

Figure 5. Wiring diagram to note the I-V characteristic.
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1. Paranometer 2. Ammeter 3. Voltmeter 4. Variable resistance
5. PV module 6. Ohmmeter

Figure 6. Characterization device.

of 7and V noted allow the determination of the electrical power P supplied by
the module according to relation (5).
P=1.V (15)

If I, and V,, are the respective values of 7and V for which the electric power is
maximal, the maximal power is:

P, =1

m m

-V,

o (16)
The couple (I3 Vi) is determined from the P-V characteristic whose peak

represents the maximum power point (Vs Pp,).

3. Results and Discussions

3.1. Electrical Characteristics of the PV Panel at Maximum
IIlumination on the Site

The different tests carried out allowed us to obtain the current-voltage I-V and
power-voltage P-V characteristics of the photovoltaic module for a maximum
illumination of 1009 w/m? The curves of variation obtained for the tilts 5°, 10°
and 15° are presented in Figure 7.

The analysis of the curves of Figure 7 makes it possible to deduce the values
of I,y Voo Iy Vi and P, at the maximum illumination under the conditions of
the site. The different values are summarized in Table 1.

For the photovoltaic module used, the values obtained are most often different
from those provided when the module operates under Standard Test Condition
(STC).

The current /. values determined experimentally are slightly higher than
those given by the manufacturer. This rise is mainly due to the increase of the

solar cell temperature during the experiment. At the point of maximum power,
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Figure 7. I-V and P-V characteristics at maximum illumination of 1009 w/m? for the tilts 5°, 10° and 15°.

Table 1. Verification of the electrical characteristics of the PV module.

Parameters Experimental values
. manufacturer’s data
tilt angle 5° 10° 15°
Liemax (A) 9.2 9.6 9.3 9.3
Voanax (V) 42 30.5 30.4 30.4
In (A) 8 8 8.8 8
Vin (V) 36 222 21.6 215
Pu(w) 288 177.6 190.1 172
E (w/m?) 1000 1009 1009 1009
T.(°C) 25 57 54 51

lower values of V., and P, are obtained. Those of the maximum intensity 7, are

not very different from the value obtained in the Standard Test Condition.

3.2. Influence of [llumination and Temperature on the Electrical
Characteristics of the PV Module

For each value of the tilt angles of the PV module, I-V and P-V characteristics at
constant temperature as a function of the illumination (Figure 8) then at constant
illumination as a function of temperature (Figure 9) have been determined.

At constant temperature, the value of the current increases with illumination.
Likewise, the values of the parameters I, V,.and P, increase with illumination.
The point of maximum power evolves vertically with the increase of the illumi-
nation. This variation of P,, which is practically constant voltage, is more related
to that of the intensity of the current (Table 2), hence the name of the photovol-
taic generator of “current generator”.

Figure 9 shows that at constant illumination, the maximum power P, de-
creases with increasing temperature. Table 2 shows the values of current, voltage
and power at the point of maximum power at constant temperature for different
angles (5°, 10° and 15°)

Figure 10 shows the evolution of the maximum power as a function of the
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Figure 8. Influence of illumination on the I-V and P-V characteristic.
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Figure 9. Influence of temperature on the I-V and P-V characteristic.

Table 2. Values of the maximum power according to the illumination and tilt angle of the

PV module.
Tilt angle Cell temperature Illumination Vi In Pr
of the PV module (*C) (w/m?) V) (A) (w)
44 538 21.1 3.9 82.3
5° 44 624 21.6 4.3 92.9
44 701 21.5 5.4 116.1
44 740 21.3 6 127.8
48 845 21.1 7.2 151.9
10° 48 903 21.4 7.4 158.4
48 941 21.6 8 172.8
48 960 21.7 8.2 177.9
48 615 21 4.8 100.8
15° 48 720 21.7 5.7 123.7
48 788 21.2 6.8 144.2
48 913 21.4 7.4 158.4
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illumination (Figure 10(a)) and the cell temperature (Figure 10(b)).

The maximum power increases with illumination and temperature between 20
and 200 w. At maximum illumination (1000 w/m?), the experimental value de-
termined maximum power (190 w, 55°C) is less than the value given by the
module manufacturer (250 w; 25°C). This difference is explained by the fact that
the rise in the cell temperature automatically causes a drop in power, with a de-
gradation coefficient of about —1.62 w/°C. Some works provide a decrease of 4%
for an illumination of 1000 w/m? [6]. It is noted that the electrical power sup-
plied by the PV module is proportional to the illumination. It is the tilt angle of
10° which makes it possible to obtain values slightly higher compared to inclina-
tions 5° and 15°. In Figure 10(b), an increase in the cell temperature causes a
drop in the maximum power above 47°C.

The effect of the variation of the illumination on the values of the short-circuit
current /. and of the open circuit voltage V.. is observed through the graphs of
Figure 11 for different tilt angles of the PV module.

The short-circuit current Isc increases linearly with illumination. However,

the value of the open circuit voltage V,. increases slightly for low illuminances
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Figure 10. Maximum power according to the illumination and the temperature.
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Figure 11. Variation of current /. and voltage Vocas a function of illumination.
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(<600 w/m?) and falls below this value. This reduction of V. for the strong illu-
minations is due to the heating of the photovoltaic cells. According to these I-V
and P-V characteristics, an increase in temperature considerably reduces the

electrical productivity of the photovoltaic panel.

3.3. Evaluation of the Internal Characteristics of the Photovoltaic
Module

Certain characteristic parameters such as the series resistance (&), the shunt re-
sistance (R;) and the nominal operating cell temperature (NOCT) are not most
often written on the photovoltaic module. The evaluation of these parameters
helps to judge the reliability of the module in the meteorological conditions of
the experimental site.

However, the constant variation of the resistances R, and R, makes their de-
termination very often difficult. For this study, therelations (11) and (14) are
used respectively to evaluate them. The results are summarized in Tables 3-5

Table 3. Values of the series and shunt resistances for a tilt of 5°.

T’r: E E Iscl Istz Im Im Ve Vi Rs Rs]zl R
(°C) (w/m?) (w/m?) (A) (A) (A) @A) V) V) (@ (@) (@

35 259 317 26 29 20 24 215 214 0333 358 43.0
39 500 557 47 53 35 39 217 215 0333 181 154
44 538 740 42 73 39 60 21.1 21.3 0.100 703 164
44 624 701 45 65 43 54 225 21.5 0500 1125 19.6
54 826 913 78 87 64 73 218 215 0333 156 154
54 855 874 84 88 68 68 216 217 0250 10.8 13.6

57 865 1009 83 96 68 80 216 222 0461 144 139

Table 4. Values of the series and shunt resistances for a tilt of 10°.

T E E La Le Im Im Vm Vm R; Ram R
(°C) (w/m?) (w/m?) (A) (A) (A) (A) (V) V) (@ (@ (@«

35 365 403 36 40 28 29 215 214 0250 269 195
37 221 432 22 42 16 30 212 215 0.150 353 179
42 538 576 52 57 40 44 215 21.6 0.200 179 165
45 672 692 67 69 56 59 216 215 0500 196 215
48 845 922 80 87 72 77 211 214 0.429 264 214
48 941 961 89 91 80 82 216 217 0500 240 241
50 615 855 59 80 51 71 213 215 0.100 26.6 239
50 865 874 78 82 71 72 215 214 0.250 30.7 214
50 884 895 84 85 73 73 215 216 0500 196 18.0

52 711 817 70 78 60 68 217 214 0375 217 214
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Table 5. Values of the series and shunt resistances for a tilt of 15°.

T: E E La Le Im Im Ve Vm Rs R R
(°C) (w/m?) (w/m?) (A) (A) (A) A V) V) @O @O (W

37 250 442 25 43 20 35 214 208 0333 428 26.0

40 605 749 57 72 48 6.0 208 21.1 0.200 23.1 17.6
47 615 720 59 69 48 57 209 214 0500 190 178
47 759 913 73 82 6 74 215 214 0.111 165 26.8
48 711 730 69 70 56 59 210 208 0.200 16.2 189
48 797 855 77 78 66 67 21.1 213 0.111 176 194
48 865 874 78 79 69 71 214 213 0.444 23.8 26.6
50 682 768 68 73 53 62 215 216 0.200 143 19.6

respectively for the inclinations 5°, 10° and 15°.

For the 5° position of the solar collector, there is a strong variation of the se-
ries resistance R, with the illumination E and the cells temperature 7, a variation
rate of 87% (0.1Q) < R, < 0.5Q)). Also, the same effects have been noticed on the
shunt resistance R side with a rate of change in the range of 90% (10.8Q < Ry <
112.5Q)).

The 10° configuration shows values of the series resistance R, between 0.1 and
0.5 Q) depending on the variation of the illumination and the cells temperature, a
variation rate 87%. As for the shunt resistance Ry, a variation recorded in the
rate of 53% (16.5Q) < Ry, < 35.3Q)).

For a tilt of 15°, a variation of the resistances R, and Ry is observed respec-
tively of the order of 87% and 67% with the illumination and the temperature.

From a general point of view, variations in illumination and temperature
strongly influence the values of the series and shunt resistances. This variation of
R is between 0.1Q) and 0.5Q and remains the same whatever the tilt angle of the
solar panel is. The variation rate of Ry, decreases with increasing of the tilt angle
of the module (from 90% to 67%). The variations of these parameters which
characterize the losses of contact and leakage of the cells, are represented as a
function of the illumination in Figure 12 and of the temperature in Figure 13
for each of the tilt angle 5°, 10° and 15°. Despite of the constance of the variation
of these parameters over time we note globally that the series resistance increases
with the illumination and the cells temperature while the shunt resistance de-
creases. Then, if the value of R, is high (or R, is small), the higher the current
losses in the cells, is, the less productive the photovoltaic module we get.

The cell temperature is defined by the relation (17) [27].

E

T =T, +—(NOCT-20 17
=T+ ) a7)
Then:
T.-T, :E(NOCT—ZO) (18)
800
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Figure 12. Evolutions of the series and shunt resistances according to the illumination.
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Figure 13. Evolutions of the series and shunt resistances according to the temperature.
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Figure 14. Variation of the temperature difference between cell and ambient air according to the illumination.

The difference AT between cell (77) and ambient (7;) temperatures is in the
form:

AT =a-E (19)

From the value of a (°C-m*w™') determined experimentally in Figure 14, the

nominal operating temperature of cell is deduced using relationship (20).

NOCT =800« + 20 (20)

The ideality factor n of the diode is determined from the relation (3) which
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Tilt 5°, cell temperature 45°C

can be in the form:

Vi, =a-In(l)+b (21)

From the value of the coefficients a (V/A) and b (V) determined experimen-
tally in Figure 15, the value of this factor n is determined to the relation (22).

q-a

n=——
KT

(22)

The values of the cell utilization limit temperature (NOCT) and the diode
ideality factor () are summarized in Table 6. The experimental constants a and
a were determined at the temperature of 45°C.

Under site conditions, the nominal operating cell temperature is 47°C and the
diode ideality factor is between 1.5 and 2.

3.4. Efficiency of the Photovoltaic Module in the Conditions of the
Site

The form factor (FF) of the cell and the maximum efficiency (77) allow to eva-
luate the performance of the module in the conditions of the site. The values of

FFand 77 are respectively determined using relations (23) and (24).

Fr=tnln __Fo (23)
Voc : Isc Voc : Isc
Pm
= 24
=2 21

In relation (24), S, equal to 1.246 m?, is the useful area of the photovoltaic

Tilt 10°, cell temperature 45°C

32 32 32
Voc = 0.0528Inlsc+30.242 Voc = 0.0408Inlsc+29.501
o a=10.0528 o =0.0408 o
2315 b= 3004 2315 A 026 2315
[*] [*] Q
50 50 50
g 31 . . £ 3 g 31
s . s s
=305 . . =305 R =305
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g ¢ . g ¢ . g
‘5 30 . . 5 30 ‘5 30
g . 5 5
2.29.5 2.29.5 229.5
o o o}
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Figure 15. Graphic determination of the ideality factor of the diode.

Tilt 15°, cell temperature 45°C

Voc = 0.0407Inlsc+30.216
a = 0.0407
b=30.21
8 19 2 21 22 23
Short-circuit current logarithm (A)
©

Table 6. Values of the nominal operating cell temperature and the diode ideality factor.

Tilt angle (°C-m?/w) (V7 A) N(OCC;)T n
5° 0.0338 0.0528 47.0 1.9
10° 0.0343 0.0408 47.4 1.5
15° 0.0341 0.0407 47.3 1.5
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module. Table 7 summarizes the maximum values of the cell form factor and
the conversion efficiency of the PV module under site conditions.

The maximum form factor obtained in the site conditions is 67%. The per-
formance of the solar cell leads to a maximum conversion efficiency of the onsite
module equal to 15%. Under STC conditions, the photovoltaic module is likely
to produce a maximum return of 23% with a cell form factor of 75%. These re-
sults show clearly the influence of the meteorological factors of the implantation
site on the performance parameters of the photovoltaic panel. The curves of
evolution of the form factor and the conversion efficiency are presented respec-
tively in Figure 16 and Figure 17.

For the three tilts, the form factor FF increases linearly with a small slope as a
function of illumination. All values are between 50% and 70%. For a given illu-
mination value, the form factor increases slightly for cell temperatures between
35°C and 47°C. Beyond 47°C, a slight degradation of the performance of the so-
lar cell is noted. The heating of the photovoltaic cell reduces its efficiency.

For the three inclinations, the highest values of the efficiency are obtained
with the 10° configuration of the solar collector. The shape of the curves in the

Figure 17 shows that the overall efficiency decreases from 15% to 12% when the

Table 7. Maximum values of form factor and module conversion efficiency.

Tilt angle
Parameters
5° 10° 15°
E (w/m?) 1009 1009 1009
I (A) 9.6 9.3 9.3
Voe (V) 30.5 30.4 30.4
P (W) 177.6 190.1 172
FF 60.7 67.2 60.8
n 14.1 15.1 13.7
09 5° ©10° +15°
+5° 10" ~15° *S5 e
0.8
PO W Vo P,
’—l" "‘W‘ s ’ =22 ." ‘. & “e " e
V’f.. ot é 0.5 KoL
S 0.4
503
O
0.2
0.1
0! 0
0 200 400 600 800 1000 1200 30 35 40 45 50 55 60
Illumination (w/m?) Cell temperature (°C)
(@ (b)

Figure 16. Evolution of the cell form factor according to the illumination and the temperature.
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Figure 17. Evolution of the maximum conversion efficiency of the module according to the illumination and the

temperature.

illumination increases between 200 and 500 w/m?2. On the other hand, from 500
w/m? to about 800 w/m?, the efficiency increases with illumination. For the 10°
tilt of the PV module, the efficiency decreases again from 15% to 14% between
800 w/m? and 1000 w/m?> This decrement in efficiency for illuminations greater
than 800 w/m? is due to the degradation of the cell’s performance beyond its op-
erating temperature limit (47°C).

The performance of the photovoltaic panel is significantly improved for a tilt
angle of 10°. In the meteorological conditions of the site, the 10° angular configu-

ration is the best profile of the three tilts chosen for any photovoltaic installation.

4. Conclusions

This characterization of the monocrystalline photovoltaic module of 250 wp, al-
though it is not easy to evaluate the characteristics of performance of this one in
real situation according to the meteorological conditions that imposed the site of
implantation. The analysis of the stability of these parameters in the face of the
most important external factors, namely the illumination, the temperature, and
the tilt angle, helps us to define the extreme modalities of operation of a photo-
voltaic module according to the weather conditions of the site. In practice, the
electrical characteristics of the module have been evaluated which led to an
overall conversion efficiency of 15% for a maximum power that could be deli-
vered at maximum illumination (1009 w/m?) of the order of 190 w. The results
showed the strong dependence of these internal characteristics of the module
with the illumination and the cell's temperature. A degradation of the energy
performances of the cell has been recorded which was accentuated beyond 47°C
(NOCT). The voltage and power degradation coefficients were estimated respec-
tively at —0.0864 V/°C and -1.6248 w/°C. On the other hand, the judicious
choice of the tilt angle of the PV module makes it possible to improve the per-
formances of this one. Thus, for this study, the 10° position proved to be ideal
for optimizing the overall efficiency of the photovoltaic pane.

Finally, the solar panel studied has good overall performance and that it can

be used appropriately for the mission that will be assigned to it.
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Nomenclature

I Module current

V: Module voltage

I-V: Current-voltage characteristic
P-V: Power-voltage characteristic
L Photocurrent

I,z Short-circuit current

Vo Open circuit voltage

I; Maximum useful current

Vi Maximum useful voltage

P,; Maximum useful power

E: Instantaneous illumination
PV: Photovoltaic

I;: Saturation current of the diode
R;: Series resistance

Ry Shunt resistance

R Resistance of the platinum probe

AL Variation between short-circuit current and maximum useful current

T: Temperature
T.: Ambient temperature

Tz Cell temperature

NOCT: Nominal operating cell temperature

11: Ideality factor of the diode
K: Boltzann constant

¢ Elementary charge
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