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Most concentrating systems that are being used for photovoltaic (PV) applications do not illuminate the PV module uniformly
which results in power output reduction. This study investigated the electrical performance of three PV modules with cells
connected in different configurations to address nonuniform illumination effect. PV module 1 is the standard module consisting
of 11 solar cells connected in series whereas PV module 2 is a proposed design with 11 cells in three groups and each group consists
of different cells in series connections. PV module 3 is also a new design with 11 cells in two groups and each group consists of
different cells connected in series. The new PV modules were designed in such a way that the effect of nonuniform illumination
should affect a group of cells but not the entire PV module, leading to high power output. The PV modules were tested under three
different intensities: uniform, low nonuniform, and high nonuniform illumination. When the PV modules were tested at uniform
illumination, the total maximum power output of PV module 1 was higher than that of PV module 2 and PV module 3 by about
7%. However, when the PV modules were tested at low nonuniform illumination, the total maximum power output of PV module
2 was higher than that of PV module 1 and PV module 3 by about 4% and 7%, respectively. This difference increased to about 12%
for PV module 3 and 17% for PV module 1 when the modules were tested at high nonuniform illumination. Therefore, the best PV
module design in addressing nonuniform illumination effect in solar collectors is PV module 2. In practical situation this implies
that manufacturers of PV modules should consider designing modules with groups of cells in series connection instead of all cells
being connected in series.

1. Introduction
The demand of solar electricity as a clean energy is increasing
but its generation is limited by the cost of the photovoltaic
(PV) modules [1, 2]. The reason is that over half of the total
cost of the solar electricity system is spent on purchasing
the PV modules [1]. The use of solar concentrators offers a
solution to this problem since concentrating systems increase
solar flux density on the PV module and hence give high
electricity in comparison with similar nonconcentrating system [1, 3, 4]. Thus, a significant reduction is made in the
cost of the PV system because the amount of expensive
semiconductor materials are reduced [1, 3, 4]. However, the
power output of a PV module with a concentrator increases

if and only if the radiation is distributed uniformly across
the entire PV module. Unfortunately, most concentrating
systems that are being used for solar electricity generation
such as Compound Parabolic Concentrators (hereafter called
CPCs), parabolic trough, and Fresnel lens do not illuminate
the PV module uniformly which results in power output
reduction [5–9]. The reason is that under nonuniform illumination the least illuminated PV cells (which produce less
current) are also forced to carry high current similar to
the other fully illuminated cells [9]. As a result, the least
illuminated PV cells get reverse biased and drain power from
the fully illuminated cells and this leads into “hot spots”
[9–14]. For conventional PV modules such hot spots cause
reduction in the power output since the entire PV module
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depends on the least illuminated PV cell(s) [10–14]. In this
case, high energy concentrations above the least illumination
cells do not contribute to power generation, thus limiting
the application of concentrators in photovoltaic applications.
In addition, nonuniform illumination causes nonuniform
temperature profiles among the cells in the PV module,
leading to further reduction in maximum power output and
electrical conversional efficiency [7, 12, 15].
Over the past four decades, the CPC has been the most
popular static low-concentrating system for PV application
[4, 16, 17]. The CPC is a nonimaging ideal collector as it
attains the highest possible concentration of radiant energy
permitted by the second law of thermodynamics [18]. The
main advantages of CPCs over other solar collectors include
high optical efficiency [18], minimum errors of alignment
[19], elimination of the diurnal tracking requirement at
intermediate concentrations (up to 10×) [18], and being able
to collect both diffuse and direct radiation [18–21]. Generally,
CPCs are categorised as two-dimensional (2D) [18, 19, 21]
or three-dimensional (3D) collectors [18, 19, 22]. The former
may be further classified as symmetric CPC [18, 19] or
asymmetric CPC [18]. However, most CPCs do not illuminate
the receiver uniformly [6–8, 15]. The illumination profiles on
the PV module with symmetric 2D CPC has been studied in
detail by Zacharopoulos et al. [23] and Paul [8] while Sarmah
et al. [24] and Lie et al. [25] have presented the illumination
characteristics for the asymmetric CPCs.
In an effort to ensure that the cost of the PV-CPC systems is cheaper than the conventional flat systems, different
techniques have been proposed to eliminate the effect of
nonuniform illumination in the CPCs. The first attempt was
done by Gupta et al. [26] who used an exact mathematical
expression to design the reflecting surfaces of the symmetric
2D CPC which would illuminate the PV module uniformly.
Their theoretical and experimental results showed that the
illumination on the rectangular PV module was uniform
to within 10 to 12%. Yu et al. [27] proposed a CPC called
restricted exit angle in which the upper part consisted of a
parabolic section whilst the lower part had a straight section.
Their simulation results indicated that the straight section
had a significant influence on the uniformity and the intensity distribution became more uniform with the decrease
of the restricted exit angle. Zhang et al. [28] proposed a
novel biaxial tracking CPC with a special truncation called
“Well Distributed CPC” (WD-CPC). It was found that the
nonuniformity of the WD-CPC decreased to about 27% of
a common CPC.
Another technique of attaining energy flux uniformity
on the surface of the PV module is the use of diffuse
reflector materials in fabricating the concentrators. The first
attempt was done by Nilsson et al. [30] who evaluated the
illumination patterns of three different structured reflectors
(120∘ V-shape, 60∘ V-shape, and sinusoidal shape). Their
results showed that all three reflectors reduced considerably the peak intensity of the light incident on the PV
module but sinusoidal microstructure had the best effect.
Hatwaambo et al. [31] examined the nature of the energy
flux distribution of two highly specular materials (miro and
anodized aluminium) and a diffuse material with rolling
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marks (rolled aluminium foil). Experimental results showed
that the energy flux distribution was more uniform with
the diffuse rolled aluminium reflector than highly specular
materials. Based on the previous study, Hatwaambo et al.
[32] carried out another study on the use of semi-diffuse
rolled reflective elements. The analysis involved two identical
symmetric 2D CPCs: one with the diffuse rolled aluminium
sheet with its rolling grooves aligned parallel to the plane
of the PV cell and the other CPC with the same diffuse
rolled aluminium sheet but in this case the rolling marks
aligned perpendicular to the plane of the PV cell. Their
experimental results indicated that a semi-diffuse aluminium
sheet reflector with rolling grooves oriented parallel to the
plane of the PV cell scattered the radiation evenly than when
the rolling marks were aligned perpendicular to the plane
of the PV cell. Similar conclusion was made by Hatwaambo
[33]. Simfukwe et al. [34] studied experimentally the effect
of using locally available low-cost semi-diffuse reflectors in
addressing nonuniformity challenge. Four different semidiffuse structured aluminium reflectors were investigated,
namely, plain sheet, horizontal grooves, vertical grooves, and
crisscross grooves. They found that the crisscross groove and
the horizontal groove orientation were the best orientations
as they scattered the solar energy flux more uniformly across
the PV module. Esparza and Moreno [35] experimentally
examined the use of a diffuser segment on top and bottom of
the CPC reflectors. It was found that energy flux distribution
was more uniform for CPCs with diffusers than similar CPC
without a diffuser. It was further found that the location of
the diffuser was also important as the CPC with a diffuser
segment at the bottom produced a more uniform irradiance
than a CPC with the diffuser at the top.
The optical mixer is another technique for improving the
nonuniform illumination in solar collectors. Parretta et al.
[36] used a prismatic optical mixer at the exit aperture of a 3D
CPC and found that with a properly dimensioned prismatic
optical mixer, light was uniformly distributed on the solar
cell. The use of bypass diode is also another technique that
has been used to improve the performance of the PV module
under nonuniform illumination as discussed by Fernandes et
al. [37]. The design of special PV cells is another technique
that has been used to eliminate the effect of nonuniform
illumination. Paul et al. [7] proposed the use of isolated cells
PV module. In their study, the analysis confirmed that the
PV module with individual cells and the effect of nonuniform
illumination results in high power output for cells located in
the peak energy concentration regions and low power output
for cells in the lower illumination areas. On the other hand,
Paul and Smyth [38] designed and fabricated a novel hybrid
PV cell consisting of high efficiency and low efficiency cells.
Their experimental results indicated that the overall daily
power output of the hybrid PV cell was higher than that of
similar conversional PV cell by 12%.
Another way of mitigating nonuniform illumination
effect in PV application is the use of planar concentrators such
as the V-trough which illuminate the receiver more uniformly
than the CPCs [39–42]. However, the application of V-trough
collector in photovolitaics is limited by the low concentration
ratio [40–43].
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In this study, special designs of PV modules with cells
connected in different configurations to address nonuniform
illumination effect in solar collectors are proposed. Three
different PV modules designs have been examined in this
work. PV module 1 is the standard module consisting of 11
solar cells connected in series (which acts as a reference)
whereas PV module 2 is a new proposed design with 11 cells
in three groups and each group consists of different cells
connected in series. PV module 3 is also a new design with 11
cells in two groups and each group consists of different cells
connected in series. The proposed PV modules were designed
in such a way that the effect of nonuniform illumination
should affect a group of cells but not the entire PV module,
which means maximum power output from the whole PV
module. The electrical performance of the three PV modules
was analysed under three different solar radiation conditions:
uniform illumination, low nonuniform illumination, and
high nonuniform illumination.

2. Materials and Methods
2.1. Design and Fabrication of the Photovoltaic Modules. In
this study, three different photovoltaic modules (PV module
1, PV module 2, and PV module 3), each consisting of 11
solar cells, were designed and fabricated. The fundamental
difference between these PV modules lies on the solar cells
connections as illustrated in Table 1 and Figure 1. Each PV
module was fabricated by using monocrystalline BP Saturn
(9 mm wide) solar cells with specifications shown in Table 2
[43].
In fabricating the PV modules, Perspex with 11 rectangular space blocks was used as shown in Figure 1. The
function of the rectangular space blocks was to allow each
cell to sit between the rectangular edges to avoid dislocation
and short circuiting between each cell. A connector board
that facilitates the PV cells to be connected in different
combinations was fixed at the rear side of the Perspex base
using both M2 screws and Araldite 2011B adhesive. For the
purpose of measuring the back-surface temperature of each
cell, holes were drilled to the middle of the Perspex to enable
thermocouple to be attached to the rear surface of each cell.
2.2. Design and Fabrication of the Solar Collectors. The aim of
this paper was to experimentally characterise the PV modules
fabricated in Section 2.1 under uniform and nonuniform
solar radiation illumination. The uniform solar radiation
illumination was achieved by testing the PV modules without
concentrating system whilst nonuniform illumination was
created by testing the PV modules with the V-trough collector
and the CPC. The choice of these concentrators was based on
the energy distribution profiles of each collector [8]. The Vtrough collector was used to create low nonuniform energy
flux distributions on the PV module whilst the CPC was used
to obtain high nonuniform energy flux distributions on the
PV module. Therefore, a V-trough collector (Figure 2(a)) and
a symmetric 2D CPC (Figure 2(b)) were designed according
to the parameters in Table 3. Each concentrator was designed
in such a way that the PV module (with dimensions shown in
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Figure 1) fits exactly on the receiver area. Both concentrators
were fabricated with high reflectivity anodised aluminium
sheets with reflectivity of 0.91.
2.3. Experimental Test Procedure and Set up
2.3.1. Experimental Test Procedure. In order to control the
amount of illumination intensity in each experiment, indoor
experimental testing was used in this study. Each of the
three fabricated PV module was tested at three different
solar illumination conditions: without a concentrating system
(uniform illumination), with the V-trough collector (low
nonuniform illumination), and with the CPC (high nonuniform illumination). These indoor experimental tests were
carried out using a multipurpose mobile solar simulator [29].
The multipurpose mobile solar simulator uses metal halide
lamps (Osram HMP575W) with a good spectral match to
AM1.5 standard solar spectrum as shown in Figure 3. This
simulator has a lamp-frame height which can be adjusted
depending on the requirement of the experiment. Thus, the
light uniformity of the multimobile solar simulator also varies
with target area and lamp-frame distances. For example, at a
height of 1.8 m (from the target), the uniformity of about 94%
can be achieved on a 2.2 m × 1.5 m wide target area while,
at a distance of 2.2 m from the lamp array, the uniformity
decreases to about 90% [29].
For each experimental test, a constant solar illumination
of 600 W/m2 was set to illuminate the test unit and was
measured by using Kipp and Zonen pyranometer with
directional error of less than ±20 W/m2 at 1000 W/m2 [44].
For the purpose of measuring temperature, a total of 12
thermocouples were used; 11 for measuring the temperature
of the 11 cells in the PV module and one thermocouple for
measuring the ambient temperature. All the thermocouples
were connected to a Data-Logger and programmed to take
measurements every 10 seconds and average the results every
30 seconds. For each experimental test, the temperature was
kept constant to nearly that of the ambient temperature by
using a fan. The current and voltage of each PV module was
measured with Keithley 2400 SourceMeter. The Keithley 2400
Model SourceMeter has the following instrumental error: DC
voltage: ±0.8 mV for 2.0 V range and DC current: ±2.8 mA
for 1.0 A range [45].
From the current and voltage measurements, the currentvoltage (I–V) curves were plotted. These curves were used to
extract the open-circuit voltage (VOC ), short-circuit current
(ISC ), current at maximum power point (IMPP ), voltage at
maximum power point (VMPP ), and maximum power output
(PMPP ). The fill factor (FF) of each PV module was calculated
from [46]
𝐹𝐹 =

𝑃푀푃푃
𝐼푀푃푃 × 𝑉푀푃푃
=
𝐼푆퐶 × 𝑉푂퐶
𝐼푆퐶 × 𝑉푂퐶

(1)

2.3.2. Experimental Set up. For each experiment, the test unit
(PV module without collector, PV module with the V-trough,
and PV module with the CPC) was mounted horizontally at
the centre of the solar simulator and positioned so that the
illumination was always perpendicular to the test unit. This
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Figure 1: Different solar cells connections in the PV modules (all dimensions in mm).

setting allowed maximum solar irradiance to be received on
the aperture of the test unit.
To examine the effect of solar radiation incidence angle on
the performance of the proposed PV modules, each test unit
(under the three illumination conditions: without collector,
with the V-trough, and with the CPC) was tilted manually to
different incidence angles. Due to angular acceptance limits

of the solar collectors (indicated in Table 3), each test unit was
titled between 0∘ and 21∘ at an interval of 5∘ . Figure 4 shows
an example of a test unit (PV-CPC) tilted to 15∘ from the
perpendicular of the aperture. For each incidence angle and
each experimental test, VOC , ISC , IMPP , VMPP , and PMPP were
extracted from the I–V curves. The FF of each PV module at
that incidence angle was calculated using (1).

Journal of Renewable Energy

5

(a)

(b)

Figure 2: Fabricated solar collectors (a) V-trough collector, (b) symmetric 2D CPC.
Table 1: Design characteristics of each PV module.

Types of the
PV module

PV cell used
in the
fabrication

Dimensions
(length ×
width ×
depth) of the
PV cell (in
mm)

PV module 1

Solar Saturn

109 × 9 × 0.4

11

PV module 2

Solar Saturn

109 × 9 × 0.4

11

PV module 3

Solar Saturn

109 × 9 × 0.4

11

Total number
of PV cells in
the module

3. Results and Discussions
3.1. Electrical Performance Analysis of the PV Modules under
Uniform Illumination. This section presents the results from
the analysis when the PV modules were tested under uniform
illumination condition.
3.1.1. Comparison of Open-Circuit Voltage. Figure 5 compares
the open-circuit voltage of each PV module under uniform
illumination for difference solar incidence angles. Although
all the PV modules had the same number of solar cells, it
can be seen that the open-circuit voltage of PV module 1 was

PV cells connections

All 11 cells connected in
series
The PV module consists of
three blocks with cells
connected as follows:
(i) Cell Nos. 1, 2, and 3
connected in series
(ii) Cell Nos. 4, 5, 6, 7, and 8
connected in series
(iii) Cell Nos. 9, 10, and 11
connected in series
The PV module consists of
two blocks with cells
connected as follows:
(i) Cell Nos. 1, 2, 3, 9, 10,
and 11 connected in series
(ii) Cell Nos. 4, 5, 6, 7, and 8
connected in series

Design
illustration

Figure 1(a)

Figure 1(b)

Figure 1(c)

higher than that of PV module 2 and PV module 3 by about
8% at each incidence angle. This is explained by the size or
area of the solar cells connected in series. As illustrated in
Figure 1, all solar cells are connected in series in PV module
1 (Figure 1(a)) while there are three groups of cells in series
connections in PV module 2 (Figure 1(b)) and two groups
of cells in series connection in PV module 3 (Figure 1(c)).
This implies that the area of the solar cells connected in
series in PV module 1 was bigger than that in PV modules
2 and 3. It has been found that PV modules with small
surface area exhibit high values of reverse saturation current
density (𝐽0 ) than similar module with large area [47, 48] and
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Table 2: The specifications of the 11 BP Saturn solar cell used in the current study. These electrical data apply for 800 W/m2 solar irradiance,
average cell temperature of 18∘ C, AM1 1.5 spectrum, and ambient temperature of 20∘ C [43].

Cell specification

1

Cell No.
1
2
3
4
5
6
7
8
9
10
11
Average

ISC 2 (mA)
240.20
240.90
244.72
248.14
242.61
241.79
246.58
245.96
246.53
244.79
240.85
243.92

VOC 3 (V)
0.58
0.58
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59

PMPP 4 (mW)
80.74
79.57
83.38
82.61
77.39
81.79
85.03
85.19
84.31
77.90
82.05
81.81

FF5 (%)
57.95
56.95
57.75
56.43
54.07
57.34
58.45
58.71
57.96
53.93
57.74
57.02

𝜂6 (%)
10.29
10.14
10.62
10.53
9.86
10.42
10.84
10.86
10.74
9.93
10.45
10.30

AM is air mass
IS is short-circuit current
3
VOC is open-circuit voltage
4
PMPP is power output at maximum power point
5
FF is the fill factor
6
휂 is solar cell conversion efficiency
2

Table 3: Geometrical dimensions of the 2D CPC and V-trough collector.
Parameter
Acceptance half-angle (∘ )
Trough angle (∘ )
Concentration ratio [-]
Aperture width (mm)
PV module width (mm)
PV module length (mm)
PV module active area (mm)
Maximum height (mm)
Collector maximum length (mm)

CPC (before truncation)
30.0
[-]
2.0
218.0
118.0
118.0
109 × 109
282.4
500.0

therefore have low open-circuit voltage according to equation
(2) [49–51]. Equation (2) shows that the smaller the value of
𝐽0 of a PV module, the higher the open-circuit voltage. Thus,
an increase in 𝐽0 produces a reduction in VOC proportional
to the inverse of the logarithm of the increase.
Voc =

𝐽푝ℎ
𝐽푝ℎ
𝑘퐵 𝑇
𝑘 𝑇
+ 1) ≈ 퐵 ln ( )
ln (
𝑞
𝐽표
𝑞
𝐽표

(2)

where 𝑘퐵 is Boltzmann’s constant, 𝑇 is absolute temperature,
𝑞 is absolute value of the electron charge, and 𝐽푝ℎ is photocurrent density.
Figure 5 also shows that the open-circuit voltage of each
PV module remained constant despite of the fact that the
incidence angles were varied significantly. The main reason is
that since the PV module was very small (118 mm × 118 mm)
compared to the source of the illumination intensity (solar
simulator), varying the incidence angle between 0∘ and 21∘
did not affect the “view” of the PV module. In fact, for each
incidence angle, the PV module “sees” the source of light as
being perpendicular. In addition, the open-circuit voltage is

CPC (after truncation)
30.7
[-]
1.96
213.64
118.0
118.0
109 × 109
212.07
500.0

V-trough
21.0
10.0
1.96
213.64
118.0
118.0
109 × 109
296.72
500.0

less sensitive to light intensity as pointed out by Chegaar et al.
[52] and Wolf and Rauschenbach [53].
3.1.2. Comparison of Short-Circuit Current. Figure 6 shows
the comparison of the short-circuit current of the three PV
modules at each incidence angle. It can be seen that there
was no substantial variation in the short-circuit current of
the three PV modules at each incidence angle. This is due
to the fact all the PV modules had identical parameters
(irradiance, total surface area, and optical properties) that
influence the generation of the short-circuit current. In the
absences of series resistance effect, short-circuit current is
a linear function of the light generated current which is
proportional to the intensity [7, 54]. It can also be seen from
Figure 6 that the short-circuit current of each PV module was
constant at each incidence angle. This implies that there was
no variation in the solar irradiance at each incidence angle.
3.1.3. Comparison of Maximum Power Output. The maximum power output of the three PV modules at each incidence
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Figure 5: Comparison of open-circuit voltage of the three PV
modules at various incidence angles.
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Figure 3: The multimobile solar simulator spectral distribution
compared to the AM1.5 standard solar spectrum [29].
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Figure 4: Experimental set up of one of the PV module with the
CPC tilted at 15∘ from the perpendicular of the aperture of the
collector.

angle is shown in Figure 7. It can be seen that the maximum
power output of PV module 1 at each incidence angle was
higher than that of PV module 2 and PV module 3 by about
7%. This result was expected because PV module 2 and
PV module 3 were designed to take the advantage of the
nonuniform illumination. PV modules 2 and 3 were designed
in such a way that nonuniform illumination should affect only
a group of cells but not the entire PV module. As illustrated
in Figure 7, the maximum power output of each PV module
was constant at each incidence angle because there was no
variation in the illumination intensity, series resistance, and
temperature that affect the power output.
In general, the total maximum power output of PV module 1 was higher than that of PV module 2 and PV module 3
by about 7%. Therefore, under uniform illumination (without
concentrator), there is no need for special PV module design.
3.1.4. Comparison of Fill Factor. Figure 8 shows the comparison of the FF of the three PV modules at each incidence
angle. It can be seen that all the PV modules had the same
value (73%) of FF at each incidence angle. This is due to the

Figure 6: Comparison of short-circuit current of the three PV
modules at each incidence angle.

fact that under uniform illumination, series resistance effect
(which reduces the FF) is negligible [10, 54].
3.2. Electrical Performance Analysis of the PV Modules under
Low Nonuniform Illumination. This section presents the
results from the analysis when the PV modules were tested at
low nonuniform illumination. Low nonuniform illumination
was created by integrating the PV modules with the V-trough
collector (Figure 2(a)). Figure 9 shows the magnitude and
profile of the experimental energy flux distributions along
the PV module with the V-trough collector for illumination
intensity incident at 0∘ , 5∘ , 10∘ , 15∘ , and 20∘ . It can be seen
that the energy flux distributions was nonuniform and the
magnitude of illumination uniformity varied with incidence
angle. However, the magnitude at any incidence angle never
exceeded 2.7 which confirm that the PV modules were tested
at low nonuniform illumination condition.
3.2.1. Comparison of Open-Circuit Voltage. Figure 10 compares the open-circuit voltage of the three PV modules at
various incidence angles. It can be seen that the open-circuit
voltage of PV module 1 was higher than that of PV module
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Figure 7: Comparison of maximum power output of the three PV
modules at each incidence angle.
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Figure 8: Comparison of fill factor of the three PV modules at
various incidence angles.

2 and PV module 3 by about 8% nearly at each incidence
angle. This is due to recombination effect as explained in
Section 3.1.1. As illustrated in Figure 10, the open-circuit
voltage of each PV module remained almost constant at each
incidence angle. This is explained by the fact that the opencircuit voltage depends on neither the energy absorbed nor
the energy flux distribution, but only on saturation current
and light generated current [52, 53].
3.2.2. Comparison of Short-Circuit Current. The variation of
short-circuit current of each PV module as a function of solar
incidence angle is shown in Figure 11. It can be seen the value
of the short-circuit current for the three PV modules was not
constant due to nonuniform illumination at each incidence
angle. However, the value of short-circuit current for PV
module 1 was always less than that of PV module 2 and PV
module 3 at each incidence angle. As illustrated in Figure 11,
when the solar irradiance was incident perpendicular to the
aperture of the V-trough collector, the value of the shortcircuit current for PV module 3 was higher than that of PV
module 2 and PV module 1 by about 3% and 27%, respectively.
PV modules 2 and 3 had higher ISC than PV module 1 because

the current generated by PV module 1 was limited by the
least-illuminated cells since all the cells were connected in
series. On the other hand, PV module 3 had higher ISC
than PV module 2 because the peak energy concentration
(between 34 mm and 54 mm) occurred in one group of cells
in series connection with many solar cells (6) as compared to
only 5 cells in PV module 2.
As illustrated in Figure 11, from 10∘ incidence angle and
above, the values of the short-circuit current for PV module
2 were always higher than that of PV module 1 and PV module
3. This is due to the fact that PV module 2 had three groups of
cells connected in series and at each incidence angle, the peak
energy concentration occurred in one of the group. Thus,
high short-circuit current at each incidence angle. However,
for PV module 3 and PV module 1, high energy concentration
was lost as the value of the short-circuit current was limited
by the cells with the least energy flux concentration.
3.2.3. Comparison of Maximum Power Output. Figure 12
shows the variation of maximum power output of each PV
module as a function of incidence angle. It can be seen that at
0∘ incidence angle, the maximum power output of PV module
2 was higher than that of PV module 1 and PV module 3 by
about 7% and 8%, respectively. PV module 1 had lower value
than PV module 2 because the maximum power output of
the entire PV module was limited by the cells with the least
energy flux concentration. On the other hand, PV module 3
had lower value than PV module 2 because the maximum
power output from cells 1, 2, 3, 9, 10, and 11 which were
connected in series (as one string) was limited by the cells
with the least energy concentration (Figure 9(a)). At 5∘ and
10∘ incidence angles, PV module 1 had higher maximum
power output that PV module 2 and PV module 3 because
the size of the solar cells occupied by high energy peak was
relatively small. Thus, PV module 2 and PV module 3 had
no advantages over PV module 1. However, at 15∘ and 20∘
incidence angles, PV module 2 performed better than both
PV module 1 and PV module 3.
In general, the total maximum power output of PV module 2 was higher than that of PV module 1 and PV module
3 by about 4% and 7%, respectively. This is due to the fact
that PV module 2 had three groups of solar cells connected in
series, hence less nonuniform illumination effect. Therefore,
for concentrating collectors with low concentration ratios
such as the V-trough, PV modules with groups of cells in
series connection instead of all cells being connected in series
provide maximum current generation and hence high power
output.
3.2.4. Comparison of Fill Factor. Figure 13 shows the comparison of the FF of the three PV modules at various incidence
angles. It can be seen that all the PV modules had high fill
factor though the fill factor of PV module 1 was always higher
than that of PV module 2 and PV module 3 at each incidence
angle. The reason is that PV module 2 and PV module 3
(which utilise the peak energy concentration) had higher
series resistance loss than PV module 1, thus more reduction
in FF. The fill factor of a PV cell decreases with increase in

Journal of Renewable Energy

9
3.0

3.0
0 incidence angle

2.5

Energy concentration

Energy concentration

∘

2.0
1.5
1.0
0.5
0.0

5∘ incidence angle

2.5
2.0
1.5
1.0
0.5
0.0

0

10

20 30 40 50 60 70 80 90 100 110
Position along the PV module (mm)

0

10

20 30 40 50 60 70 80 90 100 110
Position along the PV module (mm)

(a)

(b)

3.0

10∘ incidence angle

2.5

Energy concentration

Energy concentration

3.0

2.0
1.5
1.0
0.5
0.0

15∘ incidence angle

2.5
2.0
1.5
1.0
0.5
0.0

0

10

20

30

40

50

60

70

80

90

100 110

Position along the PV module (mm)

0

10

20 30 40 50 60 70 80 90
Position along the PV module (mm)

(c)

100 110

(d)

Energy concentration

3.0
20∘ incidence angle

2.5
2.0
1.5
1.0
0.5
0.0
0

10

20 30 40 50 60 70 80 90
Position along the PV module (mm)

100 110

(e)

Figure 9: Experimental solar energy flux distributions along the PV module with the V-trough collector (a) 0∘ , (b) 5∘ , (c) 10∘ , (d) 15∘ , and (e)
20∘ incidence angle.

series resistance [54, 55]. In addition, series resistance effect
is higher under nonuniform illumination condition than with
uniform illumination [10]. As shown in Figure 13, there is no
substantial difference between the fill factor for PV module 2
and PV module 3 because they had similar influence of series
resistance.
3.3. Electrical Performance Analysis of the PV Modules under
High Nonuniform Illumination. This section presents the
results from the analysis when the PV modules were tested
at high nonuniform illumination condition. In this work,
high nonuniform illumination was created by integrating
the PV module into the CPC (Figure 2(b)). Figure 14

shows the magnitude and profile of the experimental energy
flux distributions along the PV module with the CPC for
illumination intensity incident at 0∘ , 5∘ , 10∘ , 15∘ , and 20∘ . It
can be seen that the energy flux distributions was nonuniform
and the magnitude of illumination uniformity varied with the
incidence angle. On the other hand, it can be seen that the
CPC had high nonuniform energy flux concentration along
the PV module than the V-trough collector (Figure 9).
3.3.1. Comparison of Open-Circuit Voltage. Figure 15 shows
the variation in open-circuit voltage of the three PV modules
as a function of incidence angle. As it was the cases of
uniform and low nonuniform illumination, the open-circuit
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Figure 13: Variation of fill factor of each PV module as a function
of incidence angle.

voltage of PV module 1 was always higher than that of PV
module 2 and PV module 3 at each incidence angle. This is
due to recombination effect as explained in Section 3.1.1. It
can be observed from Figure 15 that when solar irradiance
was incident perpendicular, the open-circuit voltage of PV
module 1 was higher than that of PV module 2 and PV

module 3 by about 7% and 21%, respectively. However,
towards the acceptance angle limits of the CPC, the opencircuit voltage of PV module 1 was higher than that of PV
module 2 and PV module 3 by about 10% and 11%. On the
other hand, the open-circuit voltage of PV module 2 was
slightly higher than that of PV module 3 at 0∘ incidence
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Figure 14: Experimental solar energy flux distributions along the PV module with the CPC (a) 0∘ , (b) 5∘ , (c) 10∘ , (d) 15∘ , and (e) 20∘ incidence
angle.

angle and remained almost the same from 5∘ and above. As
illustrated in Figure 15, the open-circuit voltage of each PV
module (expect PV module 3 at 0∘ ) remained almost constant
due to the fact that it is less sensitive to light intensity.
3.3.2. Comparison of Short-Circuit Current. Figure 16 shows
the variation in short-circuit current of the three PV modules
at each incidence angle. Due to high nonuniform energy
concentration at each incidence angle illustrated in Figure 14,
the short-circuit current of each PV module was very high
and nonuniform. On the other hand, the short-circuit current
of PV module 2 and PV module 3 was always higher than that
of PV module 1 due to the fact that the modules (PV module
2 and PV module 3) were designed to take the advantage of

the effect of nonuniform illumination. When the illumination
intensity was incident perpendicular to the aperture of the
CPC (0∘ ), the short-circuit current of PV module 3 was higher
than that of PV module 2 and PV module 1 by about 9%
and 86%, respectively. On the other hand, the short-circuit
current of PV module 2 was higher than that of PV module
1 by about 70%. This is due to the fact that the short-circuit
current for PV module 1 was limited by the cells with the
least energy concentration whereas, for PV modules 2 and 3,
the effect of nonuniform illumination resulted in high shortcircuit currents. It has been found that a PV module with
isolated cells operate efficiently for the reason that each cell
performs to its potential as the generated current is no longer
limited by the least illuminated cell(s) [7].
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As illustrated in Figure 16, when the illumination intensity was incident at 5∘ from the perpendicular of the aperture
of the CPC, the short-circuit current of PV module 2 was
higher than that of PV module 3 and PV module 1 by
about 47%. For PV module 1, this was due to the effect
of nonuniform illumination as the short-circuit current of
the entire PV module was limited by the least illuminated
cells. However, PV module 3 had lower value of short-circuit
current than PV module 2 because at this angle both groups
of solar cells (group 1 with cells 1, 2, 3, 9, 10, and 11 in series
and group 2 with cells 4, 5, 6, 7, and 8 in series) were in
the lowest energy concentration region (Figure 14(b)). Shortcircuit current is a linear function of the light generated
current which is proportional to the photon flux incident on
the PV cell; thus PV cells in the lowest energy regions produce
less current than those in the peak energy concentration
regions [7]. Similar explanations apply for the results at other
incidence angles.
From Figure 16, it can be seen that the short-circuit
current of each module decreased with the increase in
incidence angle. This is due to the fact that an increase in
incidence angle results in solar irradiance reduction.

PV module 1
PV module 2
PV module 3

Figure 18: Variation in fill factor of each PV module as a function
of incidence angle.

3.3.3. Comparison of Maximum Power Output. Figure 17
shows the variation in maximum power output of each PV
module as a function of incidence angle. It can be seen that
the maximum power output of each module was not uniform
due to variation in energy flux concentration (Figure 14) as
a result of nonuniform illumination and angular dependent
effect. On the other hand, the maximum power output of PV
module 2 was always higher than that of PV module 1 at each
incidence angle. For example, when the illumination intensity
was incident at 0∘ , 5∘ , 10∘ , 15∘ , and 20∘ from the perpendicular
of the aperture of the CPC, the maximum power output of
PV module 2 was higher that of PV module 1 by about 30%,
17%, 10%, 23%, and 6%, respectively. This was due to the effect
of nonuniform illumination as the maximum power of PV
module 1 was limited by the least illuminated cells. At 0∘ and
10∘ incidence angles, both PV module 2 and PV module 3 had
the same value of maximum power output. However, at 5∘ , 15∘ ,
and 20∘ incidence angles, the maximum power output of PV
module 2 was higher than that of PV module 3 by about 37%,
16%, and 18%, respectively. At these angles, PV module 3 was
not as effective as PV module 2 because at these angles both
groups of solar cells (group 1 with cells 1, 2, 3, 9, 10, and 11 in
series and group 2 with cells 4, 5, 6, 7, and 8 in series) were in
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the lowest energy concentration region (Figures 14(b), 14(d),
and 14(e)), which means lower power output than that of PV
module 2. On the other hand, the maximum power output of
PV module 3 was higher than that of PV module 1 only at 0∘ ,
10∘ , and 15∘ incidence angles.
From Figure 17, it can be seen that the maximum
power output of each module decreased with the increase in
incidence angle. This is due to the fact that an increase in
incidence angle results in solar irradiance reduction (power
output has a linear relationship with solar radiation intensity
similar to short-circuit current).
In general, the total maximum power output of PV
module 2 was higher than that of PV module 3 and PV
module 1 by about 12% and 17%, respectively. This is due
to the fact that the effect of nonuniform illumination was
significant in PV module 3 than in PV module 2 because PV
module 2 had three groups of cells in series connection while
PV module 3 had two groups of cells in series connection.
Therefore, the best PV module design at high nonuniform
illumination was PV module 2. In practical situation this
indicates that PV module manufacturers should consider
manufacturing PV modules with groups of cells in series
connection instead of having all cells connected in series.
3.3.4. Comparison of Fill Factor. Figure 18 illustrates the
variation in fill factor for each PV module as a function
of incidence angle. It can be seen that all the PV modules
had high fill factor (between 73% and 85%); however, the
fill factor of PV module 1 was always higher than that of
PV module 2 and PV module 3 at each incidence angle.
This can be explained by the dominance of recombination
mechanism in the space-charge region which increased the
ideality factor and series resistance losses at higher energy
flux. The same reasons apply for the observed differences
between PV module 2 and PV module 3.

4. Conclusions
In this study, three different PV modules with cells connected
in different configurations to address nonuniform illumination effect in solar collectors were investigated. The electrical parameters (open-circuit voltage, short-circuit current,
maximum power output, and fill factor) of each PV module
were analysed at uniform and nonuniform illumination
conditions. The uniform solar radiation illumination was
achieved by testing the PV modules at solar simulator without
concentrating system whilst nonuniform illumination was
created by testing the PV modules with the V-trough collector
(low non-uniform illumination) and the CPC (high nonuniform illumination). When the PV modules were tested at
uniform illumination, the total maximum power output of
PV module 1 was higher than that of PV module 2 and
PV module 3 by about 7%. Therefore, PV module 2 and
PV module 3 had no advantage of standard PV module at
uniform illumination. However, when the PV modules were
tested at low nonuniform illumination, the total maximum
power output of PV module 2 was higher than that of PV
module 1 and PV module 3 by about 4% and 7%, respectively.
This difference increased to about 12% for PV module 3 and

13
17% for PV module 1 when modules were tested at high
nonuniform illumination within the CPC. Therefore, the best
PV module design to address nonuniform illumination effect
in solar collector is PV module 2. In practical situation this
implies that manufacturers of PV modules should consider
designing PV modules with groups of cells in series connection instead of all cells being in series connection.

Nomenclature
IMPP :
ISC :
𝐽0 :

Current at maximum power output [A]
Short–circuit current [A]
Reverse saturation current density
[A/cm2 ]
Photo-current density [A/cm2 ]
𝐽푝ℎ :
kB :
Boltzmann constant [J/K]
Power output at maximum power point
PMPP :
[W]
PV module 1: PV module in which 11 solar cells are
connected in series
PV module 2: PV module in which 11 solar cells are
connected in three blocks as follows: block
1: solar cells numbers 1, 2, and 3 are
connected in series; block 2: solar cells
numbers 4, 5, 6, 7, and 8 are connected in
series and block 3: solar cells numbers 9,
10, and 11 are connected in series.
PV module 3: PV module in which 11 solar cells are
connected in two blocks as follows: block
1: solar cells numbers 1, 2, 3, 9, 10, and 11
are connected in series and block 2: solar
cells numbers 4, 5, 6, 7, and 8 are
connected in series.
𝑞:
Absolute value of the electron charge [C]
𝑇:
Absolute temperature [K]
Voltage at maximum power point [V]
VMPP :
Open-circuit voltage [V]
VOC :
Greek
𝜂: Solar cell conversion efficiency [-]
Abbreviations
2D:
3D:
AM:
CPC:
FF:
I–V:
PV:
PV-CPC:

Two-dimensional
Three-dimensional
Air mass
Compound parabolic concentrator
Fill factor
Current versus voltage
Photovoltaic
Photovoltaic-compound parabolic
concentrator
WD-CPC: Well distributed compound parabolic
concentrator.
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