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ABSTRACT

COMPREHENSIVE STUDY OF DENSE ARRAY CONCENTRATOR
PHOTOVOLTAIC SYSTEM USING NON-IMAGING PLANAR
CONCENTRATOR

Siaw Fei Lu

Concentrator photovoltaic (CPV) system performance is affected when there
is non-uniform illumination especially for densely packed CPV system. When
a dense array is operating under nonuniform flux distribution, current
mismatch will happen among the cells that are connected in series, causing
degradation to output power. This is a crucial drawback because maximum
output power of the array is considerably reduced when its current-voltage (IV) curve has many mismatch steps that leads to lower fill factor and
conversion efficiency. Addressing this matter, a comprehensive study to
optimize the performance of dense-array using non-imaging planar
concentrator (NIPC) system under non-uniform illumination is proposed. In
the new systematic approach, a fast-prediction method (FPM) using three
point model (TPM) is proposed to analyze large and complicated
interconnection of dense array. It is an expeditious, efficient, cost-effective
and reasonably accurate approach and is useful to optimize dense-array
configuration for any new design of solar concentrator, before proceeding to a
comprehensive I-V curve simulation. This method can optimize the
performance of dense array via using the best interconnection for any
concentrator such as parabola, Fresnel lens, nonimaging concentrator etc. with
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the use of standard CPV cells in the market. Once initial dense-array design is
completed, detailed computer simulations are carried out to verify the
prediction. Comprehensive simulations using Matlab has verified the proposed
FPM prediction. Last but not least, the modeling method had been
successfully validated with a non-imaging planar concentrator prototype to
achieve practical conversion efficiency of 29.80%. It was found that the
measured I-V curve closely resembles simulated FPM prediction and
measured maximum output power varies by only 1.34%.
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CHAPTER 1

INTRODUCTION

1.1

Research Background

Solar power generation commonly incur a substantial amount of
upfront investment cost. Therefore, extensive research activities are currently
focused on developing more efficient solar power applications by introducing
the utilization of solar energy together with new technologies. With the aim of
offsetting the expensive cost of semiconductor material and encourage more
CPV installations, solar concentrator systems employ comparatively
inexpensive optical elements like mirrors or Fresnel lenses that will form the
main part of a solar concentrator system to be incorporated with highefficiency multi-junction solar cells. Solar concentrator technologies have
made considerable progress in the past decade and can be applied to generate
cost-effective electricity, and at the same time provide supplementary thermal
energy in other application needs. For further reduction in the electricity
generation cost from solar concentrator systems, optimal system design is key
so that the CPV cells are able to harness maximum solar energy (Nishioka et
al., 2006; Luque et al., 2006].

Nevertheless, the delivered electrical power in field conditions is often
lesser than the offered output power on the array ratings, mainly due to
mismatch losses. Some of the factors that cause mismatch losses are soiling,
non-uniform irradiance, shading, temperature variations, cell quality, as well
as cell aging. All of these factors will affect current-voltage (I-V) curve as well
as power-voltage (P-V) curve of the CPV array, subsequently leading to
serious reduction of output power during site measurements (Nishioka and
Rai, 2007; Picault et al., 2007).

Non-uniformity of concentrated solar irradiation is one of the most
challenging problems faced by solar concentrator systems. Non-uniform solar
irradiation is more evident around the receiver edges, and is commonly caused
by optical design limitations, structure alignment imperfections, and low
tracking accuracy. Over the last decades, many studies have been carried out
to seek improvement on the solar concentrator optical design in order to
produce more uniform solar flux distribution at high concentrations (Mills and
Morrison, 2000; Chen et al., 2001; Chen et al., 2003; Chong et al., 2009;
Chong et al., 2010; Picault et al., 2010; Chong et al., 2011). This is because
the output current of a typical CPV dense-array is highly influenced by the
uniformity of solar flux distribution. With factors like circumsolar effect,
aberration, imperfection of mirrors etc., it is evident that perfectly uniform
illumination is impossible to be produced. Under conventional design
approach of simple series-connected array, there will be significant power
losses due to low conversion system efficiency (Faiman et al., 2002; Andreev
et al., 2003; Sherif et al., 2003; Coventry, 2005; Nishioka et al., 2006).
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Despite the employment of flat mirrors in the non-imaging planar
concentrator (NIPC), the solar flux distribution results from simple superpositioning of mirror images onto the target receiver is unavoidably nonuniform at the peripheral region. Therefore a specially designed algorithm is
required for analysing the current-voltage (I-V) curve of dense-array CPV cell
arrangements for optimizing system efficiency and increasing generated
output power. In our study, solar flux distribution of an NIPC prototype is
measured so that the actual solar concentration ratio that is directed to every
CPV cell’s location at the receiver is identified. The measured solar flux
distribution shows deviation from a perfect uniform distribution owing to
various

aforementioned

practical

installation

imperfections,

such

as

mechanical structure and mirror alignment.

Differing to considerable studies in partially shaded photovoltaic (PV)
array for minimizing mismatch losses through the use of changing
interconnection arrangement, this paper aims to develop a new approach using
Simulink computational method to accurately simulate CPV dense array I-V
and P-V curves. In the study, possible configurations are simulated and
analysed based on real data of NIPC solar flux distribution to obtain the best
array layout configuration. For verification purpose, the optimised
configuration of CPV array is constructed and tested on the NIPC prototype.
In following chapters, the methodology and process of CPV dense-array
performance optimization are described in detail.
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1.2

Objectives

In attempt to address the above identified non-uniformity problem in solar
concentrator systems, a systematic and comprehensive study on dense-array
design for the application in NIPC concentrator has been developed and
explored. The main objectives are as follows:

•

To design and construct a non-imaging planar concentrator (NIPC) for the
application with dense array concentrator photovoltaic (CPV)

•

Development of a systematic method of dense-array CPV interconnection
design

to

enable

system

designers

in

identifying

all

possible

interconnection options
•

Development of a comprehensive electrical modeling method for densearray CPV system that considers parameters from the two-diode model
with verification from practical experimental data.

•

Optimization of the electrical performance of NIPC system through
identifying the most cost effective and highest output power combination
of CPV dense-array.

1.3

Outline of the Thesis

The organization of the thesis is as follows: In Chapter 1 of this thesis
an introduction to the background of CPV systems is presented. This section
discusses the background of CPV cells, and then highlights factors of
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mismatch losses that limit the potential of solar concentrator systems. The
findings have motivated this study to enhance the performance of dense-array
solar concentrator, through optimization of the system using strategic
solutions. In Chapter 2, critical literature review is carried out to study
mismatch issues that are faced by different solar concentrator systems. Besides
that, critical and detailed evaluation is conducted on scholarly articles, books
and other sources that have proposed solutions with the aim to address current
mismatch problem.

Next, the methodology of theoretical study and experimental procedure
is discussed in Chapter 3 which includes optical analysis, temperature
analysis, CPV dense-array analysis with FPM simulation method, as well as
using comprehensive Simulink simulations. A major part of this research is
focused on the design and development methodology. Modeling work that was
performed in optical analysis and circuit-analysis for the development and
optimization phase is presented in this section. The detailed setup of prototype
NIPC and assembly process of dense-array are also included.

Results from theoretical study and field measurements are collected
and analysed in Chapter 4. This chapter discusses the experimental studies
performed to collect data and verify simulated prediction methods. By
comparing all the different options produced in this study, an optimised CPV
system is achieved. The last chapter is Chapter 5 which is the ending of this
thesis summarizes the experimental studies of the developed methodology and
optimised dense-array for the application to the NIPC system. The thesis
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concludes with the outcomes of the overall research achievements, discussion
on advantages of the developed system.

1.4

Publications

Based on the findings from this research, several papers have been
published in peer-reviewed international journals and conference proceedings.
A full list of publications is presented in Table 1.1.

Impact Factor

“Design and construction of non-imaging
planar concentrator for concentrator PV
system”

Journal
/Conference

Paper Title

A

Year

Appendix

Table 1.1: Papers that are published in international journals and conferences

2009

Renewable Energy

2.989

2009

Sensors

1.953

2009

24th European
Photovoltaic Solar
Energy Conference,
Hamburg, Germany

N/A

2010

Journal of Solar
Energy Engineering

0.94

http://dx.doi.org/10.1016/j.renene.2008.09.001
(Published)
B

"Integration of an on-axis general sun-tracking
formula in the algorithm of an open-loop suntracking system"
http://dx.doi.org/10.3390/s91007849
(Published)

C

“On-axis general sun-tracking formula and its
application in improving sun-tracking
accuracy of a 25kWth non-imaging planar
concentrator prototype”

http://dx.doi.org/10.4229/24thEUPVSEC2009
-1DV.5.23
(Published)
D

“Optical characterization of nonimaging
planar concentrator for the application in
concentrator PV system”
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http://dx.doi.org/10.1115/1.4000355
(Published)
E

“Solar flux distribution analysis of nonimaging planar concentrator for the
application in the concentrator PV system”

2010

35th IEEE
Photovoltaic
Specialists
Conference (PVSC)

N/A

2012

IEEE Sustainable
Utilization and
Development in
Engineering and
Technology
(STUDENT)
Conference
27th European
Photovoltaic Solar
Energy Conference
and Exhibition,
Frankfurt, Germany

N/A

http://dx.doi.org/10.1109/PVSC.2010.561411
2
(Published)
F

“Temperature effects on the performance of
dense array concentrator PV system”
http://dx.doi.org/10.1109/STUDENT.2012.64
08385
(Presented and Published)

G

“Electrical characterization of dense-array
concentrator PV system”

2012

http://dx.doi.org/10.4229/27thEUPVSEC2012
-1AV.3.18
(Published)
H

“An interconnection reconfiguration method
for concentrator PV array”

2013

39th IEEE
Photovoltaic
Specialists
Conference,
Florida. USA

N/A

2013

28th European
Photovoltaic Solar
Energy Conference
and Exhibition,
Paris, France

N/A

2013

The Scientific
World Journal

1.730

2014

Renewable Energy

2.989

http://www.ieeepvsc.org/ePVSC39/core_routines/view_abstra
ct_no.php?show_close_window=yes&abstract
no=664
(Published)
I

“A dense-array layout reconfiguration method
to minimize current mismatch losses for nonimaging planar concentrator”
http://dx.doi.org/10.4229/28thEUPVSEC2013
-1CV.6.34
(Presented and Published)

J

“A systematic method of interconnection
optimization for dense-array concentrator PV
system”

N/A

http://dx.doi.org/10.1155/2013/275169
(Published)
K

“A comprehensive study of dense-array
concentrator PV system using non-imaging
planar concentrator”
http://dx.doi.org/10.1016/j.renene.2013.08.014
(Published)

7

CHAPTER 2

LITERATURE REVIEW

2.1

Introduction

High concentration CPV system developers have recently emerged
over the recent years and they promise higher system efficiency as well as cost
advantage over flat-plate PV systems. In CPV systems, direct sunlight is
concentrated hundreds of times using mirrors and lenses and is focused onto
high efficiency CPV cells. According to Zubi et al. (2009), concentrator
systems are typically designed to operate at around 400 to 700 suns, although
a few system developers have promoted systems that can go up above 1000
suns. The motivation behind developing very high concentration system is to
offset the expensive CPV cell materials by achieving cost reduction via
savings in semiconductor utilization. Nevertheless, most recognise that this is
not an easy task especially with aggressive price decrease of crystalline
silicone and thin-film solar modules. The higher costs of these state-of-the-art
CPV cells as compared to silicon or thin-film solar modules are prohibiting
their application in large scale installations.

Despite the temporary cost-advantage of the PV systems as compared
to CPV systems, multi-junction solar cells have the potential of achieving the
highest efficiency of any photovoltaic device by having two or more cells
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stacked together, optimally designed for a particular wavelength range within
the solar spectrum. Combining III-V elements, cells of different band gaps can
be combined in a tandem design to cover almost the full solar spectrum,
whereby each cell convert an interval of the solar spectrum into electricity.
The multi-junction cells are well suited for solar concentrator systems, and
when properly designed the advantage of high efficiency CPV cells while
mitigating the cell cost can be realised (Wang et al., 2013).

One major factor that hinders concentrator photovoltaic (CPV) system
to perform to its full potential is non-uniform flux distribution, which is
common in all solar concentrator systems (Faiman et al., 2002; Luque and
Andreev, 2007; Chong et al., 2010). When CPV cells are subjected to nonuniform illumination, the system performance will be negatively affected. This
is because of current mismatch that occur among solar cells that are connected
in series, leading to degradation of output power, and may even cause damage
to solar cells due to reverse-bias operation and overheating (Kovach and
Schmid, 1996; Nguyen and Lehman, 2008).

2.2

Concentrator Solar Cells

There are two broad categories of CPV systems, whereby the first
group consists of point-focus systems utilizing Fresnel lenses, parabolic dishes
and central receivers, while the second group consists of line-focus systems
with linear Fresnel lenses and parabolic troughs. According to Luque and
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Andreev (2007) line-focus concentrator systems are operated at concentration
ratio of about ten times smaller than point-focus systems. Typically, the
concentration level is 100 - 500 suns for point-focus concentrators and is lower
at the range of 10 - 50 suns for line-focus concentrators. Generally, solar
concentrators that operate at higher concentration ratio also require higher
accuracy in sun tracking and smaller manufacturing and assembly tolerances.

2.2.1

Silicon Cells

High efficiency silicon solar cells that are used in solar concentrator
systems are fabricated with requirements such as material quality with long
minority carrier lifetimes, design of diffusion to minimize resistance and
recombination losses, surface passivation, passivation of cell edges, reflection
control, as well as design of metallization with minimal optical and resistance
losses. Concentrator silicon solar cells of the traditional design have achieved
efficiencies above 24%, and it can be further enhanced with better design
specifications (Luque and Andreev, 2007).

Nevertheless, the growth of silicon solar cell efficiency has been slow
in the recent years, mainly due to limitation of surface recombination. With
price competition from triple-junction III-V CPV cells that can reach
efficiency of above 40% (Castro et al., 2008), demand for silicon solar cells is
small and there is no large-scale manufacturing of high performing (above
24% efficiency) silicon solar cells for solar concentrator systems. This leads to
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higher cost of these silicon solar cells, which further deters their market
growth.

2.2.2

Multi-junction Cells

Tandem solar cells based on III-V materials are the only available solar
cells reaching efficiencies above 40% and their performance is superior to any
other photovoltaic device through the use of several materials with different
energy gaps across the solar spectrum. As an example, the top cell of a triplejunction CPV cell converts violet-blue radiation, while the middle cell
converts green-yellow radiation, and the bottom cell converts red-infrared
radiation. Due to the higher cost of multi-junction solar cells as compared to
silicon or thin-firm solar cells, these cells are not currently applied to flat-plate
modules. To offset the expensive cost of III-V solar cells in solar concentrator
systems, expensive solar cell materials are replaced by cheaper optics which
enables the system to operate at high solar concentration levels. Solar
concentrators that can operate at higher efficiency require lesser solar cell
material and hence able to achieve lower overall system costs.

Today, the demand for III-V cells for the terrestrial market have
increased and concentrator system developers that were previously using
silicon cells are shifting to more efficient III-V triple-junction CPV cells. Solar
concentrator systems above 400 suns commonly utilize triple-junction solar
cells produced from elements such as gallium, indium, phosphorus, arsenic,
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etc. which are from the 3rd and 5th group of the Periodic Table (Zubi et al.,
2009; Luque and Andreev, 2007). As an example, Amonix being one of the
first companies to develop high concentration solar concentrator systems used
to adopt silicon CPV cells but is now demonstrating application of triplejunction solar concentrator cells in their systems.

Figure 2.1: This figure show the relationship between efficiency and solar
concentration for triple-junction CTJ cell (EMCORE, 2008), with highest
performance efficiency of about 38% at around 500 suns.

In Figure 2.1, the relationship between efficiency and solar
concentration for EMCORE’s CTJ cell operating at 25oC. From the figure, it is
clear that the efficiency of InGaP/InGaA/Ge triple-junction solar cell is not
always at a continuously increasing trend with increasing solar concentration
ratio. In fact, there is an optimum operating point for the concentrator cell,
which is at around 500 suns for this EMCORE cell. According to Zubi et al.
(2009) higher concentration above 1000 suns could still be economically
viable, even with the gradual reduction in efficiency. Nevertheless, the
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implication of operating the cells under these conditions should be carefully
considered as there might be a negative effect to the life expectancy of the
solar cell.

2.3

Causes of non-uniformity Issue

High concentration system requires complex engineering and
management of high fluxes of light, heat and electricity to achieve maximum
power output. Solar concentrators are conventionally designed in such a way
that the concentrated solar flux distribution falls well inside the receiver area
to avoid light spillage, because most solar concentrators have inherently
inhomogeneous illumination (Luque et al., 1998). Non-uniform illumination
produces significant local heating in concentrator solar cells. In this aspect, the
photocurrent increases with temperature, and therefore enhances the influence
of the irradiance non-uniformity on the current-voltage curve (Andreev et al.,
2003), and leads to higher ohmic drops because the cell operates locally at
higher solar irradiance levels.

There are several underlying causes of non-uniform concentrated solar
flux distribution (Baig et al., 2012; Chong et. al, 2013). Non-uniform
illumination is contributed by limitation in concentrator optics design, slope
error in concentrator profile, tracking error, misalignment of concentrator, as
well as the condition of refractive lenses and reflective mirrors. Among the
causes, the concentrator geometry and optics is one of the key factors that
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determine the severity of non-uniformity. If the optical design of a solar
concentrator is not proper, serious performance degradation and reduction in
efficiency will happen. There are many kinds of optical elements in a
concentrator system, and each system exhibits unique non-uniformity issues.
As an example, the Fresnel lens system experiences inherent difficulty to
maintain the focus of concentrated light on the solar cells.

The effect of non-uniformity cannot be completely eliminated in any
solar concentrator. This is because it is difficult to manufacture and control the
geometry of solar concentrator to be exactly the same as theoretical design.
Hence, testing of the surface profile for errors is a very important step. Shape
errors on the concentrator would have significant effect on solar flux
distribution. Solar reflectors like mirrors are likely to have shape errors during
manufacturing and become the cause of non-uniformity. Baig et al. (2012)
reported in their paper that common defects in solar concentrators include
discoloration of concentrator optics, mechanical fatigue, bucking, and
warping.

In addition to that, tracking error is also a concern to the performance
of CPV systems. When a concentrator is off-focus due to tracking inaccuracy,
some solar cells will not receive concentrated light, and become shaded. When
solar cells are shaded, the photo-generated current is reduced or eliminated. If
this cell is connected in series to other string cells in a module and producing
less current, it becomes reverse bias by the voltage generating capabilities of
the other string cells (Quaschning and Hanitsch, 1996). Shaded cells are often
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driven in the negative voltage range, and when a cells become reverse biased it
acts as loads and dissipates heat (Meyer et al., 2005; Alonso-Garcia et al.,
2006). If the reverse bias exceeds the breakdown voltage of the shaded solar
cell, the cell will be damaged. Consequent effects that could be observed are
cracking or the formation of hot spots. If the shaded module is connected to
other modules in series, an open-circuit from the hot spot will disconnect the
shaded PV module from the other modules in an array. The characteristic
parameters of a CPV module present substantial variations in case of shading
resulting in important reduction of the power output. Shading of solar cells
reduces the maximum power, changes the open-circuit voltage, short-circuit
current, fill factor, and the efficiency (Silvestre et al., 2007).

While some of the causes of non-uniformity such as concentrator
optics design and improper tracking could be addressed and minimized via
implementation of new optical design and using refined tracking methods,
other causes like the condition of refractive lenses and reflective mirrors are
inevitable defects from the process of manufacturing, installation or aging and
require more strategic solution.

2.4

Optical Design of Solar Concentrators

Solar concentrators such as the parabolic trough, linear Fresnel
reflector, Fresnel lens, power tower and parabolic dish are capable of
generating electrical power through the use of CPV cells. Recently, many
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studies can be found discussing on more advanced concentrator optical design
such as new classes of high-flux, ultra compact, practical optics to improve
solar illumination uniformity at high concentrations, in order to provide a costeffective and practical CPV system. The most advanced CPV cells actually
performs better with high conversion efficiency when focused under high solar
concentration as compared to operating under one sun. According to Chong et
al., 2013, the latest state-of-the-art triple-junction cells are achieving around
40% conversion efficiency at 100× to 900× concentration ratios, while the
world record was at 41.1% at 454× concentration. Therefore, new optical
design has to tackle non-uniformity issue, while still achieving high solar
concentration to enable the highest possible conversion efficiency.

2.4.1

Modular Fresnel Lenses

A new Fresnel concentrator was introduced by Ryu et al. (2006) with
the aim to produce a uniform distribution of solar irradiance with moderately
high concentration ratio and increase PV generation efficiency. In
conventional Fresnel lenses that have circular shaped facers to focus a
collimated beam to a point, CPV solar cells are unable to extract maximum
power due to irregular resulting illumination. As shown in Figure 2.2, an array
of modular Fresnel lenses is based on superposition concept, whereby each
modular Fresnel lens bends the normal incident solar flux onto the targeted
CPV cell area. According to Ryu et al. (2006), the recommended design uses
prism rings for the facets so that the segments can be kept larger in size. Since
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no sunlight should bend at the central region, no facets are present at the
central lens block.

Figure 2.2: Schematics that explains the concept of modular Fresnel lenses for
concentrator solar PV system that are presented in (a) 3-D view of the optical
structure, and (b) facet directions of modularly faceted Fresnel lenses (Ryu et
al., 2006).

The devised optical system for such solar concentrators promises
effective conversion of optical energy into electrical power with reasonable
cost and minimal resources. The flux distribution at the cell plane is estimated
to be about 20% uniform with transmission efficiency of above 65% for
Fresnel lens arrays of 3×3, 5×5 and 7×7 (Chong et. al., 2013). The
transmission efficiency is rather low, which is less than 80% owing to
reflection at the lens surface and absorption by the material of the lens
(Kemmoku et al., 2003; Araki et al., 2006; Ryu et al., 2006). Another
limitation of the modular Fresnel lens method is that the application of the
selected acrylic resin to be used as lens material is not yet feasible for high
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concentration ratios. Unless typical lens material like polymethyl-methacrylate
(PMMA) can be substituted by other materials with similarly characteristics
such as high transmission and low optical dispersion throughout the solar
spectrum, the current lenses will be limited by its material to only operate at
low and moderate level concentration ratios.

2.4.2

Parabolic Dish

Parabolic dish concentrators consist of solar reflectors like mirrors that
are arranged in the parabola shape to concentrate incident sunlight onto a focal
point (Reddy and Veershetty, 2013), and can offer the highest thermal and
optical efficiencies among all the concentrator options (Lovegrove et al.,
2011). At the focal point, a CPV receiver will convert concentrated solar
irradiation into electrical energy.

The design of a parabolic dish concentrator requires rigorous systemdesign principles, and detailed consideration of the interactions between key
subsystems of mechanical structure, mirrors, receiver, foundation as well as
actuation or tracking system. At the same time, the optical performance of the
concentrator is also of great importance to be studied. It is common
knowledge that a parabolic dish will produce a Gaussian image at the receiver
target. Figure 2.3 shows on-sun measurements using a representative mirror
panel. Besides optical uniformity assessment, this distribution suggests that
there is an average surface slope error of 1.3mrad (Lovegrove et al., 2011).
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The large paraboloidal dish by Australian National University (ANU)
that was presented by Lovegrove et al. (2011) was able to achieve the highest
conversion efficiency and at the same time justify the higher capital cost per
unit area. The prototype has proven that the novel design features can achieve
lower construction material via the use of mirror panels to act as part of the
structure itself. Moreover, trough optical analysis has shown that receivers
with geometric concentration ratios of at least 2000 times are deemed possible.
Nevertheless, the image of focused sunlight at the target is inherently nonuniform. While there is good potential of harnessing thermal energy at high
solar concentration ratio, the reliable use of CPV cells at solar concentrations
in the range of 1000 - 2000 suns is not yet established, and requires further
studies. In addition to that, the design concept of this system has not yet
incorporated solar flux uniformity concerns, for application with CPV cells.

Figure 2.3: Flux mapping results for a 500m2 paraboloidal dish solar
concentrator using one mirror panel (Lovegrove et al., 2011).
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2.4.3

Homogenizer Technology

In CPV systems with single optic/single cell configuration, sunlight is
focused onto each cell individually. In these point-focus systems, current
mismatch problem is less critical because the optical units are all reasonably
well aligned to ensure that same incident power is received at all solar
modules. For systems that have a number of CPV receivers, usually Fresnel
lens system, flux homogenizer is added to act as additional secondary optical
element (SOE) to improve the flux distribution and produce more uniform
illumination, as presented in Figure 2.4 (Araki et al., 2006; Chong et al.,
2013). The homogenizer that may act as secondary optics is also used for
guiding concentrated sunlight from the primary optics to the solar module.

Figure 2.4: Schematic illustration of a Fresnel lens system’s optics model with
a homogenizer (Ota and Nishioka, 2012)

Flux homogenizers are able to improve optical performances by
producing uniform flux distribution over solar cells and hence minimize
conversion losses caused by chromatic aberration as well as surface voltage
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variation (Figure 2.5).

Nonetheless, due to the requirement of precise

engineering, additional SOE increases manufacturing cost, needs active
cooling at very high solar intensities and adds complexity to a solar
concentrator system, (Victoria et al., 2009; Benitez et al., 2010). In addition
to that, the introduction of a typical flux homogenizer will inflict optical losses
that can reach 10% or more (Kreske, 2002)

Figure 2.5: A comparison of simulated irradiance distribution using (a) Fresnel
lens only, and (b) Fresnel lens and a homogenizer (Ota and Nishioka, 2012)

2.5

Non-conventional CPV Cells

Another alternative method of overcoming non-uniform irradiation to
improving system performance is by refining optical mismatch via exchanging
standard-sized CPV cells with non-conventional geometry cells, which
typically incur extra cost. These CPV cells are specially designed according to
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a specific concentrated solar flux profile and are only suitable for a specific
type of solar concentrator.

2.5.1

Radial Solar Cells

In conventional dense-array receivers made of square or rectangle cells
that are connected in series, significant current mismatch is observed because
the irradiance at the focus is usually not uniform. Vivar et al. (2009) presented
a radial large area Si-cell receiver that uses custom-shaped solar cells that can
divide the incident flux evenly between the cells. Radial solar cells are
designed and manufactured from EUCLIDES III solar cells, by incorporating
additional laser cutting process to obtain trapezoidal cells to be arranged into
circular sectors that matches the spot produced by parabolic dishes. As the
concentrated sunlight of a parabolic dish is usually radially symmetry, the
suggested radial CPV cell may be the best in geometry to reduce current
mismatch. These custom-made cells can decrease the losses from nonuniformity and misalignment by nearly 6 times lesser, as compared to
connecting CPV cells in a full series configuration (Vivar et al., 2010).

Although the performance is improved, the radial cell parquets receiver
is still susceptible to current mismatch when the spot of concentrated sunlight
is not centred, due to tracking errors or optical misalignment. Referring to
Figure 2.6, as the spot of concentrated sunlight moves across the target
receiver, the distribution and intensity of solar irradiation on certain solar cells
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will be reduced while the intensity on some cells is increased and on others
will remain the same. This limitation can be curtailed by an additional process
of parallel interconnecting opposite circular sectors, in order to allow current
compensation when tracking error occurs and the concentrated solar flux is off
focus to the centre.

Figure 2.6: A scenario analysis to compare when (a) concentrated solar flux is
correctly aligned with an array of radial parquet of solar cells (b) concentrated
solar flux is out of focus to the same array of radial parquet of solar cells
(Vivar et al, 2009)

While the idea of parallel interconnection of opposing circular sectors
seems logical, wiring complexity and resistance losses from the multiple
parallel-connected cells should be taken into account in producing a practical
receiver. Furthermore, the concentrated solar flux distribution does not fully
cover the whole receiver area, and therefore this design will utilise more CPV
cells as compared to other dense-array design.
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2.5.2 Solar Cells with Different Widths

With similar approach, Azur Space Solar Power GmbH (2010) has
developed custom-made CPV dense-array modules for the application in
parabolic solar concentrator systems without homogenizers. For a parabolic
concentrator, the outer segments of the concentrated solar flux distribution
receive lesser intensity of sunlight, as compared to middle segment. Hence the
usable power per segment will be limited by the low power of the outer
segments, due to current mismatch. To solve this problem, the lower light
intensity at the edges of the concentrated sunlight is compensated with wider
solar modules, while the higher light intensity at the middle region is exposed
to narrow-sized solar modules, thus achieving good current matching.

Figure 2.7: Dense-array module is designed with four different widths
according to the inhomogeneous illumination of a parabolic solar concentrator.
The solar cells are presented only in one quarter of the array as an example
(Lockenhoff et al., 2010)
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For this project, the custom-made module consists of four different
geometries of CPV solar cells that are arranged in a specific manner that
compensates inhomogeneous solar irradiation (Figure 2.7). The outer section
of the array receives lesser light, and hence is compensated by using wider
segments of CPV modules while the inner section of the array that receives
more concentrated light is filled with smaller segments of modules.
Nevertheless, each type of solar cell width required its own tooling for
production and hence resulted in high investment and logistic costs. To avoid
high investment cost due to having too many uniquely- sized cells, the
modules are optimised and reduced from four different types to two different
types, as shown in Figure 2.8 (Lockenhoff et al., 2010). Needless to say,
streamlining different solar cell widths would compromise optical matching of
the modules.

Figure 2.8: Azur Space has developed a dense array receiver target by
combining two types of custom-made solar cells in different combination for
the application with a parabolic dish (Lockenhoff et al., 2010)
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2.5.3

High-voltage CPV Cells

Silicon Vertical Multi-Junction (VMJ) solar cell is an alternative type
of CPV cell that is produced in a process of stacking multiple wafers, and then
going through orthogonal cutting (Sater and Sater, 2002). The number of
stacked wafers, which is same as the number of junctions connected in series,
will determine the final solar cell voltage (Figure 2.9). Unlike conventional
CPV cells, the VMJ solar cells that exhibit high cell voltage and low
corresponding cell current can operate without severe degradation due to
series resistance under high concentration. Recently, Segev and Kribus (2013)
have introduced high-voltage Silicon VMJ solar cells for parallel connection
in a CPV dense-array. These CPV cells can accept high solar concentration
with reported peak efficiency reaching close to 30%.

In a parallel connected array, voltage matching instead of series
matching is attempted to minimize non-uniform illumination mismatch losses.
Since voltage is less sensitive to solar concentration variations, the new VMJ
modules have greater tolerance to non-uniform illumination and tracking error.
As a comparison, dense-arrays that are designed with series-connected
conventional cells show high sensitivity to non-uniformity and thus require
longer homogenizer to reduce mismatch losses. On the other hand, dense-array
using VMJ cells may only need to use shorter homogenizers or possibly no
usage of homogenizer altogether while only experiencing a minor reduction in
efficiency. Furthermore, the use of bypass diodes in VMJ arrays is avoided
since there is very little current mismatch.
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Nonetheless, a dense-array with solar cells that are interconnected in
parallel rather than in series will have very high array current because
individual current from every CPV module is added up. The effect of high
array current to resistive losses should be examined in detail to ensure that the
overall conversion efficiency is not jeopardized. In addition to that, it should
be noted that although bypass diodes can be avoided in an all-parallel
connection, current bypassing may still be useful when there is malfunction of
a single vertical junction within a VMJ solar cell. It should also be noted that
Segev and Kribus (2013) highlighted that the fabrication process using very
densely placed narrow junctions of 40 µm width is quite challenging.

Figure 2.9: A schematic presenting the architecture of (a) a CPV module; (b) a
VMJ solar cell made from several vertical junctions that are connected in
series internally; (c) a vertical junction and its segment of length dx (Segev
and Kribus 2013)
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2.6

Bin-packing Interconnection Reconfiguration

Conventionally, bin-packing models are used in areas such as
computer network storage allocation, assigning commercial breaks on
television and packing boxes into shipping containers. The one-dimensional
bin-packing problem (BPP) is essentially finding packing solutions for objects
via minimum number of bins with pre-sized capacity with a given list of
objects and their separate sizes. According to Coffman et al. (1999) and
Applegate et al. (2003), BPP is an NP-hard problem which is tedious and
time-consuming to solve, and various heuristics can solve these classical binpacking problem (Appendix H).

Figure 2.10: A contour plot of concentrated solar flux distribution was
acquired with an optical scanner (Siaw and Chong, 2013)

Recently, Siaw and Chong (2013) have investigated Best Fit (BF) and
Best Fit Decreasing (BDF) heuristics for application in one-dimensional binpacking problem to solve current mismatch losses in solar concentrator
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systems. In the simulations, bin capacity is defined as 2A, also known as the
starting point, and the value is slowly increased until 20A. From the presented
results, the best solution having minimal mismatch losses is BFD 9.4A, which
is an array with five series-connected strings. In Figure 2.10 and Figure 2.11,
each series string is represented with a different colour and CPV cells that are
grouped within similar string have the same colour.

In the paper by Siaw and Chong (2013), by using measured flux profile
to derive current values of each CPV cell at the receiver target, the current
values are used as objects for packing. Using this method, current mismatch
can be almost eliminated from 1.03 A to as low as 0.07 A when the array is
operating at DNI of 604.19 W/m2. Using this improved method boosts output
power to 112.91 W, which is 26.83 W more than the conventional 22 × 2 TCT
array that only produced 86.08 W.

Although this approach enables automatic reconfiguration of new array
topologies, as compared to the conventional series-parallel (SP), bridge-link
(BL) and total-cross-tied (TCT), the proposed interconnection is very
complicated and not practical for implementation. Referring to Figure 2.11
and Figure 2.12, we can observe that it is very tedious to link any one of the
series string. For example, lime green solar cells which belong to the fifth
string are distributed among all four quarters of the CPV array, hence
complicating electrical circuit interconnection. Unless a new substrate or
technology is developed for this purpose, the dense array design is too
complex for practical implementation.
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Figure 2.11: This bar chart shows packing configuration of an array with five
series-connected strings at 0.07A current mismatch. (Siaw and Chong, 2013)

Figure 2.12: A diagram showing the complicated distribution of CPV cells
from different strings across a dense-array. Solar cells that are from the same
series string are presented with the same color for easy reference (Siaw and
Chong, 2013)
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CHAPTER 3

MATERIAL AND METHODS

3.1

Theoretical Development of NIPC

To achieve both good uniformity as well as reasonable high
concentration ration of solar irradiation on the target, an NIPC that is based on
non-imaging optics to concentrate sunlight is proposed. The idea of
concentrating solar irradiation in the planar concentrator is similar to that of a
non-imaging focusing heliostat, whereby uniform intensity on the target is
achieved by super positioning flat mirror images at one point. In this concept,
the incident rays are reflected by an array of identical flat mirrors to the target,
and that mirror size and shape are nearly the same as that of the target.

Referring to Figure 3.1, the NIPC is formed by arranging numerous
square flat mirrors to act as the optical aperture for collecting incident light
and focussing the incident sunlight at any focal distance along its optical axis
onto a target receiver. The difference of this design as compared to other
optical concept of solar concentrators such as parabolic reflectors is that the
geometry of an NIPC cannot be explicitly defined with any analytical surface
formula (Chong et al., 2009; Chong et. al., 2010). Therefore, numerical
simulation becomes necessary in the optical analysis of the NIPC. For optical
modeling of NIPC, the techniques employed to express the reflection of
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sunlight by the concentrator as well as to generate solar flux distribution on
the receiver target is by coordinate transformations and ray-tracing. In an
attempt to reduce computing time with negligible effect to the results, two
good assumptions are used. In the first assumption, to account for the
spreading of solar irradiation from solar disk effect upon reflection from
mirror surface, each sunray that is reflected from the concentrator is spread
into sub-rays, P, and each sub-ray carries 1/ P-th of energy from the incident
sun ray. These rays uniformly spread as a form of light cone that subtends to
the solar disk half angle of 4.65 mrad. The second assumption is that each
facet mirror consists of a finite number of smaller elements, called reflective
points. The assumptions are presented in Figure 3.1, to show the application of
concept in the optical modeling of the concentrator (Appendix D).

Figure 3.1: A non-imaging planar is formed using flat mirrors, whereby every
mirror comprises a finite number of reflective points, and each reflective point
is illuminated by a discrete number of sub-rays
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For geometrical representation, Cartesian coordinate system (x, y, z)
acts as the main coordinate system, and it is defined in the plane of the NIPC.
The origin of the coordinate system lies at the centre of the planar
concentrator. On the other hand, the sub-coordinate system (x’, y’, z’) is
defined at the local facet mirror. The x-axis of the planar concentrator is along
the central column of mirrors, the y-axis is along the central column of
mirrors, and the z-axis points towards the receiver (Chong et al., 2010).

Figure 3.2: The main coordinate system is (x, y, z), and is defined in the planer
of the NIPC with its origin at the center of the concentrator. On the other hand,
sub-coordinate system (x’, y’, z’) is defined at the local facet mirror
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The coordinates for the central point of an i, j-mirror are designated as
(HCx, HCy, 0)ij, and i as well as j denote the location of flat mirrors at the ith
row and j-th column of the concentrator, respectively. The coordinates of the
focal point of the NIPC is denoted by (0, 0, f). To reflect sunray towards the
receiver, the tilting angle of the i ,j-mirror about the axis that is in parallel with
the x-axis is represented by γ, and the tilting angle about the axis that is
perpendicular to the x-axis is represented by σ. These two tilting angles can be
expressed as follows:





+ H cy2 + f 2 

H Cy

γ = arctan 

2
 f + H Cx



H Cx
σ = arctan 
 2
2
2
2
2
2
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(
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 (3.2)
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The incident angle of the sunray is denoted by θ, and is relative to the i
,j- mirror, as presented in equation (3.3). For the initial coordinates of the
reflective point for facet mirror, they are arranged into the i-th row and j-th
column and designated as (Hx, Hy, Hz)ijkl. The subscripts k and l denotes the
reflective point’s position at the k-th row and l-th column in the facet mirror.
Referring to Figure 3.1, each mirror is tilted with its corresponding tilting
angles σ and γ to move the reflective point at new coordinates

(H

'
x

, H y; , H z'

)

ijkl

to superposition all of the mirror images to the target receiver.
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In order to ease mathematical representation of coordinate transformation, the
translation is prepared as a linear transformation by increasing the
dimensionality of the space (Chong et al., 2010). Therefore, the coordinates
(Hx, Hy, Hz)ijkl can also be represented as (Hx, Hy, Hz, 1)ijkl , and is treated as a
vector in matrix form in equation (3.4). The final position of the reflective
point is presented as a matrix form in equation (3.5).

 H2 + H2 
Cx
Cy

f





1
2

θ = arctan 

(3.3)

[H ]ijkl

H x 
H 
=  y
H z 
 
 1  ijkl

(3.4)
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H
=  y' 
H z 
 
 1  ijkl

(3.5)

i

ijkl

After transformation process, as detailed out in our previous
publication (Chong et al. 2010), it is possible to plot the resultant solar flux
distribution pattern on the receiver target. To attain smooth simulation results
of illumination distribution, a fairly high resolution is necessary in the optical
modeling of the reflective point, solar disk effect, as well as the receiver plane.
In our work, numerical simulation uses facet mirrors of the dimension W × W
and is subdivided into S × S reflective points. Similarly, the sub-rays within a
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light cone have a reasonable resolution of 65 rays per aperture diameter. In
addition to that, the receiver area 20 × 20 cm2 is represented by a matrix of
pixels with 201 rows and 21 columns. The solar concentration ratio C, also
known as number of suns, of each pixel is a measure of the level of solar
irradiation that that pixel receives compared with direct normal solar
irradiation, and it is calculated as follows:

NC

C=∑
n =1

Areflective

×

A pixel

cos θ
P

(3.6)

Where the Areflective is the area of reflective point (W/S)2 in cm2, while Apixel is
the area of receiver pixel = (20/201)2 cm/pixel in cm2, NC is the total counts of
sub-rays that hits on the resultant pixel on the receiver plane, P is the total subrays within a light cone, and θ is the incident angle of the principal solar ray
relative to the normal vector of the corresponding i ,j-th mirror (Appendix E).

3.2

CPV Array Parameters

Triple-junction solar cells can be represented by using the
comprehensive equivalent circuit model of three current sources connected in
series (Vorster et al.; 2002). However, not all of the required parameters can
be readily obtained via field data measurements or from a standard
manufacturer’s datasheet. For that reason, the two-diode model which is a
model that is capable of representing solar PV as well as CPV cells is selected
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for dense-array CPV study (refer to Figure 3.3). The temperature of 55° C that
was measured by a k-type thermocouple is used in circuit simulation for better
modeling accuracy.

Figure 3.3: A representation of triple-junction solar cell that is simplified from
three-current source in series model into a two-diode model. In this study, an
equivalent of the two-diode model, which is a solar cell block in
SimElectronics, Simulink is adopted as the basic block of our dense-array.

The solar cell block in SimElectronics, Simulink is represented by a
single solar cell as current source with two exponential diodes, a parallel
resistance ( R P ), and a series resistance ( R S ). Solar cell blocks are arranged
into subsystems in Simulink to form the required CPV dense-array. The output
current, I, can be represented by equation (3.7), where I ph is the solar-induced
current, I o1 is the saturation current of the first diode, I o 2 is the saturation
current of the second diode, V t is the thermal voltage, N 1 is the diode ideality
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factor of the first diode, N 2 is the diode ideality factor of the second diode, and

V is the voltage across the solar cell.

(

)

(

)

I = I ph − I o1 × e (V + IRS ) / ( N1Vt ) − 1 − I o 2 × e (V + IRS ) / ( N 2Vt ) − 1 − (V + IRS ) / RP (3.7)

In Simulink environment, we may choose between an eight-parameter
model where the preceding equation describes the output current, I as in
equation (3.7), or a five-parameter. Unlike the eight-parameter model, two
simplifying assumption are made, where the first assumption is that saturation
current of the second diode to have zero in value, and the second assumption
is that the parallel resistor to have infinite impedance value. Since the fiveparameter model is sufficiently good to perform a good analysis with
reasonable accuracy that is successfully verified in the field test that will be
presented in the later sections, it is chosen for the simulations of this study
(Appendix G).

The five-parameter model is adopted in solar cell blocks from
SimeElectronics, and hence the models of solar cells are parameterized in
terms of short-circuit current ( I SC ) and open-circuit voltage ( VOC ). Shortcircuit current and open-circuit voltages are both common parameters that are
easily available from manufacturers’ datasheet or measured from field
operations. In completing the modeling of the whole dense-array, each CPV
cell’s short-circuit current ( I SC ), open-circuit voltage ( VOC ), diode ideality
factor (N), series resistance ( R S ) and irradiance level are keyed-in to Simulink
program.
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3.2.1

Electrical Characteristics of CPV cells

To extract main electrical parameters of EMCORE high efficiency
Concentrating Triple Junction (CTJ) CPV cells datasheet, graph digitizing
method is used to extract data points from the I-V curves from 50× to 1182×
(Siaw and Chong, 2012). In our work, graph digitizing is done through a webbased WebPlotDigitizer v2.5 that is able to automatically follow and acquire
data points from a given high resolution image of I-V curve, in order to extract
digitized current, voltage and solar concentration information (refer to Figure
3.4). Before acquiring I-V curve data, the two axis limits are set. Then, data
points were selectively picked for checking to confirm its accuracy to
experimental observation during operation conditions. From there, data are
transferred into excel spreadsheets, to form correlation equations of I SC , VOC
and solar concentration ratio (C), at R2 value of 0.99 (Figure 3.5).

Figure 3.4: Current-voltage (I-V) curve of triple-junction InGaP/InGaAs/Ge
CPV cells from EMCORE 2008 datasheets, plotted at various solar
concentration levels and temperature 25 oC.
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From Figure 3.5, a linear relationship is observed for short-circuit
current short-circuit current with solar concentration ratio from 50× to 1182×,
whereas

open-circuit

voltage

increases

logarithmically

with

solar

concentration ratio. The other electrical parameters like series resistance ( R S ),
and diode ideality factor (N) are derived from calculation from measured I-V
curves (Appendix M).

Figure 3.5: From current-voltage measurement data, the relationship of shortcircuit current ( I SC ) and open-circuit voltage ( VOC ) versus solar concentration
ratio C from 50× to 1182× of EMCORE CTJ solar cells can be derived

In Figure 3.4, the graph of VOC versus C is presented in logarithmic
scale, and we can observe that VOC is gradually increasing as ln C rises. We
can express the curve with equation (3.8) to find the value of open-circuit
voltage of a CPV cell, at any solar concentration ratio.

1
VOC ≅ VOC
+ N (kT / q )ln C
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(3.8)

In equation (3.8), N is the effective diode ideality factor, T is the
1
is the open-circuit voltage when CPV
operating temperature in Kelvin, VOC

cell is operating under one sun, k is Boltzmann constant and q is the electron
charge. As the I-V curve data are extracted at the temperature of 25 oC,
equation (3.9) and (4.0) can be used to calculate current and voltage values
when CPV cells are operating at higher temperatures (Chong and Siaw, 2012).
For equation (3.9), I SC ,T is the operating short-circuit current, I SC − STC is shortcircuit current when operating at Standard Test Conditions (STC), K i is a
short-circuit current coefficient provided from the manufacturer datasheet in
A/oC, and finally ∆T = T − TSTC (oC). As for equation (3.10), VOC ,T is the
open-circuit voltage, VOC − STC is the open-circuit voltage when CPV cells are
operating at STC, and K v is the open-circuit voltage coefficient from the
manufacturer (V/ oC).

I SC ,T = I SC − STC + K i ∆T

(3.9)

VOC ,T = VOC − STC + K v ∆T

(3.10)

With regards to the parameter of diode ideality factor (N), it can be
derived from curve fitting method, using the plots of the CTJ solar cells at
medium to high concentration ratio in Figure 3.6 and equation (3.8). This
approach is in agreement with the work presented by King et al. (2010) and
Vossier et al. (2012), which pointed out that diode ideality factor of triplejunction CPV cells is close to N = 3. This can be derived from VOC versus
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solar concentration graphs for medium to high concentration ratios. Moreover,
Kinsey et al. (2008) have also highlighted that the diode ideality factor is not
affected by moderate temperature fluctuations. Hence, diode ideality factor of
N = 3.01 can still be applied in our modeling when CPV dense-array is
operating at the temperature of 55°C

Figure 3.6: This graph shows that VOC changes linearly with the logarithm of
solar concentration ratio (ln C)

3.2.2

Series Resistance

It is generally known that there are two approaches that can extract
series resistance ( R S ) from solar cells effectively. The first possibility of
estimating series resistance is from illuminated I-V data, and the second
possibility is by calculation from dark-condition I-V data. In the first case of
illuminated condition, electrons are being generated homogenously over the
entire solar cell and also being diffused rather homogenously over to its
emitters. Hence, in the illuminated state, there will be larger lateral electron
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flow in the emitter, which results to a more accurate value of series-resistance
when compared to the series resistance value that is obtained from dark
condition I-V data (Pysch et al., 2007). For better accuracy, the method of
series resistance estimation under illuminated condition is used, by analyzing
the slopes of I-V curves around the point of open-circuit voltage ( VOC ). In our
study, the series resistance calculation is conducted according to I-V curves at
varying solar concentration levels, as provided by the manufacturer’s
datasheet to better characterize the solar cells in our dense-array modeling.

Figure 3.7: This figure shows a comparison of I-V curves between different
series resistance at solar concentration 50× and 321× for InGaP/InGaAs/Ge
concentrator solar cells (EMCORE, 2008)

Referring to Figure 3.7, it is shown that an increase in series resistance
will lower the electrical performance of CPV cell. When series resistance R S =
0.1 Ω is applied to both 50× and 321× solar concentration ratio, the electrical
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performance of 321× is more badly affected as compared to the I-V curve of
50×. Besides that, an increase in series resistance would change the shape of IV curve around the “knee”, hence shifting the maximum power point. It can be
concluded that series resistance’s effect to I-V curve is dependent on solar
concentration ratio.

3.2.3

Bypass Diode

Bypass diodes are important for protecting CPV cells from going into
reverse-bias breakdown that may lead to permanent damage. If a solar cell is
shaded or receives lower solar irradiance, as compared to other solar cells in
the same array, the bypass diode that is connected in parallel to its
corresponding solar cell in the opposite polarity, will become forward bias.
This will allow array current to pass safely through the CPV cell-bypass diode
set. For an array that is exposed to non-uniform solar irradiance, bypass diode
becomes very vital in avoiding CPV cells that are receiving low irradiation to
become load to the rest of the CPV cells that are receiving high solar
irradiation. The addition of bypass diode creates an alternate route for the
array current to flow so as the underperforming CPV cell can be protected. As
current is flowing through a bypass diode, the diodes turns on and holds its
corresponding solar cell or group of solar cells to a small negative voltage.
This is desirable because it aids in limiting any further drop in the reverse bias
voltage of the dense-array (Karatepe et al., 2007).
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Figure 3.8: Figures of I-V and P-V curves aim to show the variation of
maximum power point, to highlight the importance of selecting bypass diode
parameters for accurate CPV dense-array modeling

In Figure 3.8, different I-V and P-V curves are presented for three
bypass diode parameters. As observed, simulated maximum output power of
the array can deviate from the real value if parameters of the bypass diode i.e.
forward voltage (Vd) as well as turn-on resistance (Rd) are not properly
predicted. In this study, I-V and P-V curves for an array of 12 × 4 CPV cells in
Total Cross Tied (TCT) configuration is presented in Figure 3.7, using three
sets of Vd and Rd values. In our dense-array, the bypass diode selected for
application is MBRB4030 Schottky diode from On Semiconductor, with
parameters having values of Vd = 0.3 V and Rd = 0.1 Ω at temperature 55 °C.
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3.3

Temperature Simulation and Measurements

To ensure that the operating temperature of CPV dense array is
operating within the allowable range, a copper block is prepared in the size of
0.146 m width × 0.180 m length × 0.200 m height and subsequently machined
with multiple water channels. The water channels are designed to facilitate
water circulation to maintain the solar cells’ temperature (refer to Figure 3.9).
Before machining of the water channels, temperature simulations are carried
out to verify our copper block design. In the simulation, concentrated solar
flux distribution is applied into an area of 0.1 m × 0.1 m located at the centre
region of the cooling block. Theoretical modelling is then conducted with
defined parameters such as solar heat flux input, water mass flow rate, and
water inlet temperature (Appendix F).

Figure 3.9: Designed cooling block assembly with water inlet and water outlet
locations at the opposite ends of the assembly. Dense-array is attached to the
cooling block surface using thermal adhesive
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After that, Computational Fluid Dynamic (CFD) program via NX6 is
used to perform flow and heat transfer analysis on the cooling block. For water
flow rate of 0.400 kg/s and water inlet temperature fixed at 30 oC, a simulated
temperature distribution on the cooling block can be generated (Siaw and
Chong, 2012). The temperature distribution results generated from CFD is
presented in Figure 3.10.

Figure 3.10: This screen shot is a CFD temperature distribution results on
CPV dense array at water flow rate of 0.400 kg/s and inlet temperature 30 oC.
It is observed that the maximum temperature on surface is 49.17 oC, at the
cooling block centre region

For a large CPV dense-array, each cell is located at different positions
on the cooling block, and therefore each solar cell is operating at a slightly
different localized temperature. In order to obtain the individual solar cell’s
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CFD simulated temperature, every CPV cell’s centre point coordinate is
determined and its corresponding temperature value is recorded. In addition to
that, the thermal resistance from cooling block to CPV cell is also important
and has to be considered. The total thermal resistance in this study consists of
materials like Arctic Silver thermal adhesive, copper layer in DBC substrate,
alumina layer in DBC substrate, solder, and CPV cell. A schematic drawing of
the entire material stack is showed in Figure 3.11.

Figure 3.11: This figure shows the cross-sectional drawing of materials stack
for the calculation of CPV cell temperature: solar cell’s surface temperature
can be derived from the measured temperature using k-type thermocouple
which is located at 2.0 mm from the front surface of cooling block

To derive solar cell temperature ( TCPV ), a calculation is performed by
getting the measured temperature from k-type thermocouple that is located 2.0
mm from the cooling block’s upper surface. The thermal conductivity of all
the materials is listed in Table 3.4. From the table, the total thermal resistance
of the stack from CPV cell to the measurement point is 4.22 × 10-5 Km2W-1.
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Table 3.1: All of the materials’ thickness, thermal conductivity and thermal
resistance values used for CPV cell temperature calculation are listed below

Material

Material

Thermal

Thermal

Thickness, l

conductivity, kc

resistance, Rth

(mm)

(Wm-1K-1)

(Km2W-1)

CPV Cell

0.20

55

3.64 × 10-6

Solder

0.15

50

3.00 × 10-6

DBC, top copper layer

0.30

400

7.50 × 10-7

DBC, alumina layer

0.38

24

1.58 × 10-5

DBC, bottom copper layer

0.30

400

7.50 × 10-7

Thermal adhesive

0.10

7.5

1.33 × 10-5

Copper layer from

2.00

400

5.00 × 10-6

thermocouple location to
cooling block surface
4.22 × 10-5

Rtot

To calculate CPV cell temperature, the following equations are applied
(Peharz et al., 2011). In equation (3.15) and equation (3.16), PCPV ,in represents
the solar power input received by CPV assembly, η CPV is the electrical
conversion efficiency of the dense-array assembly, Ar represents the total
mirror area which reflects solar flux to the target of NIPC, ACPV is the total
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active area of dense-array assembly, Aimage is the total image area of
concentrated sunlight on the cooling block, TCB is the temperature of cooling
block, and Rtot is the total thermal resistance from cooling block to CPV cell.

PCPV ,in = η CPV × DNI × Ar × (ACPV / Aimage )
TCPV = PCPV ,in × Rtot × (1 / ACPV ) × (1 − η CPV ) + TCB

(3.15)
(3.16)

The total thermal resistance from cooling block to CPV cell ( Rtot )
consists of the these materials: copper (cooling block), Arctic Silver thermal
adhesive, bottom copper layer of DBC substrate, alumina layer of DBC
substrate, top copper layer of DBC substrate, solder, and CPV cell that can be
computed with equation (3.17).

Rtot = RCPV + Rsolder + RDBC-copper + RDBC-alumina + RDBC-copper + Rarctic silver + Rcopper
(3.17)
on condition that,

RCPV = l CPV /k CPV

(3.18)

Rsolder = lsolder/ksolder

(3.19)

R DBC-copper = l DBC-copper/kDBC-copper

(3.20)

R DBC-alumina = lDBC-alumina/kDBC-alumina

(3.21)

Rarctic silver = larctic silver/karctic silver

(3.22)

Rcopper = lcopper/kcopper

(3.23)
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whereby lCPV, lsolder, lDBC-copper, lDBC-alumina, larctic

silver,

and lcopper are the

thicknesses of the individual materials at 0.2 mm, 0.15 mm, 0.3 mm, 0.38 mm,
0.1 mm and 2.0 mm respectively; kCPV, ksolder, k
silver,

DBC-copper,

k

DBC-alumina,

karctic

and kcopper are referred as the thermal conductivity of the individual

materials with the values of 55 Wm–1K–1, 50 Wm–1K–1, 400 Wm–1K–1, 24
Wm–1K–1, 7.5 Wm–1K–1, 400 Wm–1K–1 respectively, as presented by Luque
and Andreev (2007). By substituting all the values into equation (3.16), it is
possible to calculate the temperature at the surface of CPV dense-array. This
temperature value is applied into our FPM modeling as well as detailed Matlab
modeling to achieve more precise simulation results.

3.4

Dense-array Modeling

There are several stages of dense-array modeling, and the first stage is
a simple combination of CPV cell and bypass diode. In our modeling of densearray, this combination set is the lowest layer of sub-system (Figure 3.12). In
the second stage, full connection of forty-eight sub-systems is simulated,
where each one is labelled from C1 until C48. The array of subsystems are
connected together according to interconnection design to form a circuit that
represents a CPV dense-array (refer to Figure 3.13).
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Figure 3.12: The first stage modeling is also the lowest layer of sub-system
modeling, and it consists of a CPV cell and bypass diode each. As an example,
an array consisting 24 × 4 cells would have twenty eight sub-systems

In the last stage of dense-array modeling is presented in Figure 3.14,
where the manner of computing I-V and P-V data is summarized in block
diagrams. All lower stages of array modeling, i.e. first stage and second stage,
are masked as a representative sub-system of ‘CPV array’ block. Now that the
three stages are completed, our model is ready for computer simulation with a
designated simulation time that typically affects I-V curve resolution.
Generated results, such as array current, voltage and output power are stored
in a workspace in Matlab which can be later exported to excel for more
thorough analysis. Figure 3.15 depicts a flow chart to explain on the step-bystep procedure of modeling and simulation approach in Simulink. Upon
completion of simulation, the severity of each simulation’s mismatch
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conditions and the degradation to output power is investigated via I-V
characteristics evaluation.

Figure 3.13: In the second stage of dense-array modeling, 12 × 4 Simulink
sub-systems blocks are connected according to the desired interconnection
design to form a complete array
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Figure 3.14: In the final stage of Simulink implementation, all lower stages of
array modeling, i.e. first stage and second stage, are masked as a
representative sub-system of ‘CPV array’

Figure 3.15: A flow chart that explains the flow of dense-array modeling and
simulation approach using Simulink, Matlab
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3.4.1

Optimizing Dense-array Performance

The process of optimizing a CPV dense-array design is fairly complex
and requires a strategic approach in order not to rely on the conventional trialand-error practice. Usually, a dense-array design is rather dependent on a
designer’s experience to come up with the initial design. After the first design
estimation, comprehensive and detailed design must be carried out to examine
preliminary results. According to Arora (2004), if the preliminary results are
unsatisfactory, the first design is rejected and further trial designs are started
from the initial design stage again. Finally, all the trial designs are analyzed to
find the best design with the highest output power. The best design is later
checked and verified through experimental results. The conventional approach
is exhaustive and time-consuming in finding a good dense-array design that
suits a solar concentrator system.

In this study, a novel fast-prediction method (FPM) that is both
systematic and reasonably accurate is proposed to replace the conventional
method of trial-and-error that typically depends on system designer’s
familiarity, intuition, and mathematical analysis capability. In Figure 3.16, a
flow chart demonstrates the complete design process from start until a
satisfactory and optimized CPV dense-array design is achieved. In addition to
that, four stages of the newly proposed FPM approach for optimizing densearray interconnection design to achieve the best performance are presented in
Figure 3.17.
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Figure 3.16: This flowchart shows a systematic and complete fast prediction
method (FPM) as a novel approach to replace the conventional method in CPV
dense-array design

Figure 3.17: A detailed stage-by-stage description that explains the
methodology of the proposed four stages of novel FPM
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3.5

Prototype of Non-imaging Planar Concentrator

As presented in Figure 3.20, a dense-array design begins with solar
flux distribution measurement of a solar concentrator to understand its optical
characteristics. For this study, an NIPC prototype that was constructed within
the compounds of Universiti Tunku Abdul Rahman (UTAR) at 3.22° North,
101.73° East is selected (Chong and Tan, 2012). This concentrator utilizes
azimuth-elevation sun-tracking method, and its orientation is driven by some
stepper motors connected to worm gear reducer to keep and maintain the
position of the concentrator throughout the day (Chong et al., 2009; Chong
and Wong, 2011).

Aluminium is selected as the material of structural frame to ensure that
the whole solar concentrator is light which can later allow low power stepper
motors to be used for installation on the NIPC prototype. A Windows-based
program that is implemented in Microsoft Visual Basic.net environment was
developed for sun-tracking purposes (Appendix A). This computer program
can automatically control sun-tracking mechanism according to the day
number, local time, time zone, and coordinate of the site installation (latitude
and longitude). By applying the aforementioned parameters, the computer
program is able to calculate both azimuth and elevation angles of the sun and
hence can trigger stepper motors to drive the NIPC concentrator frame to the
correct orientation (Chong and Wong, 2011). Since the apparent sun position
varies with time throughout the day, a computer continuously sends signals
through parallel port to a driver to manoeuvre the orientation of solar
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concentrator frame about the azimuth and elevation axes to maintain accurate
tracking position (Appendix B and C).

The concentrator frame is installed with 192 mirror sets that are prealigned individually to focus sunlight to the receiver target for producing
reasonably high solar concentration levels. Referring to Figure 3.18, three
outer rings of mirror and some mirror sets at the centre region of the NIPC
were taken out from this study due to serious blocking issues between mirrors
and shading caused by the receiver target setup. Last but not least, a copper
cooling block is installed at the target receiver for the purpose of optical
alignment as well as solar flux distribution investigation.

Figure 3.18: A prototype of non-imaging planar concentrator that was installed
within the Setapak campus of University Tunku Abdul Rahman (UTAR)
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3.6

Measurement of Solar Flux Distribution

It is necessary to carry out solar flux distribution measurement at the
concentrator receiver target, after the completion of optical alignment of
mirror sets at any solar concentrator. Hence, a specially designed optical
scanner is installed on the concentrator receiver target for retrieving 2-D solar
flux distribution by scanning along the column direction during operation. The
optical scanner consists of a row of triple-junction cells (InGaP/InGaAs/Ge)
that is 1.0 cm × 1.0 cm in dimension each, which is of similar size with the
CPV cells of the dense-array.

Figure 3.19: Schematic diagram to show the configuration of the optical
scanner together with its circuit diagram
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Full device setup information of the optical scanner have been
discussed by previous publications in Chong et al. (2011) as well as Chong
and Yew (2011), with the exception that the sensors used earlier were
photodiodes with lower limit of irradiance level that is not suitable for
applications in solar concentrators (refer to Figure 3.19). During sun-tracking,
measurements of solar flux-distribution were acquired as the image is well
focused at the target receiver, as well as during off-tracking condition of as
much as 2.94 mrad which is 5.0 mm for this system. The high speed scanning
device operates at about 5 seconds across the target receiver, to acquire
concentrated solar flux distribution with a full coverage area of 95 cm × 98
cm. The measurements data are then exported into excel to be correlated to
absolute solar irradiation levels (Figure 3.20).

(a) Array arrangement A, with solar flux distribution A
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(b) Array arrangement B, with solar flux distribution B

Figure 3.20: The solar concentration ratio at each CPV cell location can be
determined by referring to measured solar flux distribution information that
was measured at the receiver target. Two types of flux distributions are
considered for this study, namely (a) Array arrangement A, with solar flux
distribution A, and (b) Array arrangement B, with solar flux distribution B

In Figure 3.20 (a), the corner cells are subjected to very low solar
concentration ratio mainly due to solar disc effect. As array current will follow
the lowest performing CPV cell’s current in a series-connected assembly, the
cells at the corner contribute to greater current mismatch that causes power
losses. Therefore, by omitting the corner cells, better overall dense-array
performance may be achieved due to current mismatch reduction. To analyze
and compare the performance of dense-array with full array of CPV cells and
without corner CPV cells, two different CPV array layout are considered in,
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namely (a) Array arrangement A, with solar flux distribution A, and (b) Array
arrangement B, with solar flux distribution B (Figure 3.20).

3.7

Development of FPM

Once solar flux distribution measurement is completed, we continue to
the second process which is estimating initial dense array design. In this
process, a novel approach is introduced to formulate initial design through the
implementation of three point method (TPM) I-V curve (Appendix I). The
TPM approach is simplistic, fast, and useful for the application in any solar
concentrator system. Fundamentally, the TPM I-V curve aims to predict and
approximate the nonlinear I-V curve of a CPV cell by means of three critical
points (refer to Figure 3.21). For stage 1 of the newly proposed TPM
prediction process, I-V curve of every solar cell is represented by three points
which are (0, Isc), (Vmp, Isc) and (Voc, 0). These three points consists of
parameters of the short-circuit current, open-circuit voltage, and the voltage at
maximum power point. Referring to Figure 3.21, the difference in current ∆I is
very small because the current of maximum power point (Imp) is very close
(97% to 98%) to short-circuit current (Isc). Therefore, we approximate the
maximum power point at (Vmp, Isc) in preference to (Vmp, Imp). The motivation
of this approach is to produce a fairly precise approximation model with
reduced electrical parameters to reduce computing time. For large dense-array
that has x rows and y columns of solar cells, the location of each CPV cell is
denoted by Sx, y in a TCT connection, as presented in Figure 3.22. For accurate
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prediction of dense-array I-V curve, solar concentration ratio (C), of all CPV
cells in the array are prerequisite to retrieve corresponding parameters like Isc,
Voc, and Vmp. The retrieved parameters are saved in three different matrix files
in Matlab for sorting.

.
Figure 3.21: This graph demonstrates the basic principle of a TPM prediction
model (black line) that aims to represent a nonlinear I-V curve (red line) with
three critical points, namely (0, Isc), (Vmp, Isc) and (Voc, 0)
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Figure 3.22: A general CPV dense-array layout in an assembly of x rows and y
columns of solar cells

3.7.1

Determining All Configurations

In FPM modeling, all solar cells that are within a basic module are
considered to be parallel-connected; while the connection between basic
modules to basic modules is considered to be series-connected. To determine
all possibilities of dense-array configurations, the process is initiated through
checking the quantity of solar cells that are present at the corresponding row.
The number of cells that are in a basic module (p) can be determined using the
equation below (Appendix J):

p = Ncell /d
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(3.11)

In equation (3.11), d represents the number of basic modules in each
row (using integer number: 1, 2, 3, etc.), while Ncell represents the total
quantity of solar cells per row. In our analysis, only integer whole numbers of
cells are accepted to be used in a basic module. The smallest allowable value
of p is 1 in a basic module with only one CPV cell. The condition of p = 1 is
the smallest basic module size.

Referring to Figure 3.20 (a), the array consists of six equal rows with
eight solar cells per row. By applying equation (3.11), every possible basic
module size for different array configurations can be computed. In Table 3.2,
all values of p are listed to illustrate the different possibilities of basic
modules. From the subsequent table, it can be observed that the solar cells in
region B1 can be connected in four different parallel configurations of basic
module which are, six solar cells in parallel (pB1 = 6), three solar cells in
parallel (pB1 = 3), two solar cells in parallel (pB1 = 2) and just one solar cell in a
basic module (pB1 = 1). On the other hand, array arrangement A has equal
number of cells in all six rows throughout the array and hence, the values of p
are the same.

As flux distribution A shows equal quantity of solar cells in each row,
series connection for this distribution is straightforward which are 48 × 1 cells
(p = 1), 24 × 2 cells (p = 2), 12 × 4 cells (p = 4), and 6 × 8 cells (p = 8). With
these configurations, we can proceed to I-V curve prediction. Nevertheless,
flux distribution B consists of region B1 and region B2 with different number
of cells in both regions (Figure 3.20 (b)). Therefore, we recommend breaking
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the array of flux distribution B into two groups for further processing. In the
first group in region 1, which is the top and bottom row, there are six solar
cells per row. In the second group, which consists of rows that are located at
the center of the array, each row consists of eight cells. By applying the nodes
method (presented in Figure 3.23), it is found that there are as much as sixteen
possibilities of configurations for the array in flux distribution B.

Table 3.2: The quantities of solar cells in a basic module (p) for two regions in
flux distribution B are listed down in this table

Integer (d)

pB1 = Ncell / d

pB2 = Ncell / d

(In region B1, Ncell = 6)

(In region B2, Ncell = 8)

1

6

9

2

3

4

3

2

-

4

-

2

5

-

-

6

1

1

7

-

-

8

-

1
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Figure 3.23: By applying the nodes method to the array of flux distribution B,
as much as sixteen possible configurations are found

3.7.2

Predicting I-V Characteristics

In this section, the flow of dense-array I-V curve prediction will be
explained. As presented in the flow chart of Figure 3.24, the process starts
with initialization of counting parameters that will be used for the entire
algorithm. Based on the computed p, new parameter values like short-circuit
current Isc-module), module open-circuit voltage (Voc-module) and module voltage
at maximum power point (Vmp-module) can be calculated in the sequence of row-
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by-row until the whole array is covered (Figure 3.23). The equations that are
used to calculate the module parameters are presented in the flowchart below,
whereby (x, y) represents the position of CPV cell at the x-th row and y-th
column (see Figure 3.21), Nrow represents the total number of rows and Ncolumn
represents the total number of columns in the array.

Figure 3.24: This flowchart depicts a method of grouping short-circuit current
(Isc,), open-circuit voltage (Voc), and voltage at maximum power point (Vmp)
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In the next process, sorting will be conducted for the modules
parameters like Isc-module and Voc-module of the whole dense-array, based on
decreasing order of Isc-module. Upon sorting, the module with the highest value
of Isc-module is reassigned to Isc-module,n. At the same time module open-circuit
voltage and module voltage at maximum power point are reassigned to Vocmodule,n

and Vmp-module,n respectively. In the new designation, n symbolizes the

total quantity of basic modules in the array. In addition to that, it is also
assumed that each basic module is well protected with a bypass diode that is
connected in parallel to the said module in the opposite polarity. By having
this configuration, if a basic module is experiencing lower solar flux
distribution, a bypass diode will become forward biased to allow array current
to safely pass through the circuit. As the array current flows through the
bypass diode, it will turn on while holding its corresponding solar cell or
group of solar cells to a small negative voltage that will prevent further reverse
bias in the array voltage. In equation (3.12), the method of calculating bypass
diode forward voltage (Vd,n) is shown.

Vd,n = (n - 1) × Vd

(3.12)

In the equation above, n also denotes the total number of seriesconnected basic module in a CPV array. It should be noted that Isc-module,1 is the
lowest in the series string in the case when n = 1 and Vd,1 = 0. Last but not
least, the array open-circuit voltage as well as the array short-circuit current
are calculated. In the short-circuit condition, array current has the highest
current value when array voltage is zero (0, Isc-array); while in the open-circuit
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condition, array current has the lowest current value of zero when array
voltage is (Voc-array, 0), as displayed in equation (3.13).

n

Voc-array = Σ Voc-module,i
i =1

(3.13)

Figure 3.25: An example of I-V curve prediction of two series-connected
strings in an array (n = 2), with the critical points (in black dots) of the new
approximation methodology (black line)

In the figure above, an example of I-V curve of a full CPV array with
two modules is presented (refer to Figure 3.25). To get the maximum power,
the resultant output power at each critical point in the array is calculated
simply by multiplying the voltage to its current value. Nevertheless, it is
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observed that location of maximum power point (Pmp) of a well-designed
dense-array with negligible current mismatch typically appears around the
‘knee’ point (V1, I1). To illustrate a bigger dense-array that has more seriesconnected modules, another I-V prediction curve showing critical points is
depicted in Figure 3.26. In a very large dense-array with even more seriesconnected modules, some critical points may lie in the negative voltage
region. In these cases, y-axis will be readjusted while Isc-array is reviewed to the
array current value that crosses the y-axis instead of using highest current
value (see Figure 3.27).

Figure 3.26: This I-V prediction curve of a string of modules shows several
critical points of n series-connected basic modules in a dense-array

71

In the fourth stage of FPM (see Figure 3.17) the best configuration that
produces the highest performance is determined. Here, detailed analysis is
conducted to discover the best dense-array design option. One important
evaluation criterion when deciding the dense-array initial design is power
density (equation 3.14).

Power density = Pmp / [total cells in dense-array]

(3.14)

Figure 3.27: In the event that some critical points appear in the negative
voltage region, realignment of y-axis is performed, and at the same time Iscarray

is revised to the current value that crosses the axis
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3.8

Assembly Process of Dense-Array

The assembly process of dense-array that includes fitting CTJ solar
cells into basic modules, and then completing the whole set of array by putting
together all basic modules is a very critical and delicate process that needs
careful planning. The interconnect design not only have to take into
consideration of CPV cell dimensions, machinery tolerances and limitations
also has to be taken into account while not jeopardizing overall electrical
performance. As CPV cells are much thinner in thickness than flat-plat
photovoltaic (PV) cells, they are very delicate and hence require low-impact
handling and stringent heat dissipation requirements.

Before starting the assembly process, solar cell testing and
classification must be considered so that sorting and grouping of good cells
from

not-up-to-par

CPV

cells

can

be

conducted.

Essentially,

an

underperforming solar cell within a series connected array will limit the output
current and bring down the power generation capability of the whole array.
Nevertheless, this limitation can be curbed by preselecting good solar cells
with similar electrical characteristics so that module mismatch is minimized.
In our study, bare CPV cells were sorted based on I-V curves monitoring when
exposed under illumination as well as under dark condition using the
established Keithley 4200-SCS semiconductor characterization system.
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Next, pre-selected CPV cells are attached onto small DBC substrates to
form individual module through solder reflow process. The solder reflow
process that is chosen for dense-array offers low-void-content bonding in
addition to excellent thermal conductivity between the solar cells and the
substrates. This project uses Curamik DBC substrates that consist of a ceramic
isolator (material Al2O3) that is sandwiched in the middle of two copper
sheets. The mentioned DBC substrates are suitable for high concentration
CPV application due to many factors such as its high thermal conductivity at
24 Wm–1K–1, high voltage isolation, and adjusted coefficient of thermal
expansion. To prevent CPV modules from suffering hot-spot issues, X-ray
scanning is scheduled and conducted on every CPV module. The modules
with minimal voids are chosen for further assembly work to group them into a
large dense-array (Figure 3.28)

Then, Arctic Silver thermal adhesive is selected and applied thinly
with thickness 0.1 mm, to attach a basic module (that consists of two solar
cells in parallel) onto a copper cooling block. To cure the thermal adhesive, a
small pressure is pressed onto the basic module for approximately 5 minutes.
This method is preferred as compared to heat curing because of its simplicity
and ease of rework if there is a need to do module rearrangement or
replacement of non-performing modules. Upon completion of the thermal
adhesive process, ribbon-bonding process begins. On the front-side of the
triple-junction solar cell, bus bar contact is connected using 1 mil × 10 mil
aluminium ribbons to the next basic module’s DBC copper layer. The
mentioned DBC copper layer is electrically isolated to the preceding module
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to form a series connection. Last but not least, bypass diodes and electrical
cables are affixed to the assemble using electrically conductive epoxy that
cures under room temperature.

Figure 3.28: The assembly processes of fabricating a CPV dense-array
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CHAPTER 4

RESULTS AND DISCUSSION

4.1

Theoretical and Experimental Results

The theoretical and experimental results can be divided into four parts
which is the optical analysis, temperature analysis, analysis of CPV densearray using the FPM simulation method as well as using comprehensive
Simulink simulations. With the outcome from theoretical study, the most
optimal dense-array design is selected for implementation in NIPC
concentrator system.

4.2

Optical Analysis

To evaluate the planar concentrator’s performance, two major
considerations that require detailed study are solar concentration ratio and the
uniformity of solar flux distribution on the concentrator’s receiver target. In
this study, solar flux distribution at the receiver of the NIPC is simulated via
varying the f /D ratio, whereby f is defined as the focal distance and D is
defined as the reflector width of the solar concentrator. Simulation results
presented in this research are based on f /D ratio because this approach enables
generalization of the results to any concentrator size for ease of reference.
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In the following sections, optical analysis of planar concentrator has
comprising cases such as 17×17, 19×19, 21×21, 23×23, and 25×25 arrays of
mirrors are presented in Table 4.1. In the aforementioned table, the facet
mirror’s dimension as well as the total reflective points per facet mirror are
selected based on the total reflective area of the solar concentrator and the area
of reflective element (point) remained almost identical for the different cases.
With the exception of the mirror that is located at the center of the solar
concentrator, the total number of mirrors for the cases 17×17, 19×19, 21×21,
23×23, and 25×25 arrays of mirrors are 288, 360, 440, 528, and 624 pieces
respectively, while total reflective area is fixed at approximately 4.4 m2.

Table 4.1: Optical simulation of the planar concentrator is considered for the
cases of 17×17, 19×19, 21×21, 23×23, and 25×25 arrays of mirrors

Array of

Dimension of facet

Total reflective points

mirrors

mirror (W × W), in cm2

per facet mirror (S × S)

17 × 17

12.0 × 12.3

79 × 79

19 × 19

11.0 × 11.0

71 × 71

21 × 21

10.0 ×10.0

65 × 65

23 × 23

9.1 × 9.1

59 ×59

25 × 25

8.4 × 8.4

55 × 55
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Figure 4.1: Simulation results are presented for the case of 21 × 21 mirror
array with focal distance at 170 cm, displayed in two means, namely in (a) 3-D
plot of solar flux distribution, and (b) 2-D plot of solar flux distribution

From the solar flux distribution results plotted in Figures 4.1(a) and
4.1(b), 3-D and 2-D plots can be observed for the case of 21×21 mirror array
with focal distance at 170 cm. In our study, the same methodology has been
repeated for each case, i.e. 17×17, 19×19, 21×21, 23×23, and 25×25 arrays of
mirrors, in order to compile simulated flux distribution results for different
focal lengths (f) which is from the range of f = 100 cm to f = 300 cm which
corresponds to a change in f / D ratio from 0.4545 to 0.3636 with a small step
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of increment each time. For referencing purpose, every 10 cm increment is
equivalent to an increment of 0.04545. It was observed that all of the results in
each case showed similar characteristics as can be observed from Figure 4.1,
whereby the figure’s top area at the central region of the flux distribution is
consistently flat. In our research the central region where solar concentration
ratio is found to be rather constant is referred to as uniform illumination area
(Chong et al., 2010).

Figure 4.2: The relationship between average solar concentration ratio in the
region of uniform illumination area and the percentage of total energy in the
uniform area against f /D ratio is presented for the case of 21 × 21 array of
facet mirrors

As observed from Figure 4.2, increasing focal distance can increase the
average solar concentration ratio in the uniform illumination area of the solar
flux distribution, but the percentage of energy in uniform area will often be
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sacrificed. For that reason, a trade-off between the average solar concentration
ratio within the uniform illumination area and the total energy harnessed in the
uniform illumination area has to be pursued, so as to obtain the best
concentrator performance.

For more detailed investigation, receiver size is fixed and two
parameters of the solar flux distribution are simulated, namely spillage loss
and lowest solar concentration ratio at the receiver edge. This is an important
part of our study, especially for optimizing the receiver size via considerations
of both spillage loss and the variation of solar flux distribution. Spillage loss is
simply defined as the percentage of solar irradiation that falls beyond the
boundary of the receiver target. The lowest solar concentration ratio at the
receiver edge is consistently equivalent to the lowest solar concentration ratio
within the receiver boundary. Hence, the variation of solar flux distribution is
the difference between the maximum and the minimum level of solar
concentration ratio that falls within the receiver target boundary, which can be
calculated in percentage.

The spillage loss (black solid line), and its corresponding lowest solar
concentration ratio at the receiver edge (black dotted line) versus square
receiver size is plotted from the size of 6 cm to 13 cm and the results for cases
of 17×17, 19×19, 21×21, 23×23, and 25×25 arrays of facet mirrors are
presented in Figure 4.3. The focal distances that have been considered are 120
cm, 170 cm, and 230 cm. From analysis it was observed from plotted graphs
that the spillage loss curves for the three different focal distances do not differ
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much from each other (Chong et al., 2010). This is especially true for the
curves of focal distances 120 cm and 170 cm, as the results are very similar
with minimal deviation.

The largest receiver size that is able to reasonably collect uniform solar
flux distribution with less than 5% of deviation in flux distribution, with its
corresponding spillage loss for different arrays of facet mirrors and focal
distances 120 cm, 170 cm and 230 cm are as follows: For the case of mirror
array configuration in 17×17, the optimised receiver sizes (spillage losses) are
11.25 cm (30.1%), 11.00 cm (27.9%), and 10.50 cm (33.1%). Next, for the
case of mirror array configuration in 19×19 arrangement, the optimised
receiver sizes (spillage losses) are 10.00 cm (30.4%), 9.75 cm (31.40%), and
9.25 cm (34.70%) for the focal distance of 120 cm, 170 cm and 230 cm,
respectively. As for the case of 21×21 mirror array configuration, the
optimised receiver sizes (spillage losses) are 9.00 cm (32.0%), 8.75 cm
(33.5%) as well as 8.25 cm (37.2%) for the focal distance of 120 cm, 170 cm
and 230 cm, respectively (Figure 4.3). In the case of mirror array
configuration in 23×23, the optimised receiver sizes (spillage losses) are 8.00
cm (35.2%), 7.75 cm (37.3%), and 7.25 cm (41.6%) for the focal distances of
120 cm, 170 cm, and 230 cm respectively. Last but not least, in the case of
mirror configuration of 25×25, the optimised receiver sizes (spillage losses)
are 7.25 cm (38.4%), 7.00 cm (37.7%) and 6.75 cm (42.4%) for the focal
distance of 120 cm, 170 cm and 230 cm, respectively.
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Figure 4.3: Line graphs for (a) 17×17 array of facet mirrors, (b) 19×19 array
of facet mirrors, (c) 21×21 array of facet mirrors, (d) 23×23 array of facet
mirrors and (e) 25×25 array of facet mirrors to represent the relationship
between spillage loss (black solid line) and the corresponding lowest solar
concentration ratio value detected at the receiver edge (black dotted line),
versus square receiver size for focal distances namely at 120 cm, 170 cm and
230 cm
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The analysis mentioned above can also help in the optimization of
receiver size and total energy collected, provided that higher tolerance of
uniformity in the solar flux distribution is permitted. From our analysis, the
average uniform solar radiation of the three focal distances for 17×17 array of
facet mirrors is approximately 275 suns; the uniform solar concentration for
19×19 array of facet mirrors is approximately 325 suns; the uniform solar
concentration for 21×21 array of facet mirrors is approximately 400 suns; the
uniform solar concentration for 23×23 array of facet mirrors is approximately
475 suns; and the uniform solar concentration for 25×25 array of facet mirrors
is approximately 550 suns.

One key parameter that influenced the selection of array of facet
mirrors is the characteristics of the CPV cell. As presented in Figure 2.1, it is
possible to observe the relationship between efficiency and solar concentration
for EMCORE triple-junction CTJ cell. From the Figure, efficiency of the CPV
cell increases from 1 sun and slowly peaks from 350 suns – 500 suns, until it
finally reaches the highest efficiency of 38% at 500 suns. After that point, the
efficiency of the mentioned CPV cell drops considerably. Considering this
factor, the array of facet mirrors that are able to operate within the reasonably
high efficiency range are 21×21 array and 23×23 array. Nevertheless, if we
consider the factor of spillage loss and to limit it to be within 35%, the optimal
receiver size (spillage losses) would be in the case of 21×21 array the 9 cm
(32.0%), and 8.75 cm (33.5%) for the focal distance of 120 cm and 170 cm
respectively. The final selection of receiver size would typically be influenced
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by CPV array design. In the case of 23×23 array, the spillage losses for the
different focal distances are all above 35% and hence not further considered.

Furthermore if we analyse from Figure 4.3 (c) which presented the
case of 21×21 array with a focal distance of 170 cm, it can be observed that
8.75 cm is the largest receiver size to contain a reasonably uniform solar
irradiation with 2.5% of variation in flux distribution (solar concentration ratio
changes from 383 suns to 393 suns) and spillage loss of 33.5%. In the case
when the size of receiver is increased to 9.5 cm, the lowest solar concentration
ratio will be lower at 289 suns while spillage loss is reduced to 21.6%. This
demonstrates that even though the variation of flux distribution has increased
to 26.5% (solar concentration ratio changes from 289 suns to 393 suns), the
collectable energy is enhanced to 78.4%. As a comparison, if the size of
receiver is further increased to 10.25cm, variation in solar flux distribution
will be greater at 59.3% and solar concentration ratio at the receiver edge at
160 suns. Nevertheless, the spillage loss is further minimized to become
11.7%. Hence, tolerance in the variation of flux distribution also influences
spillage loss of the concentrator system.
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Figure 4.4: A figure showing the relationship between solar concentration
ratio and the different distance of off-axis angles i.e. 0 deg, 0.2 deg, 0.6 deg,
and 1.0 deg for f = 170 cm in the 21 × 21 mirror array configuration

4.2.1

Off-axis Aberration Effects

In this section, off-axis aberration effects to the solar flux distribution
due to sun-tracking error is analysed by changing the simulation off-axis
angles β from the range of 0 deg - 1 deg (Figure 4.4). The relationship
between the variation of solar flux distribution from the centre of receiver and
focal distances at 100 cm to 300 cm is presented for β = 0.6 deg as well as β =
1.0 deg (Figure 4.5). The graph in Figure 4.5 indicates that the variation from
the centre of target receiver is rather linearly proportional to the focal distance,
while the slope is reliant on the off-axis angle.
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Figure 4.5: A graph showing deviation from the centre of receiver against
focal distance for the off-axis angles of 0.6 deg as well as 1.0 deg

The three characteristics of solar flux distribution due to sun-tracking
error are reviewed, in terms of spillage loss, non-uniformity, and total
acceptance angle, to ensure that the level of damage inflicted by sun-tracking
error is within acceptable levels. Referring to Figure 4.6, the changes in
spillage loss according to receiver size with off-axis angles at 0.0 deg, 0.2 deg,
0.4 deg, 0.6 deg, 0.8 deg, and 1.0 deg is presented. Taking 9.5 cm as the
receiver size, spillage loss has increased substantially from 21.6% when β =
0.0 deg to 23.5% when β = 0.2 deg, to 28.2% when β = 0.4 deg, to 34.1% β =
0.6 deg, to 40.0% when β = 0.8 deg, and lastly to as much as 45.9% when β =
1.0 deg (Chong et al., 2010). From the upwards trend in spillage loss that is
listed above, sun-tracking accuracy is a very critical parameter to manage so
that the resultant spillage loss is within a minimal range, to enable good
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performance of a solar concentrator as the system tracks the sun position
throughout the day.

Figure 4.6: A graph to present spillage loss versus receiver size for a variation
of different off-axis angles such as β = 0.0 deg, 0.2 deg, 0.4 deg, 0.6 deg, 0.8
deg, and 1.0 deg when focal distance f = 170 cm

To further analyse the effects of sun-tracking error to non-uniformity
of solar flux distribution, an imaginary boundary with the size of 8.56 × 8.56
cm2 is defined to contain the maximum size of uniform illumination area at
zero tracking error. For the off-axis angle of 0.0 deg to 1.0 deg, the flux
distribution from zero tracking error will shift away from the centre of the
aforementioned defined boundary and the solar concentration ratio at the edge
of the boundary will decrease. According to the graph presented in Figure 4.7,
the seriousness of non-uniformity can be checked and quantified, by referring
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to solar flux distribution variation across off-axis angle of 0.0 deg to 1.0 deg
for 21 × 21 array of facet mirrors and focal distance f = 170 cm.

Figure 4.7: A graph showing the variation of flux distribution due to suntracking error, that is within a defined boundary area of 8.56 × 8.56 cm2, with
regards to different off-axis angles ranging from 0.0 deg to 1.0 deg simulated
at 0.1 deg increment, and focal distance f =170 cm

Next, it is of interest to find the maximum allowable angular error,
while still maintaining the collected energy almost constant. Here, the
acceptance angle of the NIPC is defined as a range of allowable angles with
the condition that less than 5% of energy loss can be caused by sun tracking
error as compared to zero tracking error. A figure representation to show the
percentage of energy that is within the defined area of 10.54 x 10.54 cm2 as
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compared to ideal tracking with no error across off-axis angle from -1.0 deg to
1.0 deg is plotted for easy reference (Figure 4.8).

Figure 4.8: This figure shows a comparison of ideal tracking (no error) versus
off-axis tracking for -1.0 deg to 1.0 deg, and its effect to the percentage of
energy that falls in the defined area 10.54 x 10. 54 cm2, at f = 170 cm

In this study, the defined area of 10.54 × 10.54 cm2 is determined
based on common practise in optics known as full width at half maximum
(FWHM), which means that solar concentration ratio at the edge of the
defined area is half of the maximum solar concentration ration. Based on
results in Figure 3.10, the energy that lies within the receiver at the off-axis
angles of ± 0.1 deg, ± 0.2 deg, ± 0.3 deg, ± 0.4 deg, ±0.5 deg, and ± 0.6 deg
are found to be 99.21%, 96.98%, 93.81%, 90.33%, 86.81% and 83.29 %,
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correspondingly. As a benchmark, the acceptance angle of the NIPC that
allows at least 95% of energy is 0.48 deg (Figure 4.8).

4.3

FPM Simulation Analysis

In Table 4.2, a list of simulated I-V curve results from FPM approach
is showed for both A and B flux distributions. From column of Pmp (refer to
Table 4.2) a comparison among all simulations have revealed that the
maximum output power from simulation 4 and simulation 6 are the highest
among all other configurations. Seeing that both of simulation 4 and 6 yields
the same output power, further analysis is necessary to determine the best
configuration. It is worthy to highlight that although fill factor (FF) is typically
used for performance evaluation of single solar cell, it does not apply for
dense-array solar cells that has I-V curve with several current mismatch steps.
Even though FF generally depends on the series and shunt resistance of the
solar cells in a module to relatively reflect the quality of module performance,
the FF does not consider the existence of reverse-bias steps and therefore this
parameter is not useful for evaluating the quality of array I-V curve that
comprises current mismatched cells (Vorster et al., 2002; Vorster and Dyk,
2005). Moreover, array-current isn’t precisely determined from the FPM
process when there is serious current mismatch in the circuit.

In power density column of Table 4.2 (far right column), the power
density from simulation 6 is 2.58 W/cell and is higher than the power density
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calculated for simulation 4 which is just 2.37 W/cell. The results divulge that
in average, every solar cell in simulation 6 produces more electrical power as
compared to simulation 4. In fact, Simulation 6 has lesser number of solar
cells (forty-four CPV cells) than simulation 4 (forty-eight CPV cells). Overall,
simulation 6 is found to be superior in power density while still achieving the
highest output power among all other configurations, and its configuration is
ultimately selected for practical implementation (Appendix L).

Table 4.2: A list of simulation results for all possible dense-array
configurations at DNI : 641 W/m2
Fill

Vmp

Imp

Voc

Isc

Power

48 × 1

A

79.36

39.74

77.77

1.02

137.71

1.45

1.65

2

24 × 2

A

82.09

41.82

52.98

1.55

68.88

2.85

1.71

3

12 × 4

A

91.24

54.96

30.72

2.97

34.44

4.82

1.90

4

6×8

A

113.62

68.95

15.36

7.4

17.22

9.57

2.37

5

2 × 6 (B1) and

B

86.01

53.15

15.4

5.58

17.27

9.37

1.95

B

113.64

57.71

25.68

4.43

28.79

6.84

2.58

B

71.63

20.2

46.22

1.55

51.83

6.84

1.63

B

71.09

10.62

61.86

1.42

97.9

6.84

1.62

B

81.69

38.14

9.07

9

23.03

9.3

1.86

configuration

1

Array

(W)

Simulation No.

Flux distribution

Pmp

factor

density

(FF)

Pmp / # cells

(%)

(V)

(A)

(V)

(A)

(W/cell)

4 × 8 (B2)
6

2 × 6 (B1) and
8 × 4 (B2)

7

2 × 6 (B1) and
16 × 2 (B2)

8

2 × 6 (B1) and
32 × 1 (B2)

9

4 × 3 (B1) and
4 × 8 (B2)

91

10

4 × 3 (B1) and

B

85.63

51.33

19.35

4.43

34.54

4.83

1.95

B

79.58

40.29

51.36

1.55

57.58

3.43

1.81

B

76.99

21.66

66.99

1.15

103.65

3.43

1.75

B

76.29

28.29

8.47

9

28.78

9.37

1.73

B

82.97

42.64

18.75

4.43

40.29

4.83

1.89

B

87.53

47.17

56.49

1.55

63.33

2.93

1.99

B

82.88

31.44

72.12

1.15

109.4

2.41

1.88

B

60.09

13.93

6.67

9

46.03

9.37

1.37

B

75.01

26.99

16.95

4.43

57.55

4.83

1.70

B

61.7

26.13

60.47

1.02

80.58

2.93

1.40

B

80.58

42.99

78.97

1.02

126.66

1.48

1.83

8 × 4 (B2)
11

4 × 3 (B1) and
16 × 2 (B2)

12

4 × 3 (B1) and
32 × 1 (B2)

13

6 × 2 (B1) and
4 × 8 (B2)

14

6 × 2 (B1) and
8 × 4 (B2)

15

6 × 2 (B1) and
16 × 2 (B2)

16

6 × 2 (B1) and
32 × 1 (B2)

17

12 × 1 (B1) and
4 × 8 (B2)

18

12 × 1 (B1) and
8 × 4 (B2)

19

12 × 1 (B1) and
16 × 2 (B2)

20

12 × 1 (B1) and
32 × 1 (B2)

4.4

Comprehensive Matlab Simulation

Upon completion of the initial design process, more comprehensive
computer simulation in Matlab is conducted. In the detailed simulation work,
effects of non-uniform concentrated solar flux distribution and temperature are
taken into account so as to achieve more accurate I-V and P-V curve results.
Using the specially developed modelling method in Simulink from our
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previous publication, the dense-array interconnection for simulation 6 (see
Table 3.3) is built (Siaw and Chong, 2012; Chong and Siaw, 2012; Siaw and
Chong, 2014). The simulations were based on direct normal irradiance (DNI)
641 W/m2 in addition to operating temperature 55 oC, and the resultant I-V and
P-V plots are presented in Figure 4.9 and Figure 4.10. From the simulation
results, comparisons showed that the estimation of Pmp that is computed from
FPM is 113.64 W which is very similar to Simulink simulation results which
yielded 111.54 W, with only 1.88% in error.

Figure 4.9: An FPM simulated I-V curve (black solid line), is compared with a
Matlab simulated I-V curve (blue dashed line) for comparison purposes

93

Figure 4.10: An FPM simulated P-V curve (black solid line) is superimposed
on a P-V curve from Matlab simulation (blue dashed line)

4.5

Experimental Results

Referring to the confirmed dense-array configuration that is optimised
from simulation 6 of Table 3.3, a CPV dense-array is designed, assembled,
and tested in the field to validate the proposed FPM computational modelling
approach. Firstly, the dense-array assembly, consisting of many basic modules
is attached onto a copper cooling block so that the temperature of CPV array is
able to be regulated during operation at 55 oC (Figure 4.11 and figure 4.12).
Once the dense-array assembly set is completed, it is installed onto a prototype
of planar concentrator for data collection (Appendix K).
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Figure 4.11: A completed CPV dense-array assembled using triple junction
solar cells (Emcore, 2008) that is arranged according to the optimized
configuration from simulation 6 (refer to Table 3.4)

For real-time I-V curve data collection, an N3300A configurable DC
electronic load mainframe that is installed together with two units of N3305A
electronic load modules (500 Watts) are used. During the process of data
acquisition, other auxiliary data such as CPV dense-array operating
temperature, direct normal irradiation (DNI), as well as global irradiation were
measured. Therefore, the simulations of this study were based on operating
conditions with real-time measured parameters like DNI, operating
temperature and taking into consideration 15% of optical losses. To show the
effectiveness of the FPM simulated I-V curve, a comparison of measured data
which is superimposed onto simulated I-V curve is presented in this section.
According to the comparison made in Figure 4.13 and Figure 4.14, it can be
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observed that a very close match between measured data and computer
simulation data is achieved, which is about 1.34% of error for Pmp (Table 4.3).

Figure 4.12: Completed CPV dense-array with the optimised layout is exposed
to concentrated solar flux distribution at NIPC’s receiver plane for field
measurements
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Figure 4.13: A comparison between I-V curve from field measurement data
(red line with dots) with FPM simulation curve (black solid line) and
comprehensive Matlab simulation I-V curve (blue dashed line)

Figure 4.14: This graph compares P-V curve from the optimised array’s filed
measurement data (red line with dots) with FPM simulation curve (black solid
line) and comprehensive Matlab simulation P-V curve (blue dashed line)
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According to the graphs presented in Figure 4.9 Figure 4.13, The I-V
curve derived from optimized array’s field measurement data matches rather
well with the newly proposed FPM prediction I-V curve. The only evident
variance appears around the region from 0 V to 5.6 V. In the prediction curve,
the presence of steps implies that there current mismatch occurs around the
mentioned voltage region. These mismatch steps aren’t that obvious in the
measured I-V curve as compared to the FPM prediction curve as the combined
array current has reduced when some CPV cells were functioning at reverse
biased condition (Solanki, 2011).

The calculation methodology of the proposed FPM approach is a fairly
straight-forward adding of current values from parallel-connected solar cells.
Therefore clear signs of current mismatch can be observed in the I-V results.
The distinct indication of mismatch steps in our I-V prediction curve can be
very useful to concentrator system designers for evaluating mismatch issues in
CPV dense-array design. In addition to that, current mismatch that occurred at
the region of 0 V to 5.6 V has negligible impact to the output power and has
minimal effect to the P-V curve (refer to Figure 4.10 and 4.14). Hence, it can
be summarized that phenomena will not affect Pmp calculation of a welldesigned CPV array, as the maximum power point is typically found close to
the Voc region of a dense-array P-V curve.
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Table 4.3: This table aims to show a comparison between simulated (FPM)
and measured results from dense-array operation for the NIPC prototype, in
the following parameters: maximum output power Pmp, voltage at maximum
output power Vmp, current at maximum output power Imp, dense-array
efficiency, and percentage error of maximum output power Pmp

DNI: 641 W/m2
Pmp (W)

Vmp (V)

Imp (A)

Field Measured results

112.14

25.87

4.33

FPM simulated results

113.64

25.68

4.43

Efficiency: measured (%)

34.19

Efficiency: simulated (%)

34.64

Error, Pmp (%)

-1.34

4.6

Off-axis Scenario

Off-axis condition occurs mainly resulted from tracking errors that
causes angular offset between incident sunrays and optical axis of solar
concentrator. Since solar concentrator is normally designed to concentrate
sunrays that are parallel to the optical axis falling precisely on the receiver
area, off-axis conditions will cause CPV array transient mismatch. Figures
4.15(a) and (b) illustrate two cases of misalignment between solar flux
distribution and CPV dense-array. Figure 4.15 (a) shows the off-axis solar flux
distribution pattern for the case of angular flux displacement 2.94 mrad to the
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right or equivalent to 5 mm of relative distance offset between solar flux
distribution and CPV array. On the other hand, 4.15 (b) shows an off-axis
solar flux distribution pattern for the case of angular flux displacement 2.94
mrad to the right and angular flux displacement 2.94 mrad to the bottom.

This scenario causes the current values of cells across the array to vary
and it is especially significant between optimally illuminated and minimally
illuminated cells. Figures 4.16 to 4.19 show I-V and P-V curves with mismatch
steps for both cases. These are basically bypass-diode-induced mismatch steps
between strings as a result of local variations in the solar flux distribution
upon each concentrator cell during off-axis condition. Nevertheless, it could
be observed that the mismatch steps that are observed are minimal, and the
effect to performance efficiency is a reduction of 4.40% for off-axis flux
distribution I, and a reduction of 2.33 % for off-axis flux distribution II
(Figure 4.15).
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(a) Off-axis flux distribution I

(b) Off-axis flux distribution II

Figure 4.15: Measured flux distribution data during off-axis scenario is
acquired from an optical scanner. The two off-axis scenarios are: (a) Off-axis
flux distribution I: 5.0 mm off tracking to the right, and (b) Off-axis flux
distribution II: 5.0 mm off-tracking to the right and 5.0 mm to the bottom
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Figure 4.16: Measured I-V curve (red line with dots) at DNI = 616.52 W/m2
with 5.0 mm off tracking to the right (Off-axis flux distribution I)

Figure 4.17: Measured P-V curve (red line with dots) at DNI = 616.52 W/m2 is
superimposed on Matlab simulation curve (blue dashed line) with 5.0 mm off
tracking to the right (Off-axis flux distribution I)
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Figure 4.18: Measured I-V curve (red line with dots) at DNI = 641.18 W/ with
5.0 mm off tracking to the right + 5.0 mm to the bottom (Off-axis flux
distribution II)

Figure 4.19: Measured P-V curve (red line with dots) at DNI = 641.18 W/m2
with 5.0 mm off tracking to the right + 5.0 mm to the bottom (Off-axis flux
distribution II)
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Table 4.4: The performance of dense-array assembly under off-axis scenariois
presented in terms of maximum output power Pmp, maximum voltage Vmp,
maximum current Imp, array efficiency, and error of maximum output power
Pmp

Off-axis flux distribution I
(DNI: 616.52 W/m2)

Measured results

Pmp (W)

Vmp (V)

Imp (A)

95.76

26.05

3.73

Efficiency - measured
(%)

29.79

Off-axis flux distribution II
DNI: 641.18 W/m2

Measured results

Pmp (W)

Vmp (V)

Imp (A)

106.49

25.75

4.14

Efficiency - measured
(%)

31.86

104

CHAPTER 5

CONCLUSION

5.1

Concluding Remarks

The overall aims of this research is to study the non-uniformity issue of
solar concentrators that have deterred CPV systems from achieving its full
electrical generation potential and to develop a novel NIPC prototype and
dense-array design methodology to in order to improve the performance of
CPV systems. The research objectives of theoretical and experimental study in
optimizing the performance of CPV dense-array NIPC system, as specified in
Chapter 1, has been achieved. The major outcomes of this research are the
development of an NIPC prototype, a new systematic FPM dense-array design
method,

and

the

demonstration

of

its

enhanced

performance

via

comprehensive dense-array simulation at on-axis and off-axis scenarios.

5.2

NIPC System

Comprehensive analyses of solar flux distribution from numerical
simulation are carried out to examine the optical characteristics of the
proposed

non-imaging

planar

concentrator.

The

planar

concentrator

recommended consists of 21 × 21 arrays of facet mirrors which contribute to a
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total reflective area of approximately 4.4 cm2, and focal distance of 170 cm. In
the initial part of the optical study, the average solar concentration ratio as
well as percentage of energy that lies in within the uniform solar flux
distribution area is plotted for different cases. Depending on the mirror array
configuration (from 17 × 17 to 25 × 25), the average solar concentration ration
that is observed at the region of uniform illumination area is between 222 suns
to 598 suns, while the percentage of energy in the uniform area of solar flux
distribution is 43% to 70%.

Next, the second part of the study deals with the relationship between
spillage loss and variation of solar flux distribution. If solar flux distribution
variation is permitted to go as much as 20-30%, the total energy that will be
collected at the receiver is almost 80%. Alternatively, depending on a system
designer’s requirements, a secondary concentrator can be added to the
concentrator system to enhance the total energy output that can be collected
without affecting the variation of flux distribution.

Last but not least, off-axis angle study and for sun-tracking error of up
to 1.0 deg and the effects to solar flux distribution is investigated. Here, three
analyses are carried out on the characteristics of solar flux distribution which
are spillage loss, non-uniformity, and total acceptance angle where the
inflicted damage from sun-tracking error is still within an acceptable range.
With the target to collect at least 95% of energy (as compared to no-tracking
error), the total acceptance angle is determined to be 0.48 deg. Overall, the
simulated results have shown reasonably good uniformity in solar flux
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distribution with reasonably high concentration ratio for the application with
high concentration solar cells. From all of the optical simulation analyses, the
NIPC is found to be suitable as a concentrator for a dense-array CPV system.

5.3

FPM Dense-array Design

Conventionally, it is very exhaustive to design a CPV dense-array
because it is typically an iterative process to achieve a target output power
requirement. In the conventional process, a designed would first estimate a
trial design and checks if it is acceptable. This attempt is repeated for a couple
of times according to the system designer’s past experience to find other
possible trial attempts. Finally, all trial designs will be analysed to determine
the best option that satisfies a system output requirement. However, a targetbased design approach is not comprehensive enough because system designers
do not search for all possibilities of dense-array configurations.

In this study, a new approach that is both systematic and complete is
introduced in achieving the most optimal dense-array design using the novel
FPM as the initial design phase. The FPM approach encompasses four stages,
and is developed to optimize CPV dense-array configurations through a
systematic way to replace the conventional trial and error practice that is timeconsuming and not comprehensive. The first stage of FPM is when parameters
like Isc, Vmp and Voc are calculated from measured solar flux distribution data
of the solar concentrator system. After that, all possibilities of dense-array
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configuration are generated at the second stage of FPM process. In the third
stage, I-V and P-V prediction curves using critical points of CPV cells and
bypass diodes that are connected across each basic module are produced.
Finally, all I-V and P-V prediction curves are analyzed by comparing the
respective maximum output power. This four-stage approach that is presented
is more systematic, fast and is able to explore all possibilities of dense-array
designs, while maintaining reasonably accuracy.

From this method, an optimized configuration which is simulation 6
from Table 4.2 is revealed to achieve the highest electrical output, together
with simulation 4. After careful evaluation, simulation 6 was chosen as the
optimum design because its power density is superior (2.58 W/cell) to the
power density achievable by simulation 4 (2.37 W/cell). Through this study, it
was found that simulation 6 with merely 44 CPV cells is able to achieve the
exact same output power to simulation 4 that consists of 48 CPV cells. When
lesser solar cells are needed in a design, the system designed will be able to
reduce project installation cost while increasing the competitiveness of
concentrator solar technology.

This study highlights a new critical factor that affects power density
which is array interconnection layout configuration, in addition to the
influence of high solar concentration ratio. In addition to that, the study further
reveals that FF is not a conclusive benchmark when assessing CPV densearray I-V curve. Although FF is typically used for the evaluation of single
solar cell’s quality and performance, FF can only be a guideline and not a
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deciding factor when finalizing dense-array design. This was confirmed when
comparing the FF outcome from simulation 6 and simulation 4. Although the
FF value from simulation 4 is higher at 68.95% as compared to simulation 6
which is just 57.71%, it was found that simulation 4 requires more CPV cells
in order to be on par with simulation 6 in terms of output power generation.

5.4

Comprehensive Dense-array Simulation

After the initial design of dense-array has been completed, detailed
simulations

are

performed

to

check

the

FPM

prediction

results.

Comprehensive simulation using Matlab has verified that the proposed FPM
approach as presented in Chapter 4 with Pmp error of only 1.88%.

Last but not least, an actual dense-array assembly was constructed and
implemented together with an NIPC prototype to verify simulation results.
The modeling methods have been successfully confirmed with the NIPC
system to achieve filed conversion efficiency of 34.19% with I-V curve
characteristics that are alike. Comparing the results from measurements during
operation with FPM & Matlab comprehensive simulation results, a very close
match is achieved. The maximum output power (Pmp) estimation from
computational modeling is just 1.34% in error.
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5.5

Field Measurements during Off-axis Condition

Off-axis condition of as much as 2.94 mrad which is equivalent to 5
mm displacement is also studied for this system. This scenario generally
causes the current values of CPV cells across the array to vary especially
between optimally illuminated and minimally illuminated solar cells.
Nevertheless, the mismatch steps that are observed in the optimized densearray is minimal, and the effect to electrical efficiency is a small reduction of
4.40% for off-axis flux distribution I, and a reduction of 2.33 % for off-axis
flux distribution II.

5.6

Outlook and Future Work

CPV systems are currently facing slower installed capacity growth in
the market as compared to PV systems, while facing concerns such as cost
effectiveness and reliability of performance. In CPV applications, improved
module or array performance can directly counterbalance the cost of expensive
solar cell materials, which in turn has the potential of reviving the market
demand for concentrator system installations. By reducing overall installation
cost of a solar system, photovoltaic energy can become one of the main
renewable energy sources in the future.
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In conclusion, this research has successfully met the objectives of
addressing non-uniformity of concentrated solar flux distribution in solar
concentrators via improvements in the optical design with the novel NIPC
design, optimised CPV dense-array electrical interconnection design, as well
as the development FPM which can systematically optimize dense-array
interconnection design in order to improve the overall system efficiency.

To extend this research work towards the commercialization stage, it is
desirable to apply similar research approach on a bigger size of NIPC
concentrator in order to find the most optimised size of NIPC system by
considering factors like output power, level of solar concentration ratio and
manufacturing approach. At the same time, cooling system design for high
concentration (above 500 suns) can be further improved to achieve lower or at
least the same operating temperature at 55oC, while studying the relationship
between temperature, solar concentration and generated power.

In addition to that, future work could incorporate a thorough study
using the novel methodology developed for interconnection design, as well as
adopting similar optical and electrical analysis on different kinds of CPV
concentrator systems to compare the optimization potential of solar
concentrators. It is envisioned that the said methodology would be able to
improve output power generation for other types of concentrator systems that
face solar concentration non-uniformity issue as well.
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APPENDIX L

Schematic diagrams for interconnection configurations

1

48 × 1

A

2

24 × 2

A

3

12 × 4

A

4

6×8

Simulation No.

A

Configuration
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5
2 × 6 (B1) and 4 × 8 (B2)
B

6
2 × 6 (B1) and 8 × 4 (B2)
B

7
2 × 6 (B1) and 16 × 2 (B2)
B

8

2 × 6 (B1) and 32 × 1 (B2)
B
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9
4 × 3 (B1) and 4 × 8 (B2)
B

10
4 × 3 (B1) and 8 × 4 (B2)
B

11
4 × 3 (B1) and 16 × 2 (B2)
B

12

4 × 3 (B1) and 32 × 1 (B2)
B
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13
6 × 2 (B1) and 4 × 8 (B2)
B

14
6 × 2 (B1) and 8 × 4 (B2)
B

15
6 × 2 (B1) and 16 × 2 (B2)
B

16
6 × 2 (B1) and 32 × 1 (B2)
B
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17
12 × 1 (B1) and 4 × 8 (B2)
B

18
12 × 1 (B1) and 8 × 4 (B2)
B

19
12 × 1 (B1) and 16 × 2 (B2)
B

20

12 × 1 (B1) and 32 × 1 (B2)
B
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