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1. Introduction

Copyright © 2021 Dioari Ulrich Combari et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

In earlier studies, we have shown theoretically and experimentally that magnetic fields (MFs) have negative impact on silicon PV
module (photovoltaic module). A noticeable decline in photocurrent with a slight increase in photovoltage was observed. Also, how
those fields affected other key module’s parameters was also studied. These studies concluded that an increase in the magnitude of
the MF resulted in the decrease of the efficiency of the silicon PV module. The previous experimental studies assumed that the MF
vector formed zero angle of inclination with respect to the photosensitive face of the module. They did not factor in any effect that
could be observed when the field vector is inclined. The present experimental work is an attempt to fill that gap. The characteristic
curves of the PV module were plotted in the same system of axis for different values of the inclination angle of the MF vector.
Correspondingly, the characteristic values (P> oo Vinaw Lo and V) of the PV module were also determined. These
parameters then allowed the calculation of the efficiency of the module, its fill factor, and the equivalent circuit series and shunt
resistances. It is observed that the module efficiency increases with the inclination of the MF vector, indicating that the effect of
the MF on the PV module is reduced when its vector aligns towards a direction that is perpendicular to the base of the module.
For example, when a moves from 0 to 90°, the power output and consequently the efficiency of the PV module relatively
increase of 14%.

In order to support the theoretical studies, some
researchers have experimentally investigated the influence
that magnetism has on the behavior of PV cells (photovoltaic

In reality, PV modules are almost never operated under
standard test conditions (module temperature of 25°C, a
solar Irradiance of 1000 watt per m> and an air mass of
1.5). Their expected performance therefore is also almost
never achieved. This must be added to the problems of deg-
radation caused by their exposure to ultraviolet radiation,
high temperature gradients [1, 2], dust and humidity [3],
etc. Furthermore, it is theoretically established that magnetic
fields influence negatively the performance of PV cells and
modules [4-8].

cells) or PV modules. Betser et al. [9] conducted an experi-
ment that led to the establishment of some particularly inter-
esting equations in magnetotransport. Their study resulted,
among other things, in the determination of the impact that
external magnetic fields create on the current that passes
through the base of a heterojunction bipolar transistor.

The experimental studies of Erel [10, 11] have shown that
magnetic fields influence the electrical parameters of any of
the three main types of PV cells, namely, monocrystalline,
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polycrystalline, and amorphous. The influence was more
pronounced on the open-circuit voltage V . and on the
short-circuit current I,.. Indeed, he arrived at the conclusion
that when these three types of PV cells are illuminated with a
tungsten lamp of variable intensity, V. and I decrease
against the intensity of the MF applied to the PV cell [10].

In another study, Vardanyan et al. [12] developed a
method for evaluating the diffusion length, the diffusion
coefficient, the mobility of charge carriers, and the velocity
of the back-surface recombination of a bifacial PV cell. Its
base was positively doped, so as to obtain an n-p type photo-
cell. Illuminated with a monochromatic light, its recombina-
tion parameters were obtained by gauging the short-circuit
photocurrent at two separate wavelengths, first in the pres-
ence and then in the absence of a magnetic field, and using
the expression of electron photocurrent and its associated
parameters.

Combari et al. [13] performed some experimental studies
with the aim of assessing the effect of the intensity of an exter-
nal MF on the current-voltage and power-voltage response of
a monocrystalline silicon solar module subjected to a constant
solar irradiation. They found that the efficiency of the module
drops as the intensity of the MF goes up. This was as a result of
a considerable drop in all currents that the PV module delivers
even though there was a slight increase in voltages.

Fathabadi [14] has conducted theoretical and experimen-
tal studies of the effect of electromagnetic field produced by
high-tension transmission lines on the yield of solar modules
placed in their vicinity. He found that the effect of the electri-
cal component of the electromagnetic wave that these lines
induce is nil while the magnetic component reduces the
power output generated by the PV module. In another theo-
retical and experimental studies [15], he examined the effect
of the electric and magnetic fields of an alternating current on
the electrical production of a PV cell. He found that this elec-
tric field has no effect on their open-circuit voltage and elec-
tric power. However, these two parameters decrease with the
alternating magnetic field. He also conducted a comparative
study of the effect of the MF on the photocurrent of three
types of PV cells (organic, dye-sensitized, and silicon solar
cells) [16]. He found that the density of the photocurrent of
the organic heterojunction cell increases with the increase
of the MF whereas its impact on that of the dye-sensitized
and silicon solar cells causes a decrease.

In their 3D study, Sourabié et al. [17] showed theoreti-
cally that the inclination 6 of a magnetic field vector has an
effect on the output of polycrystalline silicon PV cell. Their
study showed that the output of the polycrystalline silicon
cell increases when 6 moves from 0 to 90°.

In this paper, we experimentally tested the effect of the
inclination angle of a MF vector on the performance of a
monocrystalline silicon PV module. The intensity B of the
MF was held constant while measurements were being taken
for different inclination angles « of the MF vector. The
current-voltage and power-voltage characteristic curves were
plotted and then analyzed in order to measure the degree of
impact of the inclination angle of the MF vector on the
operation of the PV module. The characteristic parameters
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(P o> Lrnaxo Vinaw Lsoo and V) of the PV module and then
the fill factor, the power conversion efficiency, the series,

and shunt resistances were worked out.

2. Materials and Methods

Throughout the experiment, a constant solar irradiation was
kept incident upon the PV module while it was subjected to a
MF of constant intensity. Though the intensity of the MF was

held constant, its vector B was free to rotate on the xy plane
while forming an angle « with the y axis.

The PV module used in this study consisted of 36 cells
mounted in series. It was assumed that each cell was sub-

jected to the magnetic field B inclined at an angle a with
the plane parallel to its photosensitive area as depicted in

Figure 1. @ was made to vary as B sweeps planes that are par-

allel to the xy plane. The divergence of B within the PV cell
was assumed to be zero.

PV modules are generally made up of n sets of Np parallel
strings mounted in series, with each string having Ns number
of cells. The PV module considered in this study is made up
of 36 cells all mounted in series. In this case, n =Np =1 and
Ns = 36.

Each cell has a surface S of 7.5 cm”. The synoptic diagram
of this PV module is given in Figure 2 [8].

From V1 to V36: voltage across each of the 36 cells of the
PV module.

The layout of the experimental set-up used in this study is
illustrated in Figure 3 [13].

Unlike our previous experiment where the angle of
inclination & of the MF vector was kept zero throughout, in
the present work, « is made to vary and the current-voltage
(I-V) as well as the power-voltage (P-V) characteristics are
determined.

3. Results and Discussion

3.1. Current-Voltage Characteristic Curves of the PV Module
against Angle of Inclination o. With the experimental set-up
described in the previous section, the current of the PV mod-
ule was measured against its voltage for five different values
of the inclination angle a of the MF vector. Intensities of
the solar irradiance and of the magnetic field were kept con-
stant at 630 W.m > and 15 mT, respectively, and the average
ambient temperature was about 39°C. Figure 4 represents
the current-voltage (I-V) curves for each value of the inclina-
tion angle « of the MF vector.

As it can be observed in Figure 4, the intensity of the cur-
rent increases with the inclination « of the MF vector. Indeed,
the magnetic field vector has a horizontal component B, and
a vertical component B,. Component B, is parallel to the
junction of each cell as depicted in Figure 1. It is the compo-
nent that acts on the minority carriers (electrons) through
the Lorentz force, thus negatively affecting the performance
of the PV module. As its value decreases with increasing
angle of inclination «, the deviation of the electrons towards
the lateral surfaces decreases, resulting in a decrease of the



International Journal of Photoenergy

Incident light

I

Emitter (n*)

Lo

minininininininininininininlay ety

Junction (SCR) x=0
e, -
N B
e ( Base (p)
y «
x=H
e,
* Rear side (p*)

FIGURE 1: PV cell subjected to a constant multispectral illumination and under the effect of the inclination « of the applied MF vector.

FIGURE 2: Synoptic diagram of the PV module.

accumulation of electrons near the junction. The net effect is
an increase of the photocurrent of the PV module. Likewise,
as the value of component B, decreases with increasing a, it

results in the drop of the concentration gradient of the
minority carriers between the front and the rear faces of the
cells. Consequently, more photogenerated charges can cross
the junction of the cells and participate in the photocurrent.
A slight decrease in voltage is then observed.

In summary, the increase of the inclination angle « of the
ME vector results in an increase of the intensity of the current
in general and of the short-circuit current, in particular. In
contrast, the open-circuit voltage decreases. Overall, the net
influence of the MF on the operation of the PV module
decreases with the increase of the inclination angle a of
its vector.

3.2. Power-Voltage Characteristic Curves against Angle of
Inclination «. Similarly, the power provided to the load by
the PV module was also measured against its voltage for five
different values of the inclination angle « of the MF vector
while the intensities of the solar irradiance and of the mag-
netic field were kept constant, as set before. The results are
represented in Figure 5.

As it can be seen in Figure 5, the power-voltage character-
istics show that the power output of the PV module under the
influence of the MF increases with the inclination angle « of
the field vector. This is in line with the results presented in
the previous section. Indeed, the effect of the MF becomes
low as its field vector tilts more with respect to the photosen-
sitive face of the PV module. Indeed, when the field vector
becomes perpendicular to the photosensitive face (case of «
=90°), the trend of the power-voltage curve is almost the
same as that obtained with no magnetic field; that means that
the effect of the MF on the PV module ceases completely. In
contrast, when the field vector aligns with the photosensitive
face (case of a =0°), the influence of the MF becomes maxi-

mum; hence, the power output of the module reaches its
lowest value.

3.3. Electrical Performance of the PV Module against Angle of
Inclination «. The superposition of the current-voltage (I-V)
and the power-voltage (P-V) curves of the photovoltaic mod-
ule on the same system of axis allows the determination of the
characteristic parameters (P, I, .0 Vinao Lo and V) of the
PV module. Once they are known, they are in turn used to
calculate the fill factor FF and the efficiency n of the PV
module [8].

Figure 6 confirms the results illustrated in Figures 4 and
5. The figure displays the voltage, the current, and power out-
put of the PV module at the maximum power point as well as
the open-circuit voltage and the short-circuit current for 5
different values of the angle of inclination of the MF vector.
As the angle of inclination of the MF vector increases, the
voltage decreases marginally while the current increases sig-
nificantly. The net effect is an increase of power output which
reaches a maximum at & = 90°. The maximum power output
relatively increases of 3%, 7%, 10%, and 14% when «
increases from 0 to 30°, 0 to 45°, 0 to 60°, and 0 to 90°,
respectively.

Since the PV module was subjected to an average
solar irradiance of 630 W.m™ and the surface of the PV
module S was 0.027 m™, then the incident solar irradiance
is P,=630x0.027, ie., 17 watt. This is useful in the cal-
culation of the efficiency which is given by Equation (1).

(1)

The fill factor is computed with Equation (2).

_ Vm (06) Imax(‘x) _ Pmax((x)
V(@) - Iic(a)

- VOC(“) ' ISC(‘X) '

The clustered column chart of Figure 7 presents the
fill factor and the efficiency of the PV module for differ-
ent angles of inclination of the MF vector.

The values of the fill factor FF decrease with the increase
of the inclination angle « of the MF vector as it can be seen
from Figure 7. The fill factor FF drops slightly down with
increasing a. As the MF vector tilts from 0 to 30°, 0 to 45°,
0 to 60°, and 0 to 90°, AFF/FF regresses of 3.5%, 4.1%, 5.1%,

FF(a) 2)
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FIGURE 3: Layout of the experimental set-up
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FIGURE 5: Power-voltage characteristic curves of the PV module vs.
inclination angle a; E = 630 W.m?2and B=15mT.

and 5.4%, respectively. Indeed, as stated before, as the angle
increases, the short-circuit current increases at a rate higher
than the rate at which the open-circuit voltage decreases.
This results in a drop of FF as it is mathematically anticipated
from Equation (2).

. 1: inductance; 2: probe; 3: autotransformer.

Conversely still in Figure 7, the efficiency increases in the
same order of magnitude as the increase in power output of
the PV module, that is, 3%, 7%, 10%, and 14%, when «
increases from 0 to 30°, 0 to 45°, 0 to 60°, and 0 to 90°,
respectively.

3.4. Series and Shunt Resistances against the Inclination Angle
a. The series and shunt resistances were computed by adapt-
ing the equations recommended by Kareem et al. [18] and by
using the characteristic values earlier provided.

Rshmad (0() = Isc(;])mjxl(r:i(a) : (3)

Voc ((X) _ Vmax (“)
I

Ronod(®) =7 () ™ Tpnla)

(4)

The calculated values of the two resistances of the equiv-
alent circuit for 5 different values of the angle of inclination «
of the MF vector are depicted in Figure 8.

As it can be observed from Figure 8, the more the angle of
inclination « widens, the more the series resistance and the
shunt resistance decrease. This means that the greater the
angle of inclination «, the lesser the influence of the MF on
both resistances. As an illustration, when « moves from 0
to 90°, the relative decrease of the series and shunt resistances
are 47% and 36%, respectively. In fact, when the MF vector
becomes normal to the photosensitive face of the module
(case of a=90°), the series and shunt resistances assume
almost the same values as those recorded in the absence of
magnetic field.

An increase of the short-circuit current means a reduc-
tion of the series resistance of the PV module. On the other
hand, a decrease of the open-circuit voltage means a decrease
in the shunt resistance which prevents the electrons from
crossing the junction (leakage current), leading to a lesser
storage of carriers at the junction. The simultaneous decrease
of the series and shunt resistances of the PV module, when «
changes from 0 to 90°, confirms the gradual drop of the mag-
netoresistance which eventually disappears at o = 90°.
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4. Conclusions

Previous studies have established that the performance of sil-
icon PV modules generally drops when mounted close to
magnetic fields. Those studies, however, assumed the mag-
netic field to be aligned with the photosensitive area of the
PV module; they did not take into account the effect of the
direction of the MF vector on the performance of the PV

module. The present experimental work was an attempt to fill
that gap.

The current-voltage and power-voltage characteristic
curves of a silicon PV module were drawn as a function of
the inclination of the MF vector. Furthermore, the output
of the PV module in terms of power produced, the fill factor,
and the efficiency, among others, were calculated at various
angles of inclination of the MF.

The experiment was conducted with a magnetic field of
15mT, a mean solar irradiance of 630 W.m >, and an average
ambient temperature of about 39°C. The angle of inclination
« of the MF vector was varied with respect to the photosensi-
tive face of the PV module.

The analysis of the results shows that as the angle of incli-
nation « of the MF vector increases from 0 to 90°, the inten-
sity of the currents (I,,,,, and I ) increases while the voltages
(Voo and V) undergo a slight decrease. The resulting net
effect is a decrease of the fill factor, the series and shunt resis-
tances, and an increase of the power output and correspond-
ingly the efficiency of the PV module.

As an illustration, when « moves from 0 to 90°, the rela-
tive decrease of the series and shunt resistances is 47.44% and
36%, respectively, and that of the fill factor is 5.4%. Within
the same range of deviation of the angle of inclination of
the MF vector, the power output and consequently the
efficiency of the PV module increase of 14%.

As the angles formed by the magnetic field and the
photosensitive face of the module increases from 0 to 907,
the values of all the parameters are converging towards those
recorded when there is no magnetic field. At 90°, they assume
almost the same values as in the absence of the MF. These

results indicate that when B is perpendicular to the junction
of each cell of the PV module, its effect on the PV module
vanishes.

These results are explained by the fact that it is the com-
ponent B, of the MF vector which is parallel to the junction

of each cell that acts on the minority carriers (electrons) thus
negatively affecting the performance of the PV module. As B,

decreases with increasing angle of inclination «, the deviation
of the electrons towards the lateral surfaces decreases, result-
ing in a decrease of the accumulation of electrons near the

junction. Overall, the net influence of B on the operation of
the PV module decreases with the increase of the inclination
angle « of its vector.

It appears from this study that the effect of magnetic field
on the performance of silicon PV module largely depends on
the angle of inclination of its vector. It is therefore essential to
take into account that angle when PV modules are to be
installed in an environment where a magnetic field is present.
In order to mitigate or cancel the effect of the MF on a silicon
PV module, it is necessary that the magnetic field vector
aligns towards a direction that is perpendicular to the photo-
sensitive area of the module.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.
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