
 RAMReS Sciences des Structures et de la Matière   Vol. 9, N°2 (2025) 146 - 157 
 http://publication.lecames.org/index.php/mat     

 

 

 

 

 

 

      ISSN: 2630-1180 

 

 

 

  ________ 

  

 

 

http://publication.lecames.org/index.php/mat
mailto:ngaya_12@yahoo.fr
mailto:ngaya_12@yahoo.fr
https://doi.org/10.70974/mat0922


V.D.B. Barandja et al./RAMReS Sciences des Structures et de la Matière Vol. 9, N◦ 2 (2025) 146-157

1. Introduction
The present work concerns the deter-

mination of the optimal operating distance
of a polysilicon photovoltaic module. Such
a distance should provide a better operat-
ing compromise between the main electrical
parameters of the PV module when sub-
jected to a source emitting an electromag-
netic field. Indeed, the operation of a pho-
tovoltaic module can be disrupted by envi-
ronmental factors and other external con-
straints. These can include magnetic and
electromagnetic fields produced by anten-
nas and telecommunication sources, high-
voltage (HV) transmission lines, transform-
ers, electrical machines, etc. [1, 2]. In the
energy sector, climate change has led to
technological innovations over the last few
decades to ensure the energy transition [3]
and meet two-thirds of the world’s energy
needs from renewable energies [4]. Among
these renewable energies, solar energy re-
mains the most abundant [5]. It is mainly
accessible through its two components, so-
lar thermal energy and solar photovoltaic
(PV) energy; the latter converts solar radi-
ation directly into electrical energy using a
photovoltaic solar cell.

Advances in PV technology in recent
years have facilitated its use and deploy-
ment in a variety of environments. In some
of these environments, certain factors can
hinder the operation of PV modules. Exter-
nal environmental factors that can influence
the electrical parameters of solar PV mod-
ules include magnetic and electromagnetic
fields produced by antennas and telecom-
munication sources, HV transmission lines,
transformers, electrical machines, etc. The
impact of these external constraints can,
for example, increase or decrease conver-
sion efficiency on the one hand, and reduce
the lifetime of photovoltaic modules on the
other.

Numerous experimental and theoretical
studies have therefore been carried out to
investigate the impact of some of these var-
ious external factors on module operation.
One group of researchers studied the mag-
netic and/or electric field in static, quasi-

static, transient and/or frequency-dynamic
regimes on solar cells [6–9]. Another group
then focused on the effect of electromag-
netic waves, on the one hand to charac-
terize recombination parameters [10], and
on the other to study the influence of the
electromagnetic field on the performance of
photovoltaic cells and/or modules [11–16].
The work carried out by the second group
demonstrated that the proximity or high in-
tensity of EMFs affects or diminishes the
performance of photovoltaic cells or mod-
ules, with a negative impact on their lifes-
pan. One reason for this is that, at the junc-
tion, the photovoltaic solar cell or module
strongly absorbs the electromagnetic field
[2, 15], which can affect junction quality
over time. Fathabadi [13], for his part,
has demonstrated that the magnetic com-
ponent of the electromagnetic field has a
negative impact on the operation of pho-
tovoltaic modules. He also recommended
a distance of at least 200 m between the
photovoltaic module and the HV transmis-
sion line that generates this electromagnetic
field, without proposing a method for de-
termining this distance. The same is true
of other previous studies, which have not
addressed the question of determining an
optimum operating distance for the photo-
voltaic module in the presence of an EMF
source. This theoretical study therefore
proposes a method for determining this dis-
tance, which offers the best compromise be-
tween the main electrical parameters of a
PV module subjected to an electromagnetic
field. At this distance, the module can
achieve good electrical performance while
maintaining its lifetime. This method com-
bines the analysis of electrical parameters
based on the intensity of the electromag-
netic field, represented by the distance sep-
arating the emitting source from the photo-
voltaic module, and a statistical approach
based on a code of colors assigned coeffi-
cients.

2. Theoretical study
The solar photovoltaic module used in

this study is a multi-grain polycrystalline
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silicon module. Each grain is assumed to
have the same electrical properties as the
polysilicon photovoltaic module. This sec-
tion presents the theoretical background
to this work. A parallelepiped polysili-
con grain illuminated by multispectral light
identical to that in [2] is considered. The
electromagnetic field is generated by an
AM radio antenna. The wavelength, cor-
responding to AM radio waves with a max-
imum frequency of 30 MHz, varies from 10
m to 10 km; this means that the maximum
energy carried by these radio waves has a
value of 1.25 eV. The radio wave is there-
fore not ionizing for silicon, as its initial
ionization energy is 8.151 eV [17]. How-
ever, this energy carried by radio waves has
the potential to cause an avalanche in the
semiconductor material of the photovoltaic
module.

In this work, the electromagnetic field
emitted by a 2 MW AM radio antenna with
a plane-wave structure is considered. The
geometrical characteristics of the AM radio
antenna are not considered, only its electro-
magnetic structure.

This study proposes a theoretical ap-
proach to determining the optimum dis-
tance of the polycrystalline silicon photo-

voltaic module in the presence of an ex-
ternal constraint, in this case the electro-
magnetic field. This will not be an ideal
distance, free from any influence of elec-
tromagnetic waves, but rather a distance
where the various electrical parameters of
the solar photovoltaic module can be well
balanced. What’s more, this method makes
it possible to determine which parameters
should be favored over others for each dis-
tance. The electrical parameters of the pho-
tovoltaic module subjected to the electro-
magnetic field were simulated using Math-
cad software.

Figure 1 shows the polysilicon grain
under the influence of the electromagnetic
field.

In this work, the following assumptions
concerning the junction dynamic velocity
Sf :

• For Sf < 103 cm/s; corresponds to
the open circuit situation;

• For 103 cm/s < Sf < 106 cm/s, cor-
responds to intermediate operation;

• For Sf > 106 cm/s, corresponds to
the short-circuit situation.

Fig. 1. Illuminated polysilicon grain subjected to AM radio wave.
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Dynamic junction speed is character-
ized by the flow of carriers through the junc-
tion. The higher the Sf value, the more the
photovoltaic cell or module operates in a
short-circuit situation. A lower value means
open-circuit operation. However, normal
operation should be neither short-circuited
nor open-circuited, but intermediate.

Bokoyo et al. [11] have solved the trans-
port equation governing this type of grain.
The expressions for photocurrent density
(Jph), photovoltage (Vph), electrical power
(Pph), conversion efficiency (η), fill factor
(FF ), shunt resistance (Rsh) and series re-
sistance (Rs) are given by equations (1) to
(7), respectively.
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ai and bi are obtained from the tabulated values of solar radiation and the dependence of
the absorption coefficient of silicon.

Vph (Sf , E, B) = VT ln
1 + NB
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∑
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where, VT is the thermal voltage, NB is the impurity doping concentration in the base and ni

is the intrinsic carrier concentration.

Pph (Sf , E, B) = Jph (Sf , E, B) × Vph (Sf , E, B) (3)

η (E, B) = Vmax (E, B) × Jmax (E, B)
Pi

= Pmax (E, B)
Pi

(4)

Jmax and Vmax are the photocurrent density and the photovoltage at the maximum electrical
power Pmax, respectively.

FF (E, B) = Vmax (E, B) × Jmax (E, B)
Voc (E, B) × Jsc (E, B) (5)

Rsh (E, B) = Vmax (E, B)
Jsc (E, B) − Jmax (E, B) (6)

Jsc is the photocurrent density at the short-circuit.

Rs (E, B) = Voc (E, B)
Jsc (E, B) − Vmax (E, B)

Jmax (E, B) (7)

Voc is the open circuit photovoltage.
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The quality of a solar cell depends not
only on the values of its electronic pa-
rameters, but also on those of its electri-
cal parameters (photocurrent, photovolt-
age, shunt resistance, series resistance,
etc.). The latter parameters are expressed
as a function of the electromagnetic field.
The presence of the electromagnetic field
should generally increase the movement of
charge carriers across the junction, lead-
ing to an increase in photocurrent and a
decrease in photovoltage. This would also
have a different impact on other electrical
parameters.

Figure 2 illustrates some cases of PV
modules operating in the vicinity of EMF-
emitting sources.

The electrical parameters of the pho-
tovoltaic module subjected to the electro-
magnetic field were simulated to obtain the
results of the study.

3. Results and discussion
3.1. Study of photocurrent density

Figure 3 shows the curves of photocur-
rent versus junction dynamic velocity in the
presence and absence of EMF.

Fig. 2. Illustrative images of PV modules subjected to electromagnetic fields: (a) house near
a high-voltage line, (b) aircraft and (c) telecommunications antenna.

Fig. 3. Photocurrent density versus junction dynamic velocity.
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Figure 3 shows the photocurrent den-
sity as a function of the junction dynamic
velocity. For high values of junction dy-
namic velocity (Sf ≥ 106 cm/s) and low
values of dynamic velocity (Sf ≤ 102 cm/s),
the curves do not vary as a function of junc-
tion dynamic velocity (horizontal parts);
there is then a short circuit and an open cir-
cuit, with the corresponding currents being
the short-circuit and open-circuit currents
respectively. It can be seen that, in the ab-
sence of an electromagnetic field, the pho-
toelectric current density is zero for low val-
ues of the dynamic speed of the junction in
open-circuit operation; however, the open-
circuit photoelectric current density is non-
zero in the presence of an electromagnetic
field. Moreover, for high values of electro-
magnetic field strength, this open-circuit
current is proportional to the electromag-
netic field strength and tends towards the
short-circuit current.

Figure 4 presents the variation of pho-
tocurrent versus distance in open-circuit,
intermediate operation and short-circuit.

All three curves in Figure 4 have the
same shape. The short-circuit current in-
creases slightly in relation to the open-

circuit and intermediate-circuit curves,
from the absence of an electromagnetic field
to the presence of one. So, for a given curve,
when the slope of the curve is constant or
increases very slightly, this implies that the
electromagnetic field strength is also con-
stant or almost constant. Consequently, the
electromagnetic field does not have a suffi-
cient impact on the photovoltaic cell at in-
finity, so the open-circuit photocurrent is
zero, and the disappearance of the electro-
magnetic field at a certain distance has an
influence.

The change in the slope of the curve
with the decreasing distance, attests to an
increase in the effect of radio waves on the
solar cell.

At higher electromagnetic field intensi-
ties, corresponding to shorter distances, the
curves in Figure 4 become tighter, demon-
strating a strong dependence of currents on
the field.

3.2. Study of photovoltage

Figure 5 shows the photovoltage versus
junction dynamic velocity in the presence
and absence of EMF.

Fig. 4. Photocurrent density versus distance in short-circuit (Sf = 7.107 cm s−1), intermediate
operation (Sf = 3.103 cm s−1) and open circuit (Sf = 101 cm s−1).
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For low values of junction dynamic ve-
locity (Sf < 103 cm/s) and for a given value
of electromagnetic field, each curve remains
constant; this is the vicinity of the open
circuit. However, it can be observed that
as the electromagnetic field increases, the
open-circuit photovoltage decreases. This
result is consistent with the results of Erel’s
experiment [18]. Also, it can be emphasized
that the intermediate mode is used, what-
ever the value of the electromagnetic field,

all the curves overlap, with the exception of
the one corresponding to 24 m. They all de-
crease linearly as the electromagnetic field
increases. They all decrease linearly as the
junction dynamic velocity increases, until
reaching zero at the short circuit (Sf > 109

cm/s).
Figure 6 presents the variation of pho-

tovoltage versus distance in open-circuit
and intermediate operation.

Fig. 5. Photovoltage versus junction dynamic velocity.

Fig. 6. Photovoltage versus distance in open-circuit (Sf = 101 cm.s−1) and intermediate
operation (Sf = 3.103 cm.s−1).

Page 152 of 157



V.D.B. Barandja et al./RAMReS Sciences des Structures et de la Matière Vol. 9, N◦ 2 (2025) 146-157

The two curves in Figure 6 have the
same shape. They stabilize from the
absence of an electromagnetic field up
to around 300 m before decreasing lin-
early. The open-circuit voltage decreases
slightly between 300 and 100 m, then both
curves decrease between 100 and 5 m.
This means that the electromagnetic field
only significantly affects open-circuit and
intermediate-operation photovoltage when
its intensity is high. This corresponds to a
distance of less than 100 m.

3.3. Power study
Figure 7 shows electrical power as a

function of distance in open circuit and
intermediate operation. The curves show
that from the absence of electromagnetic
fields to the presence of EMFs, the power
increases and then crosses between 500 and
250 m. Growth continues until a maximum
value is reached at around 100 m, before
decreasing. Figures 3 to 7 show the influ-
ence of the electromagnetic field on current,
voltage and power output.

3.4. Determination of the values of
the other parameters from the
J-V/P-V characteristics

Figure 8 depicts the combined J-V/PV
curves. They provide the values for the cal-

culation of the various electrical parameters
given by Eq.(3) to (7) to be derived. Table
1 shows the calculated values of these pa-
rameters.

It was observed that maximum power
and conversion efficiency increased from the
absence of field to 24 m; while shunt resis-
tance, series resistance and fill factor de-
creased from the absence of field to 5 m.

Thus, the electromagnetic field can be
beneficial for some parameters (Pmax, effi-
ciency, Rs, photocurrent), but unfavorable
for others (Rsh, FF , voltage).

3.5. Determination of the optimal
distance

In this section, the method for deter-
mining the optimum distance was used.
This is the distance at which the photo-
voltaic module can operate optimally. For
this purpose, the seven distances used in
the simulations are required, assuming that
each electrical parameter has equal impor-
tance. With seven distances, it is also nec-
essary to choose a seven-color code. Each
color is assigned increasing coefficients from
1 to 7. The number of colors chosen is equal
to the number of distances used in the sim-
ulation.

Fig. 7. Electric power versus distance in open circuit (Sf = 101 cm.s−1) and intermediate
operation (Sf = 3.103 cm.s−1).
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Fig. 8. J-V and P-V characteristics for various distances [11].

Table 1
Summary of solar cell electrical parameters based on J–V / P–V characteristics.

d
(m)

Pmax
(mW/cm2)

Vph,max
(mV)

Jph,max
(mA/cm2)

Vph,co
(mV)

Jph,cc
(mA/cm2)

η
(%)

FF
(%)

Rs

(Ω·cm2)
Rsh

(Ω·cm2)

5 15.060 243 61.900 303 68.800 15.060 72.200 0.479 35.500
24 15.900 269 57.900 332 64.700 15.900 73.870 0.494 39.140
50 15.860 281 56.500 343 62.200 15.860 74.400 0.551 49.700
100 15.790 281 56.500 343 62.100 15.790 74.500 0.556 50.020
500 15.720 287 54.900 350 60.100 15.720 74.700 0.607 55.100
1000 15.710 287 54.800 351 59.900 15.710 74.800 0.623 56.100
∞ 15.700 287 54.800 351 59.800 15.700 75.000 0.639 57.100

For a given parameter, the distance
that improves its value is given the value
1. The second distance receives the value
2, and so on up to the last value 7. The
same operation is repeated until all the pa-
rameters considered have been exhausted.
High parameter values indicate a negative
influence of the electromagnetic field. Low
values indicate a positive impact. Ulti-
mately, the distance with the lowest total,
excluding distances where the influence of
the electromagnetic field would be negligi-
ble, would constitute the optimum distance.
It would therefore enable operation with a
better compromise of the main electrical
parameters of the photovoltaic cell or mod-
ule in the presence of the electromagnetic
field. On the other hand, the highest point
total represents the situation where the im-
pact of electromagnetic waves is extremely
negative. This method is tedious because it

involves analyzing the curves of the various
electrical parameters of the PV module and
it requires numerous calculations. Indeed,
the values of each of these parameters must
be calculated for each distance considered.
An error in the calculation cannot lead to
the right result.

Furthermore, it does not calculate the
error in the optimum distance values found
because this method is both analytical and
statistical.

The color code used is shown in Table
2. This color code has been applied to cer-
tain simulated distances that are not very
far away, up to 1000 m from the solar pho-
tovoltaic cell.

Table 3 shows the calculated values for
the various electrical parameters.

Analysis of Table 3 reveals that the low-
est point total is 15. This corresponds to
distances of 24, 50, 100, 500, 1000 m and
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infinity. At 24 m, the PV module is al-
ways in the Rayleigh zone [11]. At 1000
m or infinite distance, the electromagnetic
field has little or no influence. The infinite
distance and 1000 m can therefore be elim-
inated from the search for optimum opera-
tion.

In addition, Figures 4, 6 and 7 show the
variations in the shape of the curves for the
various parameters studied between 100 m
and 500 m. In this way, the search for the
optimum operating point can be restricted
to the 100 to 500 m range. The same col-
ors are used. The distance interval between
100 m and 500 m is then divided into seven
75 m segments to use the same color code.

Table 4 shows the calculated values for

the various electrical parameters in reduced
interval.

Analysis of Table 4 shows that the op-
timum distance is 325 m. At this distance,
the shunt resistance, series resistance, fill
factor and efficiency of the photovoltaic
cells present the best compromise in the
presence of the electromagnetic field.

This distance lies within the Fraunhofer
zone, where the electromagnetic field struc-
ture of the AM radio antenna is flat. It cor-
responds to Fathabadi’s experimental rec-
ommendation [13], with a difference of 125
m from his reference value. This, in turn, is
closer to the 175 m distance shown in Table
4 with the second lowest point total.

Table 2
Color weighting.

Blue Green Yellow Orange Brown Pink Red
1 2 3 4 5 6 7

Table 3
Summary of solar cell electrical parameters based on J-V/P-V characteristics.

Distance (m) 5 24 50 100 500 1000 ∞

Rsh 35.500 39.140 49.670 50.020 55.100 56.100 57.100
Rs 0.479 0.494 0.551 0.556 0.607 0.623 0.639
FF 72.200 73.870 74.400 74.500 74.700 74.800 75.000
η 15.060 15.900 15.860 15.790 15.720 15.710 15.700

Total 22 15 15 15 15 15 15

Table 4
Summary of electrical parameters for reduced distance 100-500 m.

Distance (m) 100 175 250 325 400 475 500
Rsh 50 51.500 53.100 54 54.600 55 55.100
Rs 0.556 0.546 0.574 0.589 0.598 0.605 0.607
FF 74.500% 74.647% 74.697% 74.722% 74.737% 74.747% 74.749%
η 15.790% 15.753% 15.739% 15.731% 15.726% 15.722% 15.721%

Total 17 15 16 12 16 16 16
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4. Conclusion
In this study, an approach was pro-

posed to determine the optimal operating
distance of a photovoltaic module exposed
to an electromagnetic field.

The effect of EMF can be positive or
negative, depending on the electrical pa-
rameters of a photovoltaic module. This
can have a long-term impact on its service
life.

Analysis of current and electrical pa-
rameters, combined with the use of color-
coded coefficients, has enabled us to find
the optimum operating distance. It is 325
m for a photovoltaic module exposed to the
EMF generated by an AM radio antenna.

This distance lies within the Fraunhofer
zone of the electromagnetic field generated
by a 2 MW AM radio antenna, and seems
to match the piction of Fathabadi [13], who
used an electromagnetic field generated by
a HV transmission line.

In the future, it may be possible to ap-
ply this method to other external factors
that can have various impacts on the dif-
ferent electrical parameters of photovoltaic
modules.
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