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Performance Evaluation of Photovoltaic String with
Compound Parabolic Concentrator

Haider Ali and P. Gandhidasan

Abstract—Photovoltaic (PV) system is used to directly
converting the solar energy into the electrical energy.
Compound Parabolic Concentrator (CPC) is a non-imaging
concentrator which is considered in this study for reducing the
cost of electrical energy. Two configurations are numerically
studied namely one with simple typical flat PV string and the
other PV string with CPC. The truncated CPC with
concentration ratio of 2.3 and an acceptance angle of 41.75°is
considered in the analysis of PV string with CPC (PV-CPC).
Transient System Simulation Software (TRNSYS) is used for
the evaluation of PV cell performance with and without CPC.
The mathematical model for PV and PV-CPC is developed for
the performance estimation of thermal and electrical
characteristic of the system. Engineering Equation Solver (EES)
code is written to solve the mathematical model and is linked
with TRNSYS for simulation. The simulation is carried out for
the average day of the months of June and December for Riyadh
city. Results indicated that the use of the CPC increases the
absorbed energy and electrical power output of PV system. The
electrical power of PV string increases almost 35% when CPC is
used with PV compared to simple typical flat PV string.

Index Term—Compound parabolic concentrator, TRNSY'S,
photovoltaic string, performance analysis.

. INTRODUCTION

Solar energy is considered as renewable and environment
friendly energy source for meeting the world energy demands.
Solar energy utilization can be classified into two categories:
one is thermal system that converts solar energy into thermal
energy, and the other is photovoltaic (PV) system that
converts solar energy directly into electrical energy [1].

Since the PV technology improves and maximizes the
photoelectrical conversion rates, it has been extensively
employed in the recent years. Due to the high initial capital
cost of PV systems, their wide-ranging applications are
restricted. The cost can be reduced either by increasing the
efficiency of the solar cell or using concentration photovoltaic
(CPV). A cost-effective and improved CPV system is
obtained by producing the same amount of power by using
less number of cells compared to conventional number of
cells. It is reported that a low concentration photovoltaic
system (LCPV) can reduce the cost up to 40% compared to a
simple flat PV system [2], [3]. Due to their potentials of
non-tracking, high liability and low cost, a considerable
amount of research has been done for the development of
various types LCPV applications [4]. Many efforts have been
made in the recent years by using CPC to reduce the use of
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expensive solar cells and hence lower the cost of PV power
output [5]-[8]. Concentration ratios in the range of 2-7 can be
obtained with simple CPC which needs only the seasonal tilt
adjustments rather than tracking the sun. To determine the
yearly optimal tilt-angle of aperture to maximize the annual
collectible radiation on the absorber of CPC and finding the
optimal acceptance half-angle, a mathematical model was
presented by Tang et al. [9].

Nilsson et al. [6] use MINSUN simulation program for the
estimation of annual thermal and electrical output from
PV-CPC thermal hybrid system. Effects of optical properties
on the thermal and electrical efficiencies of PV cells were also
studied by researchers [10], [11]. Thermal and electrical
performances of PV-CPC system are also studied numerically
[1], [12], [13] as well as experimentally [14]. Kalogirou [15]
used Transient System Simulation (TRNSYS) software for
modeling and simulation of a simple PV system. TRNSYS is
very powerful tool which is developed for the analysis of
different solar energy applications as well as for simulation of
a variety of thermal processes but PV-CPC system is not
simulated using TRNSYS. In the present study performance
of PV string is evaluated using TRNSYS with CPC. The
performance characteristics of photovoltaic string are studied
for the climatic condition of Riyadh, Saudi Arabia and two
cases are analyzed: i) simple flat PV string and ii) PV string
with CPC. Effects of CPC on the absorbed radiation and the
power output of the PV string are simulated using the
TRNSYS software. Since, the PV-CPC component with flat
receiver is not available in TRNSY'S, the codes are developed
using the Engineering Equation Solver (EES) software to
solve the mathematical models for thermal and electrical
characteristics. The EES code is then coupled with TRNSYS
software to run simulations.
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Fig. 1. Flow diagram for various components connection in TRNSYS.
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TRNSYS consists of many subroutines, in which
mathematical models are given in terms of ordinary
differential or algebraic equation. First step in TRNSYS is to
identifying the all system components and in the second step,
all components connected according to the information flow
diagram of the system. Two codes are developed in EES
software: one to solve the mathematical model for absorbed
energy and the other to solve the mathematical model of
electrical characteristics for PV and PV-CPC. These codes
are coupled with the TRNSYS using the EES calling
component option. Fig. 1 shows the flow diagram that
connects the various components in the TRNSYSS software.

I1l. MATHEMATICAL MODELING

A standard CPC is modeled for the PV cell width of 134
mm and with 38% truncation with an half acceptance angle is
41.75°. The geometrical concentration for truncated CPC is
2.3X and aluminum is considered as the material for the
reflecting surface of CPC.

A. Optical Model

The amount of solar radiation incident on the tilted surface
is estimated by using isotropic diffuse model. CPC has the
advantage that it does not required continuous tracking. But to
get the maximum output from the collector, CPC should be
properly oriented along east-west axis and tilted towards due
south with appropriate slope and seasonal adjustment. In
order to estimate the total amount of absorbed radiation by the
PV-CPC system, the contribution of beam, diffuse and ground
reflected and beam components are need to be determined.

Sere =Gy epcTerc (rax), + Gy creercd (ra)y + Gg,CPCTCPC,g (m’)g @

The transmittance-absorptance product of solar cell is
calculated for beam, diffuse and ground reflected radiation.

Tpe =P )

where 7. is the transmittance of the CPC, it accounts for the

specular reflectance of the concentrator and the average
number of reflection.

Beam, diffuse and ground reflected radiation are calculated
using the following formulae [16]:

G, cpc = FG,, cOsO 3)

where F is the control function, which is 1 if
(B-6,)<tan™(tan6, cos y, ) < (B +8,) otherwise it is zero.
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To calculate the absorbed radiation by PV the modified
isotropic diffuse model is given by [16].
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B. Thermal Model

Absorbed radiation estimated from the optical model is
employed to evaluate the thermal model for the temperature
distribution within the layers of the PV-CPC system.

Following assumptions are made while modeling the
thermal network for the PV-CPC system:

1) Energy transfer in the problem is 1-D and steady state of
energy transfer is considered.

2) The capacity of the glass cover and solar cell is
neglected.

3) Temperature variation along the thickness and width is
negligible.

4) There is no dust and dirt effect on the collector.

Based on the above assumptions the energy balance
equations can be written on the different components of the
PV-CPC system.

Energy balance on PV cell is given by,

Scpc =Ut(Tc _Ta) +Ucbs (Tc _Tbs) )

The radiation heat transfer coefficient from glass cover to
the ambient is given by [16],

h e = £,0(T7 +T2)T, +T,) (10)

The wind-related heat transfer coefficient h is given by
McAdams [17].

h,=5.7+3.8V, (11)
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Overall heat transfer coefficient is calculated solving the
thermal network shown in Fig. 2.

T
Fig. 2. Thermal network.

C. Electrical Model

The electrical characteristic is calculated using the five
parameter model. In this model the PV cell is represented by
an equivalent circuit as shown in Fig. 3. Current-Voltage (I-V)
characteristic of this model is defined by [16]:

Rs
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®

Fig. 3. Equivalent circuit of a PV cell.

I=IL—JO[exp(9£i£E§2J—1}

The following five conditions in Table | are used to
estimate the five parameters:

VR gy

SH

TABLE I: FIVE CONDITIONS AND FIVE PARAMETERS

At short circuit [d1/dV]sc=-1/Resh,ret
At open circuit voltage V=Vocref , =0

At short circuit current V=0, 1=lsc ref,

At the maximum power point V=Vmp,ref ,|=lmp,ref
At the maximum power point [dI/dV]imp=0

Using the above conditions into (13) the following
equations are obtained:

V . .R
oc,ref sc,ref * 's,ref
Isc,ref = IL,ref - Io,ref EXp 1| |-——(13
ref sh,ref
oc,ref
IL,ref = Io,ref exp _1 +Voc,ref / Rsh,ref (14)
ref
\Y/ +1 R
Imp,ref = IL,ref - IO,ref exp .1t mp.ref_srel _1
a'ref (15)

+1
R

mp, ref
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sh, ref

0, ref

V] R 1
eXp mp,ref mp,ref * s, ref +
ref Rsh, ref

Viprer T liprer R R
Xp| — " +

mp,ref ' 's,ref
R
In this present study EES is used to evaluate these five
parameters at reference conditions Teeye=25°C, G=1000
W/m?. The Imp, Vimp @nd Py, can be obtained at any operating
conditions.

mp,ref ref

(16)

mp, ref IO,ref Rs,ref

s, ref

1+

ref ref sh, ref

A7)

mp,string = mp " mp,string

Electrical efficiency can now be calculated based on these
parameters as the amount of electrical output to the amount of
input solar energy incident on the PV string.

1.V

mp " mp

18
e (18)
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IV. RESULTS AND DISCUSSION

Simulation is performed for the average day of two months
of the year namely June and December in TRNSY'S 16.

In initial simulation results the shading effects is observed.
To remove the shading effect some adjustment in the slope is
done. For June, slope = ¢-17.5<and for December, ¢+17.5<is
used in simulation.

Fig. 4 shows the simulation results of absorbed radiation
for average day of the months. It is observed that absorbed
energy is increased with PV-CPC system. Fig. 4(a) shows the
results for the average day of month of June. In this month the
amount of absorbed energy increase from 2.8 MJ/m?for flat
PV string to 4.2 MJ/m? for PV-CPC string. The result of
average day of the month of December is shown in Fig. 4(b).
The maximum absorbed energy for flat PV string is 2.87
MJ/m? and for PV-CPC string its value is 4.70 MJ/m?.

Electrical power output for average day of months is shown
in Fig. 5. Itis evident from Fig. 5 that the use of CPC enhances
the performance of PV string. Fig. 5(a) shows the power out
for the average day of month of June. The maximum power
output is increased from 13.3W to 17.2W. The power output
result for average day of month of December is shown in Fig.
5(b). The maximum power output increases from 15.2W to
19.7W.
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Fig. 4. Absorbed energy variation with time for average day of month of (a)
June and (b) December.
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Fig. 5. Maximum power output variation with time for average day of month
of (a) June and (b) December.

Fig. 6 shows the cell temperature for the month of June and
December. The cell temperature of PVV-CPC string is higher
compared to the flat PV string. Fig. 7 shows the efficiency for
the month of June and December. Although the power output
from PV-CPC string is higher compared to the flat PV string,
but efficiency of PV-CPC is lower in comparison to flat PV
string. This is because the input incident radiation is more on
PV-CPC system, which resulted in higher output of system
and higher temperature.
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Fig. 6. Cell temperature variation with time for average day of month of (a)
June and (b) December.

Higher temperature resulted in lower efficiencies of
PV-CPC system.
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Fig. 7. Efficiency variation with time for average day of month of (a) June
and (b) December.

Fig. 8 shows the total of absorbed radiation. The results
clearly indicate that energy increased with use of PV-CPC
configuration. The absorbed energy is increased by 50.5%
with PV-CPC string compared to flat PV string for month of
June while for the month of December the use of CPC result in
64.8% increase in absorbed energy.

Fig. 9 shows the total power output for the average day of
the months. Fig. 9 shows that use of CPC also improves the
power output of the PV string. For the average day of the
month of June the electrical power output for the day is
increased by 33.1% with the use of CPC. The electrical power
the day for PV-CPC is increased by 36.4% compared to flat
PV string for the month of December.
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V. CONCLUSION

In this the performance of the flat PV and PV-CPC system
is investigated for the Riyadh city, KSA. The TRNSYS is
used for the simulations in combination with EES to solve
mathematical models. Some seasonal adjustment of slope PV
string is performed for the removal of shading effect. It is
found that the performance of the PV string is enhanced with
the use CPC. The PV-CPC string gives higher values of the
absorbed energy and electrical power output as compared to
the flat PV string. The increase in absorbed energy by
PV-CPC string also results in the increment in cell
temperature, which results in dropping the electrical
efficiency of PV-CPC string. The performance of PV-CPC
system can be enhanced by cooling the PV string.

NOMENCLATURE

a: ideality factor

A area of the PV module (m?)

C: geometrical concentration

Gp cpe: beam component of the radiation (MJ/m?)
Grer. Solar radiation at a reference condition at the normal
incidence angle (MJ/m?)

Gr: amount of incident radiation (MJ/m?)

hy: heat transfer coefficient(W/K.m?)

I: current at load (A)

I_: light current (A)

Imp: Maximum power point current (A)

Is: short circuit current (A)

l,: diode saturation current (A)

M: air mass modifier

Ms: air mass modifier at reference condition (=1)
n;: number of reflection

174

Ry: ratio of beam radiation

Rq: series resistance (£2)

Rsh: shunt resistance (Q)

S: absorbed radiation (MJ/m?)

Scpc : amount of energy absorbed by PV-CPC (MJ/m?)
T.: ambient temperature (<C)

Tq: glass cover temperature (<C)

Ths: back surface temperature (<C)

Tanm, ref :reference temperature of cell(<C)

Teen: temperature of cell (C)

U, : overall heat loss coefficient (W/K.m?)

Uy: overall top loss coefficient from the cell to the ambient
(W/K.m?)

U: back loss coefficient (W/K.m?)

V,,: wind velocity (m/s)

V: voltage at load (V)

Voc: 0pen circuit voltage (V)

Vmp: Maximum power point voltage (V)

Ys: solar azimuth angle

p: reflectance

@: angle of incidence of surface for beam radiation
.. acceptance half angle

6, zenith angle

&ps. €Missivity of the back surface

&4- emissivity of the glass cover

ne -electrical efficiency of cell

Nelrer - Teference electrical efficiency of cell

Het,mp - Maximum power point electrical efficiency
o :Stefan-Boltzmann constant (W/m’K*)

zo.. product of transmittance absorbance product of solar
cell

7 : transmittance of solar cell
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