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Abstract: This study presents a numerical validation of a new approach to model single
junction PV cell under non-uniform illumination for low-concentration solar collectors
such as compound parabolic concentrators (CPC). The simulation is achieved by finite element
modelling (FEM). To characterize the results, the model is simulated with five different
non-uniform illumination profiles. The results indicate that increasing the non-uniformity of
concentrated light will introduce more resistive losses and lead to a significant attenuation in
the PV cell short-circuit current. The FEM modelling results are then used to validate the
array modelling approach, in which a single junction PV cell is considered equivalent to a
parallel-connected array of several cell splits. A comparison between the FEM and array
modelling approaches shows good agreement. Therefore, the array modelling approach is a
fast way to investigate the PV cell performance under non-uniform illumination, while the
FEM approach is useful in optimizing design of fingers and bus-bars on a PV.

Keywords: single junction PV cell; CPC; non-uniform illumination; finite element
modelling (FEM); array modelling
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1. Introduction

Increasing energy demands and environmental pollution have brought more attention on solar energy.
It has many advantages, such as being pollution-free, safe, reliable and economically efficient [1,2].
The application of compound parabolic concentrating (CPC) technology offers the potential of
increasing the electrical output by several-fold while using same number of PV cells [3]. A particular
issue for CPC technology is the non-uniformity of illumination incident on the PV cell surface, which
could cause hot spots, current mismatch and reduce the cell performance [4]. Understanding this issue
and designing the cell appropriately could help to optimize cell efficiency.

The modelling of PV cells under worst scenario conditions has been studied for many years,
any many good works have been reported. Tsai et al. [5] proposed an insolation-oriented model of PV
modules using MATLAB, and explained the basic theory of PV modelling, Petrone et al. [6] built an
analytical model of mismatched photovoltaics by means of the Lamber W-function, which uses
mathematical techniques to predict PV cell performance under distributed light conditions. In most
cases, the illumination distribution in a concentrated system is in either a Gaussian or anti-Gaussian
distribution. Mellor et al. [7] proposed two dimensional finite element modelling (FEM) to simulate
the front surface current flow in cells under non-uniform illumination and it explored new ideas for
concentrated PV cell modelling. The simulation and experiment work done by Chemisana et al. [8]
analyzed the electrical performance increase of concentrator solar cells under Gaussian temperature
profiles. Baig et al. [9] carried out a comprehensive analysis of a concentrating photovoltaic (CPV)
system through numerical modelling and experimental validation of a low photovoltaic system. The
light distribution could be influenced by many factors, such as the shadowing from other components
in the PV system. Wang et al. [10] proposed a simulation model to investigate the effects of the frame
shadow on the PV characteristics in a photovoltaic/thermal system (PV/T) and their results shows the
frame shadow could cause a 39.3% decrease in the photoelectric efficiency in the worst scenario.
Vergura et al. [11] built a 3-D PV cell model by means of FEM which is able to represent the
thermo-electrical behavior of PV cells under real conditions. In this model, the PV cell is formed by
several layers and the software could simulate the cell from its physical properties. Domenech-Garret [12]
also used a two dimensional finite element model to study the cell behavior under different combined
Gaussian temperature and radiation profiles. It also takes into account several temperature amplitudes
and the effect of movement of the illumination profiles across the cell. The experimental works of
Hasan et al. [13] provide a comprehensive analysis of a building-integrated CPV system under real sky
conditions. The variation of incident angles causes different non-uniform light distributions on the PV
cell surface. The impact of non-uniformity of flux shows an average drop of 2.2% in the short-circuit
current of a PV cell. Although, a lot of good works on PV cell modelling have been presented, it is still
necessary to analyze cell performance in more detail for some specific purposes.

This study presents an FEM numerical validation of a new approach to modelling concentrating
single junction PV cells under non-uniform illumination. The FEM model is built based on the extended
mathematical expression for a single junction PV cell under non-uniform illumination and tested under
five different non-uniform illumination profiles. In our previous study [14], an array modelling
model has been proposed to simulate this situation, in which a concentrating single junction PV cell is
represented by an equivalent array of several cell splits. Although the preliminary experimental
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verification has been conducted, it would be interesting to further validate this approach with the

appropriate FEM results.
2. Materials and Methods

2.1. Model Domain

A single junction PV cell could be considered as a conductive medium consisting of three regions:
emitter, bus bar and finger, as shown in Figure 1. The emitter region is a current source due to the
release of electrons generated by the photons under illumination, leading to a voltage. The finger and
bus bar region are solely conductive media to deliver electrons. In the FEM modelling, the PV cell
would be represented as a collection of emitter, finger and bus bar. For the array modelling, the PV
cell would be considered as an equivalent array of several identical split stripes, which is described

in Section 3.3.

Buz bar

Emitter
Finger
Emitter

Fus batr

Figure 1. PV cell model domain.

The single junction silicon PV cell simulated in this study was intended for use with a trough shape
miniature CPC, as shown in Figure 2, so it is a stripe with a single finger in the middle along the
longitudinal direction of the PV cell. The PV stripe would be attached to the base of CPC, with its
busbar at the end of the CPC.
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Figure 2. Photo of a miniature solid CPC [15].
2.2. Mathematical Modelling

A simple equivalent circuit model for PV cell is given in Figure 3, which consists of a photo
current, a diode, a parallel resistor expressing a leakage current and a series resistor describing an
internal resistance to the current flow. The DC current flow in the circuit is expressed as follows:

Vi Vi

T Rsh

where: Vp =kgT/q; V;=V+IRg.

o
e
=

Lol

Figure 3. PV cell equivalent circuit model [9].

Considering an illuminated PV cell, the term Ipn is strongly dependent on the irradiance level and
proportional to its intensity, the current generated from the emitter region of the cell is represented by
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Equation (2). The dark current in the finger and bus bar region as conductive media could be
represented by Equation (3):

Ie =1, Tolexp (i) —1]—i (2)
P nVp Rsh
Id =1, [exp (L) —1]—i (3)
nVT RSh

The incident light increases the temperature of the PV cell, which further increases the population
of electrons exponentially enhancing the dark saturation current. This dependence of saturation current
on the temperature is represented by Equation (4), which suggests that its value increases with
temperature, but decreases with better material quality:

E
Io(T) = Iy Toexp] - gT"] &)

B

The term Ioo and Ego represent the saturation current and the band gap energy at 0 K and are both
approximately constant with respect to temperature. Referencing to Mellor et al. [7], Equation (1) may
be further be expressed as:

-T V.
I= C1G+C2T3exp (—1)[exp(—J)—1]+C3V. (5)
T Vo J

where: T, =B, /kg-
go' "B

Based on above expression, Mellor et al. [7], proposed a continuity equation to determine the
effective current density distribution of the PV cell surface under non-uniform illumination conditions.
This governing equation solved over the solar cell domain is represented by:

Vx(VV -J)=0 (6)

In this study, the finite element method is applied to obtain the solution using the COMSOL
Multi-Physics platform. The term V is the electric potential. The material conductivity ¢ is normally
obtained experimentally, or it can be deduced from the material resistivity. Q represents the current
source term in different regions; the current generated in the emitter region Qe and in the dark region
Qu are expressed by:

3. Eg Vi
Qe = C;G+C 5T exp( o )[exp(m)*l]JrC?’Vj (7)
T 3exp( 8 i ey 8
= 11+
Qq = CoT exp(——S)lexp(——)11+Cy (8)

The terms Ci, C2 and C3 are coefficients specific to a given cell, Ci is the photocurrent density per
unit of incident power, C3 is the inverse of cell shunt resistance Rsh, and C: is the saturation current
density Jo at temperature To and could be expressed as follows [16]:

e
T, Jexp( ) )
KT,

o

C,y=
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2.3. Boundary Conditions

In the FEM model if the geometry and boundary condition are symmetric, then it is possible to
reduce the geometry by half. In this simulation study, there are three types of boundary conditions:
Interface condition:

“n, x(11,)=0 (10)
Electric insulation:
ny xJ=0 (11)
Bus-bar electric potential:
V= Veell (12)

where nb is the unit normal to the boundary, Ji and J2 are the current density vector at the boundary of
adjacent media. J is the current density vector at the external boundary.

The interface condition is applied to all internal boundaries to ensure continuity of current at the
interface between different media. The outside edges of the bus bars and external boundaries of the
emitter section are electrically insulated. The ends of bus bars are connected to the external load and
should therefore have electric potential equal to the cell operating voltage Vcen as an input parameter.
All boundary conditions for FEM are shown in Figure 4. It may be useful to mention that the cell is
actually a long stripe along the x-axis direction, but the scale ratio between x-axis and y-axis is
adjusted to give a clearer view of the finger and bus-bar.
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Figure 4. FEM boundary conditions, x-axis is the bus-bar direction (m) and y-axis is the
finger direction (m).
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2.4. lllumination Profiles under Boundary Conditions

The concentrated light through a CPC could be non-uniform according to the different incident
angle. In most case, the distributed light may have a Gaussian distribution. The simulation is carried
out under different illumination profiles. The model takes the x dependence of the light intensity
incident on the cell, where x is perpendicular to the finger direction with the origin at the middle of the
cell and this illumination expression is given as follows:

2
G(x) = Gvoexp<—2’;02) (13)

Go is the mean illuminations across the cell area. So control the wide of Gaussian curve and related to
the full width at half the maximum (FWHM) as:

FWHM =2y2In (2)S, (14)

Ao is the normalization factor to ensure the mean irradiance across the PV cell is Go. Ao is equivalent
to the ratio of peak to mean irradiance, where:

w

Ay =

J2rs (15)

f( v )

eri( ———

o7 2\2s,

W is the width of cell, and erf represents the error function and could be calculated by MATLAB.

2.5. Model Extension to Cell Level

To characterize the results obtained at the cell level and compare the difference between the
different work schemes, we used some existing data from a previous work [14]. The selected cell
domain was planned to work with a trough CPC with a long narrow design. The geometry of the cell
domain is listed in Table 1.

Table 1. Model geometry.

Parameter Value
Emitter length 0.160 m
Emitter width 0.010 m
Bus-bar width 0.011 m
Finger width 0.001 m

The PV cell electric characteristics were obtained experimentally in our lab, under the standard
test conditions (STC) of irradiance of 1000 W/m?, solar spectrum of AM 1.5 and module temperature
at 25 °C [14], and are listed in Table 2. The cell coefficients are deduced from the cell electric
characteristics and listed in Table 3. The electric conductivities for each region were adopted from [9],
and are listed in Table 4. Those are boundary conditions inputs in the simulation.
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Table 2. PV cell electric characteristics.

Parameter Value
Isc 0.437 A

Voe 0429V
Lmpp 0.397 A
Vinpp 0337V
Rs 15.113 Q

Ran 0.144 Q

n 0.5559

Table 3. PV Cell coefficients.

Parameter Value
Cl 0.275 A-W!
C2 —52.86 Am > K
C3 —-3.156 Am >-V!

Table 4. Model boundary condition inputs.

Parameter Value
Emitter conductivity 0.01 S/m
Bus-bar conductivity 73.315 S/m

Finger conductivity 27,200 S/m

3. Simulation Results and Discussion
3.1. Simulation of Non-Uniform Illumination Profiles

In this study, five different Gaussian distribution illumination profiles were considered according to
the equations given in the previous section. In order to compare with uniform illumination conditions,
all profiles have an average irradiance of 1000 W/m?. The input parameters for each profile are listed
in Table 5, and the plots are shown in Figure 5.

Table 5. Parameters for each illumination profile.

Parameter Profile 1 Profile 2 Profile 3 Profile 4 Profile 5

FWHM (m) 0.055 0.004 0.003 0.0025 0.002
Ao 1.9144 2.5866 3.4447 4.1335 5.1669

So 0.0023 0.0017 0.0013 0.0011 0.000849
W (m) 0.011 0.011 0.011 0.011 0.011

Go (W/m?) 1000 1000 1000 1000 1000
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Figure 5. [llumination distribution over the cell for five illumination profiles, x-axis is the

busbar direction (m).
3.2. Simulation Results for Comparison of Two Illumination Profiles

In this section, the FEM model uses Profile 3 in the simulation to investigate cell performance
under non-uniform illumination conditions and compare them with uniform illumination conditions.
The simulated illumination profiles are plotted in Figure 6. The Gaussian distribution illumination is
distributed evenly along the cell longitudinal direction. The average illumination intensity per surface
area is the same for both cases.

The voltage drop through the cell could be explained as a “distributed diode effect”, which could be
summarized as follows: the lateral resistances in the cell lead to a voltage drop across the cell surface,
causing different points on the cell surface to operate at different voltages and therefore produce
different current densities, as explained by Franklin et al. [17]. The voltage distributions for both
case are plotted in Figure 7. Under concentrated light conditions, the diode effect is significant since
current densities could have large differences from the middle area towards to the edges and the
resulting voltage drops are high.



Energies 2015, 8 4538

z
¥ 0.45 e e ) x10° A 3445
0.5 T 15 2 2.5 3

(a)

|‘
z
d.x 0 -50 ;

¥ 1000 ; 1X10° A 1000

(b)

Figure 6. Simulated illumination distribution for: (a) Profile 3; (b) Uniform illumination
distribution, x-axis is the busbar direction (m) and y-axis is the finger direction (m).
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Figure 7. PV cell surface voltage distribution under the short circuit condition for:
(a) Profile 3; (b) uniform illumination distribution, x-axis is the bus bar direction (m) and
y-axis is the finger direction (m).

The cell surface current density distributions subjected to both conditions are given in Figure 8. The
high conductivity of the finger region will cause the generated current in emitter regions to be quickly
absorbed and passed to the bus-bars. The high illumination area on the cell causes non-uniform current
generation along the cell, which results in a sharping change of current density along the cell surface.
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Figure 8. PV cell surface current density distribution under the short circuit condition
for: (a) Profile 3; (b) uniform illumination distribution, x-axis is the bus-bar direction (m)
and y-axis is the finger direction (m).

The biggest influence of non-uniform illumination is on the cell resistive losses. Both the position
and intensity of the light play an important role to determine the resistive losses. Figure 9 shows a
clear increase of resistive losses in the highly illuminated regions in comparison with uniform
illumination conditions. This increase of resistive losses could be expressed in more detail by Figure 10,
where the arrows indicate the direction and strength of the current. In the highly illuminated area,
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the generated photocurrent is absorbed by the finger region and then travels to the bus-bar, whereas, in
the areas with less illumination, the generated current enters from the bus-bar and flows to the finger.
The high non-uniformity makes the electrons to travel further through the finger to the bus-bars and
causes the losses. A similar phenomenon is also mentioned in other works, such as Franklin et al. [17].
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Figure 9. PV cell surface resistive losses distribution under the short circuit condition for:
(a) Profile 3 (b) uniform illumination distribution, x-axis is the bus-bar direction (m) and
y-axis is the finger direction (m).
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Figure 10. PV cell surface resistive losses distribution and vector of current for Profile 3
under the short circuit condition, x-axis is the bus-bar direction (m) and y-axis is the finger
direction (m).

Usually an I-V curve is used to demonstrate the performance of the PV cell and can be generated by
the superposition of the cell diode I-V curve in the dark with light-generated current. For a given
boundary voltage, the current of a PV cell can be obtained from the FEM results, and the plot I-V
curves can be then given. Figure 11 shows the simulation results of PV cell performance under both
uniform light and non-uniform light conditions. In this simulation, the cell operating temperature is
considered as a constant. Since the voltages are mostly influenced by varying temperature, the voltages
in both saturations are constant. The high resistive losses introduced by non-uniform illumination cause the
maximum current to drop significantly. The maximum power point would also shift from this
influence, which gives about a 20% drop in the cell efficiency. It may be necessary to mention that this
drop also includes the effect of finger shading, which is discussed in the following section.

3.3. Comparison between FEM and Array Modelling

The array modelling is a different approach to investigate PV cell performance under non-uniform
illumination. It simply considers the cell to be equivalent to a parallel-connected array of numerous
small cell splits, where each split has its own input parameters according to the illumination profile.
The final output is the combination from each split. The array modelling is implemented on the
MATLAB platform and built mostly on the mathematical expressions. However, the FEM has more
features to analyze the physical properties of PV cell, while the array modeling is a fast approach to
produce I-V curves because it is based on algebraic calculations. The aim is to compare both
approaches in order to investigate a more efficient way to simulate PV cell under non-uniform
illumination condition. The detail about the array modelling can be found in our previous study [14].
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Figure 11. I-V curves for uniform illumination and illumination Profile 3.

The illumination profiles simulated in the array modelling were given according to the distributions
in Figure 5 and listed in Table 6, in order to characterize the results obtained from both approaches.
The cell is assumed to be split evenly into 10 stripes to give 0.001 m (1 mm) width each cell split.
For the y-axis direction in Figure 4, the illumination is assumed to be uniform. The average irradiance
value was calculated according to the distribution along the x-axis over the 0.001 m width for each cell
split. However, as the non-uniformity increases, more light is concentrated in the middle region and
sharply drops towards the edges along the x-axis direction in Figure 4. For all of the illumination
profiles, a significant portion of light is shaded by the finger, therefore the shading from the finger
needs to be considered in the array modelling. The finger width is 0.001 m, which means half of Split
5 and Split 6 are shaded. Therefore, the range of the illumination distribution to estimate the irradiance
value is from —0.001 to —0.0005 for Split 5 and from 0.0005 to 0.001 for Split 6. The reason for this
adjustment is because the array modelling is not related to the structure of a cell, but just the overall
performance of a cell. To count the effect of the width of the finger in the array modelling and have a
fair comparison with the FEM approach, the above adjustment was therefore made to each
illumination profile including uniform distribution.

The high non-uniformity introduces more resistive losses and causes the decrease of the maximum
current output. The simulation results for short-circuit current were obtained from two modelling
approaches and listed in Table 7. The results from both platforms show a good agreement, as can be
seen from Figure 12. The relative deviations are mostly within £10%, however it becomes larger when
the non-uniformity of illumination is bigger.
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Table 6. Irradiance values for ten cell splits in the array modelling (W/m?).

4544

Profile Split1 Split2 Split3 Split4 SplitS Split6 Split7 Split8 Split9 Split 10 Average
Uniform 1000 1000 1000 1000 500 500 1000 1000 1000 1000 900
Profile 1 374 577 980 1406 902 902 1406 980 577 374 848
Profile 2 92 352 891 1676 1161 1161 1676 891 352 92 834
Profile 3 1 105 688 1800 1440 1440 1800 688 105 1 807
Profile 4 1 50 450 1765 1620 1620 1765 450 50 11 777
Profile 5 1 11 141 1321 1730 1730 1321 1341 1 1 760

Table 7. Simulation results of short-circuit current in two modelling approaches.
Profile Finite element modelling (A) Array modelling (A) Relative deviation (%)
Uniform 0.437 0.419 —4
Profile 1 0.394 0.371 -6
Profile 2 0.372 0.364 -2
Profile 3 0.346 0.352 2
Profile 4 0.327 0.339 4
Profile 5 0.271 0.331 18
0.45
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é 0.35 *
éﬁ L]
E L
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5
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FEM modelling results

Figure 12. Simulation results from two modelling approaches.

The I-V curves for each illumination profile in the array modelling are plotted in Figure 13. From

Profiles 1 to 5, it can see the drop in short-circuit current as well as shifting of the maximum power

point. Besides the influence from non-uniform illumination, the cell efficiency could also be affected

by the finger design. This indicates the importance of finger design and positioning. Figure 14 gives

the I-V curves and maximum power points for illumination Profile 3 for both approaches, and

indicates a good agreement between them. In the FEM approach, the geometry design can be easily
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changed according to the requirements, so it can offer an appropriate way for designing and
positioning fingers, while the array modelling approach may represent a fast way to investigate the
effect of non-uniform illumination, for example, by plotting I-V curves.
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Figure 13. I-V curves given by the MATLAB array modelling for several illumination profiles.
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Figure 14. I-V curves given by array modelling and FEM modelling for illumination Profile 3.
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4. Conclusions

This study has presented the finite element modelling (FEM) of a single junction low concentration
PV cell, with the purpose of validating a new approach to model concentrating single junction PV cells
under non-uniform illumination, in which a PV cell is considered equivalent to a parallel-connected
array of several cell splits. The FEM model has been built based on the extended mathematical
expression for single junction low concentration PV cells under non-uniform illumination and tested
under five different non-uniform illumination profiles. The PV cell surface voltage, current density
distribution and resistive losses for both uniform illumination and non-uniform illumination conditions
have been simulated. The results indicate that increasing non-uniformity of the concentrated light would
introduce more resistive losses and lead to a significant attenuation in the PV cell short-circuit current.
A comparison between the FEM and the array modelling approaches has been given. The two
modelling approaches are compared for the same illumination profiles and their results show good
agreement when the shading effect of fingers is taken into account. It was found in the FEM approach
that the finger design and positioning could have great influence on PV cell performance, especially in
high non-uniform conditions. From this point of view, the FEM approach has more potential in future
simulation work, since it is a physical model and it is easier to modify the cell geometry, in comparison
with the array modelling, which offers a fast way to produce I-V curves of single junction low
concentration PV cells under non-uniform illumination conditions.
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Nomenclature

Symbol Unit Description

I A PV cell generated current

Ie A Current generated in illuminated region
Iph A Photo-generated current

Ia A Dark current in dark region

Lo A Reverse saturation current

\" \" PV cell voltage across external load
Vr \% Thermodynamic voltage

Vi \Y Junction voltage

RL Q External load resistance
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Rsh Q Shunt resistance

Rs Q Series resistance

ks J/K Boltzmann constant

q C Electron charge

n Diode ideal factor

Je A/m? Current density

Qj A/m? Generated current density

c S/m Conductivity of material

Resheet Q Sheet resistance

Rp.ul Q/m Resistance per unit length

Qe A/m? Current density generated in emitter region
Qu A/m? Current density generated in dark region

G W/m? Illumination profile

T K PV cell working temperature

Eq eV Material band-gap energy (1.124 eV for silicon)
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