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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 (/-
V) 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

il



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 -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 high-
efficiency 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).



Despite the employment of flat mirrors in the non-imaging planar
concentrator (NIPC), the solar flux distribution results from simple super-
positioning of mirror images onto the target receiver is unavoidably non-
uniform 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.



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:

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

e 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 dense-
array CPV system that considers parameters from the two-diode model
with verification from practical experimental data.

e 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



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



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.

Table 1.1: Papers that are published in international journals and conferences
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Paper Title
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Journal
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(Published)
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(Published)
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Sensors

1.953
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(Published)

2009

24™ European
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Energy Conference,
Hamburg, Germany
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Energy Engineering

0.94




http://dx.doi.org/10.1115/1.4000355
(Published)

“Solar flux distribution analysis of non- 2010 35" IEEE N/A
imaging planar concentrator for the Photovoltaic
application in the concentrator PV system” Specialists
Conference (PVSC)
http://dx.doi.org/10.1109/PVSC.2010.561411
2
(Published)
“Temperature effects on the performance of 2012 IEEE Sustainable N/A
dense array concentrator PV system” Utilization and
Development in
http://dx.doi.org/10.1109/STUDENT.2012.64 Engineering and
08385 Technology
(Presented and Published) (STUDENT)
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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



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 er al., 2002; Luque and
Andreev, 2007; Chong et al., 2010). When CPV cells are subjected to non-
uniform 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



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 triple-
junction 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,

11



etc. which are from the 3™ and 5™ 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 triple-

junction solar concentrator cells in their systems.
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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 25°C. 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

13



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.,
20006). 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 cost-
effective 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 100x to 900x concentration ratios, while the
world record was at 41.1% at 454x 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

16



no sunlight should bend at the central region, no facets are present at the

central lens block.
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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 3x3, 5x5 and 7x7 (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

17



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 system-
design 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 non-
uniform. 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.
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Figure 2.3: Flux mapping results for a 500m’ 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.

Ray trace

z | [ homogenizer

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

20



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)
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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 non-
uniformity 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.

(b)

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.
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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 er al., 2010). Needless to say,
streamlining different solar cell widths would compromise optical matching of

the modules.
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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 VMI 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 VMI 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 VMIJ 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 um width is quite challenging.
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Figure 2.9: A schematic presenting the architecture of (a) a CPV module; (b) a
VMI 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 bin-

packing problem (Appendix H).
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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 bin-

packing 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/m®. Using this improved method boosts output
power to 112.91 W, which is 26.83 W more than the conventional 22 x 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)
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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).
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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).

3ty

0,0,1)

[

0(0.0.0) A |

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
(Hcy, Hey, 0)i5, 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 y, and the tilting angle about the axis that is
perpendicular to the x-axis is represented by ¢. These two tilting angles can be

expressed as follows:

HC\'
: (3.1)

f+\/H§x+ny+f2

y = arctan

He, (3.2)

O = arctan 72
(H§~x+2H§y+2f2+2f H§X+Hé,+f2)‘

The incident angle of the sunray is denoted by 6, 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 (H,, H,, H.);u. The subscripts k and [ denotes the
reflective point’s position at the k-th row and /-th column in the facet mirror.
Referring to Figure 3.1, each mirror is tilted with its corresponding tilting

angles o and y to move the reflective point at new coordinates

(H WH WH 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
(H,, Hy, H.);jy can also be represented as (H,, Hy, H ;)jx , 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).

—VHé“f-'_Hév (3.3)

0= lalrctan
2

HX
H
[H], = H (3.4)
1 ijkl
H,
i H,
[H Lkl Hi (3.5)
1

ikl

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 x W

and is subdivided into S x 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 x 20 cm’ 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:

Ne¢ A
_ reflective COS 0
C=2 x> (3.6)

n=l1 pixel

Where the A,efrecive 18 the area of reflective point (W/S)2 in cmz, while Apix 1s
the area of receiver pixel = (20/201)* cm/pixel in cm?, N¢ is the total counts of
sub-rays that hits on the resultant pixel on the receiver plane, P is the total sub-
rays within a light cone, and @ 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.
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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 SimFElectronics, Simulink is represented by a

single solar cell as current source with two exponential diodes, a parallel
resistance (R, ), and a series resistance ( R; ). Solar cell blocks are arranged

into subsystems in Simulink to form the required CPV dense-array. The output

current, /, can be represented by equation (3.7), where 1 o 18 the solar-induced
current, / ,is the saturation current of the first diode, I, is the saturation

current of the second diode, V, is the thermal voltage, N, is the diode ideality

37



factor of the first diode, N, is the diode ideality factor of the second diode, and

V is the voltage across the solar cell.

(VI _q)p (VRN 1) (v + IR ) /R, (3.7)

I=1,6-1 2

ph ol

In Simulink environment, we may choose between an eight-parameter
model where the preceding equation describes the output current, / 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 five-
parameter 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 (/g.) and open-circuit voltage (V,.). Short-

circuit 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 (/.), open-circuit voltage (V,.), diode ideality

factor (NV), series resistance ( R ) 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 50x to 1182x
(Siaw and Chong, 2012). In our work, graph digitizing is done through a web-
based WebPlotDigitizer v2.5 that is able to automatically follow and acquire
data points from a given high resolution image of /-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 ;, V.

and solar concentration ratio (C), at R* value of 0.99 (Figure 3.5).
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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 °C.
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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 50x to 1182x,

whereas open-circuit voltage increases logarithmically with solar
concentration ratio. The other electrical parameters like series resistance ( Ry ),

and diode ideality factor (N) are derived from calculation from measured I-V

curves (Appendix M).
20.0 3.3
15.0 3.2
T 100 =
_E }E
50 3.0
0.0 2.9
0 250  s00 750 1000 1250

Solar concentration ratio, C

Figure 3.5: From current-voltage measurement data, the relationship of short-
circuit current (/4. ) and open-circuit voltage (V,,.) versus solar concentration

ratio C from 50x to 1182x of EMCORE CT] solar cells can be derived

In Figure 3.4, the graph of V. versus C is presented in logarithmic

scale, and we can observe that V. is gradually increasing as In 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.

Ve =2V +N(T /q)InC (3.8)
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In equation (3.8), N is the effective diode ideality factor, T is the
operating temperature in Kelvin, V,.is the open-circuit voltage when CPV

cell is operating under one sun, k is Boltzmann constant and g is the electron
charge. As the I-V curve data are extracted at the temperature of 25 °C,
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 is the operating short-circuit current, /... is short-
circuit current when operating at Standard Test Conditions (STC), K, is a
short-circuit current coefficient provided from the manufacturer datasheet in
A/°C, and finally AT =T —Tg.(°C). As for equation (3.10), V,., is the
open-circuit voltage, V,._¢1s the open-circuit voltage when CPV cells are

operating at STC, and K, is the open-circuit voltage coefficient from the

manufacturer (V/°C).

ISC,T =l grc + KAT (3.9)

VOC,T =Voc_sre + K, AT (3.10)

With regards to the parameter of diode ideality factor (&), 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 triple-

junction CPV cells is close to N = 3. This can be derived from V. 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
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Figure 3.6: This graph shows that V,,. changes linearly with the logarithm of

solar concentration ratio (In C)

3.2.2 Series Resistance

It is generally known that there are two approaches that can extract
series resistance (R,) from solar cells effectively. The first possibility of
estimating series resistance is from illuminated /-V data, and the second
possibility is by calculation from dark-condition /-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 /-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 (V). 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.
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Figure 3.7: This figure shows a comparison of I-V curves between different
series resistance at solar concentration 50x and 321x 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 =

0.1 Q is applied to both 50x and 321x solar concentration ratio, the electrical
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performance of 321x is more badly affected as compared to the I-V curve of
50x%. Besides that, an increase in series resistance would change the shape of /-
V 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 (V,) as well as turn-on resistance (R;) are not properly
predicted. In this study, I-V and P-V curves for an array of 12 x 4 CPV cells in
Total Cross Tied (TCT) configuration is presented in Figure 3.7, using three
sets of V; and R; values. In our dense-array, the bypass diode selected for
application is MBRB4030 Schottky diode from On Semiconductor, with

parameters having values of V;=0.3 V and R; = 0.1 Q at temperature 55 °C.
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33 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 x 0.180 m length x 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 x 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).

cooling

block outlet

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 °C, 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.
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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 °C.
It is observed that the maximum temperature on surface is 49.17 °C, 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.
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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 (7, ), 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 x 10> Km*W'.
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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, [  conductivity, k.  resistance, Ry,

(mm) (Wm'K™) (Km*W™)
CPV Cell 0.20 55 3.64 % 10°
Solder 0.15 50 3.00x 10°
DBC, top copper layer 0.30 400 7.50 x 107
DBC, alumina layer 0.38 24 1.58 x 107
DBC, bottom copper layer 0.30 400 7.50 x 107
Thermal adhesive 0.10 7.5 1.33 x 107
Copper layer from 2.00 400 5.00 x 10°
thermocouple location to
cooling block surface
R 422 %107

To calculate CPV cell temperature, the following equations are applied

(Peharz et al., 2011). In equation (3.15) and equation (3.16), P, , represents

the solar power input received by CPV assembly, 77.,, is the electrical
conversion efficiency of the dense-array assembly, A represents the total

mirror area which reflects solar flux to the target of NIPC, A.,, is the total
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active area of dense-array assembly, A is the total image area of

image

concentrated sunlight on the cooling block, 7, is the temperature of cooling

block, and R , is the total thermal resistance from cooling block to CPV cell.

Pepy i =Mepy X DNI X A, X (ACPV /Aimage ) (3.15)
Tepy = Pepy in X R, X (1/ Acpy )X (1 —Nepy )+ Ty (3.16)

The total thermal resistance from cooling block to CPV cell (R, )

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,

Repv =l cpv 'k cpv (3.18)
Rsolder = Lsolder/ksolder (3.19)
R pBC-copper = I DBC-copper/ KDBC-copper (3.20)
R pBC-alumina = IDBC-alumina/KDBC-alumina (3.21)
Rarctic sitver = larctic sitver! Karctic silver (3.22)
Reopper = Leopper/kcopper (3.23)
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whereby lcpv, lsolders IDBC-coppers [DBC-aluminas larctic sitver, and leopper 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; kcpy, ksolder, k DBC-coppers K DBC-aluminas Karctic
sitvers and kcopper are referred as the thermal conductivity of the individual
materials with the values of 55 Wm™'K™', 50 Wm™'K™', 400 Wm 'K, 24
Wm K™, 7.5 Wm 'K, 400 Wm'K™' 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.

34 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 dense-
array, 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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Irradiance
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B [CPV Cell] : Forward Voltage : 0.3 V
.f
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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 x 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 /-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-by-
step 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.
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Figure 3.13: In the second stage of dense-array modeling, 12 x 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’
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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 trial-
and-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 dense-
array interconnection design to achieve the best performance are presented in

Figure 3.17.
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Start

Data collection
Flux distribution acquisition for
concentrator system

v
Estimate initial design
Proposed fast-prediction method (FPM) will
estimate /) curve and find all possible
configurations

v

Detailed design and analysis
Matlab is used to simulate and analyze
1V curve

v

Prototvpe fabrication
Assembling dense-array CPV panel based
on optimized design

v

Verification
To verify and compare simulation results
with practical performance

End

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

Stage 1: Input cell parameters such as short-circuit
current (Z;.), voltage at maximum power point (¥,
and open-circuit voltage (V,.)

v

Stage 2: Determine all possible dense-array
configurations

I

Stage 3: Estimate current-voltage (/-¥) curve and find the
maximum power point of each configuration

)

Stage 4: Determine the highest performing and
most optimised configuration

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 pre-
aligned 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 x 1.0 cm in dimension each, which is of similar size with the

CPV cells of the dense-array.

Scanning direction

Heat sink
CPV1
’—E—ﬁ Microcontroller
2 -V Converter 10Bit ADC p+l .
A0 D - USB

A9

CPVI0

I-V Converter

o—~u\, y

Figure 3.19: Schematic diagram to show the configuration of the optical

scanner together with its circuit diagram



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 x 98
cm. The measurements data are then exported into excel to be correlated to

absolute solar irradiation levels (Figure 3.20).

82x | |148x| |174x| |178x 175x| |171x| |139x| | 54x

84x | |150x| |173x| [174x 173x| |171x| |145x| | 58x

(a) Array arrangement A, with solar flux distribution A
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125x [ 153x [ 133x 157x || 146x 1] 110x

------------------------------------------------------------------------

(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 [-V curve aims to predict and
approximate the nonlinear /-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, L), (Vi I,c) and (V,., 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 Al is
very small because the current of maximum power point (/,,,) is very close
(97% to 98%) to short-circuit current (/). Therefore, we approximate the
maximum power point at (V,,,, I,) in preference to (V,,p, I,,p). 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 S, ,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 /.,
Voe, and V,,,. The retrieved parameters are saved in three different matrix files

in Matlab for sorting.

IS(.'
0, L) (Vip, 1)

(vmpa I mp)

| Al =1~ Ly

I 1mp

Vmp

oc

Figure 3.21: This graph demonstrates the basic principle of a TPM prediction
model (black line) that aims to represent a nonlinear /-V curve (red line) with

three critical points, namely (0, /), (Vinp, I5c) and (V,, 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 =Ny ld (3.11)
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In equation (3.11), d represents the number of basic modules in each
row (using integer number: 1, 2, 3, etc.), while N, 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 (pg; = 6), three solar cells in
parallel (pg; = 3), two solar cells in parallel (pg; = 2) and just one solar cell in a
basic module (pg; = 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 x 1 cells
(p=1),24x2cells (p=2),12 x4 cells (p =4), and 6 x 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=Neenn/ d P2 =Neenn!l d
(In region B1, N..;; = 6) (In region B2, N..;; = 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 5. moquie), module open-circuit voltage (Vyemodue) and module voltage

at maximum power point (V,,,y-modute) 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), N,,, represents the total number of rows and Neojmn

represents the total number of columns in the array.
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Figure 3.24: This flowchart depicts a method of grouping short-circuit current

(Is,), open-circuit voltage (V,.), and voltage at maximum power point (V,,,)

68



In the next process, sorting will be conducted for the modules
parameters like I moque and Voemoaue Of the whole dense-array, based on
decreasing order of Iy moaue. Upon sorting, the module with the highest value
of I moduie 18 reassigned to Iemoquien- At the same time module open-circuit
voltage and module voltage at maximum power point are reassigned to V.
module,n ANA Vi moduien TESPECtively. 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 (V,,) is shown.

Vin=m-1)xV, (3.12)

In the equation above, n also denotes the total number of series-
connected basic module in a CPV array. It should be noted that I;..oque,1 1S the
lowest in the series string in the case when n =1 and V,;; = 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, Iy.aay); 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).

Voc-array = E‘l Voc-module,i (313)

Vd.n =(n- 1) X vd
| (U, l.sc'- "prm_\‘) !
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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 (P,,) of a well-designed
dense-array with negligible current mismatch typically appears around the
‘knee’ point (Vy, I;). To illustrate a bigger dense-array that has more series-
connected modules, another /-V prediction curve showing critical points is
depicted in Figure 3.26. In a very large dense-array with even more series-
connected modules, some critical points may lie in the negative voltage
region. In these cases, y-axis will be readjusted while Iyc4rqy 1s reviewed to the
array current value that crosses the y-axis instead of using highest current

value (see Figure 3.27).

(Vn - Vd.n s [.u'-::rm_\')
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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
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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 = P,,, / [total cells in dense-array] (3.14)
(Vu‘vd_u s [u}
& (0" [N[‘-(”'f'ﬂy)
(0' vd.n H In) ._\ ‘/
_'_\_\_\_‘f
_/
4 y-axis / _/A

L | isrealigned

/ 7 (Voc-array, 0)
T 0 '; ‘/ T T L T

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 ;..

array 18 TEVised 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 /-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 Al,O3) 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 'K, 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 x 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.

X-ray scanning is carried out after solder reflow
to check for voids

.4

CPV modules are attached onto a copper cooling
block using Arctic Silver thermal adhesive

+

1 mil x 10 mil Aluminum ribbons are used in the
wire bonding process

v

Bypass diodes and cables are attached onto DBC
substrates to complete the dense array

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 dense-
array 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 17x17, 19x19, 21x21, 23x23, and 25x25 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 17x17, 19x19, 21x21,
23x23, and 25x25 arrays of mirrors are 288, 360, 440, 528, and 624 pieces

respectively, while total reflective area is fixed at approximately 4.4 m’,

Table 4.1: Optical simulation of the planar concentrator is considered for the

cases of 17x17, 19x19, 21x21, 23x23, and 25x25 arrays of mirrors

Array of Dimension of facet Total reflective points
mirrors mirror (W x W), in cm’ per facet mirror (S X S)
17 x 17 12.0x 12.3 79 x 79
19x 19 11.0x11.0 71 x71
21 x21 10.0 x10.0 65 x 65
23 x 23 9.1 x9.1 59 x59
25 x 25 8.4 x84 55 %55
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Figure 4.1: Simulation results are presented for the case of 21 x 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 21x21 mirror array
with focal distance at 170 cm. In our study, the same methodology has been
repeated for each case, i.e. 17x17, 19x19, 21x21, 23x23, and 25x25 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).
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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 x 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 17x17, 19x19, 21x21, 23x23, and 25x25 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 17x17, 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 19x19 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 21x21 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 23x23, 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 25x25, 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) 17x17 array of facet mirrors, (b) 19%x19 array

of facet mirrors, (c) 21x21 array of facet mirrors, (d) 23x23 array of facet

mirrors and (e) 25x25 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 17x17 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 21x21 array of facet mirrors is approximately 400 suns; the
uniform solar concentration for 23x23 array of facet mirrors is approximately
475 suns; and the uniform solar concentration for 25x25 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 21x21 array and 23x23 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 21x21 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

83



by CPV array design. In the case of 23x23 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 21x21 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 x 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 £ 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 f = 0.6 deg as well as f =
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 f =
0.0 deg to 23.5% when £ = 0.2 deg, to 28.2% when f = 0.4 deg, to 34.1% f =
0.6 deg, to 40.0% when S = 0.8 deg, and lastly to as much as 45.9% when f =
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.
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Figure 4.6: A graph to present spillage loss versus receiver size for a variation
of different off-axis angles such as f = 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 x 8.56
cm” 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 x 21 array of facet mirrors and focal distance f= 170 cm.
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Figure 4.7: A graph showing the variation of flux distribution due to sun-
tracking error, that is within a defined boundary area of 8.56 x 8.56 cm®, 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 cm’ 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).

21 x 21 array of facet mirrors
100

Percentage of energy in
comparison with ideal tracking (%)

-1 -0.8  -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Off-axis angle (deg)

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 cm’, at f=170cm

In this study, the defined area of 10.54 x 10.54 cm? 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 /-V curve results from FPM approach
is showed for both A and B flux distributions. From column of P,,, (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 /-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/m*
= pP,, Fill Viup L, Ve I, Power
S = 2
2 2 ] factor density
=S > = o
2 & £ ‘=
= R 2
= < & = (FF) P,/ # cells
£ g
b = (W) (%) (\2] (A) (\%; (A) (W/cell)
1 48 x 1 A 79.36 39.74 77.77 .02 137.71 1.45 1.65
2 24 x2 A 82.09 41.82 52.98 1.55 68.88 2.85 1.71
3 12x 4 A 91.24 54.96 30.72 297 34.44 4.82 1.90
4 6x8 A 113.62 68.95 15.36 7.4 17.22 9.57 2.37
5 2x6(Bl)and B 86.01 53.15 15.4 5.58 17.27 9.37 1.95
4 x 8 (B2)
6 2x6(Bl)and B 113.64 57.71 25.68  4.43 28.79 6.84 2.58
8 x4 (B2)
7 2x6(Bl)and B 71.63 20.2 46.22 1.55 51.83 6.84 1.63
16 x 2 (B2)
8 2x6(Bl)and B 71.09 10.62 61.86 1.42 97.9 6.84 1.62
32x1(B2)
9 4 x3 (B1)and B 81.69 38.14 9.07 9 23.03 9.3 1.86
4 x 8 (B2)
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10  4x3(Bl)and B 85.63 51.33 1935 443 3454 483 1.95

8 x4 (B2)

11 4x3(Bl)and B 79.58 4029 5136 155 5758 343 1.81
16 x 2 (B2)

12 4x3 (Bl and B 76.99 2166 6699 1.15 103.65 3.43 1.75
32x 1 (B2)

13 6x2(BIl)and B 76.29 2829 847 9 2878 937 1.73
4 %8 (B2)

14  6x2(Bl)and B 82.97 4264 1875 443 4029 4.83 1.89
8 x4 (B2)

15  6x2(Bl)and B 87.53 4717 5649 155 6333 293 1.99
16 x 2 (B2)

16 6x2(Bl)and B 82.88 3144 7212 115 1094 241 1.88
32x 1(B2)

17 12xI1@Bhand B 60.09 1393 6.67 9 4603 937 1.37
4% 8 (B2)

18 12xI1(Bhand B 75.01 2699 1695 443 5755  4.83 1.70
8 x4 (B2)

19 12x1(Bland B 61.7 26.13 6047 1.02 8058  2.93 1.40
16 x 2 (B2)

20 12x1@Bland B 80.58 4299 7897 1.02 12666 148 1.83
32x 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 /-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/m” in addition to operating temperature 55 °C, and the resultant /-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 P,, 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.

Current [A)
=

1] 4 g 12 16 20 24 28 32
Voltage (V)

Figure 4.9: An FPM simulated /I-V curve (black solid line), is compared with a

Matlab simulated -V curve (blue dashed line) for comparison purposes
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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 °C (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 Py, (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 /-V curve (blue dashed line)
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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)

97



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 /-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 /-V results.
The distinct indication of mismatch steps in our /-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 P,, calculation of a well-
designed CPV array, as the maximum power point is typically found close to

the V,. region of a dense-array P-V curve.

98



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 P,,, voltage at maximum
output power V,,, current at maximum output power I,,, dense-array

efficiency, and percentage error of maximum output power P,

DNI: 641 W/m®
Py (W) Vinp (V) Lnp (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, P, (%) -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 -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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(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/m?

with 5.0 mm off tracking to the right (Off-axis flux distribution I)
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Figure 4.17: Measured P-V curve (red line with dots) at DNI = 616.52 Wim? 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)
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Figure 4.19: Measured P-V curve (red line with dots) at DNI = 641.18 W/m?
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 P,,, maximum voltage V,,,,
maximum current /,,, array efficiency, and error of maximum output power

P mp

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

Prp (W) Vi (V) Lp (A)

Measured results 95.76 26.05 3.73

Efficiency - measured

(%) 29.79

Off-axis flux distribution II
DNI: 641.18 W/m?

Py (W) Vip (V) Lnp (A)

Measured results 106.49 25.75 4.14

Efficiency - measured

(%) 31.86
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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 x 21 arrays of facet mirrors which contribute to a
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total reflective area of approximately 4.4 cm”, 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 x 17 to 25 x 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.

53 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 target-
based 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 time-
consuming and not comprehensive. The first stage of FPM is when parameters
like I, V,p and V, 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 dense-
array 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 P,,, 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 (P,,) 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 dense-
array 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 55°C, 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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1. Introduction

At present, there is an increasing interest in concentrator
photovoltaic (CPV) power generation systems as an alternative to
replace or complement the existing power generation systems that
consume fossil and nuclear fuels [1-3]. The idea of concentrating
solar energy to generate electricity has ingeniously made use of the
concept in concentrator optics especially for designing a specific
geometry of reflectors or lenses to focus sunlight onto a small
receiving solar cell [4]. Lenses or mirrors in the concentrator
photovoltaic system will replace most of the solar cell material and
the price of both is taken into account for determining the optimum
configuration. The price of solar concentrator is commonly lower
than that of solar cells and hence efforts have been put into finding
ways for lowering the manufacturing cost using various types of
solar concentrators to develop a concentrator photovoltaic system
5]

This paper explores a different approach that came from a real-
ization that the available concentrating systems require complex
engineering efforts to build and the need for uniform distribution of
solar flux, to have higher efficiency in CPV power generation.
Franklin and Coventry [6] as well as Luque and Andreev [7] have
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discussed that many of the existing concentrator systems produce
non-uniform focused illumination. The CPV cells that receive non-
uniform illumination will experience a drop in efficiency, as
opposed to CPV cells under uniform illumination [8,9]. With this
reason, Mills and Morrison advocated the use of an advanced form
of linear Fresnel reflector that can produce a better uniformity of
solar irradiation compared to parabolic trough or parabolic dish
systems [10]. However, the solar concentration ratio for linear
Fresnel reflector is normally lower than 100 suns. To achieve
moderate solar concentration ratio (several hundreds of suns),
modular Fresnel concentrator has been introduced for the appli-
cation in CPV system and the results show that the modularly
faceted Fresnel lenses can provide a better uniformity of solar
irradiance but the transmission efficiency is relatively low, which is
less than 80% due to the reflections at the lens surfaces and
absorption by the lens material [11].

Chen et al. [12-16] proposed a non-imaging focusing heliostat in
which high solar concentration ratio can be achieved through the
superposition of all the mirror images into one at the fixed target.
According to them, since the sunlight is not coherent, the resulted
solar concentration is the algebra sum of the solar rays without
creating a specific optical image. Inspired by the combined idea
from both non-imaging focusing heliostat and the modular Fresnel
lenses’ technology, a non-imaging planar concentrator has been
designed and constructed. It will be a cost-effective alternative with
a simple mechanical structural design, to keep the fabrication cost
relatively low and more importantly, to achieve much better
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uniform intensity at the target area with a reasonably high
concentration ratio. We have adopted the concept into our research
and designed a prototype of non-imaging planar concentrator
consisting of flat mirrors. The fundamental scheme of this design is
for the image to have a square shape at the target, which can
correspond to the sensitive area of the CPV array for future appli-
cation. It is also important to pay attention to the uniformity of the
beam intensity over the whole sensitive area for maximum
exploitation of the photovoltaic cells. Finally, the prototype’s
performance has been evaluated based on the experiment and
simulation results of the illumination distribution.

2. Principle and concept of non-imaging planar concentrator

To achieve a good uniformity of the solar irradiation with
areasonably high concentration ratio on the target, a non-imaging
planar concentrator has been proposed to apply the conceptof non-
imagingoptics to concentrate the sunlight. This non-imaging planar
concentrator is formed by numerous square flat mirrors acting as an
optical aperture to collect and to focus the incident lightintoa target.
The conceptual layout design of non-imaging planar concentrator is
illustrated in Fig. 1(a) and (b). The idea of concentrating the sunlight
in the planar concentrator is similar to that of non-imaging focusing
heliostat, where the uniform intensity on the target can be acquired
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Fig. 1. Conceptual layout design of the non-imaging planar concentrator. (a) 3D view
of the concentration optics with only one mirror. (b) Cross-sectional view of the planar
concentrator to show how the individual mirror directs the solar rays to the target.
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from the superposition of the flat mirror images into one as shownin
Fig.1(b). In this design, the incident sunrays are reflected by an array
of identical flat mirrors to the target, in which their size and shape
are nearly same as that of the receiver.

Let us consider the non-imaging planar concentrator consisting
of mxn array of mirrors. For a geometrical representation,
a general Cartesian coordinate system is defined in the plane of the
planar concentrator, with its origin located at the centre of
concentrator, x-axis lying along the row of mirrors, y-axis lying
along the column of mirrors and z-axis pointing towards the target.
The position for each mirror in the planar concentrator can be
indexed as (i, j), where i and j express the mirror located at ith row
and jth column of the concentrator. The coordinate of the central
point for the corresponding ij-mirror, H;; can be written as

Hy (w+g) (i — )

Hy | =] (w+g)({i-%Y (M
L 0 ij

where w is the width of the square flat mirror and g is the gap

spacing in between two adjacent mirrors. On the other hand, the

coordinate of the target is defined as

Tx 0
T=|T|= (0
1z F

where Fis the focal length of the non-imaging planar concentrator
or the perpendicular distance between the central point of the
concentrator frame and the target. Then, the total reflective area, A,
for the m = n mirror array of non-imaging planar concentrator is
given as

A= (wz)[mxn)

Referring to Fig. 2, the incident angle of the solar ray can be
formulated as

(2)

b = %.m:t.m

1B+ H
F
In order to direct the solar ray from the mirror towards the
target, the unit vector normal of each mirror has to bisect the angle
between incident ray and reflected ray. Thus, from Fig. 2, the unit
vector normal for the i j-mirror, ﬁu- can be derived from the Snell-
Descartes law of reflection as

— H,
[N" T 2 cos b, /HLAHE »rz]

g I +R _
Nij=[Ny| = Tsﬁu = Nr=na DG (3)
Nz ij ™ F+y/Hi +H}+F

N: =
z 2 cos BU;;Hi +H+ P

provided that T is the unit vector of incident ray that is given by (0,
0,1), fu is the unit vector of reflected solar ray, fi;; is the incident
angle of the solar ray and F is the focal length of the concentrator.
The tilting angles of the i,j-mirror about the row direction of « and
about column direction of § are expressed as follows:

a = arcsin(—Ny) (4)

g = arctan(%) (5)
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(0.0.F)
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Fig. 2. Geometrical representation of the concentrator: a general Cartesian coordinate
system s defined in the plane of the planar concentrator, with its origin located at the
centre of concentrator, x-axis lying along the row of mirrors, y-axis lying along the
column of mirrors and z-axis pointing towards the targer. T is the unit vector of
incident ray that is given by (0,0, 1), Ry; is the unit vector of reflected solar ray, 6, is
the incident angle of the solar ray and F is the focal length of the concentrator. The
titling angles of ij-mirror about the row direction is & and about the column direction
is

3. Design and construction of prototype

A non-imaging planar concentrator is an on-axis focusing
device, with the target placed at the focal point. In the design of the

Outdoor (Sunshine Area)
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Target Holder

Concentrator

Flat Mirror Array

concentrator, 360 pieces of flat glass mirrors are prepared and
arranged to form a total reflective area of about 5760 cm?. There is
a gap spacing of 0.5 cm in between the mirrors. This gap will avoid
any possible blocking when the mirrors are tilted and can also
reduce the wind pressure on the concentrator frame.

The concentrator operates on a two-axis sun-tracking system.
We adopted elevation-azimuth sun-tracking formulas into the
control design to predict the sun’s movement [17]. A computing
program is then created to calculate the position of the sun as well
as to ensure correct orientation of the concentrator. The planar
concentrator that consists of the hardware and software section is
schematically represented in Fig. 3. On the hardware part,
a mechanical platform is located outdoors where the concentrator
frame and its drive mechanism are placed. A Windows-based
control program is developed to move the concentrator along the
azimuth (AA") and elevation (BB') axes for the software section. The
movement of the whole system is directed by off-the-shelf
components such as stepper motors, bearings and their associated
gears. Two optical encoders are used to send feedback signals to
eliminate tracking errors resulted from mechanical backslash, wind
effect or any other external disturbances exerted at the concen-
trator frame.

3.1. Hardware design

The structure of the non-imaging planar concentrator can be
divided into four main components: concentrator frame, concen-
trator arm, pedestal and flat mirror array. The architectural design
of the planar concentrator prototype is depicted in Fig. 3. Since this
system is assembled using components that are readily available
(off-the-shelf) and reasonably priced, immediate and easy imple-
mentation is possible.

The main material that is selected for constructing the
concentrator frame is aluminium, which is weather resistant. The
core reason for choosing this material is due to its light weight
characteristic. Because of that, the concentrator frame will not
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Fig. 3. Hardware and software design for the non-imaging planar concentrator. The concentrator operates on a two-axis sun-tracking system. We adopted some mathematical
formulas into the control design to predict the sun's movement. A computing program is then created to calculate the position of the sun as well as to ensure correct orientation of

the concentrator.
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apply much load on the turning mechanism, and subsequently
eases the process of structure development. Fig. 3 also shows the
frame structure of the non-imaging planar concentrator.

Aluminium square tubes are used to form the base frame with
adimension of 115.7 cm = 73.0 cm. Next, twenty-four pieces of flat
aluminium bars are laid across the base frame. Fifteen units of
mirror sets will be mounted on each of the flat aluminium bars.
Another structure, which is the target supporter, is built using
square tubes and is fixed onto the centre of the base frame. For
a CPV system application, solar cells can be placed at this target
supporter frame of 78.0 cm in height.

The concentrator arm is a steel structure that supports the
concentrator frame. The major function of the concentrator arm is
to turn the concentrator frame about the elevation axis and it is
connected to a rotation shaft so that the frame can turn about the
azimuth axis. The pedestal is made from steel bars and functions as
a support to the concentrator frame and the concentrator arm
structure. To provide a strong and firm base as foundation to the
whole system, the footings of the pedestal are constructed with
concrete.

Flat mirrors with the dimension of 4.0 cm x 4.0 cm and a thick-
ness of 0.2 cm are selected as the reflective material for the present
project. There is a total of 360 pieces of flat mirrors, and they are
arranged into twenty-four rows and fifteen columns on the
concentrator frame. Besides that, the concentrator mirror sets
consist of several other components, namely, the compression
springs, machine screws, silicone paste and nuts (Fig.4). The idea of
this design is for the presetting of each mirror along the row and
column directions. There are in total three contact points in each of
these screw-spring assemblies from which one of them acts as the
pivot point, and the remaining two are adjustable points. Each
mirror can thus be freely tilted to focus sunlight onto the target by
turning the nuts of the adjustable screw-spring sets manually.

3.2. Software control system

A Windows-based program is implemented using Microsoft
VisualBasic.net to control the sun-tracking mechanism according to
the day number of the year, the local time, time zone, latitude and
longitude of the concentrator installation. The program uses these
data to calculate the azimuth and elevation angles of the sun. As the
sun moves along its trajectory throughout the day, the computer
sends signals via the parallel port and hence the driver will turn the
concentrator frame appropriately about the azimuth and elevation
axes corresponding to the calculated angles. The tracker is com-
manded to follow the sun at all times because the program is runin
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Fig 4. Structure of the concentrator mirror set. The concentrator mirror sets consist of
several components, namely, the mirror, compression springs, machine screws, sili-
cone paste and nuts. The idea of this design is for the presetting of each mirror along
the row and column directions. There are in total three contact paints in each of these
screw-spring assemblies from which one of them acts as the pivot point, and the
remaining two are adjustable points.
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repeated loops, which will cause continuous movement of the
driver motors.

Two stepper motors, with the specification of 0.9° in the half
step mode, are used to rotate the concentrator around the azimuth
and elevation axes. One of them is coupled to the azimuth shaft and
the other is coupled to the elevation shaft. Each stepper motor is
coupled to its respective shaft via a gearbox at a gear ratio of 100:1,
yielding an overall resolution of 0.009°/step. The tracking is
designed to have a closed-loop feedback by using two 12-bit
absolute encoders with the resolution of 2048 counts/revolution to
confirm that the concentrator is tracking the sun correctly. The
encoders detect the rotation angles of the shaft, and send feedback
signals to a remote computer through an RS-232 interface. The
calculated values are then compared with the current positions of
the concentrator frame recorded in the computer to obtain
a differential value in position. If the positional difference in
angular degree is greater than the resolution of the optical encoder,
i.e.0.176°, the computer will command the relevant stepper motor
to move the frame to the calculated position.

4, Optical alignment

The prototype of non-imaging planar concentrator has been
installed in the south-north orientation at latitude of 3.2° and
longitude of 101.7°, in Kuala Lumpur, Malaysia. Over the past few
months, the prototype has proved to be robust, reliable, and
capable of operating for long periods in the field. Fig. 5 shows the
layout of the prototype that has been constructed using the two-
dimensional array of flat mirrors.

2
PR

Fig. 5. The prototype of the non-imaging planar concentrator has successfully focused
360 mirror images onto a target area. The prototype has been installed in the south-
north orientation at latitude of 3.2% and longitude of 101.7%, in Kuala Lumpur, Malaysia
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There are two stages in the optical alignment process. The first
stage is to fine tune the input parameters for the planar concentrator
so that the system can track the sun accurately. The parameters that
will affect the tracking accuracy are latitude, longitude and the local
clock time. At this stage, nine mirrors which are at the centre of the
concentrator frame are selected to concentrate sunlight onto the
target area during tracking for optical alignment purposes, whereas
the remaining mirrors are covered. When the exposed mirrors
achieve the smallest tracking error, a small offset value from the
solar image to the expected target area, the second stage of optical
alignment can be started. The second stage is to tilt the remaining
mirrors to focus sunlight towards the target. This mirror alignment
work must be carried out while the concentrator mirrors are in
operation and tracking the sun. Fig. 5 shows the prototype with
mirrors that are aligned to the target.

5. Solar illumination distribution study

5.1. Theoretical analysis

A theoretical study of the illumination distribution on the
receiver has been carried out with the aid of computer simulation.
In the simulation program, ray tracing technique was used to model
the reflection of sunlight by the non-imaging planar concentrator
and to plot the distribution of solar flux at the target plane. All the
parameters used in the simulation follow the practical design
parameters of the prototype and the solar disc effect is also
included in which the sunlight that strikes on the mirror surface is
treated as cone rays. In order to achieve a smooth simulation result
of illumination distribution at the target, a reasonably high reso-
lution is required in the optical modelling for the mirrors, cone rays
and the target plane. In this context, each mirror with a dimension
of 4.0cm = 4.0cm is represented by 35 =35 equally spaced
reflective points. To emulate the solar disc effect to the final image
size, the sunlight reflected from each reflective point will be then
represented by a group of equally distributed solar rays within
a cone with half aperture angle of 0.2666° and the resolution of 69
rays per aperture diameter. The target plane of dimension
8.0cm = 80cm is represented by a grid of 100 x 100 equally
spaced points in the simulation and therefore each pixel of illu-
mination distribution plot has an area of 0.08 cm = 0.08 cm. The
solar concentration of each pixel is essentially a measure of how
much solar irradiation a pixel receives compared to the situation
with direct normal solar irradiation. Consequently, the calculation
of solar concentration (number of suns) on each pixel can be shown
as

Area of Reflective Point (cm?)  cos f;
x x
Area of Target Plane Pixel (cm?) P

G=iN (6)
where N is the number of solar rays that strike on the corre-
sponding pixel at the target plane and Pis the total number of solar
rays within the cone. In the algorithm for optical simulation of the
solar concentrating system, sunlight that is reflected by each of the
reflective points on the flat mirror will be modelled to be comprised
of P rays per cone and each ray within the cone will be traced from
the reflective point to the target plane. The target plane consisting
of 100 x 100 equally spaced pixels will have a particular pixel to
increase its count by 1 unit if there is any solar ray impinging on
that particular pixel. The algorithm is repeated for all the reflective
points at the mirror surface and for all the mirrors at the planar
concentrator. If the total count of a particular pixel at the target
plane is N unit, the solar concentration for that pixel can be
determined from Eq. (6) and the illumination distribution will be
generated by computing the solar concentration for each pixel on
the target plane.
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To study the characteristics of maximum solar concentration
and uniform illumination area, the solar illumination distribution
of the non-imaging planar concentrator with different focusing
distance has been simulated. Fig. 6(a)-(c) shows the pattern of the
illumination distribution when the focusing distance (F) is set at
78 cm. From Fig. 6(b) and (c), the maximum solar concentration
and the uniform illumination area are identified as 298 suns and
3.36cm x 3.39cm (114 cm?), respectively. Following this result,
the illumination distribution is also simulated for other focusing
distances, F, such as at 30 cm, 40 cm, 50 cm, 60 cm, 70 cm, 80 cm,
90 cm, 100 cm, 110 cm, 120 cm, 130 cm and 140 cm. Fig. 7 reveals
the graph of maximum solar concentration and total uniform illu-
mination area versus focusing distance. Increasing focusing
distance can in fact improve the maximum solar concentration but
the total uniform illumination area will be sacrificed. The increase
of the solar concentration with focusing distance has shown
a tendency towards saturation after F= 80 cm, while the reduction
in the uniform illumination area with focusing distance follows
a linear graph. By increasing focusing distance from 80 cm to
140 cm, the maximum achievable solar concentration only
improves 7% (from 301 suns to 320 suns), but the uniform illumi-
nation area has been reduced 30% (from 11.29 cm? to 7.83 cmz).
There are a few factors affecting the solar concentration and
uniform illumination area when the focusing distance is varied,
which include cosine effect (effective collection area of solar radi-
ation inversely proportional to fi;; and hence proportional to F),
image projection effect ( projection of mirror image onto the target
plane proportional to #;; and hence inversely proportional to F) and
solar disc effect (the image size of the solar disc inversely propor-
tional to F), etc. Among all these factors, only cosine effect and
image projection effect will cause the solar concentration to
increase with the focusing distance, while solar disc effect is
otherwise, Therefore, we can conclude that the cosine effect and
the image projection effect are two dominant factors affecting the
performance of the non-imaging planar concentrator.

5.2. Experimental data

To optimise the performance of the concentrator, the focusing
distance of the prototype is finally set at 78 cm and experiment
data have been collected to validate the simulation result. The
simulation result shows a uniform illumination profile with
a concentration of 298 suns. Thus, to verify these two important
information, the sand-paper carbonizing experiment is carried out
to check the shape of the image while the material-melting
experiment is used to confirm the magnitude of achievable
concentration. Comparing the simulation result in Fig. 6{a) with the
experiment result as shown in Fig. 8, both of them have shown
similar characteristics, especially the total area of uniform illumi-
nation and the profile of solar flux distribution. As for the distri-
bution pattern of the solar flux study, we have exposed a piece of
sand paper at the target area for a few seconds and the concen-
trated sunlight has generated different grades of burnt mark on the
sand paper. Fig. 8 shows the result of the above experiment and the
sand paper has shown a reasonably uniform carbonised burnt mark
especially at the area of 3.3 cm x 3.4 cm.

In addition, another experiment has also been conducted to
confirm the maximum solar concentration ratio of 298 suns as
predicted in the simulation result. According to the black body
radiation theory, the solar concentration ratio of 298 suns can be
indirectly verified through confirming the maximum achievable
temperature of 1159 °C under the solar insolation of 800 W/m?[18].
From the above hypothesis, we proceeded with further experi-
ments to determine the maximum achievable temperature using
material-melting method. This experiment was conducted from
4th November 2007 to 5th November 2007. Metal sheets are cut



KK Chong et al. / Renewable Energy 34 (2009) 13641370 1369

Concentration .
ratio Cencentration
fat 339cm
- .—.
300 —-— 208

||||niii||
;1|I|||l||||
|I||IlIIII

b

250

200

150

100

50

]
sem) 4 A2 o 2 A4
a0 yiem) 288 em 306 em

Concentration
ratio
300

c
250

200
150
100

50

0 ! i
yiemy g 0 2 4
B 2 ﬁdcmz :Y!nm

Fig 6. The optical simulation result of the illumination distribution at the target produced by the non-imaging planar concentrator prototype with the focusing distance of 78 cm.
(a) Three-dimensional view of mesh plot, (b) two-dimensional view of mesh plot displaying uniform distribution of concentrated sunlight at the centre of the target (view fromx),
() two-dimensional view of mesh plot displaying uniform distribution of concentrated sunlight at the centre of the target (view from y).

into a size of about 6.0 cm = 6.0 cm. Each sheet is then held hori- observed that a melted hole is successfully formed in both the
zontally at the hot spot position using an adjustable target holder. aluminium and copper sheets. As an example, an aluminium sheet
Various types of materials such as aluminium (melting point of of 0.12 mm thickness started melting instantly when exposed to
660 °C) and copper (melting point of 1084 °C) are employed. We concentrated sunlight, and took 5 s to form a hole. This shows that
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Fig 7. Graph of the maximum solar concentration (suns) and total uniform illumination area (cm®) versus focusing distance (cm). Increasing focusing distance can in fact improve
the maximum solar concentration but the total uniform illumination area will be sacrificed

117



1370 KK (hong et al. / Renewable Energy 34 (2009) 1364-1370

Fig. & Solar illumination distribution study has been carried out by exposing a sand
paper for a few seconds at the target of the planar concentrator prototype. The
concentrated sunlight has generated different grades of bumt mark on the sand paper.
The sand paper has shown a reasonably uniform carbonised bumt mark especially at
the area of 33 cm = 34 cm

the temperature of the prototype has reached the melting point
temperature of those materials. These tests have successfully
verified that the system can achieve a temperature of at least
1084 °C and thus the solar concentration of 298 suns is possible.

6. Conclusion

As a conclusion, the experiment and simulation results have
concurrently confirmed that the non-imaging planar concentrator
design can produce a reasonably uniform solar irradiance at the
target plane, which is very significant in increasing the efficiency of
the CPV system. Consequently, the proposed non-imaging planar
concentrator is an optical device that is specially designed for the
application in CPV system, especially for CPV cells in a dense-array
receiver.
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Abstract: A novel on-axis general sun-tracking formula has been integrated in the
algorithm of an open-loop sun-tracking system in order fo track the sun accurately and cost
effectively. Sun-tracking errors due to installation defects of the 25 m® prototype solar
concentrator have been analyzed from recorded solar images with the use of a CCD camera.
With the recorded data. misaligned angles from ideal azimuth-elevation axes have been
determined and corrected by a straightforward changing of the parameters’ values in the
general formula of the tracking algorithm to improve the tracking accuracy to 2.99 mrad.,
which falls below the encoder resolution limit of 4.13 mrad.

Keywords: general sun-tracking formula: azimuth-elevation; sun-tracking accuracy:
passive sensors; solar concentrator; solar collector

1. Introduction

Sun-tracking system plays an important role in the development of solar energy applications.
especially for the high solar concentration systems that directly convert the solar energy into thermal or
electrical energy [1]. Over the past two decades, various types of sun-tracking mechanisms have been
proposed to enhance the solar energy harnessing performance of solar collectors. Although the degree
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of accuracy required depends on the specific characteristics of the solar concentrating system being
analyzed. generally the higher the system concenfration the higher the tracking accuracy that will be
needed [2]. To achieve good fracking accuracy, sun-tracking systems normally employ sensors to
feedback error signals to the control system in order to continuously receive maximum solar irradiation
on the receiver. The two common types of sensors used for this purpose are closed-loop sensors and
open-loop sensors.

Firstly. a closed-loop sensor, such as CCD camera or photo-detector. is used to sense the position of
the solar image on the receiver and a feedback signal is sent to the controller if the solar image moves
away from the receiver. Sun-tracking systems that employ closed-loop sensors are known as
closed-loop sun trackers. Over the past 20 years or so. the closed-loop tracking approach has been
traditionally used in the active sun-tracking scheme [3-6]. For example. Kribus er al. designed a
closed-loop controller for heliostats which improved the pointing error of the solar image up to 0.1 mrad.
with the aid of four CCD cameras set on the target [7]. However. this method is rather expensive and
complicated because it requires four CCD cameras and four radiometers to be placed on the target.
Then the solar images captured by CCD cameras must be analysed by a computer to generate the
control correction feedback for correcting tracking errors. In 2006, a sun-tracking error monitoring
system that uses a monolithic optoelectronic sensor for a concentrator photovoltaic system was
presented by Luque-Heredia er al. According to the results from the case study. this monitoring system
achieved a tracking accuracy of better than 0.1°. However. the criterion is that this tracking system
requires full clear skv days to operate as the incidence light has to be above a certain threshold to
ensure that the minimum required resolution is met [8]. That same vear. Aiuchi er al. developed a
heliostat with an equatorial mount and a closed-loop photo-sensor control system. The experimental
results showed that the tracking error of the heliostat was estimated to be 2 mrad during fine weather [9].
Nevertheless. this tracking method is not popular and only can be used for sun-trackers with an
equatorial mount configuration. which is not a common tracker mechanical structure and is
complicated because the central of gravity for the solar collector is far off the pedestal. Furthermore,
Chen er al. presented studies of digital and analogue sun sensors based on the optical vernier and
optical nonlinear compensation measuring principle respectively. The proposed digital and analogue
sun sensors have accuracies of 0.02° and 0.2° correspondingly for the entire field of view of £64°
and +62° respectively [10.11]. The major disadvantage of these sensors is that the field of view.
which is in the range of about £64° for both elevation and azimuth directions. is rather small compared
to the dynamic range of motion for a practical sun-tracker that is about £70° and +140° for elevation
and azimuth directions. respectively. Besides that. it is just implemented at the testing stage in precise
sun sensors to measure the position of the sun and has not yet been applied in any closed-loop
sun-tracking system so far.

Although closed-loop sun-tracking system can produce a much better tracking accuracy., this type of
system will lose its feedback signal when the sensor is shaded or when the sun is blocked by clouds.
As an alternative method to overcome the limitation of closed loop sun-trackers. open-loop sun
trackers were introduced by using open-loop sensors that do not require any solar image as feedback.
The open-loop sensor will ensure that the solar collector is positioned at pre-calculated angles, which
are obtained from a special formula or algorithm according to date, time and geographical information.
In 2004, Abdallah er al. designed a two axes sun tracking system, which is operated by an open-loop

120



Sensors 2009. 9 7851

control system. A programmable logic controller (PLC) was used to calculate the solar vector and to
control the sun tracker so that it follows the sun’s trajectory [12]. In addition. Shanmugam er al.
presented a computer program written in Fisual Basic that is capable of determining the sun’s position
and thus drive a paraboloidal dish concentrator (PDS) along the East-West axis or North-South axis for
receiving maximum solar radiation [13].

In general. both sun-tracking approaches mentioned above have both strengths and drawbacks. so
some hybrid sun-tracking systems have been developed to include both the open-loop and closed-loop
sensors. Early in the 21* century, Nuwayhid ez al. adopted both the open-loop and closed-loop tracking
schemes mto a parabolic concentrator attached to a polar tracking system. In the open-loop scheme. a
computer acts as controller to calculate two rotational angles, 1.e., solar declination and hour angles, as
well as to drive the concentrator along the declination and polar axes. In the closed-loop scheme. nine
light-dependent resistors (LDR) are arranged in an array of a circular-shaped “iris” to facilitate
sun-tracking with a high degree of accuracy [14]. In 2006. Luque-Heredia er al. proposed a novel P/
based hybrid sun-tracking algorithm for a concentrator photovoltaic system. In their design. the system
can act in both open-loop and closed-loop mode. A mathematical model that involves a time and
geographical coordinates function as well as a set of disturbances provides a feedforward open-loop
estimation of the sun’s position. To determine the sun’s position with high precision, a feedback loop
was infroduced according to the error correction routine which is derived from the estimation of the
error of the sun equations that are caused by external disturbances at the present stage based on its
historical path [15]. One year later, Rubio er a/. fabricated and evaluated a new control strategy for a
photovoltaic (PV) solar tracker that operated in two tracking modes, i.e.. normal tracking mode and
search mode. The normal tracking mode combines an open-loop tracking mode that is based on solar
movement models and a closed-loop tracking mode which corresponds to the electro-optical controller
to obtain a sun-tracking error that is smaller than a specified boundary value and enough for solar
radiation to produce electrical energy. Search mode will be started when the sun-tracking error is large
or no electrical energy is produced. The solar tracker will move according to a square spiral pattern in
the azimuth-elevation plane to sense the sun’s position until the tracking error is small enough [16].

As a matter of fact. the tracking accuracy requirement is very much reliant on the design and
application of the sun-tracker. In this case. the longer the distance between the solar concentrator and
the receiver the higher the tracking accuracy required will be because the solar image becomes more
sensitive to the movement of the solar concentrator. As a result. a heliostat or off-axis sun-tracker
normally requires much higher tracking accuracy compared to that of on-axis sun-tracker due to the
fact that the distance between the heliostat and the target is normally much longer, especially for a
central receiver system configuration. In this context, a tracking accuracy in the range of a few
miliradians (mrad) is in fact sufficient for an on-axis sun-tracker to maintain its good performance
when highly concentrated sunlight is involved [17]. Despite having many existing on-axis sun-tracking
methods. the designs available to achieve a good tracking accuracy of a few mrad are complicated and
expensive. It is worthwhile to note that conventional on-axis sun-tracking systems normally adopt two
common configurations. which are azimuth-elevation and tilt-roll (polar tracking). limited by the
available basic mathematical formulas of sun-tracking system. For azimuth-elevation tracking system.
the sun-tracking axes must be strictly aligned with both zenith and real north. For a tilt-roll tracking
system, the sun-tracking axes must be strictly aligned with both latitude angle and real north. The
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major cause of sun-tracking errors is how well the aforementioned alignment can be done and any
installation or fabrication defects will result in low tracking accuracy. According to our previous study
for the azimuth-elevation tracking system, a misalignment of azimuth shaft relative to zenith axis of
0.4° can cause tracking error ranging from 6.45 to 6.52 mrad [18]. In practice, most solar power plants
all over the world use a large solar collector area to save on manufacturing cost and this has indirectly
made the alignment work of the sun-tracking axes much more difficult. In this case, the alignment of the
tracking axes involves an extensive amount of heavy-duty mechanical and civil works due to the
requirement for thick shafts to support the movement of a large solar collector. which normally has a
total collection area in the range of several tens of square meters to nearly a hundred square meters.
Under such tough conditions. a very precise alignment is really a great challenge to the manufacturer
because a slight misalignment will result in significant sun-tracking errors. To overcome this problem.
an unprecedented on-axis general sun-tracking formula has been proposed to allow the sun-tracker to
track the sun in any two arbitrarily orienfated tracking axes [18]. In this paper. we would like to
mtroduce a novel sun-tracking system by integrating the general formula into the sun-tracking
algorithm so that we can track the sun accurately and cost effectively. even if there is some
misalignment from the ideal azimuth-elevation or tilt-roll configuration. In the new tracking system.
any misalignment or defect can be rectified without the need for any drastic or labor intensive
modifications to either the hardware or software components of the tracking system. In other words.
even though the alignments of the azimuth-elevation axes with respect to the zenith-axis and real north
are not properly done during the installation. the new sun-tracking algorithm can still accommodate the
misalignment by changing the values of ¢. 4 and £ in the tracking program. The advantage of the new
tracking algorithm is that it can simplify the fabrication and installation work of solar collectors with
higher tolerance in terms of the tracking axes alignment. This strategy has allowed great savings in
terms of cost, time and effort by omitting more complicated solutions proposed by other researchers
such as adding a closed-loop feedback controller or a flexible and complex mechanical structure to
level out the sun-tracking error [1.19]. To demonstrate the use of general formula for improving
sun-tracking accuracy. a prototype solar concentrator has been constructed and tested on the campus of
Universiti Tunku Abdul Rahman (UTAR).

2. Methodology of Using General Formula to Improve Sun-Tracking Accuracy

The derivation of the general formula for an on-axis sun-tracking system has been presented in our
previous paper [18]. According to the general formula. the sun-tracking accuracy of the system is
highly reliant on the precision of the input parameters of the sun-tracking algorithm: latitude angle (@),
hour angle (@), declination angle (5), as well as the three orientation angles of the tracking axes of solar
concentrator, i.e., ¢, A and £ Among these values, local latitude. @. and longitude of the sun tracking
system can be determined accurately with the latest technology such as a global positioning system
(GPS). On the other hand. @ and &are both local time dependent parameters (please refer to Appendix
for the details). These variables can be computed accurately with the mput from precise clock that is
synchronized with the Internet time server. As for the three orientation angles ¢ A and £. their
precision are very much reliant on the care paid during the on-site installation of solar collector, the
alignment of tracking axes and the mechanical fabrication. The following mathematical derivation is
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attempted to obtain analytical solutions for the three orientation angles based on the daily sun-tracking
error results induced by the misalignment of sun-tracking axes.

From our previous study [18]. the unit vector of the sun. [$7]. relative to the solar collector can be
obtained from a multiplication of four successive coordinate transformation matrices, 1.e.. [@]. [¢]. [A]
and [£] with the unit vector of the sun, [S]. relative to the earth and it is written as:

[s1 = c] Al Il 2] [s].

sina cos{ 0 sind cosA —sind 0 1 0 0
cosarsing | = 0 1 0 |x|sind cosi 0| x |0 cos¢g —sing
coscreos ff —sind 0 cosd 0 0 1 0 sing cos¢ &)
cos® 0 sind cosdcosm
x 0 1 0 |x|—cosdsinw
—sin® 0 cosd sind

where o is elevation angle. §is azimuth angle. w is hour angle. §1s declination angle, @ is latitude at
which the solar collector is located as well as ¢ A and £ are the three orientation angles of
two-orthogonal-driving axes of the solar collector. From the Equation (1). let us multiply the first three
transformation matrices [¢]. [2] and [<]. and then the last two matrices [@] with [S] as to obtain the
following result:

siner cosdcosd  —cosdsindcosg+sindsing  cosdsindsing +sind cosg
cosasinf | = sin A cos.Acosg —cosAsing
cosarcos f —sindcosAd  sindsin Acosg+ecosdsing  —sindsindsing+cosd cosg
. . 2
cos@eosdcosm+sindsind ( )
X —cosdsine

—sin®cosdcosm+ cosPsind

From Equation (2), we can further dissolve it into Equation (3):

sing = (cos@cosScos @+ sin@sin (5)(co&§c05/i )+ (— cosSsinw)(—cos < sin Acos¢+sindsin gﬁ)

. : - . (3a)
+(—sm&l‘)coséco&w+cos@smé'[cos{smnsmqﬂL sin¢ cos¢)
cosasin f = {cos@cos§cosa)+5m¢)sin§)(si.n /‘.)+{— cos & sin ru)(co& A cosg{b) b
3b)
+(—sin®cos §cos @+ cos Psin 5 - cos Asin ¢)
cosacos = (cos®cos §cos @+ sinPsin & )~ sin;coszl]+(—cosr55in(.-;]si.u§ sin A cos ¢ + cos £ sin ¢
(3¢)

+(~sin® cos S cos @+ cos Tsin 5 - sin ¢ sin A sin ¢ + cos ¢ cos )

The time dependency of e and & can be found from Equation (3). Therefore. the instantaneous
sun-tracking angles of the collector only vary with the angles @ and &. Given three different local times
LCTy. LCT; and LCT; on the same day, the corresponding three hours angles e, @5 and @5 as well as
three declination angles 8. & and & can result in three elevation angles 1. a2 and ¢3 and three azimuth
angles 8. B> and s accordingly as expressed in Equation (3a)—(3c). Considering three different local
times, we can actually rewrite each of the Equation (3a)—(3¢) into three linear equations. By arranging
the three linear equations in a matrix form. the Equation (3a)—(3c) can subsequently form the
matrices (4a)—(4¢):
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sinar cos@cosS cosay +sin®sind, —cosdsine —sin®cos S cosw, +cosDsind,
sing, | = |cos®cosd,cosw, +sin@sind, —cosd,sinm, -—sinPcosd,cosm, +cosPsind,
sina cos@cos S cos; +sin®@sind; —cosd;sine,  —sin®cosd; cosamy +cosDsind,
(4a)
cosd cos A
% | —cosd sinAcosg+sind sing
cos{ sindsing +sing cos ¢
cosa; sin B cos@cosS cosay +sin®sing, —cosdisiney  —sinPceosS cosay +cosDsind,
cosa,sin B, | = [cosPcosd,cosem, +sindsind, —cosd,sine, —sin®cosd, cosa, +cosPsind,
cosa, sin j, cos®cosd; cos@; +sin@sing, —cosd;sine, —sin®cosd; cosm, +cosPsind, b
sind
x | cosAcosg
—cos Asing
cosa, cos cos@cosd cos +sinPsing,  —cosd sinw  —smPeosd cose, +cosPsing,
cosa,cos B, | = |cosDceosd, cosw, +sin®Psing, —cosd,sinw, —sin®cosd, cos@, +cosPsind,
cosa;, cos f; | cos@cosd; cos @y +sinPsind; —cosdysine;  —sin@eos S, cosm; +cos Psin
: 4¢
—sing cos A (4c)

% | sing sindcosg+cosd sing

—sind sin Asing+cos £ cosd

where the angles @. . A and £ are constants with respect to the local time.

In practice. we can measure the sun tracking angles, i.e.. (en. @2 a3) and (f. B.. ) during
sun-tracking at three different local times via a recorded solar image of the target using a CCD camera.
With the recorded data, we can compute the three arbitrary orientation angles ¢ A4 and < of the solar
collector using the third-order determinants method to solve the three simultaneous equations as shown
in Equation (4a)—(4c). From Equation (4b). the orientation angle A can be determined as follows:

cosaysinfl;, —cosdsine, —sindceosd cose, +cosPsin g,

cosa,sinf, —cosd,sinw, —sindcosd, cosa, +cosPsind,

a— cosagsinf; —cosd;sine, —sin®cosd; cos@, +cosPsing,

A=sm~ =2 3 3
(5a)

cos®cosd cosam, +sin®sind, —cosd sine,  —sin®Pcosd, cosm, +cosPsing,

cos@ceosd, cosm, +sin®@sing, —cosd,sinw, —sin®cosd, cosm, +cosPsind,

cos@cosd; cos@; +sin®@sind; —cosd; sinw; —sin®cosd; cosa; +cosPsin s,

Similarly, the other two remaining orientation angles. ¢ and £ can be resolved from Equation (4b)
and Equation (4c) respectively as follows:

cos®cosd cosw, +sin®sind, —cosd sine, cosa,smpf,
cosDeosd, cose, +sin@sind, —cosd,sin®, cosa,sinf,

PR cosPeosd; cosa; +sindsind;  —cosd; sine;  cosa;sm fy

(5b)

5 : 5 5 = X
cos@cosd, cose, +sinPsing,  —cosd sine, —sindcosd cos@, +cosPsins, —cosAd
cos@cosd, cos@, +sindsind, —cosd,sine®, —sindcosd, cosw, +cosPsing,

cos@cosd; cos@, +sin@singd; —cosd;sinw;, —sin®@cosd, cos@; +cosPsind,
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cosa cos f, —cosd siney —sin®cosd cosem +cosPsin g

cosa, cosff, —cosd,sin®, —sin®cosd, cosmw, +cosPsing,

¢ = —cin? cosaycos B, —cosd;sine; —sin®ceosd; cos; +cosDsind, B 1

i cos@cosd cose +sin@sing,  —cosd sin —sin@cosd, cosay +cosPsin g, cos A (5¢)
cos@cosd, cosm, +sinPsing, —cosd,sin®, —sin@cosd, cosw, +cosPsingd,
cos@cosd; cosam, +sin®sind;, —cosd;sinm;, —sin@cosd, cosw; +cosPsind,

Figure 1 shows the flow chart of the computational program designed to solve the three unknown
orientation angles of the solar collector: ¢. A and Jusing Equation (5a)}—(5¢). By providing the three sets
of actual sun tracking angles, o and f, at different local times for a particular number of day as well as
geographical information. i.e.. longitude and latitude. the computational program can be executed to
calculate the three unknown orientation angles.

Figure 1. The flow chart of the computational program to determine the three unknown
orientation angles that cannot be precisely measured by tools in practice. i.e.. ¢. 1 and &

Start

Input parameters:

1. 3 measured sun-tracking angles o and
S at3 different local times 1.OCT

. common parameters:
@, longitude, N and time zone meridian

(8]

3 linear equations with 3 unknown parameters (ie. ¢, 2 and £ are formed for
three sets of local times 27 and sun-tracking angles e and /

For each set of local time LCY and sun-tracking angles o and /3
(1) calculate the declination angle, &
(1) calculate the hour angle, »

3 tilted angles (¢ A and &) are determined by using third-
order determinant method as shown in Egs. (5a)-(5c)

End

3. Open-Loop Sun-Tracking System Design

To test the aforementioned methodology. a prototype of an on-axis solar concentrator with a total
reflective area of 25 m® has been constructed in the campus of UTAR. Kuala Lumpur (located at
latitude 3.22° and longitude 101.73°: see Figure 2). The prototype consists of 120 sets of mirrors that
are arranged into a hexagonal array and the target is placed at a focal point with the distance of 4.5 m
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from the centre of solar concentrator frame. This solar concentrator is designed to operate on the most
common ftwo-axis tracking system. which is the azimuth-elevation tracking system. The drive
mechanism for the solar concentrator consists of stepper motors and associated gears. Two stepper
motors, with 0.72 degree in full step. are coupled to the shafts. elevation and azimuth shafts, with a gear
ratio of 4.400 yielding an overall resolution of 1.64 = 107*/step.

Figure 2. A prototype of on-axis solar concentrator that has been constructed at Universiti
Tunku Abdul Rahman (UTAR).

A Windows-based control program has been developed by itegrating the general formula into the
open-loop sun-tracking algorithm. In the control algorithm. the sun-tracking angles. i.e.. azimuth (5)
and elevation () angles, are first computed according to the latitude (). longitude. day numbers (N).
local time (LCT). and the three orientation angles ¢ 4 and £ The control program then generates
digital pulses that are sent to the stepper motor fo drive the concentrator to the pre-calculated angles
along azimuth and elevation movements in sequence. Each time. the control program only activates
one of the two stepper motors through a relay switch. The executed control program of sun-tracking
system is shown in Figure 3.
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Figure 3. A Windows-based control program that has been integrated with the on-axis
general formula.

An open-loop control system is preferable for the prototype solar concentrator so as to keep the
design of the sun-tracker simple and cost effective. In our design. open-loop sensors. 12-bit absolute
optical encoders with a precision of 2.048 counts per revolution. are attached to the shafts along the
azimuth and elevation axes of the concentrator to monitor the turning angles and to send feedback
signals to the computer if there is any abrupt change in the encoder reading [see the inset of Figure 4(b)].
Therefore. the sensors not only ensure that the instantaneous azimuth and elevation angles are matched
with the calculated values from the general formula, but also eliminate any tracking errors due to
mechanical backlash. accumulated error, wind effects and other disturbances to the solar concentrator.
With the optical encoders, any discrepancy between the calculated angles and real time angles of solar
concentrator can be detected. whereby the drive mechanism will be activated to move the solar
concentrator to the correct position. The block diagram and schematic diagram for the complete design
of the open-loop control system of the prototype are shown in Figure 4 (a).(b). respectively.
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Figure 4 (a). Block diagram to show the complete open-loop feedback system of the
prototype solar concentrator. (b). Schematic diagram to show the detail of the open-loop
sun-fracking system of the prototype solar concentrator where AA’ is azimuth-axis and
BB’ is elevation-axis.
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The estimated total electrical energy produced by the prototype solar concentrator and the total
energy consumption of the sun-tracking system are also calculated. Taking into account the total mirror
area of 25 m’. optical efficiency of 85%. and the conversion efficiency from solar energy to electrical
energy of 30% for direct solar irradiation of 800 W/m”. we have obtained a generated output energy
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of 35.7 kW/h/day for seven hours of daily sunshine. Table 1 shows the energy consumption of
1.26 kW/h/day for the prototype includes the tracking motors, motor driver, encoders and computer. It
corresponds to less than 3.5% of the rated generated output energy. Among all these components. the
computer consumes the most power (more than 100 W) and in the future a microcontroller could be used
to replace computer as to reduce the energy consumption.

Table 1. Specification and energy consumption of prototype sun-tracking system.

Total rotational angles of Elevation axis (degree/ day) 240
Total rotational angles of Azimuth axis (degree/ day) 540
Motor's rotational speed (rpm) 120
Gear ratio 1: 4.400
Solar concentrator's angular speed (degree per second) 0.16
Total time for Elevation axis rotation (hour/ day) 041
Total time for Azimuth axis rotation (hour/ day) 0.92
Total operating time:10am—5pm (how/ day) i
Elevation mofor's power consumption (watf) 99
Azimuth motor's power consumption (watt) 66
Power consumption of computer. encoders & motor driver 165
(watt) )
Energy Consumption of the Elevation motor (kW-l/day) 0.04
Energy Consumption of the Azimuth motor (kW-Iv/day) 0.06
Energy Consumption of computer. encoder & driver 116
(kW-h/day) ’
Total Energy Consumption of the motors (kW-h/day) 1.26

4. Performance Study and Experimental Results

Before the performance of the sun-tracking system was tested, 119 sets of mirrors were covered with
black plastic. except the one mirror which is located nearest to the centre of the concentrator frame so
that we can analyse the tracking accuracy by only observing the movement of one solar image at the
target. To avoid the sun-tracking errors due to wrong estimation of the prototype’s geographical location.
a GPS was used to determine the latitude (@) and longitude of the solar concentrator. Initially, we
assume that the alignment of solar concentrator is perfectly done relative to real north and zenith by
setting the three orientation angles as ¢ =2 = £=0° in the control program. To study the performance of
sun-tracking system on 13 January 2009. a CCD camera was employed to capture the solar image cast on
the target for every 30 minutes from 10 am. to 5 pm. local time. A CCD camera with 640 x 480 pixels
resolution was connected to a computer via a PCI video card to have a real time transmission and
recording of solar image. Figure 5 illustrates some of the recorded solar images at different local times.
According to the recorded results shown in Figure 6. the recorded tracking errors, ranging from 12.12 to
17.54 mrad throughout the day. have confirmed that the solar concentrator is misaligned relative to

zenith and real north.

129



Sensors 2009, 9

Figure 5. The recorded solar images on the target of prototype solar concentrator using a
CCD camera from 10:07 am. to 4:25 pm. on 13 January 2009 with ¢= A= = 0°.
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Figure 6. The plot of pointing error (mrad) versus local time (hours) for the parameters.

1.e., ¢=A=<=0° on 13 January 2009.
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Figure 8. The recorded solar images on the target of prototype solar concentrator using a CCD
camera from 10:25 am. to 4:54 pm. on 16 January 2009 with ¢=—0.1°; 1 =0° and {=-0.5°.
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To rectify the problem of the sun-tracking errors due to imperfect alignment of the solar
concentrator during the installation, we have to determine the three misaligned angles. i.e.. ¢ 4, £ and
then insert these values into the edit boxes provided by the control program as shown in Figure 3. Thus.
the computational program using the methodology as described in Figure 1 was execufted to compute
the three new orientation angles of the prototype based on the data captured on 13 January 2009. The
actual sun-tracking angles. i.e.. ¢ and S, can be determined from the solar image position relative to the
central point of the target. Three sets of sun-tracking angles at three different local times from the
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previous data were used as the input values to the computational program for simulating the three
unknown parameters of ¢. A and £ The simulated results are ¢= —0.1°, 1= 0° and {= —0.5° To
substantiate the simulated results. these values were then used in the next session of sun-tracking that
was performed on 16 January 2009 from 10 am. fo 5 pm. With the new orientation angles. the
performance of the prototype in sun-tracking has been successfully improved to the accuracy of 2.99
mrad. as shown in Figure 7. This result has reached the limit of sun-tracking accuracy due to the
resolution of the optical encoder which corresponds to 4.13 mrad, unless higher resolution optical
encoders are used as sensors. Figure 8 shows the recorded solar images at the target for different local
times ranging from 10 am. to 5 pm. on 16 January 2009. In the experimental results, even though the
misalignment on the azimuth axis is i the range of 0.5°, the resulted sun-tracking error is significant.
especially for the application in high concentration solar collectors and in particular for dense array
concentrator photovoltaic systems [17]. Since then, the prototype has been tested by running it for a
period of more than six months to confirm the validation of the sun-tracking results.

5. Conclusions

,

With the simulated parameter ¢=—0.1°: A= 0° and ¢= —0.5°, the performance of a prototype in
sun-tracking has been improved to a maximum pointing error of 2.99 mrad. which falls below the
encoder resolution, 4.13 mrad. As a result, the general sun-tracking formula is confirmed to be capable
of rectifying the installation error of the solar concentrator with a significant improvement in the
tracking accuracy. In fact. there are many solutions of improving the tracking accuracy such as adding a
closed-loop feedback system to the controller [1]. designing a flexible mechanical platform capable of
two-degree-of-freedom for fine adjustment of azimuth shaft [19]. etc. Nevertheless. all these solutions
require a more complicated sun tracker engineering designs. which also make the whole system more
costly. Instead of using a complicated sun-tracking method. integration of an on-axis general
sun-tracking formula into the open-loop sun-tracking system is a clever method of obtaining a
reasonably high precision in sun-tracking with a simple and cost effective design. This approach can
significantly improve the performance and reduce the cost of solar energy collectors. especially for high
concentration systems.
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Appendix

Formula for declination angle:
sin §=0.39795 cos [0.98563(N —173)]

where N 1s day number and calendar dates are expressed as the N = 1. starting with January 1. Thus
March 22 would be N=31 + 28 + 22 = 81 and December 31 means N = 365.
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The hour angle expresses the time of day with respect to the solar noon: It is the angle between the
plane of the meridian containing observer and meridian that touches the earth-sun line. It is zero at
solar noon and increases by 15° every hour:

=15 (t,— 12) (degree)

where f; 1s the solar time in hours. A solar time i1s a 24-hour clock with 12:00 as the exact time when
the sun is at the highest point in the sky. The concept of solar time is to predict the direction of the
sun’s ray relative to a point on the earth. Solar time is location or longitudinal dependent. It is
generally different from local clock time (LCT) (defined by politically time zones)

The conversion between solar time and local clock time requires knowledge of the location. the day
of the year. and the standards to which local clocks are set. The conversion between solar time z, and
local clock time (ZCT) (in 24-hour rather than AM/PM format) takes the form:

ts=LCT+EQT/60—LC—-D (hours)

where EOT is the equation of time in minutes, LC is a longitude correction. and D is daylight saving
time. Daylight saving time was initiated in the spring of 1918 to “save fuel and promote other
economies in a country at war” [20]. According to this concept. the standard time is advanced by 1
hour. usually from 2:00 am. on the last Sunday in April until 2:00 am. on the last Sunday in October.

The difference between mean time and solar time is called the equation of time (EOT). An
approximation for the equation of time in minutes is given by Woolf (1968) is accurate to within
about 30 seconds during daylight hours:

EOT=0.258cosx— 7.416 sinx — 3.648 cos 2 x — 9.228 sin 2 x (minutes)
where the angle x is a function of the day number N,
x=360(N—1)/365.242 (degrees)

For example, on February 11, 1981 the day number N =42, x = 40.41 degrees and EQT = —14.35
minutes. Formula for longitudinal correction:

LC = (local longitude — longitude of standard time zone meridian)/15 (hours)
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ABSTRACT: A novel on-axis general sun-tracking formula has been integrated in the algorithm ol open-loop sun-
tracking system in order to track the sun accurately and cost effectively. A 25kW,, Non-Imaging Planar Concentrator
prototype has been constructed in the campus of Tunku Abdul Rahman University, Malaysia, The imperfections in
the alignment of azimuth axis relative to the zenith-axis during construction work of the prototype have resulted in
significant sun-tracking errors which ranges from 12.12 to 17.54 mrad. Analytical equations based on the general
sun~tracking formula and the previous tracking results have been derived and formulated to calculate three misaligned
angles. By solving the analytical equations and applying the solutions into the tracking program, the performance of
the prototype in sun-tracking has been successfully improved to the daily pointing error below 2.99 mrad. It has
reached the accuracy limit due to the optical encoder resolution that corresponds to 4.13 mrad. Hence, the general
sun-tracking formula has been demonstrated to be capable of improving sun-tracking accuracy while allowing
reduced cost and effort by omitting complicated sun-tracking solutions such as additional closed-loop sensor and

complicated alignment work.

Keywords: general sun-tracking formula, sun-tracking accuracy, solar concentrator

I INTRODUCTION

High concentration solar power system, such as
central receiver system, parabolic trough and parabolic
dish etc, are the common in the applications of
harnessing solar energy. To efficiently collect solar
irradiance in high concentration solar power systems,
high degree of sun-tracking accuracy is needed to
synchronize the movement of solar concentrator with the
sun’s position. Over the past two decades, various
strategies have been proposed and they can be basically
classified into the following two categories, ie. open-
loop system and closed-loop system [1].

In the open-loop system, sun-tracking of the solar
collector is under computer control. A computer will
drive the solar collector to follow the sun path according
1o pre=calculated sun angles, which are obtained from a
special formula or algorithm. In 2005, Shanmugam er al.
presented a computer program written in Visual Basic
which is able to determine the sun’s trajectory and thus
drive a paraboloidal dish concentrator (PDS) along the
East-West axis or North-South axis for enhancing the
solar energy harnessing performance of solar collector
[2]. This type of system is highly reliable as long as the
mechanical structure is precisely made. On the contrary,
for the closed-loop system, sun-tracking is achieved by
rotating the solar collector in accordance with a feedback
signal from a variely of sensor devices, such as CCD
camera or photo-detector. The closed-loop system has
been used in the sun-tracking scheme over the past 20
years [3-6]. For example, Berenguel er al, designed an
automatic offset correction system closed-loop controller
for a heliostat field of a solar tower plant [7]. Black and
white (B/W) CCD camera was used to correct the sun=
tracking error in an automatic way using the basic
threshold-based image processing techniques. This
method is costly and complex because it requires a CCD
camera to capture the solar image. In, addition, the solar
images must be analyzed by a computer to make the
control correction feedback for improving the tracking
accuracy. In 2006, a sun-tracking system that uses four
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photo detectors and a DNI detector for a high
concentration photovoltaic (HCPV) power generation
system was presented by Lee et al. [8]. The fine tuning
and precision of this sun-iracking system only can be
effective in full clear sky days.

In order to avoid the aforementioned complicated and
expensive sun-tracking systems, we have integrated a
novel on-axis general sun-tracking foermula into the sun-
tracking control system [9]. The general formula is
capable of diminishing any sun-tracking errors that
majorly caused by the misalignment of the tracking axes
of the solar collector during installation by changing the
values of three misaligned angles, i.e. ¢ A and ¢ Without
adding a closed-loop feedback controller or a flexible and
complex mechanical structure, this strategy has allowed
the on-axis sun-tracking systems to ftrack the sun
accurately and cost effectively. A prototype of solar
concentrator has been constructed and tested in the
campus of Universiti Tunku Abdul Rahman (UTAR),
Kuala Lumpur, Malaysia for demonstrating the
integration of general formula into the open-loop contrel
of sun-tracking system (o obtain high degree of sun-
tracking accuracy cost effectively.

2 DESIGN AND CONSTRUCTION OF PROTOTYPE

A Non-lmaging Planar Concentrator (NIPC) is an on-
axis solar concentrator that employs many mirrors with
adjustable focal distance to focus the sunlight onto the
target [10]. The prototype of NIPC for concentrating
sunlight to about 400 suns has been constructed at UTAR
(located at latitude 3.22" and longitude 101.73°). The
prototype of NIPC consists of 120 sets of mirrors that are
arranged into a hexagonal array to form a total reflective
area of around 25 m®[11]. Each set of mirror is mounted
on a specially designed unit frame so that it is expedient
for the optical alignment.
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The prototype concentrator operales on a
conventional method of rwo-axis sun-tracking system,
which is azimuth-elevation. The sun-tracking axes of the
azimuth-elevation tracking system must be strictly
aligned with both zenith and real north. In order to avoid
the complicated alignment work, we have integrated the
newly derived general sun-tracking formulas as showed
below into the control system to predict the sun’s
movement and fo drive the concentrator towards the sun

[9].

cos Scas alcas ¢ oo A cosd — cos £ sin Asin gsin® —sin £ cos psin &)
a = arcsin|=cos J sin afsin ¢ sin @=cos {sin A cosg)
+sin Sloos £ cos Asin & + cua £ sin Asin feasdi+ i £ cos goosd)

when cosf= 0

cos & cos alsin A cos & +cos A sin ¢sind)— cos F sin wcos A cos @
+sin 8sin Asin & — cos Asin pcos @)

B = aresin
cosar

when cosfi< 0

['cos F cos disin Acos® + cas Asin gsin &) — cos Fsin aicos dcos ¢
+sin lsin Asind =cos Asingeosd)
cosa

= & —arcsir

where

cosd cos af—sin { cos doos @+ sin ¢ sin dsin ésin @ —cos ¢ cos dsin @)
—cos & sin @lsin £ sin Acosg+cos ¢ sing)
_ | +sin f{—sin £ cos Asin® — sin  sin Asin geos® + cos { cosgens &) :
cos e

cos [

where e is the elevation angle, f is the azimuth angle, &
is the declination angle; @ is the hours angle, & is the
latitude angle as well as the three orientation angles of
the tracking axes of solar concentrator, i.e. @ 4, £

The newly derived on-axis tracking formula can
accommodate the alignment defect of azimuth-axis of the
sun-tracker, which cannot be fully removed during the
installation work. For this purpose, a tracking program is
created using Visual Basic.net to include the general
formula for correcting any possible misalignment of
azimuth-axis relative to zenith. The tracking program is
named as Solar_Tracker and it is run on Windows-based
Operating System [11]. The program allows us to set
latitude (¢P), longitude, time zone meridian and three
deviation angles for the misalignment of azimuth-axis (g
Aand ). Based on the settings, the program calculate the
elevation and azimuth angles and send the pulsing signal
to the driving system o move the concentrator along the
azimuth (AA”) and elevation (BB") axes. The movement
of the whole system is directed by a driving system that
comprises of stepper motors and their associated gears
connected to elevation and azimuth shafts. Two 12-bit
absolute optical encoders fixed at the shafts are used to
send feedback signals for the azimuth and elevation
angles to ecliminate tracking errors resulted from
mechanical backlash, wind effect or any other external
disturbances exerted at the concentrator frame. The
schematic diagram for the control system of the prototype
is shown in Fig. 1.
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Fig. 1: Schematic diagram to show the complete design
of the open-loop control system of the prototype.

3 METHODOLOGY

Referring to the on-axis general sun-tracking formula,
the precision of the input parameters (latitude angle (@),
hour angle (@), declination angle (d), as well as the three
orientation angles of the tracking axes of solar
concentrator, ie. @ A and ¢jof the sun-tracking
algorithm are the major considerations to achieve high
degree of sun-tracking accuracy. The following steps
attempt to show the methods in acquiring accurate input
parameters of the program.

Step 1: The solar concentrator’s geographical location
(latitude angle (&) and longitude angle) can be
determined accurately with global positioning

system (GPS).

Step2: @ and & are both local time dependent
parameters. The local time can be verified
precisely by synchronizing the computer system
clock with the internet time server.
where
= 5in"{0.39795 cos [0.98563(N = 173)]} ;
@=15(1,—12);

N is number of day and #, is the solar time in
hours.

Step 3:  The three orientation angles, i.e. ¢ A and £ can
be determined by the derived analytical based
on the first attempted tracking error result
equations [11]:

condg sinfl,  —cosd sinal —sin®oos d cosa +eosdaind]
}:«w sinfly —cosdisingy —sindboosd, cos 6k +oos@rind,
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where @y, @, and @, are the hours angles; &, & and &
are the declination angles: &, ¢ and o5 are the elevation
angles as well as 3, £, and B; are the azimuth angles at
three different local times respectively.

In practice, a CCD camera is used o caplure the solar
image cast on the target every 30 minutes during sun-
tracking. The recorded solar images are used to determine
the sun-tracking angles ie. (¢, @s, &) and (F), B2, B
at three different local times. According to the previous
derived analytical formula, a special computational
program has been designed to calculate the three arbitrary
orientation angles (¢ A and {') of the solar concentrator.

4 IMPLEMENTATION AND EXPERIMENTAL
RESULTS

By sctting the parameters ¢= A= {'= 0° in the sun-
tracking program, the imperfections in the alignment of
azimuth axis relative to the zenitheaxis have resulted in
significant sun-tracking errors. Fig. 2 shows the sun-
tracking result recorded by CCD camera from 10 a.m. to
5 p.m. on 13 January 2009 and the sun-tracking error
ranges from 12.12 to 17.54 mrad.

Fig. 2: The sun-tracking result from 10.07 am. to 4.25
p.m. on 13 January 2009 (¢= A= {=0°)

With the initial collected data in the previous
tracking, three parameters of misalignment, i.e. ¢ A and
{ have been computed using the aforementioned
analytical equations and any three recorded data at three
different local times. The solutions of the above
calculation (¢= —0.1°, A= 0°, and ¢'= —0.5°) are then
applied into the sun-tracking program and the
performance of prototype in sun-tracking has been
successfully improved to a daily pointing error of below
2.99 mrad from 10 am. to 5 p.m. on 16 January 2009 as
shown in Fig. 3. It has reached the accuracy limit of the

prototype as the optical encoder resolution that
corresponds to 4.13 mrad.
5 CONCLUSION

According to the experimental results, the

integration of newly derived general sun-tracking formula
into the open-loop control system of the prototype has
demonstrated a good sun-tracking accuracy even if there
is installation error of the solar concentrator. This
approach is cost effective because it can work well with
only a simple open-loop system without the need of any
complicated closed-loop sensor or mechanical alignment
system.
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420 pam. A5 pm.
Fig. 3: The graph of sun-tracking pointing error (mrad)
versus local time (hours) for the parameters, ie ¢= =
0.1% A=0° and {'=-=0.5° from 10 am. to 5 p.m. on 16
January 2009,
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1 Introduction

Optical Characterization of
Nonimaging Planar Concentrator
for the Application in
Concentrator Photovoltaic System

The design and construction of miniature prototype of nonimaging planar concentrator,
which is capable of producing much more uniform spatial irradiance and reasonably
high concentration ratio, were presenied in the previous paper. In this paper, we further
explore the optical characteristics of the new concentrator that is specially designed to be
incorporated in concentrator photovoeltaic systems. For this study, we have carried out a
comprehensive analysis via numerical simulation based on all the important design pa-
rameters, i.e., array of facet mirrors, fID ratio, receiver size, and the effect of sun-
tracking error, which lead to the overall optical performance of the new concentrator.
[DOI: 10.1115/1.4000355]

Keywords: nonimaging, solar concentrator,
illumination, flux distribution, ray-tracing

concentrator  photovoltaic,  uniform

To achieve moderate solar concentration ratio (several hundreds

Concentrator photovoltaic (CPV) systems not only have the po-
tential in reducing the cost of solar electricity, they are also able to
reduce the dependence of the existing power generation systems
in fossil and nuclear fuel consumptions. This is mainly due to the
newly invented multijunction solar cells that are capable of
achieving 40% conversion efficiency. In practice, although the
multijunction solar cells assembled into a CPV module has the
average efficiency dropped down to around 30%, it is still about
double the efficiency of conventional flat plate photovoltaic (PV)
module that ranges from 10% to 16% [1-3]. For this application,
solar concentrator plays an important role by making use of geo-
metrical optics in the design of reflector or lens to deliver high
flux of sunlight onto the CPV module at hundreds to thousands
suns with high collection efficiency [4-6].

Generally. solar concentrators can be categorized into two ma-
jor groups: imaging concentrator and nonimaging concentrator
[7-9]. Despite being widely used in optics applications such as
astronomical telescope and camera, the imaging concentrator does
not aim to produce uniform flux distribution profile at the receiver
that is highly required in the dense-array CPV module. For such
an array, many small-sized CPV cells (from 0.1 cm? to 1 cm?)
are connected together in series and parallel to form a receiver
module [10]. When there is nonuniform illumination on the re-
ceiver module, the system cannot perform well and will operate at
the level of the weakest CPV cell or string of cells. In this context,
the receiver module that receives nonuniform illumination will
experience a serious drop in efficiency, as opposed to a receiver
module under uniform illumination [11-15]. With this reason,
various types of nonimaging concentrators have been proposed by
researchers to produce more uniform solar illumination. Among
them are Mills and Morrison [16] who advocated the use of an
advanced form of linear Fresnel reflector that can produce better
uniformity of solar irradiation. However, the solar concentration
ratio of linear Fresnel reflector is normally lower than 100 suns.
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of suns), modular Fresnel concentrator has been introduced for the
application in CPV system and the results show that the modular
Fresnel lenses can provide better uniformity of solar irradiance.
However the transmission efficiency is relatively low. which is
less than 80% due to the reflection at the lens surface and absorp-
tion by the lens material [17-19].

Alternatively, a nonimaging focusing heliostat that is proposed
by Chen et al. in 2001 has no fixed geometry but is composed of
many small mirror elements to achieve a high solar concentration
by overlapping all the mirror images with the use of line-tilting
driving mechanism [20-26] In this scheme, the resulted solar
concentration ratio is the algebra sum of the solar energy reflected
from the mirrors without creating a specific optical image. In-
spired by the previous work, a nonimaging planar concentrator
atfached to on-axis sun-tracker has been proposed to produce a
uniformly illuminated spot through the superposition of all the fiat
mirror images at the target. To validate the principle of the new
proposal, a small prototype of the nonimaging planar concentrator
was constructed and the detailed work was presented in the pre-
vious publication [27]. In this paper, comprehensive simulations
of the solar flux distribution have been carried out to further ex-
plore the optical characteristics of the proposed planar concentra-
tor under different design parameters, and we have also analyzed
the variables, such as solar concentration ratio, the percentage of
energy in the uniform illumination area, spillage loss, deviation
from an ideal flux distribution due to sun-tracking error, etc., as to
study its optical performance in the dense-array CPV system.

2 Methodology of Optical Analysis

The nonimaging planar concentrator comprised of multifaceted
mirrors acts as an optical aperture to collect and focus the incident
sunlight at any focal distance along the optical axis. Different
from imaging optical devices such as parabolic reflectors, the ge-
ometry of nonimaging planar concentrator cannot be explicitly
defined by any analytical surface formula, and thus, numerical
simulation is a necessary means in optical analysis. For the optical
modeling of the nonimaging planar concentrator, coordinate trans-
formations and ray-tracing technique have been employed to ex-
press the reflection of sunlight by the planar concentrator as well
as to generate the solar flux distribution on the receiver plane.
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(T.T.T):

LERETA]

Receiver

Fig. 1 Conceptual layout design of the nonimaging planar concentrator.
Each mirror on the concentrator consists of a finite number of smaller ele-
ments called reflective points, and each reflective point is illuminated by a
discrete number of subrays arranged in a conic manner (inset).

For the sake of reducing the computing time with negligible
effect to the final result, we have included two good assumptions
in the optical modeling. First, to account for the spreading of solar
irradiation due to solar disk effect upon reflection from the mirror
surface, each reflected sunray from the concentrator is spread into
P subrays, and each subray carries an amount of energy 1/P-th of
the incident sunray, and these rays uniformly spread in the direc-
tion such that it forms a light cone, which subtends to the solar
disk half angle of 4.65 mrad. Second, we assume that each facet
mirror consists of a finite number of smaller elements called re-
flective points. Figure 1 depicts the details of how the two as-
sumptions are applied in the optical modeling of the concentrator.

For a geometrical representation, a Cartesian coordinate system
(.t.}‘,?.) named as the main coordinate system, is defined in the
plane of the planar concentrator with its origin located at the cen-
ter of the planar concentrator, while the subcoordinate system
(x',y ,z') is defined at the local facet mirror. The x-axis lies along
the central column of mirrors, while the y-axis lies along the cen-
tral row of mirrors, and the z-axis points toward the receiver. as
shown in Fig. 2. The coordinates for the central point (or pivot
point) of an i, j-mirror are designated as (Hgy, Hey.0);; where i
and j denote the mirror location at the ith row and jth column of
the concentrator, respectively, and the coordinates of the focal
point for the concentrator are (0,0, ). To reflect the sunray toward
the receiver, the tilting angles of the i, j-mirror about the axis that
is parallel with the x-axis v, and about the axis that is perpendicu-
lar to x-axis o can be expressed as follows:

He,
f+VHL +HE +

(1

= arctan [

HCI ]
5 5 == @
(HE o+ 2HE, + 21 + 2fVHE + HE + )7

o= arctan[

The incident angle of the sunray relative to the i, j-mirror can be
obtained as

(3)
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The initial coordinates of the reflective point for the facet mir-
ror arranged into the i-th row and j-th column are designated as
(H..Hy.H_);j;. where the other two subscripts k and [ represent
the position of the reflective point at the k-th row and /-th column
in the facet mirror, respectively. For the superposition of all the
mirror images at the receiver, each individual mirror has to be
tilted with its corresponding tilting angles o and y to relocate
the reflective point in the new coordinates (H;.,H"._H;),‘,N, as
shown in Fig. 1. To ease the mathematical representation of coor-
dinate transformations, we can make the translation a linear trans-
formation by increasing the dimensionality of the space. Thus,
the coordinates (H,,Hy.H);5; can also be represented by
(HI,H,;,HE. I);_,;.-:, which is also treated as a vector in matrix form

| =

(0.0, )

: X
i.j—mirmri éﬁfiﬂm He, ,l])u

,}‘

% —1

o,

0(0.00)

Fig. 2 Cartesian coordinate system (x,y,2z), named as the
main coordinate system, is defined in the plane of the planar
concentrator, with its origin located at the center of concentra-
tor, while the subcoordinate system (x',y’.z’) is defined at the
local facet mirror

Transactions of the ASME
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[Hlju= (4)

H;
L1 diu

The final position of reflective point can also be written in a ma-
trix form as

[H lju= H" (3)

| 1 duw

If the pivot point of the i, j-mirror (He,, Hey,0);; is not located at
the origin of the main coordinate system, the reflective point will
be treated under translation transformation before rotation trans-
formations. The initial coordinates of the reflective point will be
first transformed from the main coordinate system that is attached
to the concentrator frame to the subcoordinate system that is at-
tached to the local facet mirror via a translation transformation.
The translation transformation matrix is

100 -Hg
01 0 —-Hg

[Tl]jj: 001 ’HC.“ (6)
000 1

Then, it is followed by the first rotation transformation with the
angle o about the y-axis of the subcoordinated system to trans-
form the reflective point from the subcoordinate system to a
column-movement coordinate system. The first rotation transfor-
mation matrix can be written as

coso 0 —sino 0

0 1 0 0
= T
lerly sine 0 coso O @

0 o0 0 1

The following second rotation transformation with the angle y
about the x-axis of the column-movement coordinate system
transforms the reflective point from the column-movement coor-
dinate system to a row-movement coordinate system. The second
rotation transformation matrix can be written as

1 D 0 0

0 cosy —siny 0

[¥ly= : (8)

0 siny cosy O

o 0 0 1
Finally, to transform the row-movement coordinate system back
to the main coordinate system, we need the last translation matrix
that is written as

100 Hg
01 0 Hg
T,],= ; 9
[T,y 001 He (9)
000 1

As a result, the matrix for the coordinate transformations from
(Hy,Hy, H;)yp to (Hy, Hy, H] )y can be shortly represented as

[H' Jijr =IMT[H]ijer (10)

where
[M]; = [Tolify]ile AT ]; (1
In the ray-tracing technique, the unit vector of the reflected ray

from the mirror element has to be obtained first before we can
determine its intersection point on the receiver plane. Considering
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that the sunray might not be exactly normal relative to the con-
centrator plane due to the sun-tracking error, we define a unit
vector of incident sunray as I=sin Bi+cos BZ, where S is the
off-axis angle relative to the concentrator, as shown in Fig. 2. The
unit vector of incident sunray can also be described in terms of the
sun’s position angles as

I sin 8

I, 1]

7 = (12)
I cos B

1 1

Since all the facet mirrors are oriented in such a way that the
normal of their surface are pointing toward +z-direction before
they are tilted to direct the sunlight toward the receiver, the mir-
ror’s normal unit vector in the initial orientation can be described
as N=7 and its corresponding matrix form is shown as

0

[V]= (13)

—_ -

Similar to the case of the reflective point, the initial unit vector
normal [N] also undergoes two rotation coordinate transforma-
tions when the facet mirror is tilted. Consequently, the new unit
vector normal ch;.=N;j+N";_\"+N£€ and its corresponding matrix
form can be derived as  ~

2

0

=l |

- 62-1

NYy= (14)

-3

i L
From Egs. (12) and (14), the unit vector of the principal reflected
sunray R=Ri+R,j+R.? can be obtained as

R, | |20LN +IN, +IN)N; -1,

Ry | =| 2(LNy + LNy + ILN,)Ny — I,

R, | | 20N} + LNy + IN)N, - I,

(15)

For each principal reflected sunray R from the i-th, J-th, k-th, and
I-th reflective points, we then generate P subrays within the light
cone, which subtend to the solar disk half angle of 4.65 mrad, and
each subray is denoted as §"J=R"IX£+R,,,‘)3+R,,52. where m
=1.2,3,...P. To determine the intersection point on the receiver
plane, we have to solve the line equation of the subray and the
surface equation of the receiver plane. The coordinates of the
intersection point on the receiver can be calculated as

le
—f-H)+H],
TX RPUE(f ° *
T, |=| Ruy (16)
: —(f-H)+H,
T, Ry =t Y

f

Given the coordinates (Tx, T,), we can plot the solar flux dis-
tribution pattern on the receiver plane. In order to achieve a
smooth simulation result of illumination distribution on the re-
ceiver plane, a fairly high resolution is required in the optical
modeling of the reflective point, the solar disk effect, and the
receiver plane. In our numerical simulation, each facet mirror of
dimension WX W is subdivided into §Xx § reflective points, and
the subrays within a cone has a resolution of 65 rays per aperture
diameter. Furthermore, the receiver area of 20X 20 cm? is repre-
sented by a matrix with 201 rows and 201 columns of pixels. The
solar concentration ratio (number of suns) of each pixel is essen-
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Table 1 The specifications used in the simulation of solar flux
distribution for the cases of 17X 17, 1919, 21x 21, 23x23,
and 25X 25 arrays of mirrors

Arrays of Dimension of facet Total reflective points
mirrors mirror (WX W) per facet mirror (5% 5)
1717 123x12.3 cm® 79X 79
1919 11.0%11.0 cm? 7171
2121 10.0%10.0 cm? 65X 65
23%23 9.1%9.1 cm® 5959
25X25 8.4x84 cm? 55X 55

tially a measure of how much solar irradiation that a pixel re-
ceives compared with the direct normal solar irradiation, and it is
calculated as

N )
Area of reflective point (cm~ cos #
c= E po (i )

n=1

Area of receiver pixel (cm:} P 1z}
where the area of reflective poim:(W;’S)z, area of receiver
pixel=(20/201)> cm/pixel, N is the total counts of subrays hit-
ting on the corresponding pixel on the receiver plane. P is the total
number of subrays within the cone, and # is the incident angle of
1 sunray relative to the normal vector of the corre-
mirror (refer to Eq. (3)).

3 Characteristics and Performance Study

To quantify the performance of the concentrator photovoltaic
system, the maximum solar concentration and the uniformity of
solar illumination are the two major considerations that required
detailed study. In the study, solar flux distribution at the receiver
of the nonimaging planar concentrator has been simulated using
aforementioned methodology by varying the f/D ratio (where f is
the focal distance and D is the reflector width of the planar con-
centrator). The simulation results that are based on the f/D ratio
can allow us to generalize the study to any concentrator size in
future designs.

The optical analysis of nonimaging planar concentrator in our
study has included the cases of 17X 17, 19X 19, 21x21, 23
%23, and 25X 25 arrays of facet mirrors with their specifications
as shown in Table 1. From Table 1, the dimension of the facet
mirror and the total reflective points per facet mirror have been
selected in such a way that the total reflective area of the concen-
trator and the area of reflective element (point) remained almost
the same for different cases. In overall, the total number of mirrors
in the planar concentrator for 1717, 19X 19, 21 X 21, 23X 23,
and 25 X 25 arrays are 288, 360, 440, 528, and 624 pieces, respec-
tively, excluding the central mirror and their total reflective areas
are fixed at around 4.4 m?.

Figures 3(a) and 3(h) show the simulation results of the solar
flux distribution in 3D and 2D plots accordingly for the case of
21 %21 array of facet mirrors with a focal distance of 170 cm. For
each case, ie., 17X 17, 19X19, 21 X21, 23X 23, and 25X25
arrays, the same methodology has been adopted to simulate the
solar flux distribution for different focal lengths (f) from 100 cm
to 300 cm with the increment of 10 cm each time, which is also
equivalent to the change in f/ D ratio from 0.4545 to 1.3636 with
the increment of 0.04545. All the simulated results have shown a
similar characteristic, as shown in Fig. 3, which consists of a flat
top area in the central region of flux distribution, where the solar
concentration ratio is nearly constant and it is named as uniform
illumination area.

To facilitate our study, Figs. 4(a)}-4(e} have been plotted to
reveal the average solar concentration ratio in the uniform illumi-
nation area and percentage of energy in the uniform illumination
area versus f/D ratio for different cases, ie.. 17X 17, 19X 19,
21X 21, 23X 23, and 25X 25 arrays. The average solar concen-
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Fig. 3 The simulation results of solar flux distribution for (a)
3D and (b) 2D plots for the case of 21X 21 array of mirrors with
a focal distance of 170 cm

tration ratio in the uniform illumination area is in fact referred to
the average value of solar concentration ratio over the entire uni-
form illumination area of the simulated solar flux distribution.
Since ray-tracing is a statistical method of tracing the sunrays
from the reflector to the receiver, it is unavoidable that the simu-
lated results obtained in our study are also statistical data. Obvi-
ously, average solar concentration ratio in the uniform illumina-
tion area curves are much smoother than the percentage of energy
in the uniform illumination curves, in which the data are scattered
around the best fitted curve. This is because the latter curves are
affected by the resolution of the receiver plane, which is
~0.1 cm/pixel (or 20 ¢m/201 pixels), whereas every increment
with focal distance of 10 cm incurs the increase in solar image
size due to the solar disk effect of around 0.1 cm as well.
Viewing at Figs. 4(a)-4(e), the change in the average solar
concentration ratio in the uniform illumination area with f/ [ ratio
is almost identical for different cases and it basically can be di-
vided into three stages: increase rapidly for f/D ratio below
0.7727, increase moderately for f/D ratio from 0.7727 to 1.0455,
and increase marginally for f/D ratio above 0.9091. On the con-
trary, the relationship between the percentage of energy in the
uniform illumination area and f/D ratio is very much case depen-
dant. For the case of 17X 17, 19X 19, and 21X 21 arrays, the
percentage of energy in the uniform illumination area shows a
slight increase initially to a maximum value and subsequently
decreases all the way down with f/D ratio. Referring to Figs.
4(a)-4(c), the percentage of energy in the illumination area peaks
at: f/D ratio=0.6364 for 17X 17 array, f/D ratio=0.5000 for
19 19 array, and f/D ratio=0.5455 for 21 X 21 array. On the
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Fig. 4 Graphs to show both the average solar concentration
ratio in the uniform illumination area and percentage of total
collected energy in the uniform illumination area versus #D
ratio for different cases of (a) 17X 17, (b) 19%19, (¢) 21X 21, (d)
23X 23, and (e) 25X 25 arrays of facet mirrors
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Fig. 5 Bar chart to show the comparisons of (a) the average
solar concentration ratio in the uniform illumination area and
(b) percentage of energy in the uniform illumination area for
different cases of 17X 17, 19X 19, 21X 21, 23X 23, and 25X 25
arrays of facet mirrors

other hand. for the cases of 23X 23 and 25 25 arrays, the per-
centage of energy in the illumination area decreases linearly with
[ D ratio.

Figures 5(a) and 5(b) are plotted to show direct comparisons of
the average solar concentration ratio in the uniform illumination
area and percentage of energy in the uniform illumination area for
17Xx17, 19X 19, 21X21, 23X 23, and 25X 25 arrays of facet
mirrors and five selected focal distances 120 cm, 150 cm, 170 cm,
210 cm, and 230 cm. The charts have shown that different arrays
of facet mirrors can cater for different average solar concentration
ratios in the uniform illumination area ranging from 236 suns to
583 suns with the focal distances ranging from 120 ¢cm to 230 cm.
Besides that, their corresponding percentages of energy in the il-
lumination area that range from 51% to 70% are also shown.
Conclusively. increasing focal distance can in fact improve the
average solar concentration ratio in the uniform illumination area
but most of the time the percentage of energy in uniform illumi-
nation area will be sacrificed. Thus, a trade-off between the aver-
age solar concentration ratio in the uniform illumination area and
total energy in the uniform illumination area has to be sought to
obtain the best performance.

For the next study, the size of receiver is fixed and two param-
eters of the solar flux distribution are simulated, which are the
spillage loss and lowest solar concentration ratio at the edge of
receiver. This study is very important for the concentrator photo-
voltaic system designer to optimize the size of receiver by con-
sidering both the spillage loss and variation of flux distribution.
Spillage loss is defined as the percentage of the solar irradiation
falling beyond the boundary of the receiver. Lowest solar concen-
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Fig. 6 Spillage loss (solid line) and its corresponding lowest solar concentration ratio at receiver edge (dot line) versus
receiver size (square in shape) for the three different focal distances of 120 cm, 170 cm, and 230 cm are plotted in the case of
(a) 17x17, (b) 1919, (¢) 21 % 21, (d) 23X 23, and (e) 25X 25 arrays of facet mirrors

tration ratio at the receiver edge is always the lowest solar con-
centration ratio within the receiver boundary. The variation of flux
distribution means the difference between the highest and lowest
solar concentration ratios within the receiver boundary in percent-
age.

Considering the focal distances 120 ¢cm, 170 ¢m, and 230 cm,
we plot the spillage loss (solid line) and its corresponding lowest
solar concentration ratio at the receiver edge (dot line) versus
receiver size (square in shape) ranging from 6 cm to 13 cm for
17X 17, 19X 19, 21X 21, 23X 23, and 25X 25 arrays of facet
mirrors, as shown in Figs. 6(a)-6(e). The spillage loss curves for
the three different focal distances do not vary much from each
other, especially the curves for focal distances 120 cm and 170
cm, which are almost the same with a very minor deviation. From
Figs. 6la)-6(e), the largest receiver size to reasonably capture the
uniform solar flux distribution with the variation of flux distribu-
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tion at less than 5% and its corresponding spillage loss for differ-
ent arrays of facet mirrors and focal distances can be listed as
follows: In the case of 17X 17 array, the optimized receiver sizes
(spillage losses) are 11.25 cm (30.1%). 11 cm (27.9%), and 10.5
cm (33.1%) for the focal distances of 120 cm, 170 cm, and 230
cm. respectively. In the case of 19X 19 array, the optimized re-
ceiver sizes (spillage losses) are 10 cm (30.4%), 9.75 cm (31.4%),
and 9.25 cm (34.7%) for the focal distances of 120 cm, 170 cm,
and 230 cm, respectively. In the case of 21X 21 array, the opti-
mized receiver sizes {spi]lage losses) are 9 cm (32.0%), 8.75 cm
(33.5%), and 8.25 cm (37.29%) for the focal distances of 120 cm,
170 cm, and 230 cm, respectively. In the case of 23 X 23 array, the
optimized receiver sizes (spillage losses) are 8 cm (35.2%), 7.75
cm (37.3%), and 7.25 cm (41.6%) for the focal distances 120 cm,
170 cm, and 230 cm, respectively. In the case of 25 X 25 array, the
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Fig. 7 The simulation results of solar flux distribution to show the solar concentration
ratio versus the distance for different off-axis angles of 0 deg, 0.2 deg, 0.6 deg, and 1.0
deg in the case of 21X 21 array facet mirrors and f=170 cm

optimized receiver sizes (spillage losses) are 7.25 cm (38.4%), 7
cm (37.7%), and 6.75 cm (42.4%) for the focal distances 120 cm,
170 cm, and 230 cm, respectively.

Another application of Figs. 6(a)-6{e) is to optimize the size of
the receiver and total energy collected by the system, provided
that higher tolerance of uniformity in the solar flux distribution is
allowed. For instance, if we consider the case of 21X 21 array
with a focal distance of 170 cm, as shown in Fig. 6(c), 8.75 cm is
the largest receiver size to contain a reasonably uniform solar
irradiation with the variation of flux distribution at less than 2.5%
(solar concentration ratio varies from 383 suns to 393 suns) and
spillage loss of 33.5%. If the receiver size is increased to 9.5 cm,
the lowest solar concentration ratio within the receiver drops to
289 suns and the spillage loss is decreased to 21.6%. In other
words even though the variation of flux distribution has increased
to 26.5% (varies from 289 suns to 393 suns), the total energy
collected by the receiver has been improved to 78.4%. For the
receiver size of 10.25 cm, variation of flux distribution is in-
creased to 59.3% with the solar concentration ratio at the receiver
edge (160 suns), but its spillage loss is further reduced to 11.7%.
Therefore the tolerance in the variation of flux distribution can
determine the spillage loss of the system.

For the third study, the effect of off-axis aberration on the solar
flux distribution due to the sun-tracking error is also simulated by
changing the off-axis angles 8 from O deg to 1 deg. Considering
21X 21 array of facet mirrors as our case study, 2D profile of the
solar flux distribution displaying the solar concentration ratio ver-
sus the distance at a focal distance of 170 cm has been simulated
for different off-axis angles. Figure 7 reveals how the solar flux
distribution is deviated from the center of the receiver without
showing any obvious distortion on the flux distribution profile as
the off-axis angle is increased from 0 deg to 1 deg. To be more
general, the relationship between the deviation of the solar flux
distribution from the center of receiver and focal distances from
100 cm to 300 c¢m is plotted for 8=0.6 deg and | deg, as shown
in Fig. 8. The graphs show that the deviation from the center of
receiver is linearly proportional to the focal distance with the
slope dependant on the off-axis angle.

There are three important analyses on the characteristics of so-
lar flux distribution due to the existence of sun-tracking error,
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which are in terms of spillage loss, nonuniformity, and total ac-
ceptance angle where the damage caused is still acceptable. For
these analyses, we consider 21 21 array of facet mirrors with a
focal distance of 170 cm as our case study. To view at its effect on
the spillage loss, Fig. 9 shows the changes in spillage loss curves
with the off-axis angles 0 deg. 0.2 deg. 0.4 deg. 0.6 deg. 0.8 deg
and | deg. For example, if the receiver size is 9.5 cm, the spillage
loss can increase significantly from 21.6% at 8=0 deg to 23.5%
at B=0.2 deg, to 28.2% at $=0.4 deg. to 34.1% at B=0.6 deg.
to 40.0% at 8=0.8 deg, and finally to 45.9% at 8=1 deg. Hence,
the accuracy of sun-tracking is very essential to ensure that the
spillage loss remained at a minimal level, and subsequently, the
performance of a system can be maintained as the sun position
varies throughout the day.

To analyze the nonuniformity of the flux distribution due to the
sun-tracking error, we define an imaginary boundary with the size
of 8.56 % 8.56 ¢cm? to contain the maximum size of uniform illu-
mination area at zero tracking error. For the off-axis angle varying
from O deg to 1 deg, the ideal flux distribution will shift away

21 x 2 arvay of facet mirrors

Deviation from the centre of receiver

180 200 220 /0 300

Foeal distamee (em)

120 14 160 40 2600

Fig. 8 Deviation from the center of receiver versus focal dis-
tance for different off-axis angles of 0.6 deg and 1.0 deg in the
case of 21X 21 array facet mirrors
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deg, and 1 deg in the case of 21X 21 array facet mirrors and f
=170 cm

from the center of the defined boundary and the solar concentra-
tion ratio at the edge of the boundary will decrease. The serious-
ness of nonuniformity can be quantified as to how much variation
of flux distribution there is within the defined boundary. Figure 10
depicts the variation of flux distribution versus off-axis angle from
0 deg to 1 deg for the case of 21X 21 array of facet mirrors with
a focal distance of 170 cm

To determine the maximum allowable angular error while keep-
ing the collected energy nearly constant, we define the total ac-
ceptance angle of the planar concentrator as a range of allowable
angles with less than 5% of the energy lost caused by the sun-
tracking error in comparison with ideal tracking. For this purpose,
the percentage of energy falling in the defined area of 10.54
%10.54 cm? in comparison with ideal tracking versus off-axis
angle ranging from —1 deg to 1 deg is plotied, as shown in Fig.
11. In this case study, the defined area 10.54 10.54 cm? is cho-
sen based on the common practice in optics known as full width at
half maximum (FWHM), in which the solar concentration ratio at
the edge of the defined area is half of the maximum solar concen-
tration ratio. According to Fig. 11. the percentages of energy
within the receiver in comparison with ideal tracking at the off-
axis angles *0.1 deg, *0.2 deg, £0.3 deg, +0.4 deg, *0.5 deg,
and *0.6 deg are 99.21%, 96.98%, 93.81%, 90.33%, 86.81%, and

21 x 21 array of facet mirvors
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Fig. 10 The variation in flux distribution within the defined
boundary area 8.56%8.56 cm? due to the sun-tracking error
versus off-axis angles from 0 deg to 1 deg with the increment of
0.1 deg for the case of 21x21 array facet mirrors and f
=170 cm
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Fig. 11 Percentage of energy falling into the defined area
10.54%10.54 cm? in comparison with ideal tracking versus ofi-
axis angle ranging from —1 deg to 1 deg for the case of 21
% 21 array facet mirrors and f=170 em

83.29%, respectively. The total acceptance angle of the planar
concentrator that receives at least 95% of energy can be deter-
mined from Fig. 11 as 0.48 deg.

4 Conclusion

The methodology of numerical simulation for plotting solar flux
distribution is described in detail and the simulation results are
presented. Comprehensive analyses on the simulation results are
carried out to study the optical characteristics of the newly pro-
posed nonimaging planar concentrator. In the study, we consider
the planar concentrator consisting of various number of mirrors,
e, 17X 17, 19X 19, 21 X 21, 23X 23, and 25 X 25 arrays of facet
mirrors, with total reflective area around 4.4 m? and focal dis-
tances ranging from 100 cm to 300 cm. In the first part, the aver-
age solar concentration ratio and percentage of energy in the uni-
form illumination area are plotted for different cases. Depending
on the array of mirrors (from 17X 17 to 25X 25) and focal dis-
tance (from 100 ¢cm to 300 cm), the average solar concentration
ratio in the uniform illumination area can range from 222 suns to
598 suns, and the percentage of energy in the uniform illumination
area ranges from 43% to 70%. In the second part, the spillage loss
and variation of flux distribution are also analyzed for different
cases. If the variation of flux distribution is allowed to be as high
as 20-30%, the total energy collected by the receiver can be as
high as near to 80%. Alternatively, if it is required, a secondary
concentrator can also be added to further improve the total col-
lected energy without much effect on the variation of flux distri-
bution. Finally, the off-axis angle due to sun-tracking error of up
to | deg is also taken into account in the study of its effect on
solar flux distribution. There are three analyses on the character-
istics of solar flux distribution due to the existence of sun-tracking
error, which are in terms of spillage loss, nonuniformity, and total
acceptance angle where the damage caused is still acceptable. In
order to collect at least 95% of energy in comparison with ideal
tracking. the total acceptance angle of 0.48 deg has been deter-
mined. In general, the simulated results have shown a reasonably
good uniformity of solar irradiance and high concentration ratio at
the receiver plane. All the optical characteristics have strongly
recommended that the nonimaging planar concentrator is very
suitable for the application in the dense-array CPV system.
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APPENDIX E

SOLAR FLUX DISTRIBUTION ANALYSIS OF NON-IMAGING PLANAR
CONCENTRATOR FOR THE APLLICATION IN CONCENTRATOR
PHOTOVOLTAIC SYSTEM

Kok-Keong Chong, Chee-Woon Wong, Fei-Lu Siaw and Tiong-Keat Yew
Faculty of Engineering and Science, Universiti Tunku Abdul Rahman,
Off Jalan Genting Kelang, Setapak, 53300 Kuala Lumpur, Malaysia.

ABSTRACT

The design and construction of Non-Imaging Planar
Concentrator (NIPC), capable of producing much more
uniform  spatial irradiance and reasonably  high
concentration ratio, have been presented in our previous
research paper. In this study, we would carry out a
comprehensive analysis through the numerical simulation
on solar flux distribution at the target by considering all the
important criteria to improve the overall performance of
dense-array concentrator photovoltaic system, which are
the maximum solar concentration, uniform illumination
area, spillage loss etc. Maximum solar concentration ratio
and percentage of energy in uniform illumination area are
plotted for different cases. In general, the simulated results
have shown a reasonably good uniformity of solar
iradiance and high concentration ratio at the receiver
plane.

INTRODUCTION

At present, the development of concentrator photovoltaic
(CPV) systems for producing clean, renewable and
sustainable energy has grown fleetly as an alternative to
replace or complement the existing power generation
systems that consume fossil or nuclear fuels. This is
mainly due to the encouragement from the advances in
state-of-the-art multi-junction solar cells that are capable
of achieving 40% conversion efficiency under high solar
concentration ratio (300 to 500 suns). In practice, the
average efficiency of CPV module that consist of multi-
junction solar cells has descended from 40% to 30%, but it
is still about two-folds higher than that of conventional flat
plate photovoltaic (PV) module ranging from 10% to 16%
[1-3].

The higher costs of the multi-junction solar cells compared
with silicon or thin-film devices are prohibiting their
application in conventional flat-plate modules. Therefore,
the solution to this cost-efficiency dilemma is by the
application of CPV module in solar concentrator system.
Solar concentrators have been developed with either
reflecting or refracting optical elements in order to
concentrate the sunlight on the multiunction solar cells
for direct electrical conversion. This approach is capable
of reducing the expensive solar cell area by increasing the
solar concentration ratio and the light intensity.
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In general, solar concentrators are classified into two
major categories: imaging concentrator and non-imaging
concentrator. The imaging concentrator is broadly applied
to optics application such as astronomical telescope and
camera, but it is not aimed to produce uniform solar flux
distribution that is highly required in the dense-array CPV
module. Referring to the literatures [4-6], the performance
of CPV system will drop badly when there is a non-uniform
illumination on the CPV module. With this reason, some
researchers have put a lot of effort to design various types
of non-imaging concentrators for producing uniform solar
illumination. For example, a linear Fresnel reflector with
solar concentration ratio of lower than 100 suns has been
proposed by Mills et al. to produce better uniformity of
solar irradiation on the receiver [7]. Although modular
Fresnel concentrator has been intreduced by Ryu et al. for
achieving moderate solar concentration ratio of up to 121
suns and better uniform illumination, the reflection at the
lens surface and absorption by the lens material have
caused the transmission efficiency of less than 80% [8].
Since year 2001, Chen et al. and Chong have developed a
non-imaging focusing heliostat that is capable of achieving
high solar concentration by superposing all of the mirror
images into one at a fixed target with the use of line-tilting
driving mechanism [9-14]. In this scheme, the resulted
solar concentration ratio is the algebra sum of the
reflected solar rays without creating a specific optical
image, since the sunlight is not coherent.

Inspired by the combined idea from both non-imaging
focusing heliostat and the modular Fresnel lens, a Non-
Imaging Planar Concentrator (NIPC) has been proposed
to achieve a good uniformity of the solar irradiation with a
reasonable high concentration ratio. A small prototype of
the NIPC consisted of many inexpensive facet mirrors has
been designed and constructed in the campus of Universiti
Tunku Abdul Rahman (UTAR), Kuala Lumpur, Malaysia to
verify the principle of the new proposal [15-16]. In this
paper, we would camry out a comprehensive analysis
through the numerical simulation on solar flux distribution
at the target by considering all the important criteria to
improve the overall performance of dense-array
concentrator photovoltaic system, which are the maximum
solar concentration, uniform illumination area, spillage loss
efc.

PRINCIPLE OF OPTICAL ANALYSIS

Instead of using a single piece of parabolic dish, the newly
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proposed NIPC employs multi-faceted mirrors as the
optical aperture to gather and to concentrate the incident
sunlight at any focal distance along the optical axis. Since
the geometry of NIPC cannot be clearly defined by any
analytical surface, numerical simulation is a necessary
way for the optical analysis on solar flux distribution at the
receiver plane with the use of coordinate transformations
and ray-tracing techniques. Two assumptions have been
made in the optical modeling for reducing the computer
simulation time with negligible effect to the results (see

Figure 1):

1. Each reflected sunray from the concentrator is spread
into P sub-rays, and each sub-ray carries an amount
of energy 1/Pth of incident sunray. These rays
uniformly spread in the direction such that it forms a
light cone that subtends to the solar disk half angle of
4.65 mrad.

2. Each facet mirror consists of a finite number of
smaller elements called reflective points.

i-th, j-th, k-th, -th reflective point
LN
Figure 1 Conceptual layout design of the Non-Imaging
Planar Concentrator (NIPC). (Inset) Each facet mirror
consists of a finite number of smaller elements called
reflective points and each reflective point is
illuminated by a discrete number of sub-rays arranged
in a conic manner.

A general Caresian coordinate system is used to
represent the main coordinate system (x, y, ) at the plane
of the planar concentrator with the origin located at the
center of the concentrator. A sub-coordinate system (x| y "
z”) is defined at the local facet mirror with the origin
located at the center of mirror. Referring to Figure 2, the x-
axis lies along the central column of mirrars, while the y-
axis lies along the central row of mirrors and the z-axis
points towards the receiver. The coordinate of the focal
point for the concentrator is (0, 0, f ). (Hew Hew Hedy
represents the coordinate of the central point {or pivot
point) for an J, j-mirror, where | and j refer to the mirror
location at ith row and j-th column of the concentrator
respectively. The incident angle (&) of the sunray, relative
to i, j-mirror, and the tilted angles of i, fmirror about x “axis
() and y“axis (') can be expressed as follow:
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An initial coordinate of the reflective point on the i, j-mirror
is designated as (M, H,, H.);:;, where k and / represent the
position of the reflective point at k-th row and Fth column
of the facet mirror respectively. According to the Figure 1,
a new coordinate (H;, H, H ) was formed when each
individual mirror has to be titled with its corresponding
tited angles (y and a) for superposing all the mirror
images at the receiver. To ease the mathematical
representation of coordinate transformations, a linear
translation transformation can be made by increasing the
dimensionality of the space. The coordinate transformation
starts with the translation transformation from main
coordinate system to sub-coordinate system of the planar
concentrator. It is then followed by the rotation
transformations with the angles o and y Finally it ends
with the translation transformation from sub-coordinate
system back to main coordinate system of the planar
concentrator. As a result, the matrix form for the
coordinate transformations from the initial coordinate (H,,
H, H)y to the final coordinate (H, H HZX)u can be
simply expressed as follow:

|H']¢m = [T:L_, | ?11; [UL_; [TJ |u [H] i
v 0 =

H,] 100 Hg] [1 0 o 0]
Hyl _|0 1 0 Hg 0 cosy —siny 0f
H‘ “lo o1 He, *lo siny cosy 0"
1w looo 1] ]o o o 1 @
cosog 0 —sing 0 1 00 -Hg| [Hy]|
0 1 0 0 010 -Hey| [Hy|
|sine 0 cose 070 0 1 —,'-.1',5.2 X:H-Z.
lo o o 1] jooo 1 | [1

g

According to Snell-Descartes law, the incident ray and the
normal vector of the mirror are required to obtain the
reflected ray. Considering that the incident ray might not
be exactly normal relative to the concentrator plane due to
the sun-tracking error, the unit vector of incident sunray
can be defined in the matrix form as follow:

T sin 5
I | D
I, " |cosp )

1 1
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where [ is the off-axis angle relative to the concentrator
that lies in xz-plane as shown in Figure 2.

==

(N T —
Figure 2 Cartesian coordinate system used to
represent the main coordinate system (x, y, z) at the
plane of the planar concentrator with the origin
located at the center of concentrator, and the sub-
coordinate system (x ;y .z ") at the local facet mirror
with the origin located at the center of mirror.

Similar to the case of the reflective point, the initial unit
vector normal, n-: also undergoes two rotation
coordinate transformations to form the new unit vector
normal when the facet mirror is tilted. Thus, the new unit
vector normal can be derived as

¥ =[rhlek v

d I 0 0] [eoss 0 -sing 0] [0
[*:] - 0 cosy —siny 0| | 0 1 0 D\! 0 (6)
|, 0 smy cosy O |sne 0 cose O |1
L1 00 tflo o o 11
i lo

Consequently, the unit vector of the principal reflected
ray, k- R i+R,7+R.Z, can be obtained as

=| 2 NG+ I N+ 1 N -1, 7
AL NG+, N+ NN -1,

¥

R | 2T N+ LNy + I N N1
I
R

For each principal reflected ray, & , from the ith, fth, k-th,
I-th reflective point, P sub-rays are generated within the
light cone, which subtend to the solar disk half angle of
465 mrad, and each sub-ray is denoted as
R =R i+R_3+R_ i, Where m=1,2 3, P. To determine
the intersection point on the receiver plane with the use of
ray tracing technique, the line equation of the sub-ray and
the surface equation of the receiver plane must be solved.
The coordinate of the intersection point on the receiver
can be calculated as

978-1-4244-5892-9/10/$26.00 ©2010 IEEE

151

R—“"U—H;HH;

—
o PO B

o,
) P
[, @)
f

The solar flux distribution pattern on the receiver plane
can be plotted according to the calculated intersection
point (T, T%). In order to achieve a smooth simulation
result of illumination distribution at the receiver plane, a
reasonably high resolution is required in the optical
modeling of the reflective point, the solar disk effect and
the receiver plane. In the numerical simulation, each facet
mirror of dimension W cm = W ¢m is sub-divided into § = §
reflective points and the sub-rays within a cone has a
resolution of 65 rays per aperture diameter. In addition, a
matrix of 201 rows and 201 columns of pixels represent
the receiver area of 20.0 cm = 20.0 cm and hence the
solar concentration ratio (number of suns) on each pixel
can be calculated as

& area of reflective point (cm”) cosé

C= :
=i area of receiver pixel (cm?) P

@)

where area of reflective point = (W/S)°, area of receiver
pixel = (20/201)%, N is the total count of sub-rays hitting on
the corresponding pixel on the receiver plane, P is the total
number of sub-rays within the cone and & is the incident
angle as shown in Equation (1).

CHARACTERISTICS AND PERFORMANCE STUDY
ON SOLAR FLUX DISTRIBUTION

In this paper, solar flux distribution at the receiver plane of
the NIPC has been simulated using the aforementioned
methodology by changing of the fD ratio, where f and D
are the focal distance and the width of the planar
concentrator respectively. The simulated results that base
on fiD ratio can allow us to generalize the study to any
concentrator size in future designs. A comprehensive
optical analysis of the planar concentrator composed of 21
= 21 facet mirrors with a dimension of 10 cm = 10 cm each
to form a total reflective area of 4.4 m® and a width of 2.2
m has been carried out through the numerical simulation.
Figures 3(a) and (b) show the simulated results of solar
flux distribution in 3-D and 2-D plots with a focal distance
of 170 cm. All the simulated results have a similar
characteristic as shown in Figure 3, which consists of a flat
top area in the central region of flux distribution where the
solar concentration ratio is nearly constant, and it is
named as uniform illumination area. To quantify the
performance of CPV system, we have conducted three
different performance studies including the maximum solar
concentration, the uniformity of solar illumination, spillage
loss and the effect of the sun-tracking error.
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Figure 3 The simulated results of solar flux
distribution in (a) 3-D and (b) 2-D plots for 21x21 facet
mirrors with a focal distance of 170 cm.

Study r: Figure 4 has been plotted to reveal the
maximum solar concentration ratio and percentage of
energy in the uniform illumination area for different focal
lengths (f) from 100 cm to 300 c¢m with the increment of 10
cm each time. It is also equivalent to the change of /D
ratio from 0.4545 to 1.3636 with the increment of 0.04545.
Due to the resolution of the receiver plane, which is ~ 0.1
cn/pixel (or 20 cm + 201 pixels), the percentage of energy
in the uniform illumination curve is not as smooth as solar
concentration ratio curve. With the change of the focal
distance, maximum solar concentration ratio and
percentage of energy in uniform illumination area vary in
the range from 336 to 422 suns and from 68 % to 52 %
respectively. From the simulated results, we can conclude
that the maximum solar concentration ratio improves when
the focal distance increases but at the same time the
percentage of energy in uniform illumination area will be
sacrificed. For that reason, a trade-off between solar
concentration ratio and total energy in uniform illumination
area has to be sought to obtain the best performance of
the concentrator.

Study H: Spillage loss (or percentage of solar irradiance
falling beyond the boundary of the receiver) and solar
concentration ratio at the edge of receiver were also
simulated by adopting different size of receiver. Figure 5
illustrates the spillage loss (solid line) and its
corresponding solar concentration ratio at receiver edge
(dot line) versus the receiver size (square in shape) from 6
cm to 13 cm for three different focal lengths, i.e. 120 cm,
170 cm and 230 cm. From the graph, the largest receiver
size to capture a reasonably uniform solar flux distribution
with less than 5 % wvariation of flux distribution (difference
between the highest and the lowest solar concentration
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Figure 4 Graph shows both the change of solar
concentration ratio and percentage of total collected
energy in uniform illumination area versus /D ratio
from 0.4545 to 1.3636 with the increment of 0.04545.

ratios within the receiver in percentage) and its
corresponding spillage loss can be summarized as: the
optimized receiver size (spillage loss) of the focal
distances 120 cm, 170 cm and 230 cm are 9 cm (32.0 %),
8.75 cm (33.5 %) and 8.25 cm (37.2 %) respectively. This
study is very useful for the designer to optimize the size of
receiver by considering both the spillage losses and
variation of flux distribution.

I U0 0]

| = p=120m
s f=17lcm

o 7 8 9 10 11 12 13
Receiver dimension{cm)
Figure 5 Spillage losses (solid line) and its
corresponding solar concentration ratio at receiver
edge (dot line) are plotted versus receiver size (square
in shape) for the three different focal distances, i.e.
120 ¢m, 170 cm and 230 cm.

Study #: In this study, we would consider the effect of
off-axis aberration to the solar flux distribution due to the
sun tracking error. Figure 6 reveals how the solar flux
distribution is deviated from the center of the receiver
without any obvious distortion to the flux distribution profile
at focal distance of 170 cm as the off-axis angle increasing
from 0 deg to 1 deg. The same methodology has been
applied to simulate the deviation of solar flux distribution
from the center of receiver at different focal lengths from
100 cm to 300 cm. The results show that the deviation
from the center or receiver is linearly proportional to the
focal distance with the slope dependant on the off-axis
angle. There are three significant analyses on the
characteristics of solar flux distribution due to the
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and total acceptance angle. For these analyses, we
consider 21x21 array of facet mirrors with a focal distance
of 170 cm as our case study. To view at its effect on the
spillage loss, Figure 7 shows the spillage loss curves
varying with the off-axis angles from 0 deg to 1.0 deg with
an increment of 0.2 deg for different receiver sizes.
According to the simulated results, the accuracy of sun-
tracking is very important to maintain the performance of a
system since the spillage loss can increase significantly as
the off-axis angle varying from 0 deg to 1.0 deg.

|[—p=tos =027~ fi=0d®-fi=10°

— 0.0 —
— BE6 e ————

391 suns

250

00

H
£
E
z
H
£
F
3
&

=109 -8 T -543-2.0 012345678 91011

Diistance (om)
Figure 6 The simulated results of solar flux
distribution to show the solar concentration ratio
versus the distance for different off-axis angles at a
focal distance of 170 cm.

p-00°
o o fi=06°

6 7 8 [ 1 1 1 13
Receiver size (em)
Figure 7 The spillage loss as a function of the receiver
size for off-axis angles from 0 deg to 1.0 deg with an
increment of 0.2 deg at a focal distance of 170 cm.

An imaginary boundary with a size of 8.56x8.56 cm?,
which is able to contain the maximum size of uniform
illumination area at zero tracking error, has been defined
to analyze the non-uniformity of the flux distribution
caused by the sun-tracking error. The ideal flux distribution
will shift away from the center of the defined boundary and
the solar concentration ratio at the edge of the boundary
will decrease when the off-axis angle varying from 0 deg
to 1 deg. We can quantify the seriousness of non-
uniformity as how much the variation of flux distribution
can exist within the defined boundary. Figure 8 depicts the
variation of flux distribution versus off-axis angle from 0
deg to 1 deg. Furthermore, the total acceptance angle of
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the planar concentrator, which is defined as a range of
allowable angles with less than 5% of the energy lost
caused by the sun-tracking error in comparison with ideal
tracking, has been analyzed as well. Figure 9 illustrates
the plot of the percentage of energy falling in the defined
area of 10.54x10.54 cm® in comparison with ideal tracking
versus off-axis angle ranging from —1 deg to 1 deg. In this
case study, the defined area 10.54 = 10.54 cm? is chosen
based on the common practice in optics known as full
width at half maximum (FWHM), in which the solar
concentration ratio at the edge of the defined area is half
of the maximum solar concentration ratio. The
percentages of energy within the receiver in comparison
with ideal tracking at the off-axis angles 0.1 deg, +0.2
deg, +0.3 deg, +0.4 deg, +0.5 deg, and +0.6 deg are 99.21
%, 96.98 %, 93.81 %, 90.33 %, 86.81 %, and 83.29 %
respectively as shown in Figure 9. The total acceptance
angle of the planar concentrator that receives at least 95%
of energy can be determined from Figure 9 as 0.48 deg.

i§mn
g

Pereentage of non-uniforn
distribution
2

+ + ; I }
0 0 8 83 04 05 046 07T 08 09 1

Off-avis angle, g ()

Figure 8 The variation in flux distribution within the
defined boundary area 8.56x8.56 cm® due to the sun-
tracking error versus off-axis angles from 0 deg to 1
deg at a focal distance of 170 cm.

Percentuge of relative energy in

[ t i i i
-1 <08 e k4 B2 B 0.2 04 06 08 1
Off-axis angle, & (7}
Figure 9 Percentage of energy falling into the defined
area 10.54x10.54 cm” in comparison with ideal
tracking versus off-axis angle ranging from —1 deg to
1 deg at a focal distance of 170 cm.

CONCLUSION

The principle of the non-imaging planar concentrator and
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the methodology of numerical simulation for plotting solar
flux distribution have been described in detail. To study
the optical characteristics of the newly proposed planar
concentrator, several comprehensive analyses on the
simulated results are carried out. According to the
simulation results, the designer has to seek a trade-off
between solar concentration ratio and total energy in
uniform illumination area in order to obtain the best
performance for the CPV system. Since the maximum
solar concentiration ratio increases with the focal distance
but at the same time the percentage of energy in uniform
illumination area will be surrendered. In addition, the
simulated results are very useful for the designer to
optimize the size of receiver by considering the spillage
losses, variation of flux distribution and the effect of sun-
tracking error. As a conclusion, the overall simulated
results have strongly recommended that the non-imaging
planar concentrator is very suitable for the application in
the dense-array CPV system.
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Absirace—The  performance of dense-array  concentrator
photovoltaic (CPV) is studied in detail by considering
temperature distribution pattern generated from a water-cooled
copper cooling block. Using water flow rate 0.400 kg/s and inlet
temperature 30°C, the temperature distribution is simulated and
the temperature values are used as a means to predict each CPV
cell’s operating temperature. It is observed that a solar cell
located at the central region of the array experiences the highest
temperature of 58.3°C, while CPV cells located furthest to the
center are operating at 7°C lower than the center region cell. For
comparison purpose, we also investigated the effect of uniform
temperature distribution for all the cells at 55.2°C. It is found
that the output power varies by less than 1W compared to the
case of non-uniform temperature distribution where each solar
cell is experiencing a different temperature value. On the other
hand, the output power increases to 462.70 W when the array
temperature is reduced to 40°C, while the output power dropped
to 418.60 W when the array temperature is increased to 100°C.
Through better understanding of temperature effects to dense
array CPV performance, a suitable cooling system can be
designed to minimize power loss.

Keywords-  concentrator photovoltaic; nonimaging planar
concentrator; Simulink; dense-array; temperature effects

L INTRODUCTION

High concentration solar energy has attracted increasing
attention recently because of great achievement by multi-
junction solar cells with conversion efficiencies of over 40%.
enabling such systems to become a cost effective alternative to
flat-plate photovoltaic (PV) modules [1] [2]. In concentrator
photovoltaic (CPV) systems, solar cells that receive high
illuminations not only produce high power output but also
experience temperature rise which in turn causes a reduction in
electrical power conversion. Therefore, an effective heat
dissipation system is necessary to ensure that a CPV array is
operating within an acceptable temperature range. When the
operating temperature is decreased by employing cooling
systems, electrical efficiency of solar cells is increased [3] [4]

In this study, an analysis based on different temperature
variation is performed using Simulink. Actual sizes of CPV
cells and substrates are taken into consideration to embrace
practical concerns where packing factor is one of the important
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parameters in the optimization of overall system performance.
This work will complement previous optical system design of
the novel concentrator system.

II.  DESIGN METHODOLOGY

A, Dense Array Configuration

In view of the importance in correct mapping of
concentrated sunlight on each solar cell, this study considers
actual limitation in the arrangement of dense-array substrates,
CPV cells, as well as wire bonds in the modeling and
simulation process. The dimension and specification of
substrates, solar cells and wire bonds are referred to direct
bonded copper (DBC) from Curamik, high efficiency
Concentrating  Triple  Junction (CTJ) CPV  cells
(InGaP/InGaAs/Ge) supplied by Emcore, and 10 mil x 1 mil
gold ribbon bonds, respectively. Using the aforementioned
dimensions, an average solar concentration across the surface
of each solar cell is calculated based on the simulated flux
distribution as shown Figure 1.

A CPV array that covers a more uniform concentration area
is designed and illustrated in Figure 2. In the configuration,
only one of the busbars located on top of the solar cells, which
is the negative terminal, is utilized for electrical connection. To
form a series-connected string, the electrical connections of
ribbon bonds are extended from solar cells’ top contact to the
bottom contact of the next set of solar cells by connecting to
the copper surface of DBC substrate. CPV cells that are
subjected to nen-uniform solar irradiation are protected with
schottky bypass diode. As this simulation assumes that all CPV
cells have the same characteristics, bypass diodes are not
connected to the cells located at the middle of the array. In the
event where CPV cells are measured to have different
characteristics, or when solar irradiation is not uniform at the
centre, bypass diodes need to be added to the circuit. Further
study on array arrangement design is not included in this paper
and will be covered in future papers. The array from Figure 2
consists of twenty-six sets of two parallel-connected solar cells
which are mounted together to form an array of fifty-two cells.
The solar concentration level throughout the array ranges from
353x to 391x, and all CPV cells are assumed to have similar
characteristics. Since this configuration covers a relatively
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uniform solar distribution area, the variation of average
concentration level on each solar cell is small.
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Figure 1. Simulation results using ray-tracing method for the case of 21 x 21
array of mirrors with a focal distance of 170 cm displayed in (a) 3D and (b)

2D plots.
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Figure 2. This diagram presents a dense array of fifty-two cells, connecting
twenty-six CPV modules in series. Each module consists of two parallel-
connected solar cells on a substrate.
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B.  Modelling and Simulation of Electrical Performance

A comprehensive equivalent circuit model for triple-
junction solar cell can be represented by three current sources
connected in series [8]. Nevertheless, not all of the parameters
can be readily collected from field measurements nor obtained
from a standard manufacturer’s datasheet. Therefore the two-
diode model, which is also capable of representing the CPV
cells well, is applied in this study as a representation of solar
cell. The simulation is done by arranging solar cells into the
configuration as showed in Figure 2. Solar cell blocks
represenling single solar cells as a current source with two
exponential diodes, a parallel resistor (R,), and connected with
a series resistance (Rs) are arranged into subsystems in
Simulink to form the array. The output current I can be
represented by the equation

I=1,- Lu(exp "*Y® W _ 1y [ (expl

— (V+IRs\/R, (1)

VHIRSMIN Vi) 1
3, A==l

where I, is the solar-induced current, 7, is the saturation
current of the first diode, /., is the saturation current of the
second diode, Vt is the thermal voltage, N; is the diode ideality
factor of the first diode, N; is the diode ideality factor of the
second diode, and V is the voltage across a solar cell. In
Simulink, it is possible to choose between the eight-parameter
model and the five parameter model. For the five-parameter
model, two simplifying assumptions are made: the first
assumption is that saturation current of the second diode is zero
in value and the second assumption is that the impedance of its
parallel resistor is infinite.

For the simulation of this study, the five-parameter model
is chosen and applied to solar cell blocks from SimElectronics.
Dense-array solar cells are parameterized individually in terms
of short-circuit current and open circuit voltage based on its
respective location. Both of these values are common
parameters which are readily available in a manufacturer’s
datasheet or measured as field data. In addition to that, this
study considers solar power input at direct solar irradiance of
$00W/m* with 19% of optical losses contributed by limitations
from mirror quality and reflectivity. To complete the modeling
of the entire array, parameters including short-circuit current
(Isc), open-circuit voltage (Vec), diode ideality factor (N),
irradiation, and series resistance (Rs) are entered into solar cell
blocks. When all parameters are transferred into each cell of
the array, this circuit is ready for simulation. Results such as
the array current, array voltage and output power are stored
into Matlab workspace and then exported to excel for data
analysis. Referring to Figure 3, a simulated IV curve using the
method described above is presented and is superimposed to
the experimental IV curve of a CPV cell operating at 321x
concentration. This shows that a close match is possible using
matlab simulation.
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Figure 3. Fitted data superimposed upon experimental data
C. Temperature Distribution on Cooling Block

The dense array from Figure 2 is cooled using a copper
block (0.146 m widthx 0.180 m length x 0.20 m height)
machined with multiple water channels and water circulation to
maintain the solar cells’ temperature (Figure 4). For
temperature simulation, the solar flux intensity applied is 2000
W (70% of concentrated solar power input) into a 0.1 m x 0.1
m CPV area at the center region of the cooling block.
Theoretical modeling is established on the cooling block with
defined solar heat flux input, water mass flow rate, and water
inlet temperature. Using NX6, a Computational Fluid Dynamic
(CFD) program, flow and hear transfer analysis is performed to
the designed cooling block. A simulated temperature
distribution on the cooling block for water flow rate of 0.400
kg/s is showed in Figure 5, with water inlet temperature set at
30°C. From Figure 5, the highest temperature of 49.2°C is
observed at the center of cooling block surface.

cooling

block outlet

Figure 4. Cooling block assembly, showing water inlet and water outlet
locations. CPV array is attached to the cooling block surface
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Figure 5. Temperature discribution on CPV dense array for the flow rate of
0.400 kg/s wiith water inlet temperature of 30°C. The maximum temperature
observed at the center is 49.2°C

In a dense array, CPV cells are located at differen
positions on the cooling block, and hence each solar cel
experiences a different localized temperature. To get the CFL
simulated temperature value, the center point coordinate of
each solar cell is determined and its respective temperature i
recorded. The total thermal resistance from cooling block tc
CPV cell consists of the following material and thickness
0.1mm of Arctic Silver thermal adhesive, 0.3 mm of coppe!
layer in direct bond copper (DBC) substrate, 0.38 mm alumin:
layer in DBC substrate, 0.3 mm of copper layer in DBC
substrate, 0.15 mm of solder and 0.2 mm of CPV cell. A sketct
of the material stack is presented in Figure 6. The temperature
at the surface of the solar cell is derived from temperature or
the surface of copper heat sink. Thermal conductivity values of
the different materials are listed in Table L The table shows ¢
total thermal resistance of 3.65 x 10° Km*W' from solar cel
to copper cooling block. To determine solar cell temperature,
the following equation is applied:

Terv = (Pspiar X R % (1A cpv)) + Ten (2)

where Tepy is the temperature of CPV cell, Py, is the solar
thermal power input, K, is the total thermal resistance from
cooling block to CPV cell, Agpy is the total CPV area, and Ty
is the temperature of cooling block. Replacing all values of
Pioar, R and A qpy into equation (2), the temperature on CPV
surface is calculated for each solar cell in the array.
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DBC - Copper Layer

Copper Cooling Block

Figure 6. A sketch of the material stack used in the calculation of CPV cell
temperature. The temperature at the surface of solar cell is derived from the
temperature obtained on the surface of cooling block through CFD simulation.

TABLE I. THERMAL CONDUCTIVITY OF DIFFERENT MATERIALS

Material Thickness, I | Thermal Thermal

(mm) Conductivity, Resislaju:e.
kowWm'K") R(Em*W")

CPV 0.20 55 3.64%10°

Solder 0.15 50 3.00% 10°*

Copper Layer 0.30 400 7.50% 107

of DBC

Alumina Layer 0.38 24 1.58x 107

of DBC

Arctic Silver 0.10 7.5 1.33% 107

Thermal

Adhesive

Rux 3.65% 107

III.  RESULTS AND DISCUSSION

In concentrator systems, the temperature distribution across
a CPV array is far from uniform, and hence each CPV cell will
be subjected to different temperatures. A solar cell that is
located at the center will be operating at a higher temperature,
while the cells that are further from the center will experience
lower temperatures. To understand the temperature effects on a
dense array, two cases have been investigated. In the first case,
temperature value of each solar cell is calculated based on the
information from Figure 5 and Figure 6. The solar cell
temperature varies from as low as 50.6°C till 51.9°C at the
corners to the highest value of 58.3°C at the middle region of
copper cooling block. With fifty-two different temperature
values, each corresponding solar cell’s characteristics are
calculated to be used for array simulation. In Figure 7, it is
shown that the array maximum power (Pm) is 450.57 W.
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Figure 7. A maximum power of 450.57 W is possible with cooling water
flow rate of 0.4 kg/s.

It is also interesting to compare the array output power if a
designed cooling block can remove heat while maintaining
uniform distribution of surface temperature. Therefore, in the
second case, a simulation based on uniform temperature on
each solar cell value is also conducted. In the second case, a
calculated average temperature from the first case (55.2°C) is
applied to each solar cell of the array. The simulated output
power from Matlab is 450.5 W, which is very close to the
output power for Figure 7.

To investigate the relationship of increased or reduced
average temperature across the arrray, simulations based on a
lower temperature of 40°C is also compared to an array at
100°C (Figure 8). Having reduced the average temperature
from 55.2°C to 40°C, the maximum power obtained has
increased by about 12'W to become 462.7 W. However, when
the array is operating at 100°C, the CPV dense array would
produce a lower output power of as much as 32 W to become
418.60 W. In fact, the array voltage at maximum power point
has dropped tremendously to become 62.20 V (100°C) as
compared the first case that had 69 V. Conversely, if the
operating temperature could be lowered to 40°C, the array
voltage at maximum power point is 71. 07 V.

Dense Array PV curve for uniform
temperatures
500
400 Pm=
kY il Pm=462.7W
% 304 meeris Vm=T1.07V
g L Im=651 4
200
a Pm=450.50 W
100 4 Vm=68.57 V
Im=6.57 A
o 1
0 2 40 60 a0 100
Voitage V) [T — ey curve for 56.2 degC.
—— PV curve for 40 degC
PV curve for 100 degC

Figure 8. Power-Voltage (PV) curves simulated using uniform temperature
on each solar cell in the dense-array for the case of 40°C, 55.2°C and 100°C
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IV. CONCLUSION

This paper has presented a follow-up study on temperature
effects to the electrical performance of CPV dense-array
incorporated in a nonimaging planar concentrator. By
comparing simulation results, it is revealed that temperature
uniformity is less significant in affecting the maximum power
output, as compared to lowering the average temperature. It is
found that the difference between using average temperature as
an input parameter in simulation as compared to using all fifty-
two different individual temperatures is less than | W. In
contrast, lowering the average CPV temperature to 40°C
improves the maximum output power to 462.7 W, while
increasing the average temperature to 100°C yields a reduced
output power of 418.6 W. It is predicted that for a larger scale
dense-array system, this increased output power will be even
more significant when system operating temperature is
lowered. Hence, by understanding temperature effects to the
performance of CPV dense array, system designers can
optimize the cooling system by lowering the average cooling
block temperature instead of focusing on temperature
uniformity.
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ELECTRICAL CHARACTERIZATION OF DENSE-ARRAY CONCENTRATOR PHOTOVOLTAIC SYSTEM

Kok-Keong Chong', Fei-Lu Siaw
Faculty of Engineering and Science, Universiti Tunku Abdul Rahman,
Off Jalan Genting Kelang, Setapak, 53300 Kuala Lumpur, Malaysia

ABSTRACT: In this paper, we explores various arrangement of solar cells in dense-array configuration for
optimizing the electrical performance of Concentrator Photovoltaic (CPV) system. Three different configurations of
dense-array layouts are proposed to be analyzed in our study using numerical simulation method aided by Simulink
and taking into account of module bypass diodes. The simulated results of different dense-array configurations in
terms of current-voltage (I-V) and power-voltage (P-V) curves are presented and discussed based on the irradiance
profile of the non-imging planar concentrator. The mismatch effects due to non-uniform irradiance for the solar cells
located at the peripheral of the receiver module are illustrated and discussed. When an I-V curve contains many
mismatch steps, the maximum power output is greatly affected and then leads to a lower fill factor (FF) value. Power
loss can be minimized to enhance the overall performance and hence to obtain the best design with more cost-
effective solution via better understanding of the importance in proper arrangement of CPV cells with reference to the
irradiance profile of the concentrator, which is to avoid low concentration and non-uniform solar concentration area

at the receiver target.
Keywords:
Performance

I INTRODUCTION

Mismatch losses caused by soiling, non-uniform
irradiance, shading, temperature variations, cell quality
and aging of solar cell. all contribute to the serious power
reduction in the real site testing of concentrator
photovoltaic system. When the current-voltage (I-V)
curves of solar cells are not identical, the output power of
that array or string of cells decreases considerably. The
system cannot achieve good performance and will
operate at the level of the weakest CPV cell or string of
cells. Therefore, receiver modules that receive non-
uniform illumination will experience a serious drop in
efficiency, as opposed to receiver modules under
reasonably uniform illumination [1][2]. Most available
papers discuss on single CPV  module and its
performance under Fresnel lens system, whereby the non-
uniformity of concentrated light is identical in each cell
of the array. On the other hand, study in dense array CPV
systems is rare due to the complication in the mismatch
loss and hence the drive towards commercialization for
this type of CPV technology is less encouraged. The
novel non-imaging planar concentrator, as presented in
previous publication [3][4], is capable of producing much
more uniform spatial irradiance and at reasonably high
concentration ratio for the application in dense-array
CPV system. The cells in the array are subjected to solar
flux distribution pattern that greatly differs to that of the
Fresnel System.
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Figure 1: The Non-Tmaging Planar Concentrator (NIPC)
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Several solutions for reducing mismatch losses have
been proposed by other authors to modify array
interconnections or utilizing alternative topologies such
as total-crossed tied (TCT) and bridge-link (BL)
configurations. However, such solutions cannot be
directly applied to densely-packed CPV arrays due to
limitation of available space in the receiver module. As
all the concentrated irradiance is focused onto a relatively
small receiver module, a good packing factor will be
sacrificed if intricate connection methods requiring more
circuit interconnect space are employed. It will further
increase the complexity in the assembly process of CPV
dense-array that is comparatively much smaller than a
regular PV array of the same power rating.
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Figure 2: The optimized result of solar illumination
distribution in both (a) 3-D and (b) 2-D views.
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2 RESULTS

2.1 Non-imaging planar concentrator

The non-imaging planar concentrator comprises of
multifaceted mirrors, and uses mirror arrays as an optical
aperture to collect and focus the incident sunlight at any
focal distance along its optical axis as shown in Fig. 1. To
study the spatial irradiance of the concentrator system in
evaluating its overall optical performance. numerical
simulations were applied based on parameters such as
array of facet mirrors, f/D ratio. receiver size, and the
effect of sun-tracking error.

The optimized result of solar illumination distribution
is defined by Figs. 2(a)-(b), which is simulated based on
the case of 21 x 21 array of facet mirrors with the
dimension of 10 em x 10 ¢m each and focal distance of
170 em excluding the central mirror. The flux pattern
consists of a flat top area in the central region of flux
distribution where the solar concentration ratio is
constant and it is named as uniform illumination area
with peak intensity of 391 suns.
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Figure 3: Diagram showing an array of seventy-two
series-connected solar cells, labeled with the average
concentration level on each cell. The minimum average
solar concentration level is calculated to be 82x.
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Figure 4: Dense array consisting thirty-eight sets of two
parallel-connected modules totaling up to seventy-six
CPV cells for the whole configuration. Each cell's
average concentration ratio is calculated and mapped on
its respective location.
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Figure 5: Eighty cells arranged into an assembly and
packed into the area of target receiver under relatively
high solar concentration ratio, due to the reason of space
saving because lesser substrates are used in this
configuration. Each module set consists of five parallel-
connected solar cell and bypass diodes.

2.2 Concentrator photovoltaic cell arrays

In view of the importance in the correct mapping of
concentrated sunlight level on each CPV cell, this paper
proposes a practical modelling and simulation approach
by considering actual limitation in the arrangement of
substrates, CPV cells and wire bonds. Four different
configurations are selected for the various combination in
series and parallel connection of high-efficiency triple-
junction solar cells to cover most of the practical
mismatch problems. Figures 3. 4 and 5 show three
different configuration to be considered in our case study.

3 ANALYSIS OF THE RESULTS, CLEAR
EXPOSITION OF THE MAIN FINDINGS

The FF values for Figures 6(a). (b) and (c) are 46%,
51% and 67% respectively. This finding further supports
the importance of uniform solar irradiance in a
concentrator solar system. The maximum power is lowest
for the curve from Figure 6(a) with P,,= 567.18W,
followed by the curve from Figure 6(b) with P,,=
647.94W and the highest for the curve from Figure 6(c)
with P, = 852.03W.

The high output power for Figure 6(c)., which
corresponds to the arrangement in Figure 5, can be
directly linked to its high packing factor because each of
the sixteen modules contains five CPV cells to form an
eighty-cell array. As the modules are packed closely
together, CPV cells located at the outer corners have
relatively higher concentration level (173x), and this
reduces the mismatch effect as compared to the arrays
from Figures 6(a)-(b).
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Figure 6: Various I-V and P-V curves of four separate Table I: Key parameters for the I-V curves in Figure 10
configurations subjected to different solar concentration (@ to (d showi 1 f short-circuit e
designed for the NIPC. a) to (d) showing values of short-circuit current ( £ g ),
open-circuit voltage (VOC ), maximum power (F:“u}
and fill factor (FF)
Curve Isd(A)  VoelV) PuadW) FF(%)
(a) 1.86 226.82 567.18 46
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An Interconnection Reconfiguration Method for Concentrator
Photovoltaic Array
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Abstract — This paper reports on the application of heuristic
algorithms for one-dimensional bin-packing problems in solving
current mismatch of concentrator photovoltaic (CPV) arrays that
is caused by non-uniform selar flux distribution. As a case study,
actual flux profile for a non-imaging planar concentrator (NIPC)
is measured based on CPV cells’ location in a dense array. Then,
forty-four solar cells are reconfigured according to heuristic
algorithm results. From the study, current mismatch is minimized
from 1.03A to 0.07A resulting an increase in output power from
§3.99W to 116.36 W. This reconfiguration method is tested by
comparisons with Simulink current-voltage (I-V) curve results,

Index Terms — arr current-voltage  characteristics,
heuri algorithms, photovoltaic systems, optimal matching,
optimization methods
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L. INTRODUCTION

The one-dimensional bin-packing problem (BPP) consists of
finding a packing of the objects using a minimum number of
bins of pre-sized capacity with a given list of objects and their
respective sizes. Conventionally, the bin-packing models are
applied in several areas such as storage allocation of computer
networks, assigning commercial breaks on television, packing
boxes into shipping containers, copying a collection of files to
magnetic tapes and floppy disks, etc. As BPP is an NP-hard
problem which can be tedious and lime-consuming to solve,
various heuristics are reported in previous literature for
solving the classical bin-packing problem [1] [2].

In this paper, we investigate BF and BFD heuristics for one-
dimensional bin-packing problem to solve current-mismatch
problem that is faced in concentrator photovoltaic (CPV)
systems. The results generated have been compared with those
obtained with conventional array configuration method. This
approach is free from the limitation of conventional array
topologies which are the series-parallel (SP), bridge-link (BL)
and total-cross-tied (TCT), as the bin-packing method proposes
new arrangements based on heuristics results.

II. SOLAR FLUX DISTRIBUTION OF NON-IMAGING PLANAR
CONCENTRATOR (NIPC)

We often find that delivered electrical power in field
conditions is much lower than array ratings because mismatch
losses have affected current-voltage (/-V) and power-voltage
(P-V) curves of dense-array solar cells. Mismatch factors such
as soiling, non-uniform irradiance, shading, temperature
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variations, cell’s quality as well as aging of solar cells, all
contribute to serious array power reduction in real site testing.
Non-uniform distribution of concentrated solar irradiance is
one of the significant problems faced by most of concentrator
systems, especially around receiver edges.

Fig. 1. A photo of NIPC solar flux distribution on a lambertian
target that was taken with a CCD camera.

Over the recent years, many studies can be found discussing
on the improvement of solar concentrator optical design to
produce more uniform solar illumination at high
concentrations [3-5]. Nevertheless, the overall output current
of CPV cells connected in a dense array arrangement is very
much dependent on the solar flux distribution of a solar
concentrator. Despite the employment of flat mirrors in the
non-imaging planar concentrator (NIPC), the resultant flux
distribution from simple super-positioning of all flat mirror
images is inevitably non-uniform near the peripheral zone.

An NIPC prototype located in Universiti Tunku Abdul
Rahman (UTAR) Kuala Lumpur (3.22° North, 101.73° East)
is chosen for this study, and its solar flux distribution on the
receiver is measured. This prototype is capable of producing
reasonably high concentration using 192 flat mirrors with
dimension 10 ecm x 10 cm each. An optical scanner using a
row of calibrated triple-junction solar cells
(InGaP/InGaAs/Ge) as sensors with the resolution of 1.0 cm x
1.0 cm is designed to scan along the column direction for
acquiring a 2-D flux distribution of concentrated solar
irradiance at the receiver. Using the flux profile, current values



of CPV cells are calculated and used as objects for packing.

Details of this optical scanner device setup has been published 19 - . [&2
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98.0 mm Fig. 5. A representation of a dense-array consisting of 5
strings connected in series and minimum current mismatch of

Fig. 3. By using measured flux distribution from an optical 0.07A.

scanner that is fixed at the receiver plane, the solar concentration
ratio of each CPV cell was determined and mapped to its respective
position.

111. RESULTS AND DISCUSSIONS

In this section, results are provided to demonstrate the
effectiveness of the proposed bin-packing heuristic method.
Bin capacity is defined as 2A, as a starting point and this value
is swept until 20A. From the generated results, only solutions
which give current mismatch of less than 0.45A are chosen
and presented in Fig. 4. This chart allows a system designer to
decide on the array current that fits this CPV system while
having minimal mismatch losses. The optimal solution with
the least current mismatch is a BFD 9.4A, which consists of
five series-connected strings, as displayed in Figure 5 & 6.
Each string has a unique color and the CPV cells that are
grouped into the same string have similar color.

Fig. 6. Solar cells that are grouped into the same string are
labeled with similar color
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IV. CoNCLUSION

We have explored the performance of BF and BFD heuristic

of the classical bin-packing problem in an NIPC dense-array
subjected to non-uniform flux distribution. Mismatch losses
caused by non-uniform irradiance is a crucial drawback that
affects the electrical performance of CPV systems as
maximum output power of the array is considerably reduced.
Layout reconfiguration using bin-packing method is an
expeditious and cost effective approach to optimize any dense-
array layout for any solar concentrator, by minimizing current
mismatch of its -V and P-V curve. This method allows
automatic reconfiguring of new array topologies optimally,
and is a breakthrough concept as compared to the conventional
array topologies such as the SP, BL and TCT. As a case study,
the actual flux profile for an NIPC is measured and tabulated
based on the position of forty-four CPV cells in the dense
array. Using the flux profile, current values of each solar cell
is calculated and used as objects for packing. From the
findings of this study, current mismatch can be minimized
from 1.03A to as low as 0.07A, when operating at DNI:
604.19 W/m’. This improvement enhances output power to
116.36W, an increase of 30.28W as compared to the
conventional configuration of 22 x 2 - TCT with only 86.08W.
When compared to a 6 x 8 — TCT* dense array configuration,
the new optimized configuration is also superior by 32.37W in
output power, as presented in Table I. The bin-packing
reconfiguration method is validated by testing and comparing
with I-V curve results in Simulink using solar cell blocks. The
results from bin-packing and Simulink simulation are in close
agreement with each other.

TABLE1
AN ELECTRICAL PERFORMANCE COMPARISON OF THE
OPTIMIZED ARRAY TO TWO OTHER ARRAYS WITH
CONVENTIONAL ARRANGEMENTS

Array Pz Fill Wiz v
configuration factor
(FF)
(W) (%) (V) (A)

22x2-TCT 86.08 49.84 58.65 1.47
6 x§-TCT* 83.99 55.14 15.87 5.29
Optimised array 116.36 85.45 1275 9.13
using BFD 9.4A
arrangement —
TCT

* gach string consists of all of the eight CPV cells within the same row,
except for the top and bottom strings that only has six CPV cells
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Fig. 7. The optimized NIPC dense-array /-V and P-V curves
are plotted in Simulink using the configuration results from
BFD 0.4A, plotted at DNI: 604 W/m?’.
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ABSTRACT: In this paper, a systematic interconnection optimization method for dense-array concentrator
photovoltaic system is presented. By analyzing all possible array configurations, it is possible to determine the most
optimal dense-array configuration. The proposed fast-prediction method is very useful as a preliminary assessment
because it is systematic, simple and reasonably accurate. As a case-study, I-V curve predictions are simulated for a
non-imaging planar concentrator prototype to find all possible array configurations. From the results, the
configuration which yields the highest output power is determined. A dense-array based on the best configuration is
then simulated with detail using Matlab modeling. The acquired [-V curve from Matlab was found to closely
resemble the simulated FPM [-V curve predictions, and output power variation is only 1.88%

Keywords: Multijunction Solar Cell, Concentrator, Performance

1 INTRODUCTION

All solar concentrators face the common problem of
non-uniform  flux  distribution, which is  mainly
contributed by factors such as the design of concentrator
optics, slope errors in concentrator profile, tracking error,
misalignment of concentrator, as well as the condition of
refractive lens and reflecting mirrors. While some of the
mentioned causes such as the concentrator optics design
and tracking error could be minimized by implementing
improved optical design and more accurate tracking
methods, factors like the imperfections of refractive lens
or reflecting mirrors are inevitable [1-3].

When an array of series-connected solar cells is
subjected to non-uniform irradiation, current mismatch
will occur, which leads to a degradation of output power.
To avoid mismatch losses, a CPV dense-array’s
interconnection should be designed according to its
concentrator's flux distribution pattern. Optical and
electrical design considerations were first introduced by
Tallent in 1963, as a basic guideline to predict the
performance of a CPV panel operating under low
concentration [4]. However, that study did not discuss
non-uniformity  matters.  Therefore, a  systematic
optimization method for dense-array concentrator
systems is proposed in this paper. In our optimization
approach, a new fast-prediction method (FPM) of CPV
cell using three-point model (TPM) is introduced to
analyze large dense-array. Using this method, the
performance of dense-array CPV  system can be
optimized via best interconnection for any type of solar
concentrator such as parabola, lens and non-imaging
planar concentrator, using standard-sized CPV cells in
the market. As a case-study we have chosen to optimize
the dense-array configuration of a non-imaging planar
concentrator (NIPC) prototype in the campus of
Universiti Tunku Abdul Rahman (UTAR), Malaysia.
(Figure 1)

2 MATERIALS AND METHODS
Conventionally, designing CPV dense-array for solar
concentrator system is a trial and error exercise that is

fairly complex, time consuming, and very dependent on a
designer’s approach and experience. This process starts
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with an initial design based on a designer's preference
and if results are not satisfactory, the design will be
discarded and another trial design process is restarted
from the beginning. This process is repeated for a few
times to find further possible trial designs, and finally all
trial designs are analyzed to find the most optimum one
that yields the best power output. This exhaustive process
takes a long time until a good dense-array design is
established. Differing to that approach, we are proposing
a novel FPM that is systematic, fairly accurate and
comprehensive. A summary of the whole process from
the start up till a satisfactory result is obtained (Figure 2).

Figure 1: A non-imaging planar concentrator (NIPC)
prototype.

For solar concentrators, it is essential to measure its
solar flux distribution on the receiver after any alignment
of optical components. An optical scanner equipped with
a row of calibrated InGaP/InGaAs/Ge cells of the size 1.0
cm x 1,0 cm is installed at the receiver to retrieve a 2-D
solar flux distribution. The device setup information for
the optical scanner is similar to our previous publication
except the sensors used there were photodiodes with
lower limit of irradiance [5-6]. When the focused image
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is well at the center of the receiver, measurements of flux
distributions were made and the data is later correlated to
absolute irradiance level across each CPV cell location
on the array.

T e N
|\ Sl:m P
v
Data collection
Flux distribution acquisition for
coneentrator system

L 4
Estimaie initial design
Proposed fast-prediction method (FPM) will
estimate J-F curve and find all possible
configurations

L
Matlab is used to simulate and analyze
IV curve

v

Assembling dense-arvay CPV panel based
on optimized design
T

L4

To verify and compare simulation results
with practical performance
T
[ End
g
Figure 2: A systematic approach in designing dense-

array

Referring to the Figure 3, it can be observed that the
solar cells that are near to the corners are exposed to low
solar concentration, mainly due to solar disc effect. Since
the current of an array will follow the lowest current of a
series-connected assembly, the mentioned cells will cause
higher current mismatch, which leads to more power

losses.
ST

111x 133x M 123x 99

Figure 3: The solar concentration ratio at each CPV
cell's location is determined using measured flux
distribution data.

The next step after completing flux distribution data
measurements is the initial design estimation stage. In
this paper, we are introducing a new approach to
formulate the initial design, which is by TPM [-V curve.
The basic principle of the TPM [-V curve prediction is
presented in Figure 4 where the nonlinear /-V curve is
predicted using three critical points for each solar cell.
The three points consist of the parameters short-circuit
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current (/,.), open-circuit voltage (V,), and voltage of the
maximum power point (V). Since Al is very small as
the current value at the maximum power point, ([,,) is
usually very close (97% - 98%) to /. Therefore the TPM
model approximates maximum power point t© (Vyp, [e)
instead of (V,p, I). The rationale of this fast modeling
approach is to use lesser parameters to save on computing

time, while still producing reasonably accurate
approximation modelling results.
0. 1) (Viugs duc)

V..M

Vi
Vi

Femnal
\
h
1

Figure 4: An [-V curve of a solar cell (red line) is
superimposed with TPM prediction model (black line),
consisting three critical points, namely (0, I..), (V. 1)
and (V.. 0)

For a large array consisting of x rows and y column
of elements, it is critical to know all possible dense-array
configurations so that no possible solutions are left-out.
The process of determining all possible dense-array
configurations starts by checking the number of cells that
are present at the corresponding row and calculating the
number of cells in a basic module, p:

p=N.uld (1)

where d is the number of basic modules per row (integer
number: 1, 2, 3, etc.) and N, is the total number of cells
per row. In this study, only integer whole numbers of
cells are accepted to be used as a basic module. The
minimum value of p is 1, which means that only one
CPV cell form a basic module, and this is the smallest
basic module size.

Va=in-Dx ¥,

(Vor Vg 1)

Iy =1,

Figure 5: This figure shows critical points of the new
approximation model (black line), with two series-
connected string in an array (n=2).
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In Figure 5, an example array consisting two modules
is presented. In this figure, the output power of each
critical point in the array can be calculated by multiplying
the voltage to its respective current value. The maximum
output power (P,,) of a well-designed array of minimal
current mismatch normally occurs on the point (Vy, I,).
For a large series-connected array, some points may
appear in the negative voltage, and in these cases y-axis
is realigned while the value of I, is revised to be the
array current that crosses the y-axis instead of the highest
array current.

The next stage of FPM is to determine the best
configuration. In this section, careful analysis is carried
out to determine the best option that gives the highest
output power, from the sixteen possible configurations
using the modes method (Figure 6). Based on the results
of FPM, the best configuration is 2 x 6 (B1) and 8 x 4
(B2). Besides having the highest output power, power
density of this configuration is also the highest at 2.58 W
feell.

—~

| =1 9 1&1 =1
\ 7 . ]

Ml Bl
Figure 6: In total, there are sixteen possible
configurations using nodes method

3 RESULTS

After carrying out initial design process, a more
comprehensive computer simulation is carried out using
Matlab Simulink. This detailed simulation includes
effects of non-uniform solar distribution as well as solar
cells” operating temperature to achieve more accurate -V
and P-V plots. In our previous publications, a special
modeling method using Simulink in Matlab have been
developed [7]. For this study, the most optimum dense-
array layout configuration is built in Simulink and the
simulation results are presented in Figure 7, based on
direct normal irradiance (DNI) 641 W/m® and operating
temperature 55 °C. It was found that the estimation of
maximum output power that was computed from FPM
which is 113.64 W is very close to a simulation result
from Simulink which is 111.54 W.
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Figure 7: The Matlab simulated P-V curve of optimized

array (blue dashed line) is compared to FPM simulation
curve (black line)

4 DISCUSSION AND CONCLUSION

Conventionally, CPV dense-array design is an
exhaustive iterative process to achieve a preset output
power requirement based on a trial design. Nevertheless,
target-based design approach is not comprehensive
because not all dense-array configuration possibilities are
explored and analysed. In this study a systematic method
is introduced in achieving the most optimal dense-array
design using the newly proposed FPM at the initial
design phase.

By optimizing a dense-array layout configuration, the
best configuration of 2 x 6 (B1) and 8 x 4 (B2) is found.
Once the initial design of dense-array has been
completed, detailed computer simulations are carried out
to check the prediction. Comprehensive simulation using
Matlab has verified the proposed FPM prediction with
the value of P,, having only 1.88 % in emor. The next
step of this work is to proceed with an actual assembly of
dense-array based on the optimised interconnection
configuration and to install the optimised dense-array
assembly on the NIPC prototype for verification purpose.
The results from actual field measurements will be
presented in our future publications to complete our
findings.
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This paper presents a new systematic approach to analyze all possible array configurations in order to determine the most optimal
dense-array configuration for concentrator photovoltaic (CPV) systems. The proposed method is fast, simple, reasonably accurate,
and very useful as a preliminary study before constructing a dense-array CPV panel. Using measured flux distribution data, each
CPV cells’ voltage and current values at three critical points which are at short-circuit, open-circuit, and maximum power point
are determined. From there, an algorithm groups the cells into basic modules. The next step is IV curve prediction, to find the
maximum output power of each array configuration. As a case study, twenty different I-V predictions are made for a prototype
of nonimaging planar concentrator, and the array configuration that yields the highest output power is determined. The result is
then verified by assembling and testing of an actual dense-array on the prototype. It was found that the IV curve closely resembles

simulated I-V prediction, and measured maximum output power varies by only 1.34%.

1. Introduction

Nonuniform flux distribution is a common problem that
can be found in all solar concentrator systems [1, 2]. Some
of the main contributors to nonuniform illumination are
limitation in the design of concentrator optics, slope errors
in concentrator profile, tracking error, misalignment of con-
centrator, and the condition of refractive lens or reflecting
mirrors. Some of the causes mentioned such as concentrator
optics design and improper tracking could be minimized
by implementing new optical design and using improved
tracking methods, other causes such as the condition of
refractive lens or reflecting mirrors are inevitable defects that
are introduced while manufacturing and installation or due
to aging. The defects include discoloration of concentrator
optics, shape changing, and mechanical fatigue, buckling,
and warping [3].

A concentrator photovoltaic (CPV) system performance
is affected when there is nonuniform illumination especially
for densely packed CPV cells array. When the array is oper-
ating under nonuniform illumination, current mismatch will
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happen among the cells that are connected in series, causing
degradation to output power [4]. In single optic/single cell
CPV systems that have optical units that are all reasonably
well aligned and hence produce the same incident power to
all individual CPV cells, current mismatch problem is less
critical. In a large array of CPV receivers, usually Fresnel lens
system, an additional secondary optical element (SOE) such
as flux homogenizer is added to produce uniform illumina-
tion [5, 6]. The optical homogenizers that produce uniform
flux distribution over solar cells minimize conversion losses
caused by chromatic aberration and surface voltage variation.
Nevertheless, the additional SOE increases manufacturing
cost and the complexity of solar concentrator system [7, 8].
Another method of improving system performance is
by adopting nonconventional geometry of CPV cells, in
an attempt to improve optical mismatch. For example, a
radial large area Si-cell receiver uses custom-shaped cells
that divide the incident flux evenly between the cells, as
discussed by Vivar et al. [9]. It was presented that the losses
from nonuniformity and misalignment decrease by nearly



6 times lesser as compared to a full series connection [10].
However, this method is still vulnerable to tracking errors
and optical misalignment. On the other hand, AZUR SPACE
Solar Power GmbH also developed custom-sized dense-
array modules for the application in parabolic concentrator
systems. In their design, dense-array modules consisting
of four different geometries of solar cells are arranged in
a manner that compensates inhomogeneous illumination.
As an example, the outer section of the array that receives
lesser light is compensated by using wider segments of CPV
module. To avoid higher investment cost from having too
many uniquely-sized CPV modules, it is finally reduced from
four to two different solar cell types throughout a dense-
array [11]. Needless to say, this approach compromised optical
matching of the modules. Segev and Kribus introduced High-
Voltage silicon Vertical Multijunction (VM]) cells that were
designed for parallel connection in a dense-array [12]. With
a parallel connection, voltage matching rather than series
matching is attempted to reduce mismatch losses under
nonuniform illumination. The new VM] modules exhibit
greater tolerance to nonuniform illumination and tracking
errors. Despite the advantages of the new cells, a dense-
array that is interconnected in parallel rather than in series
will yield a high array current because current from each
CPV module is added up. The effect of high array current to
resistive losses needs to be further studied to ensure that the
overall system efficiency is not jeopardized.

For a CPV system to be cost effective, the whole system
should be designed to operate optimally. In fact, a CPV
dense-array’s interconnection should be arranged according
to solar flux distribution pattern of solar concentrator system.
In 1963, optical and electrical design considerations were
first introduced by Tallent as a basic guideline to predict
the performance of a CPV panel for V-trough systems [13].
Nevertheless, this study only covers dense-array CPV panel
operating under low concentration and does not discuss
nonuniform ity problem. Addressing this need, a systematic
method of optimizing performance of dense-array concen-
trator photovoltaic system under nonuniform illumination is
proposed. In addition, this paper also introduces a new fast
prediction model of CPV cell using three-point model (TPM)
to analyze large and complicated interconnected dense-array
cells. The TPM approximation method is fast, and reasonably
accurate for optimization purposes, before we go for the
comprehensive I-V curve simulation. In our method, we can
optimize the performance of dense-array CPV system via best
electrical interconnection of solar cells for any concentrator
such as parabola, lens, and nonimaging concentrator with the
use of any standard CPV cells in the market. The procedure of
our method is described as follows. First, a dense-array size
of any standard sized CPV cells available in the market is esti-
mated based on the flux distribution of a solar concentrator.
The array of cells then goes through a computer algorithm
that can automatically reconfigure the array of CPV cells
in all possibilities and then estimating the output power
for each possible configuration. By comparing the output
power predicted by the algorithm, a dense-array is selected
for assembly. As a case-study, we applied this systematic
approach to design and develop an optimized dense-array for
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F1GURE I: An algorithm to show systematic and complete approach
in achieving high-performance dense-array using a newly proposed
fast prediction method (FPM) at the second process, which is initial
design phase.

a nonimaging planar concentrator. The finalized assembly is
installed onto a concentrator prototype, and results such as
current-voltage (I-V) curve, maximum power (Pmp) and fill
factor (FF) are compared to the TPM prediction model.

2. Materials and Methods

Designing CPV dense-array for a concentrator system is
a fairly complex process. Conventionally, a trial and error
practice that is very dependent on a designer’s approach is
used to estimate initial design. After first estimation it is
necessary to carry out a comprehensive and detailed design
to get preliminary results. If the results are not satisfactory,
the first design is discarded and another trial design is started
from initial design stage again [14]. This process is repeated
for a few times based on the system designer’s experience
to find other possible trial designs. Finally, the trial designs
are analyzed to deterimine the best and most optimized one.
The optimized design is then verified by experiments. This
iterative process is exhaustive and it takes a long time to
come up with a good and optimal dense-array design that
suits a solar concentrator system. In this paper, a novel fast-
prediction method (FPM) that is both systematic and fairly
accurate is proposed to replace conventional trial and error
practice based on a system designer’s experience, intuition
and mathematical analysis. An algorithm of the whole pro-
cess from start until a satisfactory design is presented in flow
chart as shown in Figure 1, while four stages of the newly
proposed FPM approach for optimizing dense-array design
are shown in Figure 2.
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Stage 1: input cell parameters such as short-circuit
current (I, ), voltage at maximum power point (Vi ),
and open-circuit voltage (V)

Stage 2: determine all possible dense-array
configurations

Stage 3: estimate current-voltage ( [-V') curve and find the
maximum power point of each configuration

!

Stage 4: determine the highest performing and
most optimised configuration

FiGure 2: A detailed description showing all four stages of FPM.

FIGURE 3: A prototype of nonimaging planar concentrator (NIPC) in
the campus of Universiti Tunku Abdul Rahman (UTAR), Malaysia.

2.1. Flux Distribution Measurement. Referring to Figurel, a
dense-array design process starts with data collection of the
solar concentrator. An NIPC prototype located in Universiti
Tunku Abdul Rahman (UTAR) (3.22° North, 101.73° East)
is chosen as a case study for this research paper [15]. Using
azimuth-elevation sun-tracking method, the concentrator
orientation is driven by stepper motors for maintaining its
tracking position throughout the day, as presented by Chong
and Wong [16]. The concentrator frame holds 192 flat mirrors
that are individually prealigned to focus sunlight towards the
target. Three outer rings of mirrors as well as some mirrors at
the center of the concentrator were not included in this study
due to serious blocking between mirrors and shading by the
receiver (refer to Figure 3).

After the alignment of optical components is completed,
it is essential to measure solar flux distribution on the
receiver. An optical scanner equipped with a row of calibrated
InGaP/InGaAs/Getriple-junction cells of the size 1.0cm x
1.0cm is installed on the receiver to scan along the column
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direction for retrieving a 2D solar flux distribution. The
device setup information of the optical scanner has been
presented in our previous publications except the sensors
used earlier which were photodiodes with lower limit of
irradiance level [17, 18]. During sun-tracking, measurements
of flux distribution were made when the image is well
focused at the center of the receiver. The measured data are
then correlated to absolute irradiance level and presented
in Figure 4. Looking at the concentration levels of cells in
the Figure 4(a), it is observed that corner cells are exposed
to very low solar concentration due to solar disc effect.
Since the current of an array follows the lowest current of
a series-connected assembly, the corner cells contribute to
higher current mismatch, which leads to greater power loss.
Hence, current mismatch can be minimized by omitting the
corner cells and it might lead to better performance of the
overall dense-array. As a comparison between the array with
corner cells and array without corner cells, two CPV array
arrangements are investigated, namely, (a) array arrangement
A with flux distribution A and (b) array arrangement B with
flux distribution B.

2.2. Development of FPM. After completing flux distribution
data measurements, we proceed to the second process which
is to estimate initial design. In this section, we introduce a
new approach to formulate the initial design by analyzing
TPM IV curve that is useful for the application in a solar
concentrator system. The basic principle of the TPM I-V
curve prediction is to approximate the nonlinear I-V curve
by using three critical points of each solar cell as presented
in Figure 5. In stage 1 of the TPM prediction model, I-V
curve of each solar cell is represented by three points which
are (0, L), (Vi L), and (Vi, 0). The three points consist
of the parameters short-circuit current (I, ), open-circuit
voltage (V,.), and voltage of the maximum power point (V).
As observed from the figure mentioned, Al is very small
as the current value at the maximum power point (Imp) is
usually very close (97%-98%) to I,.. Hence, the TPM model
approximates maximum power point to (V,, I,.) instead of
(Viap» Imp). The rationale of this fast modeling approach is
to produce a reasonably accurate approximation model with
lesser parameters to save on computing time.

In alarge array consisting of x rows and y columns of ele-
ments, the location of each element/solar cell is represented
by SM. in total-crosstied (TCT) connection (Figure 6). To
accurately predict the IV characteristics, solar concentration
value (C) of each CPV cell is required for retrieving the
corresponding parameters such as I, V. and V. These
values are then stored in three different matrix files in Matlab
environment to be used for sorting.

2.3. Determining All Possible Dense-Array Configurations. In
our analysis, all solar cells in a basic module are deemed to
be connected in parallel and the connection between basic
modules is in series. The process of determining all possible
dense-array configurations starts by checking the number of
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(b) Array arrangement B with flux distribution B

F1GURE 4: By using measured flux distribution data, the solar concentration ratio at each CPV cell’s location is determined. In this study, two
dense-array arrangements for two flux distributions are considered, namely, (a) array arrangement A with flux distribution A and (b) array

arrangement B with flux distribution B.
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FIGURE 5: An I-V curve of one solar cell (red line) is superimposed
with a new TPM prediction model (black line), consisting three
critical points, namely, (0,1,), (V. I..), and (V__, 0).
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cells that are present at the corresponding row. The number
of cells in a basic module (p) can be calculated as follows:
Neer

p=—0" (1)
where d is the number of basic modules per row (integer
number: 1, 2, 3, etc.) and N_,, is the total number of cells
per row. In this study, we have set that only integer whole
numbers of cells are accepted to be used as a basic module.
The minimum value of p is 1, which means that only one CPV
cell forms a basic module and this is the smallest basic module
size.

Referring to Figure 4(a), every row in the array consists of
eight cells. Using (1), we can calculate every possible number
of cells in a basic module for different array configurations.
All possible values of p for Figure 4(b) are listed in Table 1.
From that table, we can see that the cells in region Bl can be
connected in four parallel configurations as a basic module,
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FIGURE 6: A general network connection of solar cells in an assembly
comprising x rows and y columns of elements.

which are six solar cells in parallel (pg, = 6), 3 solar cells in
parallel (py, = 3), 2 solar cells in parallel (py, = 2), and only
one cell in a basic module (pg, = 1). On the other hand, the
region B2 consists of eight solar cells in parallel (py, = 8), 4
solar cells in parallel (py, = 4), 2 solar cells in parallel (p,, =
2), and 1 solar cell in a basic module (py, = 1). As for array
arrangement A, the total number of cells in a row is the same
throughout the array and thus the values of calculated p are
similar.

In flux distribution A, the array consists of equal number
of cells in every row. Due to this, series connection is
straightforward which are 48 x 1 cells (p = 1), 24 x 2 cells
(p=2),12x4cells (p = 4),and 6 x 8 cells (p = 8). With the
configurations mentioned, I-V prediction is made. However,
flux distribution B (refer to Figure 4(b)) shows that regions
Bland B2 consist of different number of cells in a row. Hence,
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TaBLE 1: Calculation of p for flux distribution B.

Py = Ney/d (In Pz = Nea/d (In

Integer (d) region B1, N_, = 6) region B2, N_; = 8)
1 6 8
2 3 4
3 2 —
4 — 2
5 _ _
6 1 1
7 — —
8 — 1

it is recommended to break the array into two groups which
are the arrays that consist of 6 cells in region Bl (top row and
bottom row that consists of six cells), and B2 (rows located
at the center that consist of 8 cells each). Using the nodes
method, a total of sixteen possible configurations are found
for array arrangement B (see Figure 7).

2.4. Dense-Array Current-Voltage (I-V) Characteristics Pre-
diction. From Figure 8, the flow chart starts by initializ-
ing counting parameters that will be used throughout the
algorithm. Based on calculated p, new values of module
short-circuit current (I, . 4,1 )» module open-circuit voltage
(Ve modute)» and module voltage at maximum power point

Vinp-modute) are calculated row by row until the whole array
is completed (see Figure 8). The equations used to calculate
the three new parameters can be found in the flow chart,
where (x, y) represents the position of cell at xth row and yth
column of array arrangement as shown in Figure 6, N, is
the total number of rows, and N, ... is the total number of
columns in a CPV array.

Next, module values of the entire solar cell array, that
is, Lc.modute 00 Voo modute» are sorted based on decreasing
order of I, .4y Value. The module that produces the
highest I .. is reassigned to I ;... While its cor-
responding module open-circuit voltage and module voltage
at maximum power point are also reassigned accordingly to
Voc-moduten 21 Vip_modute o Fespectively. Here, nis defined as
the total number of basic modules in the array configuration.
Besides that, this modeling assumes that each basic module
is protected with a parallel-connected bypass diode in the
opposite polarity. When a basic module receives lower solar
irradiance, bypass diode(s) will be forward biased so that
the current of the array can safely pass through. When array
current passes through bypass diodes, the diodes will turn on
and hold its corresponding group of cells to a small negative
voltage which will limit any further drop in the total voltage
of the array. Bypass diode’s forward voltage (V,; ) is calculated
with the equation

Vg = n=1)xV,, (2)

where n is also the total number of series-connected basic
module inanarray. I, .4, iS the lowest in the string when
n =1and V,, = 0. To complete the IV curve, array open-
circuit voltage and array short-circuit current are calculated.
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At short-circuit condition, array current is equivalent to the
highest current value, when voltage is zero (0, I,_, .. ); at

open-circuit condition, array current is zero and the array
voltage is (Vi _yrray» 0) as shown in (3). The value of

7
Voc—arra)' = ZVoc—module,i' (3)
i=1

With all of the values mentioned, critical points of the new
array are found. In Figure 9, an example of an array with two
modules is presented. In this figure, the output power of each
critical point in the array can be calculated by multiplying the
voltage to its respective current value. The maximum power
(Pmp) of a well-designed array of minimal current mismatch
normally occurs on the point (V,, I). For a dense-array with
more series-connected modules, an illustration of the I-V
critical points is presented in Figure 10. For a large series-
connected array, some points may appear in the negative
voltage, and in these cases y-axis is realigned while the value
of I, v,y Is Tevised to be the array current that crosses the
y-axis (Figure 11) instead of the highest array current.

The fourth stage of FPM (refer to Figure 2) is to determine
the best configuration with the highest performance. In
this section, careful analysis is carried out to determine the
best option. A summary of simulated I-V curve results for
both flux distributions based on FPM approach is shown in
Table 2. From column F, in the table, it can be observed
that the maximum output power from simulation 4 and 6
is the highest among all configurations. Since both output
power values are similar, further analysis is necessary. Despite
fill factor (FF) being commonly used to evaluate the perfor-
mance of single solar cell, it does not work the same for dense-
array solar cells with IV curve containing multiple current
mismatch steps. According to Vorster and Dyk, although
FF typically depends on the series and shunt resistance of
the cells in the module to relatively reflect the performance
quality of the module, the FF does not consider the presence
of reverse-bias steps and hence is not useful for measuring
the quality of the array I-V curve that consists of current
mismatched cells [19, 20]. Furthermore, array current cannot
be precisely determined using FPM if there is any serious
current mismatch in the circuitry.

Power density is another important evaluation criterion
when finalizing the initial design of dense-array, and its
equation is presented in the following:
Prp

(total cells in dense-array)’

Power density =

“)

Referring to the last column of Table 2, power density
of simulation 6 is 2.58 W/cell and it is higher than power
density of simulation 4 which yields only 2.37 W/cell. This
directly indicates that, inaverage, each solar cell in simulation
6 generates more output power than simulation 4. In fact, the
total number of cells in simulation 6 is lesser (44 cells) than
that in simulation 4 (48 cells). As simulation 6 is superior
in power density while achieving the highest output power
among all configurations, it is finally selected.
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FiGure 7: In total, there are sixteen possible configurations for flux distribution B using nodes method.
TasLE 2: Comparison of different array configurations at DNI: 641 W/m’.
. . . Power density
Simulation . Flux B, Fill factor
o, Array configuration distribution (WF‘) (FF) (%) Vi (V) I, (A) V. (V) I (A) P, /no.cells
(Wicell)
1 48 %1 A 79.36 3974 7777 1.02 13771 145 1.65
2 24 %2 A 82.09 41.82 52.98 155 68.88 2.85 171
3 12x4 A 91.24 54.96 30.72 297 34.44 4.82 1.90
4 6x8 A 113.62 68.95 1536 74 17.22 9.57 237
5 2% 6(Bl)and 4 % 8 (B2) B 86.01 5315 154 5.58 17.27 9.37 1.95
6 2x6(B1)and 8 x 4 (B2) B 113.64 57.71 25.68 4.43 28.79 6.84 2.58
7 2x6(Bl)and 16 x 2 (B2) B 7163 20.2 46.22 155 51.83 6.84 L.63
8 2x6(Bl)and 32 % 1 (B2) B 71.09 10.62 61.86 142 97.9 6.84 162
9 4x3(B1)and 4 x 8 (B2) B 81.69 3814 9.07 9 23.03 9.3 1.86
10 43 (Bl)and 8 x 4 (B2) B 85.63 51.33 19.35 443 3454 4.83 1.95
i 4% 3(Bl)and 16 x 2 (B2) B 79.58 40.29 51.36 155 5758 343 1.81
12 4 x3(Bl)and 32 x 1 (B2) B 76.99 21.66 66.99 115 103.65 3.43 175
13 62 (B1)and 4 x 8 (B2) B 76.29 28.29 8.47 9 28.78 9.37 L73
14 6x2(B1)and 8 x 4 (B2) B 82.97 42.64 18.75 4.43 40.29 4.83 1.89
15 6x 2 (Bl)and 16 x 2 (B2) B 8753 4717 56.49 155 63.33 2.93 1.99
16 62 (Bl)and 32 % 1 (B2) B 82.88 3144 7212 LI5 109.4 241 1.88
17 12x 1(B1)and 4 x 8 (B2) B 60.09 13.93 6.67 9 46.03 9.37 1.37
18 12 x 1(B1)and 8 x 4 (B2) B 75.01 26.99 16.95 443 5755 4.83 L.70
19 12 1(B1)and 16 % 2 (B2) B 61.7 26.13 60.47 102 8058 293 1.40
20 12x1(B1)and 32 x 1 (B2) B 80.58 42.99 78.97 1.02 126.66 1.48 1.83

176



The Scientific World Journal

( Start

Letn =0,d

x=0y=Lp=1m=1

— 0,k =0, ‘

[—

Calculate d = d
n=n

+Lk=k+1,
+ 1

[ Calculate p

Check the number of cells in
arow, N

= Nean/d

=T+ <N,
T —

col
— No x=x+1

1 Yes

<Bx Nl
Yes

— _
B o) Calculate I =7+ 2,

Lic-modute (M51) =

1

)

Vanp-modae (M) = (3

-
Vi amodate (1) = (7

yelp-1
P

P ey -

Vi (% YD/ ¥+ (p = 1)

(o)

FiGure 8: Flowchart of a systematic way of I,_, V., and V,; grouping.

3. Comprehensive Computer Simulations in

Matlab

After the initial design process using FPM approach, a
more comprehensive computer simulation is carried out.
This detailed simulation includes effects of nonuniform solar
distribution and temperature to achieve more accurate I-
V and P-V plots. In our previous publications, a special
modeling method using solar cell block from SimElectronics
is developed in Matlab to analyze the electrical performance
of dense-array [21-23]. For this study, a dense-array with
layout configuration of simulation 6 (Table2) is built in
Simulink, and the simulation results are presented in Figures
12 and 13. The simulation was performed for direct normal
irradiance (DNI) 641 W/m® and operating temperature 55°C.
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It was found that the estimation of P, computed from FPM
which is 113.64 W is very close to a simulation result from
Simulink which is 111.54 W with an error of 1.88%.

4. Results and Discussion

Using the optimized dense-array configuration, a CPV dense-
array is designed and constructed accordingly to confirm our
computational modeling results. The dense-array is attached
onto a copper cooling block so that operating temperature
of the CPV cells can be regulated at about 55°C (refer to
Figure 14). Using N3300A configurable DC electronic load
mainframe installed with two units of N3305A 500 Watts
electronic load modules, real time data acquisition of -V
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Ficure 9: This figure shows critical points of the new approximation model (black line), with two series-connected string in an array (n = 2).
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FiGure 10: This figure shows the critical points of an array consisting
n series-connected basic modules.
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FiGure 11: When some critical points lie in the negative voltage
region, y-axis should be realigned, and I_ . is updated as a
current value that crosses the axis.

plots was carried out. During I-V data acquisition, support-
ing information such as dense-array operating temperature,
direct normal irradiance (DNI), and global irradiance were
measured. This study was performed based on real time
measured parameters such as DNI and dense-array operating
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Figure 12: Matlab simulated I-V curve (blue dashed line) of the
optimized dense-array is superimposed on FPM simulation curve
(black line).
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FiGure 13: Matlab simulated P-V curve of optimized array (blue
dashed line) is compared to P-V curve of FPM simulation curve
(black line).
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FIGURE 14: A dense-array CPV assembly of proposed optimized
configuration from simulation 6 in Table 2, using triple-junction
solar cells [24].

Current (A)
R I T N

a 4 8 12 16 20 24 28 32
Voltage (V)

FIGURE 15: I-V curve of measured data (red line with dots) acquired
during field test is superimposed on FPM simulation curve (black
line) and Matlab simulation curve (blue dashed line).

temperature, as well as taking into consideration 15% of
optical losses. For comparison purpose, the measured data is
superimposed onto simulated I-V curve. From Figures 15 and
16, a very close match between measured data and simulated
curve is observed, which is only 1.34% of error for Py, (refer
to Table 3).

Referring to Figures 15 and 16, the I-V curve of measured
data acquired during field test matches fairly well with FPM
prediction curve. The only obvious difference lies around
the area from 0V to 5.6V. The presence of steps in the
prediction curve indicates that current mismatch happened
around that voltage region. These steps are not evident in the
measured curve as compared to the prediction curve because
the combined string current has reduced when some cells are
operating at reverse biased condition [25]. As the calculation
from the FPM process is a straight-forward addition of
current from parallel-connected cells, a clear indication of
current mismatch can be seen and this is very helpful for
system designers to evaluate the severity of mismatch in a
dense-array design. Furthermore current mismatch at the
0V to 5.6 V range has negligible effect to the P-V curve (see
Figure 16). Hence, it will not affect the calculation of P, ofa
well-designed dense-array panel, which normally occurs near
to V. region of a P-V curve.
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FIGURE 16: P-V curve of the optimized array’s measured data (red
line with dots) is superimposed on FPM simulation curve (black
line) and Matlab simulation curve (blue dashed line).

TapLe 3: Comparison between simulated (Matlab) and measured
results of the dense-array CPV assembly is presented in terms of
maximum output power P, maximum voltage V.., maximum
;urrent Inp array efficiency, and error of maximum output power

mp*

DNI: 641 W/m®

Py (W) Vi (V) Tup (A)
Measured results 1214 25.87 4.33
FPM simulated results 113.64 25.68 443
Efficiency measured (%) 34.19
Efficiency simulated (%) 34.64
Error, P, (%) -1.34

5. Conclusion

Conventionally, CPV dense-array design is an exhaustive iter-
ative process to achieve a preset output power requirement.
This design approach is not comprehensive because designers
do not explore all dense-array configuration possibilities. In
this study a systematic and complete method is introduced
in achieving the most optimal dense-array design using the
newly proposed FPM at the initial design phase. The FPM
consists of four stages and is developed to optimize dense-
array configurations through a systematic approach instead of
conventional trial and error method. The first stage is where
cell parameters such as I, V;,,,, and V,_ are calculated from
measured flux distribution data. After that, every possibility
of array configurations is predicted at the second stage of
FPM. The third stage deals with I-V curve prediction using
critical points of solar cells and bypass diodes that are con-
nected across each basic module. Finally, the IV prediction
curve is analyzed by comparing with the calculated P,

This four-stage approach is very systematic, fast and capable
to explore all possibilities of dense-array configurations,
while maintaining reasonable accuracy. From this method, an
optimized configuration in simulation 6 (Table 2) was found
to have the highest output power, together with simulation 4.
Upon further evaluation, simulation 6 was selected because
its power density is superior (2.58 W/cell) as compared to
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the calculated power density in simulation 4 (2.37 W/cell).
By optimizing dense-array layout configuration, simulation
6 with only 44 cells can achieve the same output power
as simulation 4 with 48 cells. When lesser solar cells are
used, a system designer is able to reduce installation cost
while increasing the competitiveness of concentrator solar
technology. This finding highlights a new important factor
that affects power density which is layout configuration, in
addition to the influence of solar concentration. At the same
time, it was found that FF is not a conclusive benchmark when
evaluating dense-array solar cells. While FF is commonly
used to evaluate the quality and performance of a single solar
cell, it can only act as a guideline and not a deciding factor
when finalizing dense-array design. This can be confirmed
when we compare the results of simulation 6 and simulation
4 listed in Table 2. While the FF of simulation 4 is higher
(68.95%) as compared to simulation 6 (57.71%), simulation
4 requires more CPV cells to generate the same amount of
power as simulation 6. Once the initial design of dense-array
has been completed, detailed computer simulations are car-
ried out to verify the prediction. Comprehensive simulation
using Matlab has verified the proposed FPM prediction as
presented in Section 3 with the value of i, having only 1.88%
in error. Last but not least, an actual assembly of the dense-
array was built and installed on an NIPC prototype. The
modeling method had been successfully validated with the
NIPC prototype to achieve practical conversion efficiency of
34.19% with similar I-V' curve characteristics. Comparing the
results obtained from field measurement with FPM simulated
results by evaluating I-V and P-V curves, a very close match
can be observed. It was found that the estimation of P, by
computational modeling is only 1.34% in error.
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A special modeling method using Simulink has been developed to analyze the electrical performance of
dense-array concentrator photovoltaic (CPV) system. To optimize the performance of CPV system, we
have adopted computational modeling method to design the best configuration of dense-array layout
specially tailored for flux distribution profile of solar concentrator. It is an expeditious, efficient and cost
effective approach to optimize any dense-array configuration for any solar concentrator. A prototype of
non-imaging planar concentrator (NIPC) was chosen in this study for verifying the effectiveness of this
method. Mismatch effects in dense array solar cells caused by non-uniform irradiance as well as sun-
tracking error normally happens at the peripheral of the array. It is a crucial drawback that affects the
electrical performance of CPV systems because maximum output power of the array is considerably
reduced when a current-voltage (I-V) curve has many mismatch steps and thus leads to lower fill factor
(FF) and conversion efficiency. The modeling method is validated by assembling, installing and field
testing on an optimized configuration of solar cells with the NIPC prototype to achieve a conversion
efficiency of 34.18%. The measured results are in close agreement with simulated results with a less than
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Non-imaging planar concentrator
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3% deviation in maximum output power.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Solar power generation systems, including concentrator
photovoltaic (CPV) installations, usually incur a substantial amount
of initial investment cost. To offset the cost of expensive semi-
conductor material and encourage CPV installations, these systems
employ comparatively inexpensive optical elements such as mir-
rors or lenses acting as solar concentrator together with high-
efficiency multi-junction solar cells. To further reduce the cost of
generated electricity, optimal system design is necessary so that
maximum solar energy can be harnessed from CPV cells [1,2].
However, we often find that the delivered electrical power in field
conditions is much lower than the array ratings because mismatch
losses have affected the current—voltage (I—V) and power—voltage
(P—V) curves of the solar cells. Mismatch factors such as soiling,
non-uniform irradiance, shading, temperature variations, cell's
quality as well as aging of solar cells, all contribute to serious array
power reduction in real site testing [3,4].
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Non-uniform distribution of concentrated solar irradiance is one
of the significant problems faced by most of concentrator systems,
especially around the receiver edges, mainly caused by optical
design limitations, structure misalignment, and low tracking ac-
curacy. Over the recent years, many studies can be found discussing
on the improvement of solar concentrator optical design to produce
more uniform solar illumination at high concentrations [5—10].
Nevertheless, the overall output current of CPV cells connected in a
dense array arrangement is very much dependent on the solar flux
distribution of a solar concentrator. Due to factors such as sun-
shape, circumsolar effect, aberration, imperfection of mirror’'s ge-
ometry etc, it is impossible to produce perfect uniform illumina-
tion on the dense-array CPV receiver and hence causing a
significant loss in the overall output power and average conversion
efficiency [11—-16]. Despite the employment of flat mirrors in the
non-imaging planar concentrator (NIPC), the resultant flux distri-
bution from simple super-positioning of all flat mirror images is
inevitably non-uniform near the peripheral zone. Hence, a specially
designed algorithm has been developed to analyze -V curve of
different dense-array configurations in order to optimize conver-
sion efficiency and improve overall output power. In our study, the
measured solar flux distribution of NIPC prototype is matched to
every solar cell’s location at the receiver. The measured solar flux
distribution shows deviation from a perfect uniform distribution
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owing to various imperfections in practical installation such as
mechanical structure and mirror alignment. There are considerable
efforts in the study of partially shaded PV array for minimizing
mismatch losses through the use of different interconnection
methods [17—19]. In this paper, a new approach of Simulink-based
computational modeling is proposed to accurately simulate -V
and P-V curves of CPV dense-array. Various possible configurations
have been simulated and analyzed based on real flux distribution of
the solar concentrator to obtain the best array configuration. An
optimized configuration of CPV array has been constructed for the
purpose of verification with an NIPC prototype. The methodology
and practical demonstration of CPV dense-array performance
optimization are reported in detail.

2. Modeling and simulation of dense array CPV system
2.1. Concentrator photovoltaic (CPV) cell modeling

A comprehensive equivalent circuit model for a triple-junction
solar cell can be represented by three current sources connected
in series [20]. Nonetheless, not all of the parameters that are
required by the model can be readily collected from field mea-
surements nor obtained from a standard manufacturer's datasheet.
Therefore the two-diode model, a model that is capable of repre-
senting CPV cells, is chosen for this study (Fig. 1). The temperature
of solar cell was measured as 55 °C using a k-type thermocouple,
and this value is applied in our circuit simulation to improve
modeling accuracy.

Solar cell block represented by a single solar cell as current
source with two exponential diodes, a parallel resistor (Rp), and
connected in series with a series resistance (Rs) are arranged into
subsystems in Simulink to form an array. The output current, /, can
be represented by the equation

I=lp—lo1 % (E\v.msmﬂ.v.: _ 1) i (,_,mlksa,wzv.) 71)

—(V+IRs)/Rp (1)
where Iy, is the solar-induced current, Io; is the saturation current
of the first diode, I,z is the saturation current of the second diode, V¢
is the thermal voltage, N, is the diode ideality factor of the first
diode, N> is the diode ideality factor of the second diode, and V is
the voltage across the solar cell. In Simulink, it is possible to choose
either an eight-parameter model in which the preceding equation
describes the output current or a five-parameter model. In the
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Fig. 2. The relationship of short-circuit current (Isc) and open-dircuit voltage (Voc)
versus solar concentration ratio from 50 to 1182 for high-effidency CT] solar cell

five-parameter model, two simplifying assumptions are made: the
first assumption is that saturation current of the second diode is
zero in value and the second assumption is that the impedance of
its parallel resistor is infinite. The five-parameter model is good
enough to perform a reasonably accurate analysis and we have
successfully verified it in the field test that will be presented in the
later section.

For this study, the five-parameter model is applied to solar cell
blocks from SimElectronics, and therefore solar cells are parame-
terized in terms of short-circuit current (lsc) and open-circuit
voltage (Voc). Both short-circuit current and open-circuit voltage
values are common parameters which are readily available in a
manufacturer's datasheet or measured as field data. To complete
the modeling of the entire array, parameters such as short-circuit
current ([s¢), open-circuit voltage (Vpc), diode ideality factor (N),
the series resistance (Rs) and irradiance level of each CPV cell are
keyed-in to the program.

2.2, Electrical characteristics of solar cell under high concentration

Main electrical parameters of EMCORE's high efficiency
Concentrating Triple Junction (CTJ) cells are extracted from the I-V
curves of increasing concentration ratios (from 50 = to 1182 ) from
the manufacturer's datasheet using graph digitizing method [21].
This can be achieved by employing WebPlotDigitizer v2.5, or other
similar software that are able to automatically follow data lineson a
scanned image of high resolution -V curve (refer to Fig. 23 in
Appendix) to extract digitized current, voltage and concentration
values. Once the axis limits were set, all necessary data points can
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<
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Two-diode
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Fig. 1. Aschematic diagram to show the representation of a triple-junction solar cell which is simplified from three-current-source in series model to the two-diode model, which is

equivalent to a solar cell block in SimElectronics, Simulink
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Fig. 3. Linear relationship is shown in a graph plotted between Ve and logarithm of
solar concentration ratio (In C)

be acquired. These data points were selectively checked and
confirmed its accuracy with experimental observation on the real
solar cell. From there, data were transferred into excel spreadsheets
for obtaining the correlation equations of Isc and Vi versus solar
concentration ratio (C) with R? value of 0.99. For EMCORE's high
efficiency CT] cells, the extracted Isc and Voc data points at varying
solar concentration levels are presented in Fig. 2. From Fig. 2, we
can find a linear relationship between short-circuit current Isc and
solar concentration ratio C whilst open circuit voltage Vpc has a
logarithmic relation with C. Other electrical parameters such as
series resistance (Rs), and diode ideality factor (N) are calculated
values from the database of I-V curve.

From the plot of Ve versus C in logarithmic scale as shown in
Fig. 3, it can be seen that Vy¢ is gradually rising as In Cincreases. At
operating temperature T, the curve will follow equation (2) that
allows us to find the value of Vo, which is open-circuit voltage of
CPV cell at solar concentration ratio C,

Voc =V + N(kT/g)In C (2)

where N is the effective diode ideality factor, T is the operating
temperature (Kelvin), Vcl,c is the open-circuit voltage of the CPV cell
under one sun, k is the Boltzmann constant and g is the electron
charge. Since the /-V curve data extracted from EMCORE datasheet
correspond to current and voltage values at 25 °C, the following
equations are applied when the cells are operating at other tem-
peratures [22]:

Iscr = Isc_stc + KGAT (3)

Voct = Voc-stc + KyAT (4)

where for equation (3), Iscr is the operating short-circuit current,
Isc.src is the short-circuit current at Standard Test Conditions (STC),
K; is the short-circuit current temperature coefficient that is pro-
vided by the manufacturer (A/°C), AT = T — Tgyc (°C). On the other
hand, in equation (4), Vocyr is the operating open-circuit voltage,
Voc.ste is the open-circuit voltage at STC, and K, is the temperature
coefficient of open-circuit voltage (V/°C).

Referring to Fig. 3, the effective diode ideality factor N = 3.01 is
derived from curve fitting plots from medium to high solar con-
centration ratio using equation (2 ). It agrees with Vossier et al. and
King et al. that diode ideality factor for triple-junction CPV is close
to 3 which can be derived from Vpc versus solar concentration plots
from medium to high solar concentration [2324]. According to
Kinsey et al., the diode ideality factor is considered not to be
affected by moderate temperature changes [25]. Therefore, diode
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Fig. 4. I-V curves plotted for AM 1.5D, 25 °C conditions, with a comparison to data
points extracted from I-V curves in EMCORE datasheet [21]. Note that the introduction
of series resistance at solar concentration of 50 and 321 for a triple-junction InGaP/
InGaAs|Ge CPV can significantly reduce the performance of solar cell

ideality factor of N = 3.01 can still be used when CPV cells are
operating at 55 °C during field test.

2.2.1. Series resistance (Rg)

Several methods are well known to be capable of extracting
series resistance from solar cell effectively. Generally, it is possible
to estimate series resistance (Rs) from two approaches: firstly, ob-
tained fromilluminated [V data; and secondly calculated from [V
data under dark condition. In the illuminated state, electrons are
generated homogenously over the whole cell area and also diffuse
almost homogenously over to the emitter. As a result, in the illu-
minated method, a larger lateral electron flow in the emitter is
observed and this will provide a more accurate value of series-
resistance as compared to the value obtained from the dark [-V
data [26]. Therefore, we have adopted the method of estimating
series resistance using the slopes of the |-V curves at the point of
open-circuit voltage (Vi) under illuminated condition. The esti-
mation of series resistance in our case is done according to the [-V
curves at various solar concentration ratios provided by the data-
sheetand thus it can better characterize CPV cells for our modeling.
As illustrated in Fig. 4, an increase in series resistance can degrade
the electrical performance of the CPV cell at solar concentration
ratios ranging from 50x to 321x. By applying R = 0.1 Q to [-V
curves at both solar concentration ratios ie. 50x and 321x as
illustrated in Fig. 4, the electrical performance at 321x is much
worse than that of 50x. It also concluded that the effect of series
resistance to -V curve is dependent on solar concentration ratio.

2.3. Bypass diode

To protect CPV cells from reverse-bias breakdown that could
cause permanent damage to the cells, every solar cell must be
connected in parallel with bypass diode in opposite polarity. When
the cell is shaded or receives lower solar irradiance, the bypass
diode is forward biased so that the current of the array can safely
pass through the combination of cell-bypass-diode. For an array
exposed to non-uniform solar irradiance, the role of bypass diode is
very vital to avoid those CPV cells receiving low irradiance become
the load of other CPV cells receiving high irradiance. The bypass
diode creates an alternative path for the current so that the
underperforming CPV cell is protected. When the array current
passes through the bypass diode, the diode will turn on and hold
the corresponding cell or group of cells to only a small negative
voltage which can help to limit any further drop in the total voltage
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of the whole array [ 27 . From Fig. 5, the simulated maximum power
point for an array of CPV cells could be greatly deviated from the
actual value if bypass diode parameters, i.e. forward voltage V4 and
turn-on resistance Ry, are not appropriately estimated. For the case
study, we simulate the [-V and P—V curves using 12 x 4 Total Cross
Tied array configuration for three different values of Vg and Ry as
shown in Fig. 5. In our dense array, the MBRB4030 Schottky diode
from “On Semiconductor” is selected with Vy = 0.3 Vand Ry = 0.1Q
operating at the temperature 55 °C.

24. Dense-array modeling

The combination of CPV cell and bypass diode is referred as first
stage of modeling and it acts as the lowest layer of sub-system in
our modeling for ease of array connection as revealed in Fig. 6. For
second stage modeling, the full connection consists of forty-eight
sub-systems, which are labeled from C1 to C48, and they are con-
nected together in a circuit to represent a complete dense-array
CPV cells (see Fig. 7).

The manner of computing both -V and P—V curves is summa-
rized in block diagram for computational modeling under Simulink
environment, which is known as the last stage implementation. The
last stage of the dense-array solar cells modeling is depicted in Fig. 8,
while all other stages are masked as sub-systems under ‘CPV array’
block. Upon completing the above step, this model is ready for
simulation with a selected simulation time that will affect the reso-
lution of -V curve. Results generated from simulation, such as the
current, voltage and output power values are stored to Matlab
workspace and can be exported to excel for further analysis. The flow
chart toillustrate the procedure of dense array solar cells modeling is
shown in Fig. 9. After simulation, mismatch conditions of each array
can be investigated by evaluating the -V characteristics of the array
configurations and the variation of their maximum output power.

3. Methodology of optimizing electrical performance

In the methodology of optimizing electrical performance of
dense array CPV system, different possible configurations of CPV
arrays are first simulated using the aforementioned modeling
method in order to obtain the best configuration. Then, hardware
installation is conducted and tested in the field for data collection.
Finally, a comparison between measured data and simulated data is
carried out to validate our modeling method.

3.1. Non-imaging planar concentrator (NIPC) prototype

To verify our modeling method, the optimized design of CPV
array is assembled and installed to a NIPC prototype located in

545

[_2 " (+) Terminal

1@
Irradiance
[Bypass Diode]

[;— Onresistance  :0.1 Ohm
[EPV Cell & Forward Vollage : 0.3V

|
[ 3
3 {-) Terminal

Fig 6. The first stage modeling is a sub-system consisting of a CPV cell and bypass
diode. For a circuit of 24 « 4 cells, there are 48 sub-systems.

Universiti Tunku Abdul Rahman (UTAR) Kuala Lumpur (3.22°
North, 101.73" East) | 28,29]. This prototype is capable of producing
reasonably high concentration using 192 flat mirrors with
dimension 10 cm x 10 cm each. Azimuth-elevation sun-tracking
method is engaged to drive the concentrator, whereby each of the
axes is driven by a stepper motor connected to worm gear reducer.
Since material of structural frame is aluminum, the whole
concentrator is light and hence low rating power of stepper motor
can be used. A Windows-based program implemented using
Microsoft Visual Basicnet was developed to control the sun-
tracking mechanism according to the day number, the local
time, time zone, latitude and longitude of the site test. Using the
aforementioned information, the program calculates both azimuth
and elevation angles of the sun so that the stepper motors are
triggered to drive the concentrator frame to the correct orientation
[30]. As the apparent position of the sun changes with time
throughout the day, a computer continuously send signals via
parallel port to a driver to maneuver the orientation of concen-
trator frame appropriately about the azimuth and elevation axes
for maintaining its tracking position.

At the receiver of the concentrator, copper cooling block is
installed for the purpose of optical alignment as well as investi-
gation of solar flux distribution. Due to serious blocking between
mirrors and shading caused by the receiver, the outer three rings of
mirrors as well as some mirrors at the center are omitted in this
study as illustrated in Fig. 10
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Fig. 5. -V and P-V curves plotted for comparison between different bypass diode parameters,

accurate modeling of an actual CPV array.
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which has shown the importance of selecting correct bypass diode parameters for
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Fig 7. The second stage modeling is a Simulink sub-system assembly. In this example,

3.2. Flux distribution measurement

The determination of solar flux distribution on the receiver is
essential after any alignment of optical components in a concen-
trator system. For CPV systems, it is well known that non-uniform
solar flux distribution can deteriorate electrical performance and
even cause failure in some solar cells via local overheating. For the

12 < 4 CPV cells are connected using Series—Parallel configuration to form a full array.

installed NIPC prototype, an optical scanner using a row of cali-
brated triple-junction cells (InGaP/InGaAs/Ge) as sensors with the
resolution of 1.0 cm = 1.0 cm is designed to scan along the column
direction for acquiring a 2-D flux distribution of concentrated solar
irradiance at the receiver. Details of this optical scanner device
setup has been published by Chong et al. except the sensor used in
previous work is photodiode which has lower limit of irradiance
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Fig. 8 Overall Simulink implementation of dense-array solar cells simulation with block diagram.
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Use SimElectronics solar cell block under the option
of S-parameter model, parameterized by short-circuit
current and open-circuit voltage

!

Provide 4, V. liradiance, N and K, for each
CPV cell of the array. The information will be
converted to an equivalent circuit model

!

‘ Set simulation time in ‘
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95.0
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points and plot /-V and P-V curves
l (a) Flux distribution I

98.0 mm

Data generated and stored in Matlab workspace is
exported to Excel for further analysis

End

Fig. 9. Flow chart showing dense-aray modeling and simulation approach using
Simulink.

level [10,31]. The optical scanner is placed at the receiver plane of
NIPC prototype in such away that sensors’ surface is always normal
to the optical-axis of the concentrator. Measurements of flux dis-
tribution using the optical scanner were made during sun-tracking

(b) Flux distribution II
98.0 mm

£

(c) Flux distribution 1T

Fig. 11. Using an optical scanner fixed at the receiver plane, a solar concentration
distribution was acquired and the solar concentration ratio of each CPV cell was
mapped to its respective position on the receiver plane. There are three conditions of
flux distribution: (a) Aux distribution 1: no tracking error, (b) Flux distribution II:
5.0 mm off-tracking to the right, and (¢) Flux distribution [Il: 5.0 mm off-tracking to the
Fig 10. . A prototype of non-imaging planar concentrator (NIPC) located in the campus right and 5.0 mm to the bottom

of Universiti Tunku Abdul Rahman (UTAR), Kuala Lumpur, Malaysia, is tested for the

application of dense-array CPV cells.
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(c) The 12 x 4 Series-Parallel (SP)

(e) Optimized Configuration (TCT)

Fig. 12. Schematic diagram of five different array configurations. (a) 24 x 2 Series—Parallel (5P), (b) 24 x 2 Total Cross Tied (TCT), (c) 12 x 4 SP, (d) 12 x 4 TCT, and (e) Optimized
configuration in TCT, which is a novel approach in array connection to minimize current-mismatch.

when the image was well focused at the center of receiver, as well
as with off-tracking condition of as much as 2.94 mrad which is
5 mm for this system. The high speed scanning method of about 5 s
across the receiver allows mapping of solar concentration distri-
bution pattern with a total coverage area of about 95 cm x 98 cm.
With the calibrated information, measurement results can be
correlated with absolute irradiance level. Fig. 11 shows the solar
flux distribution profile that is superimposed on each CPV cell
within the dense-array in term of solar concentration ratio. In view
of the importance in correct mapping of concentrated irradiance
level on each solar cell, this paper proposes a practical modeling
approach by considering constraints in the packing factor of dense

188

array solar cells. The specification of materials used in the NIPC
dense array consists of Direct-Bonded-Copper (DBC) substrates
manufactured by Curamik, high efficiency CT] CPV solar cells
(InGaP/InGaAs/Ge) supplied by EMCORE and 10 mil x 1 mil ribbon
bonds.

3.3. Dense-armay configuration

Five different common configurations including an optimized
configuration that is specially tailored to achieve high conversion
efficiency are investigated and analyzed under three different flux
distributions as described in Fig. 11. Referring to Fig. 12, the array
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Fig. 13. Simulated I-V and P—V curves of 24 » 2 array under three different flux distributions of concentrated solar irradiance, which are (a) TCT configuration — Distribution [, (b)
SP configuration — Distribution II, (¢) TCT configuration — Distribution II, (d) SP configuration — Distribution II, () TCT configuration — Distribution 1II, and (F) SP configuration —

Distribution IIL

configurations are (a) 24 x 2 Series—Parallel (SP), (b) 24 = 2 Total
Cross Tied (TCT), (c) 12 = 4 SP, (d) 12 = 4 TCT, and (e) Optimized
configuration in TCT. To accurately model these dense-arrays, CPV
modules consisting of both CPV cells and DBC substrates are ar-
ranged based on real dimensions. The dual-bus bar solar cells
employed in this study have an overall external dimension of
10.68 mm = 10.075 mm with a 10 mm = 10 mm designated
aperture area and two 0.255 mm wide bondable bus bars. In all the
configurations, only one of the two bus bars that acts as the
negative terminal on each solar cells is utilized for electrical
connection. The electrical connection is done via ribbon bonding
method by connecting the top contact of a solar cell to the DBC
substrate of the next solar cell to form a series-connected string of
cells.

3.4. Dense array simulation
To understand the overall performance of a photovoltaic system,

it is generally accepted that I-V graphs remain as one of the most
common and important tools [32—35]. When a photovoltaic array
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is subjected to non-uniform irradiance, its -V and P-V curves will
show common characteristics of multiple steps and multiple peaks.
The appearance of multiple steps in an [V curve and multiple
peaks in a P—V curve is associated to reverse characteristics of some
reverse biased solar cells. The graphs in Figs. 13—15 reveal simu-
lated results for five CPV configurations under three different flux
distributions. The profiles of -V and P-V curves for dense-array
CPV cells are dependent on both the flux distribution pattern and
the array configuration. Moreover, bypass diodes also affect the I-V
curve significantly which can lead to the appearance of one or more
local maximum power point (MPP) for the case of substantial
current mismatch.

The I-V and P—V curves from Figs. 13 and 14 have significant
mismatch steps and low value of maximum output power. On the
contrary, the I-V and P—V curves of the optimized array as shown
in Fig. 15 only displays small mismatch steps as well as having the
highest maximum output power. A summary of important simu-
lated parameters from Simulink modeling is compiled in Table 1. As
opposed to the optimized array ranging from 59.85% to 71.90%, fill
factor (FF) value is significantly lower for the other array



550 F-L Siaw et al. / Renewable Energy 62 (2014) 542555

TCT configuration - Distribution |

5 100
e 80
Z i3 80 %
@

S 2 40 E

1 20

o a

o] 10 20 30 40
Valtage (V)
(a)
TCT configuratien - Distribution Il

6 100
N 5 80
s : 50 =
g 4 =
s ¢ g

1 20

0 T T 0

0 10 20 30 40
Valtage (V)
(©
TCT configuration - Distribution Il

6 100
- ; 0 =
5 &
.s 2 40 §

f 20

0 0

0 10 20 30 40

Voltage (V)

(©)

'SP configuration - Distribution |

5 100
.4 80 .
s 60 =

@
£ @ o
3 [

1 20

0 0

0 10 20 30 40
Voltage (V)
(b)
SP configuration - Distribution Il

6 100
<
= ;’ 60 =
g 10 =
3 2 &

1 20

Q 0

0 10 20 30 40
Voltage (V)
(d)
SP configuration - Distribution Il

6 100
_ 5 - 80
S‘-E, ; g0 =
g w0 E
32 4

B 20

[ (1]

0 10 20 30 40

Voltage (V)

()

Fig. 14. Simulated -V and P-V curves of 12 » 4 aray under three different flux distributions of concentrated solar irradiance, namely: (a) TCT configuration — Distribution [, (b) SP
configuration — Distribution 11, (¢) TCT configuration — Distribution 1, (d) SP configuration — Distribution II, () TCT configuration — Distribution I, and (f) SP configuration —

Distribution HI.

configurations only ranging from 39.93% to 57.23% where DNl is the
measured direct normal irradiance, A, is total mirror area, PFis
packing factor of solar cells in the dense-array receiver module, and
foptical is the optical efficiency of the solar concentrator. This
approach is selected because packing factor is not yet fully opti-
mized in this study due to limitation in our current DBC design and
it can be further improved when better die-attach and ribbon bond
technologies are available. As illustrated in Fig. 16, the proposed
optimized array has undeniably surpassed all conventional con-
figurations in terms of maximum output power and fill factor. By
considering current-matching, we have grouped six CPV cells with
lower concentration levels at the top and bottom of the array
(Fig. 12(e)), to match with the current of four CPV cells that are
exposed to higher solar concentration, hence achieving an attrac-
tive conversion efficiency of as high as 33.79%.

3.5. Assembling process of dense array CPV cells

The assembling process of the CT] solar cells into modules and
then complete assembly is a critical step for dense-array cells. The
interconnect design has to be made according to machinery limi-
tations while not compromising on overall electrical performance.
AsCPV cells are thinner than flat-plate photovoltaic (PV) cells, some
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areas require special attention, including low-impact cell handling
and more stringent heat dissipation requirements.

Before going into the assembly, cell testing and classification are
important to enable sorting and grouping of CPV cells. Essentially,
the underperforming cell within a series string will limit the output
current and subsequently reduce total power produced by the
array. This effect can be reduced by selecting solar cells with the
most similar characteristics in order to minimize losses from
module mismatching. In our case, bare cells were sorted based on
the observation of I-V curves under illumination as well as the dark
condition using Keithley's 4200-5CS semiconductor characteriza-
tion system.

Next, a selected group of solar cells is attached to DBC substrates
to form individual modules through solder reflow process. The
solder reflow process provides low-void-content bonding and
excellent thermal conductivity between the solar cell and its sub-
strate. The DBC substrates from Curamik consist of a ceramic
isolator Al,04 that is sandwiched in between two copper layers.
These DBC substrates are ideally suited for CPV application due to
its high thermal conductivity of 24 Wm™" K™, high voltage isola-
tion, and adjusted coefficient of thermal expansion. To ensure that
CPV modules will not experience hot-spot problem, X-ray scanning
is carried out on all modules. The filtered ones that have very little
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voids are selected for further assembling into dense-array assembly
(Fig. 17).

Using Arctic Silver thermal adhesive with thickness of about
0.1 mm, each module consisting two solar cells in parallel, is
attached manually onto a copper cooling block. The thermal ad-
hesive requires a small pressure for 5-minutes to cure. This method
is preferred due to its simplicity and ease of rework in case array
rearrangement is required. After the thermal adhesive process has
been completed, ribbon-bonding process begins. Front-side bus bar
contact of the triple-junction solar cell is connected using
aluminum ribbon to the next solar module’s DBC copper layer,

Table 1

which is electrically isolated to the first module to form a series
connection. Finally, bypass diodes and cables are fixed to the as-
sembly using electrically conductive epoxy.

3.6. Temperature measurement

A cross sectional sketch of various materials for the CPV as-
sembly in stack is presented in Fig. 18. The solar cell temperature
(Tepy) is derived from the temperature measured at copper cooling
block, using a k-type thermocouple located 2.0 mm from the
cooling block's top surface. The thermal conductivity of the

Comparison of the five array configurations under three flux distributions in terms of maximum output power Py, electrical conversion efficiency, and fill factor (FF),

simulated at DNI: 604.19 W/m”.

Efficiency(%) = Pmp/(DNIx Aoy  PF ¢ ),me) % 100% (5)
Amay configuration Flux distribution P (W) Efficiency (%) Fill factor (FF) (%) Vi (V) Tonp (A)
24 %2 -SP 1 7515 23.86 30.03 53.55 1.40

1] 75.52 2334 30.01 36.01 204
] 71.10 257 37.90 54.88 130
12 x 4 —SP 1 80.81 2883 56.37 28.83 3.08
] 81.12 2575 4515 28.77 282
] 8532 27.08 50.49 25.60 333
24 x 2 —TCT 1 80.81 25.65 4297 55.09 147
n 7543 2395 4037 39.80 1.90
] 7519 23.87 4019 55.39 136
12 x 4 = TCT 1 90.19 28.63 57.23 32.06 281
] 88.58 28.12 4967 28.79 3.08
m 88.06 27.96 5238 22.05 399
Optimized array — TCT 1 106.43 33.79 69.80 2552 417
] 89.15 2830 59.85 26.37 338
1] 103.84 32.96 71.90 25.70 4.04

In any photovoltaic system, the electrical conversion efficiency is the ultimate benchmark to judge the overall electrical performance. To offset the effect of packing factor of
the dense-array receiver module that can be improved in the future, we apply the following formula in our calculation of conversion efficiency.
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X-ray scanning is carried out after solder reflow
to check for voids

+

CPV modules are attached onto a capper cooling
block using Arctic Silver thermal adhesive

3

1 mil x 10 mil Aluminum ribbons are used in the
wire bonding process

+

Bypass diodes and cables are attached onto DBC
substrates to complete the dense array

Fig. 17. Flow chart showing the assembly process of dense-array.

different materials is listed in Table 2. The table shows a total
thermal resistance of 4.22 x 10~° Km* W~ from solar cell to the
measurement point. To determine the temperature of solar cell, the
following equations are applied [36]:

CPV cell

DBC - top copper layer
DBC - alumina layer
DBC - hottom copper layer

2.0 mm

Copper cooling block I

\

Fig. 18. Cross-sectional sketch of different materials in stack for the calculation of CPV
cell temperature: the temperature at the surface of solar cell is derived from the
temperature measured by k-type thermocouple located at 2.0 mm from top surface of
cooling block.
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Table 2
The thickness, thermal conductivity and thermal resistance of different materials for
CPV cell temperature calculation are presented.

Material Thickness, Thermal Thermal resistance,
I {mm) conductivity, R (Km* W™ 1)
k(Wm'K™")
CPV Cell 0.20 55 364 x 10°°
Solder 0.15 50 3.00 < 10°°
DB, top copper layer 0.30 400 7.50 x 1077
DBC, alumina layer 0.38 24 1.58 = 10°%
DBC, bottom copper layer  0.30 400 750 x 1077
Thermal adhesive 0.10 75 1.33 x 10
Copper layer from 2.00 400 5.00 x 10°%
thermocouple location
to cooling block surface
Rt 422 < 10°%
Pepy,in = ficpy % DNI x A; % (Acpy/Aimage) (6)
Tepv = Pepy,in % Rior % (1/Acpy) % (1 = nicpy) + Tep (7)

where Pcpy_ i is the solar power input received by CPV assembly,
1cpy is the electrical conversion efficiency of CPV assembly, A, is the
total area of mirrors which reflect solar flux to the target of NIPC,
Acpy is the total active area of CPV assembly, Aimage is the total image
area of concentrated sunlight on the cooling blodk, Tes is the tem-
perature of cooling block, and Ry is the total thermal resistance
from cooling block to CPV cell consisting of the following materials:
copper (cooling block), arctic silver thermal adhesive, bottom
copper layer in DBC substrate, alumina layer in DBC substrate, top
copper layer in DBC substrate, solder, and CPV cell that can be
computed as:

Fig. 19. Completed dense-array (PV assembly with a proposed optimized configura-
tion for TCT: (Top) Fixed at the receiver plane under concentrated sunlight (Bottom)
Front view of the CPV assembly.
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Fig. 20. Measured data (black dot) acquired during field test superimposed on simulation curve for comparison in I-V and P-V plots at direct normal irradiance
(DNI) = 604.19 W/m?®, operating without tracking error (Flux distribution ).
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Fig. 21. Measured data (black dot) acquired during field test superimposed on simulation curve for comparison in I-V and P-V plots at direct normal irradiance
(DNI) = 616.52 W{m?, operating with tracking error 5.0 mm to right (Flux distribution I1)

Riot = Repy + Rsolder + RpBc—copper + RDBC-alumina + RDBC-copper

+ Rarctic sitver + Reopper

provided that

Repy = Icpv/kepy

Reorger = lsolder/Ksolder

Rpgc-copper = IpBC-copper/KDBC-copper
Rppc_alumina = IDBC—alumina/KDBC-alumina

R

arctic silver = larctic silver /Karctic silver

Reopper = leopper/Keopper

(8)

=V Curve of optimised array
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in which lcpv, lsolder, | DBC-copper. [DBC-alumina, larctic silver, and lcopper
were the thicknesses of different materials measured as 0.2 mm,
0.15 mm, 0.3 mm, 0.38 mm, 0.1 mm and 2.0 mm respectively; kcpy,
Ksolder kDEC{appen kpsc-atumina Karctic sitver and kcopper are referred as
the thermal conductivity of different materials with the values

55
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Wm' K, 50 Wm ' K, 400 Wm™' K7\, 24 Wwm™' K,
wm ' K, 400 Wm ! K ! respectively, which are provided by

Luque and Andreev (2007) [37]. Substituting all of the values into
equation (7), the temperature on CPV surface can be calculated.
This temperature value is applied in our computational modeling to
achieve more accurate simulation results.

4.

Results and discussion

To validate our computational modeling, a CPV assembly is

designed and constructed according to an optimized configuration.
The temperature of dense-array assembly that was attached onto a
copper cooling block was regulated at about 55 °C. This optimized
dense-array assembly was installed on the NIPC prototype, and

P-V Curve of optimised array
(DNI: 641,18 Wim?)

+ Measured result
= Simulated result

0 10 20 30
Voltage (V)

Fig. 22. Measured data (black dot) acquired during field test is superimposed on simulation curve for comparison in =V and P-V plots at direct normal irradiance
(DNI) = 641.18 W/m?, operating with tracking error 5.0 mm to right + 5.0 mm to bottom (Flux distribution III).
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Table 3

‘Comparison between simulated and measured results of the dense-array CPV as-
sembly is presented in terms of maximum output power Pp,,, maximum voltage
Vipp, maximum current ly,, measured array efficiency, simulated array effidency,

and error of Py

-V curve: Fig 20 DNI: 604.19 W/m?

Prop (W) Vinp (V) oo (A)
Measured results 10767 25.77 418
Simulated results 10645 25.52 417
Efficiency — measured (%) 3418
Efficiency — simulated (%) 3380
Error, Prop (%) 1.13
-V curve: Fig 21 DNI: 61652 W/m*

Prop (W) Vinp (V) Tmp (A)
Measured results 9576 26.05 373
Simulated results 9723 25.75 4,04
Efficiency — measured (%) 2079
Efficiency — simulated (%) 3025
Error, P, (%) 1.53
F-V curve: Fig 22 DNI: 641.18 W/m?

Prop (W) Vinp (V) Tonp (A)
Measured results 10649 25.75 414
Simulated results 10401 25.75 4.04
Efficiency — measured (%) 3186
Efficiency — simulated (%) 3112
Error, Py (%) 2.32

measured data is then superimposed onto simulated I—V curve for
comparison purposes. Real time |-V data acquisition was carried
out using N3300A Configurable DC electronic load mainframe
installed with two units of N3305A 500 Watt electronic load
modules. At the same time, supporting information such as oper-
ating temperature, direct normal irradiance (DNI) and global irra-
diance were also measured.

The simulation was performed based on the real time measured
parameters such as DNI, operating temperature, as well as taking
into consideration 15% of optical loss. From the results in Figs. 19—
22, avery close match between measured data and simulated curve
with 3% of error for Py, (refer to Table 3) is observed.

Furthermore, the effect of 2.94 mrad sun-tracking error to the
conversion efficiency is also observed for two cases: (a) tracking
error with 5.0 mm to right and (b) tracking error with 5.0 mm to
right +5.0 mm to bottom. It was found that the effect of tracking
error to the electrical performance is manageable for the tolerance
of +5 mm along up-down and left-right directions. According to
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‘g‘ —c=7101
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5 —C=503
o
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Fig. 23. Typical I-V curves from EMCORE 2008 datasheets of InGaP/InGaAs/Ge CPV
cells at varying concentration levels and 25 °C.
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Table 3, the measured conversion efficiencies for tracking error
with 5.0 mm toright and tracking error 5.0 mm to right +5.0 mm to
bottom are 29.79% and 31.86% respectively which are not much
lower than 34.18% in the case of without tracking error.

5. Conclusion

A comprehensive modeling method has been developed for
analyzing dense-array CPV cells with five different cell connection
configurations: 24 = 2 SP, 24 x 2 TCT, 12 = 4 SP, 12 x 4 TCT and
optimized configuration using TCT. This analysis includes the ef-
fects of non-uniform solar flux distribution that falls onto the NIPC
prototype receiver. Using an optical scanner, solar flux distributions
were acquired under three conditions, ie. flux distribution I: no
tracking error, flux distribution II: off-tracking with 5.0 mm to the
right, and flux distribution Ill: off-tracking with 5.0 mm to the
right +5.0 mm to the bottom. From simulated results, an optimized
configuration in TCT was found to have the least mismatch steps
with the highest output power for all the three flux distributions.
The FF value of 24 = 2 SP, 24 = 2 TCT, 12 x 4 SP, 12 x 4 TCT are
significantly lower, only ranging from 39.93% to 57.23%, while the
proposed optimized array is capable of maintaining good perfor-
mance with FF = 59.85%—71.90%. By considering current-matching
in the optimized array configuration, we have grouped six CPV cells
with lower concentration levels at the top and bottom of the array
to match with the current of four CPV cells that are exposed to
higher solar concentration, and hence achieving an attractive
conversion efficiency of as high as 33.79%. With the support of
computational modeling result, an actual assembly of the dense-
array CPV cells was built and installed on the NIPC prototype for
verification purpose. The modeling method has been successfully
validated with the NIPC prototype to achieve practical conversion
efficiency of 34.18%. Comparing the results obtained from field
measurement with simulated results by evaluating their -V and
P—V curves, a very close match can be observed. It was found that
the estimation of P, by computational modeling is less than 3% in
error.
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Appendix

The solar cells that are used in this study are EMCORE's high
efficiency CT] cells with n-on-p polarity on a Germanium substrate.
The -V curve of a CPV cell for different solar concentration ratio is
provided in the datasheet as shown in Fig. 23 [21]. These cells’
multi-layer antireflective coatings enable low reflectance over the
wavelength range of 300 nm—1800 nm to absorb more solar
energy.
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APPENDIX L

Schematic diagrams for interconnection configurations

Configuration

Simulation No.
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APPENDIX M

emcore

empower with light™

Triple-dJunction High Efficiency Solar Cells
for Terrestrial Concentrated Photovoltaic Applications

Over 38% Efficiency under Concentrated Illlumination

Features and Characteristics

Triple-Junction Heritage InGaP/InGaAs/Ge Solar Cells with n-on-p Polarity on
Germanium Substrate

Multi-Layer Antireflective Coating Providing Low Reflectance over Wavelength
Range 0.3 to 1.8um

Characterized for Terrestrial Applications Under Concentrated lllumination (Over
1500 Suns)

Weldable or Solderable Contacts, Front and Back

Standard 1x1 cm? (Designated Aperture Area) and Customer-Specific Sizes
Available

Available in Cell and Application-Specific Configurations Standard Cell Dimensions
Application-Specific Grid Design Service to Optimize Power Output 10.68 mm x 10.075 mm External Dimensions

. . X . 10 mm x 10 mm Designated Aperture Area
4" Ge Manufacturing Operation with >300MW Annual Capacity 100 mm? Total Nominal Active Area

0.255 mm Wide Bondable Perimeter Busbar
~ 0.2 mm Total Cell Thickness

Performance Data

Solar Cell Electrical Output Parameters @ AM1.5D, low-AOD
lllumination, 25°C

1X Concentration 503X Concentration 1182X Concentration
Efficiency 31.4% Efficiency 38.4% Efficiency 36.3%

Voc: 2.605V Voc: 3.193V Voc: 3.251V
Jsc: 13.85 mA/cm? | Jsc: 6.96 A/lcm® Jsc: 16.37 Alcm®
Vmp: 233V Vmp: 2.84V Vmp: 268V

Jmp: 13.4 mA/lcm? | Jmp: 6.8 Alcm? Jmp: 16.04 Alcm?®
Pmp 31.4 mW/em? | Pmp 19.3 W/cm®> | Pmp 42.9 W/cm?

Information contained herein is desmed to be reliable and
accurate as of issue date. EMCORE reserves the right to 10420 Research Road SE

change the design or specifications of the product at any Albuquerque, New Mexico 87123
time without notice. EMCORE and the EMCORE logo are Phone: 505.332.5000

trademarks of EMGORE Gorporation. Fax: 505.332.5100

© Copyright 2006. EMCORE Corporation

EMCORE Photovoltaics

Application Example.
On-sun testing at
EMCORE at 520 suns

Www.emcore.com

1SO 9001-2000 Registered
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Information contained herein is deemed to be reliable and EMCORE Photovoltaics

accurate as of issue date. EMCORE reserves the right to 10420 Research Road SE

change the design or specifications of the product at any Albuquerque, New Mexico 87123

time without notice. EMCORE and the EMCORE logo are Phone: 505.332.5000

trademarks of EMCORE Corporation. Fax: 505.332.5100
WWW.emcore.com
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