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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 performaiscaffected when there
is non-uniform illumination especially for densglgcked CPV system. When
a dense array is operating under nonuniform flugtrghution, current
mismatch will happen among the cells that are cotetein series, causing
degradation to output power. This is a crucial dragk because maximum
output power of the array is considerably reducéeémits current-voltagd-(
V) curve has many mismatch steps that leads to Idillefactor and
conversion efficiency. Addressing this matter, anpeehensive study to
optimize the performance of dense-array using mnueging planar
concentrator (NIPC) system under non-uniform illoation is proposed. In
the new systematic approach, a fast-prediction atetfi-PM) using three
point model (TPM) is proposed to analyze large aoomplicated
interconnection of dense array. It is an exped#joefficient, cost-effective
and reasonably accurate approach and is usefulptimmiae dense-array
configuration for any new design of solar concenirabefore proceeding to a
comprehensivel-V curve simulation. This method can optimize the
performance of dense array via using the best daterection for any

concentrator such as parabola, Fresnel lens, ngmmaoncentrator etc. with



the use of standard CPV cells in the market. Onitiali dense-array design is
completed, detailed computer simulations are ahrait to verify the
prediction. Comprehensive simulations using Maltiab verified the proposed
FPM prediction. Last but not least, the modelingthod had been
successfully validated with a non-imaging plananaantrator prototype to
achieve practical conversion efficiency of 29.80kowas found that the
measuredl-V curve closely resembles simulated FPM predictiord an

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 substardgimount of
upfront investment cost. Therefore, extensive neseactivities are currently
focused on developing more efficient solar powepliaptions by introducing
the utilization of solar energy together with neehnologies. With the aim of
offsetting the expensive cost of semiconductor netand encourage more
CPV installations, solar concentrator systems eyploomparatively
inexpensive optical elements like mirrors or Frédereses that will form the
main part of a solar concentrator system to be rpmwated with high-
efficiency multi-junction solar cells. Solar contetor technologies have
made considerable progress in the past decadeaanbecapplied to generate
cost-effective electricity, and at the same timevjate supplementary thermal
energy in other application needs. For further cfida in the electricity
generation cost from solar concentrator systentsnapsystem design is key
so that the CPV cells are able to harness maximalar snergy (Nishiokat

al., 2006; Luqueet al, 2006].



Nevertheless, the delivered electrical power ifdf@onditions is often
lesser than the offered output power on the aregings, mainly due to
mismatch losses. Some of the factors that causmaic losses are soiling,
non-uniform irradiance, shading, temperature vt cell quality, as well
as cell aging. All of these factors will affect cemt-voltage I-V) curve as well
as power-voltageR-V) curve of the CPV array, subsequently leading to
serious reduction of output power during site measents (Nishioka and

Rai, 2007; Picaulet al, 2007).

Non-uniformity of concentrated solar irradiation age of the most
challenging problems faced by solar concentratetesys. Non-uniform solar
irradiation is more evident around the receiveresgd@nd is commonly caused
by optical design limitations, structure alignmeantperfections, and low
tracking accuracy. Over the last decades, manyesuthve been carried out
to seek improvement on the solar concentrator aptiesign in order to
produce more uniform solar flux distribution atigoncentrations (Mills and
Morrison, 2000; Cheret al, 2001; Cheret al, 2003; Chonget al, 2009;
Chonget al, 2010; Picaulet al, 2010; Chonget al, 2011). This is because
the output current of a typical CPV dense-arrapighly influenced by the
uniformity of solar flux distribution. With factoréke circumsolar effect,
aberration, imperfection of mirrors etc., it is @emt that perfectly uniform
ilumination is impossible to be produced. Undernwentional design
approach of simple series-connected array, thehebwei significant power
losses due to low conversion system efficiencyr{faaiet al, 2002; Andreev

et al, 2003; Sherif et al., 2003; Coventry, 2005; Niglaiet al, 2006).



Despite the employment of flat mirrors in the noraging planar
concentrator (NIPC), the solar flux distributionsuéés from simple super-
positioning of mirror images onto the target reeeivs unavoidably non-
uniform at the peripheral region. Therefore a sgfcidesigned algorithm is
required for analysing the current-voltadge/j curve of dense-array CPV cell
arrangements for optimizing system efficiency amdreasing generated
output power. In our study, solar flux distributioh an NIPC prototype is
measured so that the actual solar concentratiom ttzdt is directed to every
CPV cell's location at the receiver is identifiehe measured solar flux
distribution shows deviation from a perfect unifomistribution owing to
various aforementioned practical installation infpetions, such as

mechanical structure and mirror alignment.

Differing to considerable studies in partially seddohotovoltaic (PV)
array for minimizing mismatch losses through thee usf changing
interconnection arrangement, this paper aims teldgva new approach using
Simulink computational method to accurately siml&€PV dense arralyV
and P-V curves. In the study, possible configurations simulated and
analysed based on real data of NIPC solar fluxibigion to obtain the best
array layout configuration. For verification purpos the optimised
configuration of CPV array is constructed and tgia the NIPC prototype.
In following chapters, the methodology and proce$sCPV dense-array

performance optimization are described in detail.



1.2

Objectives

In attempt to address the above identified noneumifty problem in solar

concentrator systems, a systematic and comprelessiny on dense-array

design for the application in NIPC concentrator heeen developed and

explored. The main objectives are as follows:
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To design and construct a non-imaging planar canatm (NIPC) for the
application with dense array concentrator phot@ol(CPV)
Development of a systematic method of dense-ariRay @terconnection
design to enable system designers in identifying pbssible
interconnection options

Development of a comprehensive electrical modetimethod for dense-
array CPV system that considers parameters fromivileediode model
with verification from practical experimental data.

Optimization of the electrical performance of NIPstem through
identifying the most cost effective and highestpotitpower combination

of CPV dense-array.

Outline of the Thesis

The organization of the thesis is as follows: ma@ter 1 of this thesis

introduction to the background of CPV systemgrésented. This section

discusses the background of CPV cells, and themligigs factors of



mismatch losses that limit the potential of solaneentrator systems. The
findings have motivated this study to enhance #rdopmance of dense-array
solar concentrator, through optimization of the tesys using strategic
solutions. In Chapter 2, critical literature reviaw carried out to study
mismatch issues that are faced by different saacentrator systems. Besides
that, critical and detailed evaluation is conduabedscholarly articles, books
and other sources that have proposed solutionstiagtlaim to address current

mismatch problem.

Next, the methodology of theoretical study and expental procedure
is discussed in Chapter 3 which includes opticahlysis, temperature
analysis, CPV dense-array analysis with FPM sinmdamethod, as well as
using comprehensive Simulink simulations. A majartpof this research is
focused on the design and development methodoMgygeling work that was
performed in optical analysis and circuit-analyls the development and
optimization phase is presented in this sectior détailed setup of prototype

NIPC and assembly process of dense-array areralkaled.

Results from theoretical study and field measurdamane collected
and analysed in Chapter 4. This chapter discusse®xperimental studies
performed to collect data and verify simulated priéoh methods. By
comparing all the different options produced irsteiudy, an optimised CPV
system is achieved. The last chapter is Chaptehibhais the ending of this
thesis summarizes the experimental studies of ¢élveldped methodology and

optimised dense-array for the application to thé*@lisystem. The thesis



concludes with the outcomes of the overall reseantlievements, discussion

on advantages of the developed system.
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Based on the findings from this research, sevpaplers have been

published in peer-reviewed international journald aonference proceedings.
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http://dx.doi.org/10.1016/j.renene.2008.09.00
(Published)

2009

Renewable Energ
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(Published)

200¢

Sensor

1.953
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http://dx.doi.org/10.4229/24thEUPVSEC2009
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(Published)

24 European
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Energy Conference|,
Hamburg, Germany

N/A

“Optical characterization of nonimaging
planar concentrator for the application in
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2010

Journal of Solar
Energy Engineering
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http://dx.doi.org/10.1109/PVSC.2010.56141/1
2
(Published)
“Temperature effects on the performance of 2012 IEEE Sustainable| N/A
dense array concentrator PV system” Utilization and
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08385 Technology
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concentrator PV system” Photovoltaic Solar
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no=664
(Published)
“A dense-array layout reconfiguration methqd2013 28 European N/A
to minimize current mismatch losses for non- Photovoltaic Solar
imaging planar concentrator” Energy Conference
and Exhibition,
http://dx.doi.org/10.4229/28thEUPVSEC2013 Paris, France
-1CV.6.34
(Presented and Published)
“A systematic method of interconnection 2013 The Scientific 1.730
optimization for dense-array concentrator PV World Journal
system”
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

High concentration CPV system developers have tgcemerged
over the recent years and they promise highersystéciency as well as cost
advantage over flat-plate PV systems. In CPV systedirect sunlight is
concentrated hundreds of times using mirrors andele and is focused onto
high efficiency CPV cells. According to Zukt al. (2009), concentrator
systems are typically designed to operate at ard®ddto 700 suns, although
a few system developers have promoted systemsémago up above 1000
suns. The motivation behind developing very highaemtration system is to
offset the expensive CPV cell materials by achigvoost reduction via
savings in semiconductor utilization. Neverthelessst recognise that this is
not an easy task especially with aggressive prieerese of crystalline
silicone and thin-film solar modules. The highestsoof these state-of-the-art
CPV cells as compared to silicon or thin-film sotaodules are prohibiting

their application in large scale installations.

Despite the temporary cost-advantage of the P\eBystas compared
to CPV systems, multi-junction solar cells have plo¢ential of achieving the

highest efficiency of any photovoltaic device bying two or more cells



stacked together, optimally designed for a paricwavelength range within
the solar spectrum. Combining IlI-V elements, cefiglifferent band gaps can
be combined in a tandem design to cover almostfuliesolar spectrum,
whereby each cell convert an interval of the sslagctrum into electricity.
The multi-junction cells are well suited for sokewncentrator systems, and
when properly designed the advantage of high efiicy CPV cells while

mitigating the cell cost can be realised (Wanh@l, 2013).

One major factor that hinders concentrator photavol(CPV) system
to perform to its full potential is non-uniform Hudistribution, which is
common in all solar concentrator systems (Faireaial, 2002; Luque and
Andreev, 2007; Chonegt al, 2010). When CPV cells are subjected to non-
uniform illumination, the system performance wiél begatively affected. This
is because of current mismatch that occur amoray sells that are connected
in series, leading to degradation of output powad may even cause damage
to solar cells due to reverse-bias operation anerhmating (Kovach and

Schmid, 1996; Nguyen and Lehman, 2008).

2.2 Concentrator Solar Cells

There are two broad categories of CPV systems, atdyethe first
group consists of point-focus systems utilizingdaed lenses, parabolic dishes
and central receivers, while the second group sthsf line-focus systems

with linear Fresnel lenses and parabolic troughscofding to Luque and



Andreev (2007) line-focus concentrator systemsoperated at concentration
ratio of about ten times smaller than point-focystems. Typically, the
concentration level is 100 - 500 sdaos point-focus concentrators and is lower
at the range of 10 - 50 suns for line-focus comeg¢ots. Generally, solar
concentrators that operate at higher concentratdio also require higher

accuracy in sun tracking and smaller manufactusimg) assembly tolerances.

2.2.1 Silicon Cells

High efficiency silicon solar cells that are usedsblar concentrator
systems are fabricated with requirements such dsrimaquality with long
minority carrier lifetimes, design of diffusion tminimize resistance and
recombination losses, surface passivation, passivaf cell edges, reflection
control, as well as design of metallization withnimal optical and resistance
losses. Concentrator silicon solar cells of thditianal design have achieved
efficiencies above 24%, and it can be further enbdnwith better design

specifications (Lugue and Andreev, 2007).

Nevertheless, the growth of silicon solar cell@éncy has been slow
in the recent years, mainly due to limitation offane recombination. With
price competition from triple-junction I1lI-V CPV He that can reach
efficiency of above 40% (Castet al, 2008), demand for silicon solar cells is
small and there is no large-scale manufacturindiigh performing (above

24% efficiency) silicon solar cells for solar contator systems. This leads to
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higher cost of these silicon solar cells, whichthar deters their market

growth.

2.2.2 Multi-junction Cells

Tandem solar cells based on IlI-V materials aeedhly available solar
cells reaching efficiencies above 40% and theifguerance is superior to any
other photovoltaic device through the use of sdveaterials with different
energy gaps across the solar spectrum. As an éaathp top cell of a triple-
junction CPV cell converts violet-blue radiation,hie the middle cell
converts green-yellow radiation, and the bottom cehverts red-infrared
radiation. Due to the higher cost of multi-junctisolar cells as compared to
silicon or thin-firm solar cells, these cells a nurrently applied to flat-plate
modules. To offset the expensive cost of IlI-V saalls in solar concentrator
systems, expensive solar cell materials are regplagecheaper optics which
enables the system to operate at high solar comtiem levels. Solar
concentrators that can operate at higher efficiemguire lesser solar cell

material and hence able to achieve lower overaliesy costs.

Today, the demand for IlI-V cells for the terrggdtrmarket have
increased and concentrator system developers tleat wreviously using
silicon cells are shifting to more efficient Ill-¥iple-junction CPV cells. Solar
concentrator systems above 400 suns commonly eutitiple-junction solar

cells produced from elements such as gallium, mgiphosphorus, arsenic,
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etc. which are from the'Band &' group of the Periodic Table (Zubt al,
2009; Luque and Andreev, 2007). As an example, Ambering one of the
first companies to develop high concentration sotarcentrator systems used
to adopt silicon CPV cells but is now demonstratagplication of triple-

junction solar concentrator cells in their systems.
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Figure 2.1: This figure show the relationship betweefficiency and solar
concentration for triple-junction CTJ cell (EMCOREQO08), with highest

performance efficiency of about 38% at around 5@tss

In Figure 2.1, the relationship between efficien@and solar
concentration for EMCORE’s CTJ cell operating at5rom the figure, it is
clear that the efficiency of InGaP/InGaA/Ge triphection solar cell is not
always at a continuously increasing trend with @asing solar concentration
ratio. In fact, there is an optimum operating pdmt the concentrator cell,
which is at around 500 suns for this EMCORE celicérding to Zubiet al.
(2009) higher concentration above 1000 suns cotild b&# economically

viable, even with the gradual reduction in effidgn Nevertheless, the
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implication of operating the cells under these dtmias should be carefully
considered as there might be a negative effecheaolifte expectancy of the

solar cell.

2.3 Causes of non-uniformity Issue

High concentration system requires complex engingerand
management of high fluxes of light, heat and eleityrto achieve maximum
power output. Solar concentrators are conventigradisigned in such a way
that the concentrated solar flux distribution fallsll inside the receiver area
to avoid light spillage, because most solar comagmis have inherently
inhomogeneous illumination (Luquet al, 1998). Non-uniform illumination
produces significant local heating in concentratar cells. In this aspect, the
photocurrent increases with temperature, and therefnhances the influence
of the irradiance non-uniformity on the currenttage curve (Andreeet al,
2003), and leads to higher ohmic drops becausedheoperates locally at

higher solar irradiance levels.

There are several underlying causes of non-unifnctentrated solar
flux distribution (Baig et al, 2012; Chonget. al 2013). Non-uniform
illumination is contributed by limitation in conceator optics design, slope
error in concentrator profile, tracking error, ntigament of concentrator, as
well as the condition of refractive lenses andeeil’e mirrors. Among the

causes, the concentrator geometry and optics isobribe key factors that

13



determine the severity of non-uniformity. If thetiopl design of a solar
concentrator is not proper, serious performanceadiagion and reduction in
efficiency will happen. There are many kinds of icgt elements in a
concentrator system, and each system exhibits enigum-uniformity issues.
As an example, the Fresnel lens system experieimtesent difficulty to

maintain the focus of concentrated light on theusoélls.

The effect of non-uniformity cannot be completelyninated in any
solar concentrator. This is because it is diffitalmanufacture and control the
geometry of solar concentrator to be exactly theesas theoretical design.
Hence, testing of the surface profile for errora igery important step. Shape
errors on the concentrator would have significaffece on solar flux
distribution. Solar reflectors like mirrors aredi to have shape errors during
manufacturing and become the cause of non-unifgrniitig et al. (2012)
reported in their paper that common defects inrsotacentrators include
discoloration of concentrator optics, mechanicatigtee, bucking, and

warping.

In addition to that, tracking error is also a cance® the performance
of CPV systems. When a concentrator is off-focus wutracking inaccuracy,
some solar cells will not receive concentratedtlighhd become shaded. When
solar cells are shaded, the photo-generated cuseatiuced or eliminated. If
this cell is connected in series to other stringsda a module and producing
less current, it becomes reverse bias by the wwlgmmerating capabilities of

the other string cells (Quaschning and HanitscBg6)l.9Shaded cells are often
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driven in the negative voltage range, and wherlla become reverse biased it
acts as loads and dissipates heat (M&jeal, 2005; Alonso-Garciat al,
2006). If the reverse bias exceeds the breakdowage of the shaded solar
cell, the cell will be damaged. Consequent efféietg could be observed are
cracking or the formation of hot spots. If the shddnodule is connected to
other modules in series, an open-circuit from tbedpot will disconnect the
shaded PV module from the other modules in an aff&g characteristic
parameters of a CPV module present substantiadti@ns in case of shading
resulting in important reduction of the power outpshading of solar cells
reduces the maximum power, changes the open-civolitige, short-circuit

current, fill factor, and the efficiency (Silveseeal, 2007).

While some of the causes of non-uniformity suchcasacentrator
optics design and improper tracking could be add@sand minimized via
implementation of new optical design and usingnedi tracking methods,
other causes like the condition of refractive lesnaad reflective mirrors are
inevitable defects from the process of manufactynnstallation or aging and

require more strategic solution.

2.4  Optical Design of Solar Concentrators

Solar concentrators such as the parabolic trough, linegasnel

reflector, Fresnel lens, power tower and parabdlish are capable of

generating electrical power through the use of GieWs. Recently, many
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studies can be found discussing on more advanasckotrator optical design
such as new classes of high-flux, ultra compadagctmral optics to improve
solar illumination uniformity at high concentrat&rin order to provide a cost-
effective and practical CPV system. The most adednCPV cells actually
performs better with high conversion efficiency wHecused under high solar
concentration as compared to operating under omeAstcording to Chong et
al., 2013, the latest state-of-the-art triple-jumctcells are achieving around
40% conversion efficiency at 100x to 900x concditmaratios, while the

world record was at 41.1% at 454x concentrationerétore, new optical

design has to tackle non-uniformity issue, whil@l sichieving high solar

concentration to enable the highest possible caueefficiency.

2.4.1 Modular Fresnel Lenses

A new Fresnel concentrator was introduced by Rial. (2006) with
the aim to produce a uniform distribution of sdlaadiance with moderately
high concentration ratio and increase PV generatefficiency. In
conventional Fresnel lenses that have circular esthafacers to focus a
collimated beam to a point, CPV solar cells arebim&o extract maximum
power due to irregular resulting illumination. Asosvn in Figure 2.2, an array
of modular Fresnel lenses is based on superpositimcept, whereby each
modular Fresnel lens bends the normal incidentr dbia onto the targeted
CPV cell area. According to Ryet al. (2006), the recommended design uses

prism rings for the facets so that the segmentseakept larger in size. Since
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no sunlight should bend at the central region, acetls are present at the

central lens block.

(b)

Figure 2.2: Schematics that explains the conceptaular Fresnel lenses for
concentrator solar PV system that are presentéal)i-D view of the optical
structure, and (b) facet directions of modularlgefied Fresnel lenses (Rgt

al., 2006).

The devised optical system for such solar conctmwgapromises
effective conversion of optical energy into eledti power with reasonable
cost and minimal resources. The flux distributiohe cell plane is estimated
to be about 20% uniform with transmission efficignaf above 65% for
Fresnel lens arrays of 3x3, 5x5 and 7x7 (Chatg al, 2013). The
transmission efficiency is rather low, which is dethan 80% owing to
reflection at the lens surface and absorption by mmaterial of the lens
(Kemmoku et al., 2003; Araki et al, 2006; Ryu et al., 2006). Another
limitation of the modular Fresnel lens method iattthe application of the

selected acrylic resin to be used as lens materiabt yet feasible for high
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concentration ratios. Unless typical lens matdikal polymethyl-methacrylate
(PMMA) can be substituted by other materials witlikarly characteristics
such as high transmission and low optical disparstfwoughout the solar
spectrum, the current lenses will be limited bynitaterial to only operate at

low and moderate level concentration ratios.

2.4.2 Parabolic Dish

Parabolic dish concentrators consist of solaecédirs like mirrors that
are arranged in the parabola shape to concenticitent sunlight onto a focal
point (Reddy and Veershetty, 2013), and can offier highest thermal and
optical efficiencies among all the concentratori@p (Lovegroveet al,
2011). At the focal point, a CPV receiver will camv concentrated solar

irradiation into electrical energy.

The design of a parabolic dish concentrator reguiigorous system-
design principles, and detailed consideration ef ititeractions between key
subsystems of mechanical structure, mirrors, receifoundation as well as
actuation or tracking system. At the same time oibkecal performance of the
concentrator is also of great importance to be istudIt is common
knowledge that a parabolic dish will produce a Garsimage at the receiver
target. Figure 2.3 shows on-sun measurements @siepresentative mirror
panel. Besides optical uniformity assessment, distribution suggests that

there is an average surface slope error of 1.3flu@agegroveet al, 2011).
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The large paraboloidal dish by Australian Natiobaliversity (ANU)
that was presented by Lovegrostal. (2011) was able to achieve the highest
conversion efficiency and at the same time judtiky higher capital cost per
unit area. The prototype has proven that the ndesign features can achieve
lower construction material via the use of mirranpls to act as part of the
structure itself. Moreover, trough optical analybss shown that receivers
with geometric concentration ratios of at least®@thes are deemed possible.
Nevertheless, the image of focused sunlight attéinget is inherently non-
uniform. While there is good potential of harnegsthermal energy at high
solar concentration ratio, the reliable use of Gfe\Is at solar concentrations
in the range of 1000 - 2000 suns is not yet esthbt, and requires further
studies. In addition to that, the design concepthi§ system has not yet

incorporated solar flux uniformity concerns, fopépation with CPV cells.
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Figure 2.3: Flux mapping results for a 500rparaboloidal dish solar

concentrator using one mirror panel (Lovegreteal, 2011).
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2.4.3 Homogenizer Technology

In CPV systems with single optic/single cell configtion, sunlight is
focused onto each cell individually. In these pdodus systems, current
mismatch problem is less critical because the aptioits are all reasonably
well aligned to ensure that same incident powereiseived at all solar
modules. For systems that have a number of CPMverse usually Fresnel
lens system, flux homogenizer is added to act dgiadal secondary optical
element (SOE) to improve the flux distribution ameduce more uniform
illumination, as presented in Figure 2.4 (Araki al, 2006; Chonget al,
2013). The homogenizer that may act as secondaigsojs also used for

guiding concentrated sunlight from the primary ogtio the solar module.

Ray trace

z | [ homogenizer

Figure 2.4: Schematic illustration of a Fresneklegstem’s optics model with

a homogenizer (Ota and Nishioka, 2012)
Flux homogenizers are able to improve optical pemBnces by

producing uniform flux distribution over solar celland hence minimize

conversion losses caused by chromatic aberratiomefisas surface voltage
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variation (Figure 2.5). Nonetheless, due to thquiement of precise

engineering, additional SOE increases manufactukngt, needs active
cooling at very high solar intensities and adds mexity to a solar
concentrator system, (Victorit al, 2009; Benitezt al, 2010). In addition

to that, the introduction of a typical flux homogaar will inflict optical losses

that can reach 10% or more (Kreske, 2002)

irradiance (W/ m’)

100047

2
irradiance (Wim’)

(b)

Figure 2.5: A comparison of simulated irradiancgrabution using (a) Fresnel

lens only, and (b) Fresnel lens and a homogen@tr énd Nishioka, 2012)

2.5 Non-conventional CPV Cells

Another alternative method of overcoming non-umifarradiation to
improving system performance is by refining opticagmatch via exchanging
standard-sized CPV cells with non-conventional getoyn cells, which

typically incur extra cost. These CPV cells arecggdy designed according to

21



a specific concentrated solar flux profile and andy suitable for a specific

type of solar concentrator.

2.5.1 Radial Solar Cells

In conventional dense-array receivers made of gqoarectangle cells
that are connected in series, significant curreishmatch is observed because
the irradiance at the focus is usually not unifovfivar et al. (2009) presented
a radial large area Si-cell receiver that usesoousthaped solar cells that can
divide the incident flux evenly between the celRadial solar cells are
designed and manufactured from EUCLIDES Ill sokalis¢ by incorporating
additional laser cutting process to obtain trapgaiocells to be arranged into
circular sectors that matches the spot producegdargbolic dishes. As the
concentrated sunlight of a parabolic dish is usueddially symmetry, the
suggested radial CPV cell may be the best in geagntet reduce current
mismatch. These custom-made cells can decreasdo#ises from non-
uniformity and misalignment by nearly 6 times lessas compared to

connecting CPV cells in a full series configurat{dtivar et al, 2010).

Although the performance is improved, the radidll garquets receiver
is still susceptible to current mismatch when thet©f concentrated sunlight
iIs not centred, due to tracking errors or opticadaignment. Referring to
Figure 2.6, as the spot of concentrated sunlighvamoacross the target

receiver, the distribution and intensity of solaadiation on certain solar cells
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will be reduced while the intensity on some cedlsricreased and on others
will remain the same. This limitation can be cuediby an additional process
of parallel interconnecting opposite circular sestan order to allow current
compensation when tracking error occurs and theamnated solar flux is off

focus to the centre.

(b)

Figure 2.6: A scenario analysis to compare whemrdgarentrated solar flux is
correctly aligned with an array of radial parquesolar cells (b) concentrated
solar flux is out of focus to the same array ofiahgharquet of solar cells

(Vivar et al, 2009)

While the idea of parallel interconnection of oppgscircular sectors
seems logical, wiring complexity and resistancesdssfrom the multiple
parallel-connected cells should be taken into actouproducing a practical
receiver. Furthermore, the concentrated solar distribution does not fully
cover the whole receiver area, and therefore thésgrh 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 Gn@B10) has
developed custom-made CPV dense-array moduleshirapplication in
parabolic solar concentrator systems without homizges. For a parabolic
concentrator, the outer segments of the concedtrsdéar flux distribution
receive lesser intensity of sunlight, as compaoechildle segment. Hence the
usable power per segment will be limited by the Ipawer of the outer
segments, due to current mismatch. To solve thablem, the lower light
intensity at the edges of the concentrated suniggsbmpensated with wider
solar modules, while the higher light intensitytla# middle region is exposed

to narrow-sized solar modules, thus achieving gnodent matching.
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Figure 2.7: Dense-array module is designed withr fdifferent widths
according to the inhomogeneous illumination of eapalic solar concentrator.
The solar cells are presented only in one quaftéhe array as an example

(Lockenhoffet al, 2010)
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For this project, the custom-made module consi$tiour different
geometries of CPV solar cells that are arrangea ispecific manner that
compensates inhomogeneous solar irradiation (Figufe The outer section
of the array receives lesser light, and hence mpemsated by using wider
segments of CPV modules while the inner sectiothefarray that receives
more concentrated light is filled with smaller semts of modules.
Nevertheless, each type of solar cell width regliress own tooling for
production and hence resulted in high investmedtlagistic costs. To avoid
high investment cost due to having too many unigusized cells, the
modules are optimised and reduced from four diffetgpes to two different
types, as shown in Figure 2.8 (Lockenheff al, 2010). Needless to say,
streamlining different solar cell widths would coramise optical matching of

the modules.
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Figure 2.8: Azur Space has developed a dense aewesiver target by
combining two types of custom-made solar cellsiffedent combination for

the application with a parabolic dish (Lockenheiffal, 2010)
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2.5.3 High-voltage CPV Cells

Silicon Vertical Multi-Junction (VMJ) solar cell ian alternative type
of CPV cell that is produced in a process of stagknultiple wafers, and then
going through orthogonal cutting (Sater and Sa262). The number of
stacked wafers, which is same as the number otipmeconnected in series,
will determine the final solar cell voltage (Figu?e9). Unlike conventional
CPV cells, the VMJ solar cells that exhibit highll ceoltage and low
corresponding cell current can operate without sewdegradation due to
series resistance under high concentration. Rgce3eigev and Kribus (2013)
have introduced high-voltage Silicon VMJ solar sdthr parallel connection
in a CPV dense-array. These CPV cells can accgbt $nlar concentration

with reported peak efficiency reaching close to 30%

In a parallel connected array, voltage matchingead of series
matching is attempted to minimize non-uniform ilimation mismatch losses.
Since voltage is less sensitive to solar conceatratariations, the new VMJ
modules have greater tolerance to non-uniform ilhation and tracking error.
As a comparison, dense-arrays that are designeld sgties-connected
conventional cells show high sensitivity to nonfarmnity and thus require
longer homogenizer to reduce mismatch losses. ©otter hand, dense-array
using VMJ cells may only need to use shorter homges or possibly no
usage of homogenizer altogether while only expermena minor reduction in
efficiency. Furthermore, the use of bypass diode¥MJ arrays is avoided

since there is very little current mismatch.

26



Nonetheless, a dense-array with solar cells thatirerconnected in
parallel rather than in series will have very higlhray current because
individual current from every CPV module is addgal The effect of high
array current to resistive losses should be examimeletail to ensure that the
overall conversion efficiency is not jeopardizedl.addition to that, it should
be noted that although bypass diodes can be avaidean all-parallel
connection, current bypassing may still be usetuwtmthere is malfunction of
a single vertical junction within a VMJ solar cdll.should also be noted that
Segev and Kribus (2013) highlighted that the fadiran process using very

densely placed narrow junctions of 40 um widthugejchallenging.

A M 0.4mm
| -
- S _ =] Gontact
— | E—
4cm T — [ | 40 um
2
1 ™~ = contae
dx
v [ - 1em > “ i .
- 4cm -
(a) (b) (©)

Figure 2.9: A schematic presenting the architeabiif@) a CPV module; (b) a
VMJ solar cell made from several vertical junctiaihat are connected in
series internally; (c) a vertical junction and sisgment of lengtllx (Segev

and Kribus 2013)
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2.6 Bin-packing Interconnection Reconfiguration

Conventionally, bin-packing models are used inasaresuch as
computer network storage allocation, assigning censial breaks on
television and packing boxes into shipping contand@he one-dimensional
bin-packing problem (BPP) is essentially findinglkiag solutions for objects
via minimum number of bins with pre-sized capac#ith a given list of
objects and their separate sizes. According to raaffet al. (1999) and
Applegateet al. (2003), BPP is an NP-hard problem which is tediand
time-consuming to solve, and various heuristics s@lme these classical bin-

packing problem (Appendix H).
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Figure 2.10: A contour plot of concentrated solarx fdistribution was

acquired with an optical scanner (Siaw and Chog32

Recently, Siaw and Chong (2013) have investigatest Bit (BF) and

Best Fit Decreasing (BDF) heuristics for applicatio one-dimensional bin-

packing problem to solve current mismatch lossessatar concentrator
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systems. In the simulations, bin capacity is defins 2A, also known as the
starting point, and the value is slowly increasetil 20A. From the presented
results, the best solution having minimal mismdodses is BFD 9.4A, which
is an array with five series-connected stringskigure 2.10 and Figure 2.11,
each series string is represented with a diffecetdur and CPV cells that are

grouped within similar string have the same colour.

In the paper by Siaw and Chong (2013), by usingsunesal flux profile
to derive current values of each CPV cell at theeireer target, the current
values are used as objects for packing. Usingri@ghod, current mismatch
can be almost eliminated from 1.03 A to as low &% A when the array is
operating at DNI of 604.19 W/mUsing this improved method boosts output
power to 112.91 W, which is 26.83 W more than theventional 22 x 2 TCT

array that only produced 86.08 W.

Although this approach enables automatic recordigom of new array
topologies, as compared to the conventional seaeaHlel (SP), bridge-link
(BL) and total-cross-tied (TCT), the proposed iotemection is very
complicated and not practical for implementatiorefdRring to Figure 2.11
and Figure 2.12, we can observe that it is verjotedto link any one of the
series string. For example, lime green solar oghéch belong to the fifth
string are distributed among all four quarters bé tCPV array, hence
complicating electrical circuit interconnection. lgss a new substrate or
technology is developed for this purpose, the demsay design is too

complex for practical implementation.
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Figure 2.11: This bar chart shows packing configaraof an array with five

series-connected strings at 0.07A current mism&8ihw and Chong, 2013)
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Figure 2.12: A diagram showing the complicatedritistion of CPV cells
from different strings across a dense-array. Soédls that are from the same
series string are presented with the same coloedsy 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 reas@abigh
concentration ration of solar irradiation on thegé, an NIPC that is based on
non-imaging optics to concentrate sunlight is pemasb The idea of
concentrating solar irradiation in the planar carior is similar to that of a
non-imaging focusing heliostat, whereby uniformemmdity on the target is
achieved by super positioning flat mirror image®m@é point. In this concept,
the incident rays are reflected by an array of tidahflat mirrors to the target,

and that mirror size and shape are nearly the santigat of the target.

Referring to Figure 3.1, the NIPC is formed by agiag numerous
square flat mirrors to act as the optical aperfarecollecting incident light
and focussing the incident sunlight at any focatatice along its optical axis
onto a target receiver. The difference of this gieshs compared to other
optical concept of solar concentrators such ashpdiareflectors is that the
geometry of an NIPC cannot be explicitly definedhnany analytical surface
formula (Chonget al, 2009; Chonget. al, 2010). Therefore, numerical
simulation becomes necessary in the optical arsbyfsthe NIPC. For optical

modeling of NIPC, the techniques employed to expriwe reflection of
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sunlight by the concentrator as well as to genesatar flux distribution on
the receiver target is by coordinate transformatiamd ray-tracing. In an
attempt to reduce computing time with negligibléeef to the results, two
good assumptions are used. In the first assumptionaccount for the
spreading of solar irradiation from solar disk effaipon reflection from
mirror surface, each sunray that is reflected fitbwn concentrator is spread
into sub-raysP, andeach sub-ray carries P-h of energy from the incident
sun ray. These rays uniformly spread as a fornigbt kcone that subtends to
the solar disk half angle of 4.65 mrad. The secassumption is that each
facet mirror consists of a finite number of smakégments, called reflective
points. The assumptions are presented in Figure@show the application of

concept in the optical modeling of the concentréégpendix D).

(T, T, T.)

7

Receiver

ioth, j-th, keth, I-th reflective point - D=22m
(nggH‘yaH'; )Hﬂ

Figure 3.1: A non-imaging planar is formed usireg finirrors, whereby every
mirror comprises a finite number of reflective gsirand each reflective point

is illuminated by a discrete number of sub-rays
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For geometrical representation, Cartesian cootelisgstem X, y, 2)
acts as the main coordinate system, and it is eléfin the plane of the NIPC.
The origin of the coordinate system lies at the treerof the planar
concentrator. On the other hand, the sub-coordisggtem X', y’, Z') is
defined at the local facet mirror. TReaxis of the planar concentrator is along
the central column of mirrors, thg-axis is along the central column of

mirrors, and the-axis points towards the receiver (Chaigal, 2010).

3ty

R|(00,/)
I
H,
0(0.0.0) Ho if i

Figure 3.2: The main coordinate systenxisy( z), and is defined in the planer
of the NIPC with its origin at the center of thencentrator. On the other hand,

sub-coordinate system’(y’, z') is defined at the local facet mirror
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The coordinates for the central point ofiggmirror are designated as
(Hex Hey, 0), andi as well ag denote the location of flat mirrors at thh
row andj-th column of the concentrator, respectively. Therdmates of the
focal point of the NIPC is denoted by (0,fd, To reflect sunray towards the
receiver, the tilting angle of thej-mirror about the axis that is in parallel with
the x-axis is represented by, and the tilting angle about the axis that is
perpendicular to the-axis is represented by These two tilting angles can be

expressed as follows:

Hey

(3.1)
f o+ HE +HE+ 12

g =arctan

s =arctan ( He, (3.2)

/12
H§X+2H§y+2f2+2f,/H§X+ HE, + fz)1

The incident angle of the sunray is denoted Bnd is relative to the
J- mirror, as presented in equation (3.3). For th#aincoordinates of the
reflective point for facet mirror, they are arradgeto thei-th row andj-th
column and designated ad,( Hy, H,)jx. The subscript& and|l denotes the
reflective point’s position at thieth row andl-th column in the facet mirror.
Referring to Figure 3.1, each mirror is tilted witls corresponding tilting

angles and to move the reflective point at new coordinates

(H'X, H,, H'Z)”_kI to superposition all of the mirror images to theyéa receiver.
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In order to ease mathematical representation afdowate transformation, the
translation is prepared as a linear transformatimn increasing the
dimensionality of the space (Choegj al, 2010). Therefore, the coordinates
(Hx, Hy, Hyij can also be represented b, Hy, Hz, )i , and is treated as a
vector in matrix form in equation (3.4). The finabsition of the reflective

point is presented as a matrix form in equatiob)(3.

JRéHg,
3.3
: (3:3)

g= larctan
2

HX
H
[H]ijkl = Hy (3.4)
1 kI
H,
i H,
[H ]ijkl = H-y (3.5)
1

ijki

After transformation process, as detailed out inr qarevious
publication (Chonget al. 2010), it is possible to plot the resultant sdlax
distribution pattern on the receiver target. Taiatsmooth simulation results
of illumination distribution, a fairly high resolon is necessary in the optical
modeling of the reflective point, solar disk effeas well as the receiver plane.
In our work, numerical simulation uses facet msrof the dimensioiV x W

and is subdivided int& x Sreflective points. Similarly, the sub-rays withan
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light cone have a reasonable resolution of 65 mrsaperture diameter. In
addition to that, the receiver area 20 x 2 isnrepresented by a matrix of
pixels with 201 rows and 21 columns. The solar eotr@tion ratioC, also
known as number of suns, of each pixel is a meastitbe level of solar
irradiation that that pixel receives compared wilirect normal solar

irradiation, and it is calculated as follows:

Ne Aeflective COSC?
Ana < P (3:6)

pixel

C=

n=1

Where theAtecive iS thearea of reflective point (W/S)n cnf, while Apixel is
the area of receiver pixel = (20/286Em/pixel in cni, Nc is the total counts of
sub-rays that hits on the resultant pixel on tleiker planeP is the total sub-
rays within a light cone, andis the incident angle of the principal solar ray

relative to the normal vector of the correspondiggh mirror (Appendix E).

3.2 CPV Array Parameters

Triple-junction solar cells can be represented bgingi the
comprehensive equivalent circuit model of threerenir sources connected in
series (Vorsteet al; 2002). However, not all of the required paramsetzan
be readily obtained via field data measurementsfrom a standard
manufacturer’s datasheet. For that reason, theditade model which is a

model that is capable of representing solar PV elsag CPV cells is selected
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for dense-array CPV study (refer to Figure 3.3) Témperature of 55° C that
was measured by a k-type thermocouple is useddnitsimulation for better

modeling accuracy.

Irradiancs

Two-diode

mnode!

Figure 3.3: A representation of triple-junctionaatell that is simplified from
three-current source in series model into a twalgimodel. In this study, an
equivalent of the two-diode model, which is a solegll block in

SimElectronics, Simulink is adopted as the basckbf our dense-array.

The solar cell block in SimElectronics, Simulinképresented by a

single solar cell as current source with two expoiaédiodes, a parallel
resistance R, ), and a series resistandgy). Solar cell blocks are arranged

into subsystems in Simulink to form the required/Gfense-array. The output

current,l, can be represented by equation (3.7), wheyés the solar-induced
current, | , is the saturation current of the first diodg, is the saturation

current of the second diod¥, is the thermal voltagelN, is the diode ideality
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factor of the first diodeN,is the diode ideality factor of the second diode] a

V is the voltage across the solar cell.

=1, 1y (e(V+IRS)/(N1Vt) . 1)_ I, (e(V+|Rs)/(Nz\4) . 1)_ VvV +IR)/R, (3.7)

In Simulink environment, we may choose betweeright-parameter
model where the preceding equation describes thpubwurrent,| as in
equation (3.7), or a five-parameter. Unlike thehejgarameter model, two
simplifying assumption are made, where the firsuagption is that saturation
current of the second diode to have zero in vaned, the second assumption
is that the parallel resistor to have infinite irdpace value. Since the five-
parameter model is sufficiently good to perform aodj analysis with
reasonable accuracy that is successfully verifiethe field test that will be
presented in the later sections, it is chosenterdimulations of this study

(Appendix G).

The five-parameter model is adopted in solar cdticks from

SimeElectronics, and hence the models of solas e parameterized in
terms of short-circuit currentl{.) and open-circuit voltageV(.). Short-

circuit current and open-circuit voltages are batimmon parameters that are
easily available from manufacturers’ datasheet arasored from field

operations. In completing the modeling of the whaémse-array, each CPV

cell's short-circuit current I(s.), open-circuit voltage \(,.), diode ideality

factor (N), series resistanceR ) 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 EMCOREhhefficiency
Concentrating Triple Junction (CTJ) CPV cells dhé&t, graph digitizing
method is used to extract data points fromItMecurves from 50x to 1182x
(Siaw and Chong, 2012). In our work, graph digitigis done through a web-
based WebPIlotDigitizer v2.5 that is able to autacadly follow and acquire
data points from a given high resolution image-wfcurve, in order to extract
digitized current, voltage and solar concentratiformation (refer to Figure
3.4). Before acquirindg-V curve data, the two axis limits are set. Thenadat
points were selectively picked for checking to donf its accuracy to

experimental observation during operation condgioRrom there, data are
transferred into excel spreadsheets, to form caticel equations df., Vi

and solar concentration rati6)( at R value of 0.99 (Figure 3.5).
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Figure 3.4: Current-voltagd-{) curve of triple-junction InGaP/InGaAs/Ge
CPV cells from EMCORE 2008 datasheets, plotted atious solar

concentration levels and temperaturé@5
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From Figure 3.5, a linear relationship is obserfed short-circuit
current short-circuit current with solar concentmatratiofrom 50x to 1182k

whereas open-circuit voltage increases logarithilyicawith solar
concentration ratio. The other electrical paranselike series resistancdz(),

and diode ideality factoN\) are derived from calculation from measuied

curves (Appendix M).

Vee (V)

0 250 500 750 1000 1250

Solar concentration ratio, C

Figure 3.5: From current-voltage measurement dagarelationship of short-

circuit current (¢.) and open-circuit voltagev. ) versus solar concentration

ratio C from 50x to 1182x of EMCORE CTJ solar cells cardbgved

In Figure 3.4, the graph of . versusC is presented in logarithmic

scale, and we can observe that. is gradually increasing as In C rises. We
can express the curve with equation (3.8) to fine value of open-circuit

voltage of a CPV cell, at any solar concentratemtior

Voo @V +N(kT/q)InC (3.8)
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In equation (3.8)N is the effective diode ideality factol, is the
operating temperature in Kelviny2_is the open-circuit voltage when CPV

cell is operating under one sunjs Boltzmann constant arglis the electron
charge. As thd-V curve data are extracted at the temperature ofC25
equation (3.9) and (4.0) can be used to calculateeist and voltage values

when CPV cells are operating at higher temperat{@esng and Siaw, 2012).
For equation (3.9)] . is the operating short-circuit currenty. ;. is short-
circuit current when operating at Standard Testdtmns (STC), K, is a
short-circuit current coefficient provided from theanufacturer datasheet in
AI°C, and finally DT =T - T¢;(°C). As for equation (3.10),V,c; is the
open-circuit voltageV,._ sciS the open-circuit voltage when CPV cells are
operating at STC, anK, is the open-circuit voltage coefficient from the

manufacturer (V/C).

l'sct = lscsrct KDT (3.9)

Vocr =Voc.ste T K,DT (3.10)

With regards to the parameter of diode idealitytdagN), it can be
derived from curve fitting method, using the plotisthe CTJ solar cells at
medium to high concentration ratio in Figure 3.6l aguation (3.8). This
approach is in agreement with the work presente&ihyg et al. (2010) and

Vossieret al. (2012), which pointed out that diode ideality factas triple-

junction CPV cells is close thl = 3. This can be derived froM,. versus
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solar concentration graphs for medium to high catre¢ion ratios. Moreover,
Kinsey et al. (2008) have also highlighted that diwde ideality factor is not
affected by moderate temperature fluctuations. Hedode ideality factor of
N = 3.01 can still be applied in our modeling wheR\Cdense-array is

operating at the temperature of 55°C

& CTh InGaP/InGaks/ Ge

33
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3.1
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29
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1 10 100 1000

Solar concentration ratio, €

Figure 3.6: This graph shows th4j. changes linearly with the logarithm of

solar concentration ratio (1)

3.2.2 Series Resistance

It is generally known that there are two approactnes can extract
series resistanceRg) from solar cells effectively. The first possibjliof
estimating series resistance is from illuminated data, and the second
possibility is by calculation from dark-conditidrv data. In the first case of
illuminated condition, electrons are being generdtemogenously over the
entire solar cell and also being diffused rathembgenously over to its

emitters. Hence, in the illuminated state, thert k@ larger lateral electron

42



flow in the emitter, which results to a more acteingalue of series-resistance
when compared to the series resistance value shatbfained from dark
condition |-V data (Pysclet al, 2007). For better accuracy, the method of
series resistance estimation under illuminated itiemdis used, by analyzing

the slopes of-V curves around the point of open-circuit voltaygJ). In our

study, the series resistance calculation is coeduatcording td-V curves at
varying solar concentration levels, as provided tmwe manufacturer's

datasheet to better characterize the solar cetiarimense-array modeling.

6

5 1 Solar concentration ratio: 321 x Measurement Data

4 Rs=0.10—" \ Rs =00
g J/
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(&) Solar concentration ratio: 50 x \
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0 1 2 3
Voltage (V)

Figure 3.7: This figure shows a comparisonl-& curves between different
series resistance at solar concentration 50x ada 3@ InGaP/InGaAs/Ge

concentrator solar cells (EMCORE, 2008)

Referring to Figure 3.7, it is shown that an insea series resistance
will lower the electrical performance of CPV céhen series resistandg; =

0.1 is applied to both 50x and 321x solar concentnatédio, the electrical
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performance of 321x is more badly affected as coethto thel-V curve of
50x. Besides that, an increase in series resistaogkl change the shapelef
V curve around the “knee”, hence shifting the maxmpower point. It can be
concluded that series resistance’s effect-16 curve is dependent on solar

concentration ratio.

3.2.3 Bypass Diode

Bypass diodes are important for protecting CPVscithm going into
reverse-bias breakdown that may lead to permaranigde. If a solar cell is
shaded or receives lower solar irradiance, as caedp@ other solar cells in
the same array, the bypass diode that is connertegarallel to its
corresponding solar cell in the opposite polantyl] become forward bias.
This will allow array current to pass safely througe CPV cell-bypass diode
set. For an array that is exposed to non-uniforfarsoadiance, bypass diode
becomes very vital in avoiding CPV cells that aeeiiving low irradiation to
become load to the rest of the CPV cells that aweiving high solar
irradiation. The addition of bypass diode creatasaliernate route for the
array current to flow so as the underperforming GRW can be protected. As
current is flowing through a bypass diode, the dturns on and holds its
corresponding solar cell or group of solar cellsatemall negative voltage.
This is desirable because it aids in limiting aastiier drop in the reverse bias

voltage of the dense-array (Karategieal, 2007).
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Figure 3.8: Figures of-V and P-V curves aim to show the variation of
maximum power point, to highlight the importancesefecting bypass diode

parameters for accurate CPV dense-array modeling

In Figure 3.8, different-V and P-V curves are presented for three
bypass diode parameters. As observed, simulatedihmaax output power of
the array can deviate from the real value if patanseof the bypass diode i.e.
forward voltage Yq) as well as turn-on resistanc®) are not properly
predicted. In this study;V andP-V curves for an array of 12 x 4 CPV cells in
Total Cross Tied (TCT) configuration is presented-igure 3.7, using three
sets ofVy and Ry values. In our dense-array, the bypass diode teeldor
application is MBRB4030 Schottky diode from On Seomductor, with

parameters having values\gf= 0.3 V andRy = 0.1 at temperature 55 °C.
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3.3  Temperature Simulation and Measurements

To ensure that the operating temperature of CPWselearray is
operating within the allowable range, a copper bliscprepared in the size of
0.146 m width x 0.180 m length x 0.200 m height anldsequently machined
with multiple water channels. The water channeks @designed to facilitate
water circulation to maintain the solar cells’ teerggure (refer to Figure 3.9).
Before machining of the water channels, temperasurailations are carried
out to verify our copper block design. In the siatidn, concentrated solar
flux distribution is applied into an area of 0.1x10.1 m located at the centre
region of the cooling block. Theoretical modellirgy then conducted with
defined parameters such as solar heat flux inpatemwmass flow rate, and

water inlet temperature (Appendix F).

cooling

block outlet

Figure 3.9: Designed cooling block assembly withewanlet and water outlet
locations at the opposite ends of the assemblys®array is attached to the

cooling block surface using thermal adhesive
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After that, Computational Fluid Dynamic (CFD) pragr via NX6 is
used to perform flow and heat transfer analysithercooling block. For water
flow rate of 0.400 kg/s and water inlet temperafiixed at 3°C, a simulated
temperature distribution on the cooling block can denerated (Siaw and
Chong, 2012). The temperature distribution resgiserated from CFD is

presented in Figure 3.10.

assembly_siml i Selution | Result

Load Case |, Static Step |

Temperoture - Nodol, Scalaor

Min * 2.20Bet00], Max * 4.817et00), C

——  4.917e+001 —

—— 4.68Ze+{0]

——  4,466e+00]
—— 4.240e+00|
—— 4.014e+00]
2.78Be+001
2.563e+001
3.337e+001
2.111e+001
2.885e+001
2.659e+001

2.433¢ *Ofil
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Figure 3.10: This screen shot is a CFD temperatiis&ibution results on
CPV dense array at water flow rate of 0.400 kgt iatet temperature 3.
It is observed that the maximum temperature onaserfis 49.17C, at the

cooling block centre region

For a large CPV dense-array, each cell is locatatifferent positions

on the cooling block, and therefore each solar iseiperating at a slightly

different localized temperature. In order to obtthe individual solar cell’s
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CFD simulated temperature, every CPV cell's cemiaint coordinate is
determined and its corresponding temperature vialoecorded. In addition to
that, the thermal resistance from cooling blociC®V cell is also important
and has to be considered. The total thermal resista this study consists of
materials like Arctic Silver thermal adhesive, ceppayer in DBC substrate,
alumina layer in DBC substrate, solder, and CPV. éeschematic drawing of

the entire material stack is showed in Figure 3.11.

LU iQdiiii

Figure 3.11: This figure shows the cross-sectiainalving of materials stack
for the calculation of CPV cell temperature: satatl’'s surface temperature
can be derived from the measured temperature usitype thermocouple

which is located at 2.0 mm from the front surfateamling block

To derive solar cell temperaturé.(, ), a calculation is performed by

getting the measured temperature from k-type theomple that is located 2.0
mm from the cooling block’s upper surface. The mialr conductivity of all
the materials is listed in Table 3.4. From thedabhe total thermal resistance

of the stack from CPV cell to the measurement pisidt22 x 10 Km?W™.
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Table 3.1: All of the materials’ thickness, therntainductivity and thermal

resistance values used for CPV cell temperaturilzdion are listed below

Material Material Thermal Thermal

Thickness,|  conductivity,k.  resistanceRy,

(mm) (Wm'K™ (Km?W™
CPV Cell 0.20 55 3.64 x 10
Solder 0.15 50 3.00 x 10
DBC, top copper layer 0.30 400 7.50 x 10
DBC, alumina layer 0.38 24 1.58 x 10
DBC, bottom copper layer 0.30 400 7.50 x 10
Thermal adhesive 0.10 7.5 1.33x 10
Copper layer from 2.00 400 5.00 x 1
thermocouple location to
cooling block surface
Rt 4.22 x 10

To calculate CPV cell temperature, the followingiaiipns are applied

(Peharz et al., 2011). In equation (3.15) and equi8.16), P, ,, represents

the solar power input received by CPV assemlfty,, is the electrical
conversion efficiency of the dense-array assenflyrepresents the total

mirror area which reflects solar flux to the targétNIPC,A, is the total
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active area of dense-array assemAly,. is the total image area of
concentrated sunlight on the cooling blodk, is the temperature of cooling

block, andR, is the total thermal resistance from cooling bleziCPV cell.

I::’CPV,in :hCPV ’ DNI ’ A\ ’ (ACPV /A1mage) (315)

Tepv = Pepvin Rt (1/ ACPV), (1' hCPV)+TCB (3.16)

The total thermal resistance from cooling blockGBV cell (R.,)

consists of the these materials: copper (coolingk)l Arctic Silver thermal
adhesive, bottom copper layer of DBC substratemala layer of DBC
substrate, top copper layer of DBC substrate, spided CPV cell that can be

computed with equation (3.17).

Rtot = I:\)CPV + Rsolder+ RDBC-copper+ RDBC-aIumina+ RDBC-copper+ Rarctic silvert F\)copper

(3.17)
on condition that,

Repv =1 cpv /kcpy (3.18)
Rsolder = IsoldefKsolder (3.19)
Rpec-copper= | bBC-coppefKpBC-copper (3.20)
R pec-alumina= |pc-aumindKosc-alumina (3.21)
Rarctic silver= larctic silvefKarctic silver (3.22)
Reopper= | coppefKcopper (3.23)
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whereby lcpy, Isoides |bBc-copper IpBc-alumina larctic sives @nd leopper are the
thicknesses of the individual materials at 0.2 rArt mm, 0.3 mm, 0.38 mm,
0.1 mm and 2.0 mm respectivekepy, Ksoides K pec-copper K pBC-alumina Karctic
siver, and Keopper are referred as the thermal conductivity of thdiviual
materials with the values of 55 W™, 50 Wm*K™, 400 wmK™?, 24
wmK™, 7.5 Wm*K™?, 400 Wwm*K™ respectively, as presented by Luque
and Andreev (2007). By substituting all the vali® equation (3.16), it is
possible to calculate the temperature at the seirfhcCPV dense-array. This
temperature value is applied into our FPM modediagvell as detailed Matlab

modeling to achieve more precise simulation results

3.4 Dense-array Modeling

There are several stages of dense-array modelinththe first stage is
a simple combination of CPV cell and bypass didd@ur modeling of dense-
array, this combination set is the lowest layeswb-system (Figure 3.12). In
the second stage, full connection of forty-eighb-systems is simulated,
where each one is labelled from C1 until C48. Thayaof subsystems are
connected together according to interconnectiomgdet® form a circuit that

represents a CPV dense-array (refer to Figure 3.13)
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Figure 3.12: The first stage modeling is also thaest layer of sub-system
modeling, and it consists of a CPV cell and byghsde each. As an example,

an array consisting 24 x 4 cells would have tweight sub-systems

In the last stage of dense-array modeling is ptesein Figure 3.14,
where the manner of computingv and P-V data is summarized in block
diagrams. All lower stages of array modeling, fiiest stage and second stage,
are masked as a representative sub-system of ‘@RY &lock. Now that the
three stages are completed, our model is readgdimputer simulation with a
designated simulation time that typically affedts/ curve resolution.
Generated results, such as array current, voltageoatput power are stored
in a workspace in Matlab which can be later exmbrte excel for more
thorough analysis. Figure 3.15 depicts a flow charxplain on the step-by-
step procedure of modeling and simulation approectsSimulink. Upon

completion of simulation, the severity of each dmtion’s mismatch
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design to form a complete array
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Figure 3.14: In the final stage of Simulink implemtetion, all lower stages of

array modeling,

representative sub-system of ‘CPV array’

!

Run simulation to calculate data
points and plot /-V and P-V curves

!

exported to Excel for further analysis

Data generated and stored in Matlab workspace is

i.e. first stage and second stage masked as a

Figure 3.15: A flow chart that explains the flow dénse-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 desidairly complex
and requires a strategic approach in order natlfoan the conventional trial-
and-error practice. Usually, a dense-array desgymather dependent on a
designer’s experience to come up with the initegign. After the first design
estimation, comprehensive and detailed design treisarried out to examine
preliminary results. According to Arora (2004) thie preliminary results are
unsatisfactory, the first design is rejected anther trial designs are started
from the initial design stage again. Finally, &k ttrial designs are analyzed to
find the best design with the highest output powdre best design is later
checked and verified through experimental resililte conventional approach
is exhaustive and time-consuming in finding a goedse-array design that

suits a solar concentrator system.

In this study, a novel fast-prediction method (FPMat is both
systematic and reasonably accurate is proposedpiace the conventional
method of trial-and-error that typically depends egstem designer’'s
familiarity, intuition, and mathematical analysiapability. In Figure 3.16, a
flow chart demonstrates the complete design prodess start until a
satisfactory and optimized CPV dense-array desachieved. In addition to
that, four stages of the newly proposed FPM apprdac optimizing dense-
array interconnection design to achieve the bedbopeance are presented in

Figure 3.17.
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Figure 3.16: This flowchart shows a systematic eoohplete fast prediction
method (FPM) as a novel approach to replace theestional method in CPV

dense-array design

Figure 3.17: A detailed stage-by-stage descriptibat explains the

methodology of the proposed four stages of novél FP
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3.5 Prototype of Non-imaging Planar Concentrator

As presented in Figure 3.20, a dense-array destggng with solar
flux distribution measurement of a solar conceptré& understand its optical
characteristics. For this study, an NIPC prototiis was constructed within
the compounds of Universiti Tunku Abdul Rahman (WR)Aat 3.22° North,
101.73° East is selected (Chong and Tan, 2012k Tancentrator utilizes
azimuth-elevation sun-tracking method, and itsrag#on is driven by some
stepper motors connected to worm gear reducer ép lend maintain the
position of the concentrator throughout the daydiithet al, 2009; Chong

and Wong, 2011).

Aluminium is selected as the material of structdraine to ensure that
the whole solar concentrator is light which camrdatllow low power stepper
motors to be used for installation on the NIPC @ngie. A Windows-based
program that is implemented in Microsoft Visual Baget environment was
developed for sun-tracking purposes (Appendix A)isTcomputer program
can automatically control sun-tracking mechanisnctoeding to the day
number, local time, time zone, and coordinate efglte installation (latitude
and longitude). By applying the aforementionedapaaters, the computer
program is able to calculate both azimuth and d¢levaangles of the sun and
hence can trigger stepper motors to drive the NdBrentrator frame to the
correct orientation (Chong and Wong, 2011). Sifeedpparent sun position
varies with time throughout the day, a computertioolously sends signals

through parallel port to a driver to manoeuvre thentation of solar
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concentrator frame about the azimuth and elevati@s to maintain accurate

tracking position (Appendix B and C).

The concentrator frame is installed with 192 onirsets that are pre-
aligned individually to focus sunlight to the reei target for producing
reasonably high solar concentration levels. Refgriio Figure 3.18, three
outer rings of mirror and some mirror sets at thate region of the NIPC
were taken out from this study due to serious blagkssues between mirrors
and shading caused by the receiver target setwgt.dia not least, a copper
cooling block is installed at the target receiver the purpose of optical

alignment as well as solar flux distribution inugation.

Figure 3.18: A prototype of non-imaging planar camtcator that was installed

within the Setapak campus of University Tunku AbRahman (UTAR)
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3.6 Measurement of Solar Flux Distribution

It is necessary to carry out solar flux distribatimeasurement at the
concentrator receiver target, after the completidnoptical alignment of
mirror sets at any solar concentrator. Hence, aialhe designed optical
scanner is installed on the concentrator receasgyet for retrieving 2-D solar
flux distribution by scanning along the column diren during operation. The
optical scanner consists of a row of triple-junaticells (InGaP/InGaAs/Ge)
that is 1.0 cm x 1.0 cm in dimension each, whicbfisimilar size with the

CPV cells of the dense-array.

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

scanner together with its circuit diagram
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Full device setup information of the optical scanrfeve been
discussed by previous publications in Chataal. (2011) as well as Chong
and Yew (2011), with the exception that the senamed earlier were
photodiodes with lower limit of irradiance levelathis not suitable for
applications in solar concentrators (refer to Feg8rl9). During sun-tracking,
measurements of solar flux-distribution were aceghins the image is well
focused at the target receiver, as well as duriiigracking condition of as
much as 2.94 mrad which is 5.0 mm for this systéhe high speed scanning
device operates at about 5 seconds across thet ta@geiver, to acquire
concentrated solar flux distribution with a fullvesage area of 95 cm x 98
cm. The measurements data are then exported it &x be correlated to

absolute solar irradiation levels (Figure 3.20).

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

Figure 3.20: The solar concentration ratio at e@étV cell location can be
determined by referring to measured solar fluxritigtion information that
was measured at the receiver target. Two typesluf distributions are
considered for this study, namely (a) Array arranget A, with solar flux

distribution A, and (b) Array arrangement B, withlag flux distribution B

In Figure 3.20 (a), the corner cells are subjectedery low solar
concentration ratio mainly due to solar disc efféat array current will follow
the lowest performing CPV cell’s current in a ssfi®nnected assembly, the
cells at the corner contribute to greater currergnmatch that causes power
losses. Therefore, by omitting the corner cellsttdbeoverall dense-array
performance may be achieved due to current mismatdhction. To analyze
and compare the performance of dense-array wittaftdy of CPV cells and

without corner CPV cells, two different CPV arraydut are considered in,
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namely (a) Array arrangement A, with solar fluxtdisution A, and (b) Array

arrangement B, with solar flux distribution B (Figu3.20).

3.7 Development of FPM

Once solar flux distribution measurement is congaletve continue to
the second process which is estimating initial deagay design. In this
process, a novel approach is introduced to formaufdtial design through the
implementation of three point method (TPM)/ curve (Appendix [). The
TPM approach is simplistic, fast, and useful fog #pplication in any solar
concentrator system. Fundamentally, the TPWicurve aims to predict and
approximate the nonlined+V curve of a CPV cell by means of three critical
points (refer to Figure 3.21). For stage 1 of thewly proposed TPM
prediction procesd;V curve of every solar cell is represented by thraiatp
which are (0,lsg, (Vmp ls) and ¥, 0). These three points consists of
parameters of the short-circuit current, open-direoltage, and the voltage at
maximum power point. Referring to Figure 3.21, diference in current | is
very small because the current of maximum powentpi,)) is very close
(97% to 98%) to short-circuit currenksd. Therefore, we approximate the
maximum power point atp, Is¢) in preference to\Vmp, Imp). The motivation
of this approach is to produce a fairly precise rapimnation model with
reduced electrical parameters to reduce compuitimg. t~or large dense-array
that hasx rows andy columns of solar cells, the location of each CRY is

denoted by5, yin a TCT connection, as presented in Figure 3.22.a€curate
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prediction of dense-arrdyV curve, solar concentration rati@)( of all CPV
cells in the array are prerequisite to retrievaesponding parameters likg,

Voc, andVimp The retrieved parameters are saved in three diffenatrix files

in Matlab for sorting.

Figure 3.21: This graph demonstrates the basicipta of a TPM prediction

model (black line) that aims to represent a noaliie/ curve (red line) with

three critical points, namely (B, (Vmp, Is9 and Vo, 0)
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Figure 3.22: A general CPV dense-array layout imssembly ok rows andy

columns of solar cells

3.7.1 Determining All Configurations

In FPM modeling, all solar cells that are withinbasic module are
considered to be parallel-connected; while the eotion between basic
modules to basic modules is considered to be seolesected. To determine
all possibilities of dense-array configurations tirocess is initiated through
checking the quantity of solar cells that are pnese the corresponding row.

The number of cells that are in a basic modpjecén be determined using the

equation below (Appendix J):

P = Neen /d (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.), whiNigy represents the total
guantity of solar cells per row. In our analysislyointeger whole numbers of
cells are accepted to be used in a basic moduke sitfallest allowable value
of pis 1 in a basic module with only one CPV cell. Toandition ofp = 1 is

the smallest basic module size.

Referring to Figure 3.20 (a), the array consistsigfequal rows with
eight solar cells per row. By applying equationl(3, every possible basic
module size for different array configurations ¢ecomputed. In Table 3.2,
all values ofp are listed to illustrate the different possibégi of basic
modules. From the subsequent table, it can be widehat the solar cells in
region B1 can be connected in four different patatbnfigurations of basic
module which are, six solar cells in paralleki;(= 6), three solar cells in
parallel g1 = 3), two solar cells in parallepg; = 2) and just one solar cell in a
basic module gg1 = 1). On the other hand, array arrangement A has equal
number of cells in all six rows throughout the gramd hence, the values pf

are the same.

As flux distribution A shows equal quantity of sotzells in each row,
series connection for this distribution is strafghtvard which are 48 x 1 cells
(p=1), 24 x 2 cellsg= 2), 12 x 4 cellsg= 4), and 6 x 8 cellgp(= 8). With
these configurations, we can proceed -4 curve prediction. Nevertheless,
flux distribution B consists of region B1 and regiB2 with different number

of cells in both regions (Figure 3.20 (b)). Therefove recommend breaking
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the array of flux distribution B into two groupsrfturther processing. In the
first group in region 1, which is the top and baoitoow, there are six solar
cells per row. In the second group, which consi$teows that are located at
the center of the array, each row consists of aigh$. By applying the nodes
method (presented in Figure 3.23), it is found thate are as much as sixteen

possibilities of configurations for the array imxldistribution B.

Table 3.2: The quantities of solar cells in a basaxiule p) for two regions in

flux distribution B are listed down in this table

Integer ¢) Pe1 = Neen / d P2 = Neen/ d
(In region B1Ncej = 6) (In region B2Ncej = 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 thmayaof flux distribution B,

as much as sixteen possible configurations aredfoun

3.7.2 Predictingl-V Characteristics

In this section, the flow of dense-arr&y¥ curve prediction will be
explained. As presented in the flow chart of Fig8r24, the process starts
with initialization of counting parameters that Wile used for the entire
algorithm. Based on the computpdnew parameter values like short-circuit
currentlsc-moduid, Module open-circuivoltage Voc-modud and module voltage

at maximum power poinMyp-modug Can be calculated in the sequence of row-

67



by-row until the whole array is covered (Figure3.2The equations that are
used to calculate the module parameters are peskenthe flowchart below,
whereby X, y) represents the position of CPV cell at théh row andy-th
column (see Figure 3.2, represents the total number of rows &Rgumn

represents the total number of columns in the array

Figure 3.24: This flowchart depicts a method ofugiag short-circuit current

(Isc), open-circuit voltageMyc), and voltage at maximum power poikff)
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In the next process, sorting will be conducted tbe modules
parameters likelsc.module aNd Voc-module Of the whole dense-array, based on
decreasing order dfc.module UpOn sorting, the module with the highest value
Of lsc-modulelS reassigned tbsc.modulen At the same time module open-circuit
voltage and module voltage at maximum power poigt reassigned t¥yc.
module,n 8Nd Vinp-modute,nf€Spectively. In the new designationsymbolizes the
total quantity of basic modules in the array. Irdiidn to that, it is also
assumed that each basic module is well protectédd avbypass diode that is
connected in parallel to the said module in theosfip polarity. By having
this configuration, if a basic module is experiemgcilower solar flux
distribution, a bypass diode will become forwarddgd to allow array current
to safely pass through the circuit. As the arrayrent flows through the
bypass diode, it will turn on while holding its oesponding solar cell or
group of solar cells to a small negative voltag thill prevent further reverse
bias in the array voltage. In equation (3.12), iethod of calculating bypass

diode forward voltage\y ) is shown.

Vian=(n-1) xVy (3.12)

In the equation aboven also denotes the total number of series-
connected basic module in a CPV array. It shoulddied thatsc-moguig is the
lowest in the series string in the case whers 1 andVy; = 0. Last but not
least, the array open-circuit voltage as well asdlray short-circuit current
are calculated. In the short-circuit condition,agrrcurrent has the highest

current value when array voltage is zerol{Qaray); While in the open-circuit
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condition, array current has the lowest currentugabf zero when array

voltage is Voc-aray 0), as displayed in equation (3.13).

Voc-array= i§1 Voc-module,i (3.13)

Figure 3.25: An example of-V curve prediction of two series-connected
strings in an arrayn(= 2), with the critical points (in black dots) tife new

approximation methodology (black line)

In the figure above, an examplele¥ curve of a full CPV array with
two modules is presented (refer to Figure 3.25)g@&bthe maximum power,
the resultant output power at each critical pomtthe array is calculated

simply by multiplying the voltage to its currentlva. Nevertheless, it is
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observed that location of maximum power poiRkd of a well-designed
dense-array with negligible current mismatch tyjycappears around the
‘knee’ point {1, 11). To illustrate a bigger dense-array that has nsenges-
connected modules, anotheN prediction curve showing critical points is
depicted in Figure 3.26. In a very large denseyawdh even more series-
connected modules, some critical points may lietha negative voltage
region. In these casegaxis will be readjusted whilkc.arayiS reviewed to the
array current value that crosses thaxis instead of using highest current

value (see Figure 3.27).

Figure 3.26: Thid-V prediction curve of a string of modules shows save

critical points ofn series-connected basic modules in a dense-array
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In the fourth stage of FPM (see Figure 3.17) th&t benfiguration that
produces the highest performance is determinede,Hdgtailed analysis is
conducted to discover the best dense-array deguiono One important
evaluation criterion when deciding the dense-aiiragial design is power

density (equation 3.14).

Power density P,/ [total cells in dense-array] (3.14)

Figure 3.27: In the event that some critical poiafgpear in the negative
voltage region, realignment gfaxis is performed, and at the same tige

array IS revised to the current value that crossesxise a

72



3.8  Assembly Process of Dense-Array

The assembly process of dense-array that incluttesgfCTJ solar
cells into basic modules, and then completing thelevset of array by putting
together all basic modules is a very critical amdicdte process that needs
careful planning. The interconnect design not ohigve to take into
consideration of CPV cell dimensions, machinergrtahces and limitations
also has to be taken into account while not jedpengl overall electrical
performance. As CPV cells are much thinner in theds than flat-plat
photovoltaic (PV) cells, they are very delicate drahce require low-impact

handling and stringent heat dissipation requirement

Before starting the assembly process, solar ceBting and
classification must be considered so that sorting grouping of good cells
from not-up-to-par CPV cells can be conducted. Bs3éy, an
underperforming solar cell within a series conngetgay will limit the output
current and bring down the power generation cajpalof the whole array.
Nevertheless, this limitation can be curbed by @eging good solar cells
with similar electrical characteristics so that miedmismatch is minimized.
In our study, bare CPV cells were sorted baseld\wourves monitoring when
exposed under illumination as well as under darkddmn using the

established Keithley 4200-SCS semiconductor chariaetion system.
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Next, pre-selected CPV cells are attached ontoldDBaC substrates to
form individual module through solder reflow prosedhe solder reflow
process that is chosen for dense-array offers lo-gontent bonding in
addition to excellent thermal conductivity betwetne solar cells and the
substrates. This project uses Curamik DBC substthtg consist of a ceramic
isolator (material AIO3) that is sandwiched in the middle of two copper
sheets. The mentioned DBC substrates are suitabldiflh concentration
CPV application due to many factors such as itk tigermal conductivity at
24 Wni'K™, high voltage isolation, and adjusted coefficiait thermal
expansion. To prevent CPV modules from sufferingrdpmt issues, X-ray
scanning is scheduled and conducted on every CPYulmoThe modules
with minimal voids are chosen for further assemityk to group them into a

large dense-array (Figure 3.28)

Then, Arctic Silver thermal adhesive is selected applied thinly
with thickness 0.1 mm, to attach a basic modulat(donsists of two solar
cells in parallel) onto a copper cooling block. doe the thermal adhesive, a
small pressure is pressed onto the basic modulapioroximately 5 minutes.
This method is preferred as compared to heat cumaoguse of its simplicity
and ease of rework if there is a need to do modaklrangement or
replacement of non-performing modules. Upon conuntebf the thermal
adhesive process, ribbon-bonding process beginsth®rfront-side of the
triple-junction solar cell, bus bar contact is cected using 1 mil x 10 mil
aluminium ribbons to the next basic module’s DBCpmer layer. The

mentioned DBC copper layer is electrically isolatedhe preceding module
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to form a series connection. Last but not leaspabg diodes and electrical
cables are affixed to the assemble using eledyicanductive epoxy that

cures under room temperature.

Figure 3.28: The assembly processes of fabricati@fV dense-array
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CHAPTER 4

RESULTS AND DISCUSSION

4.1  Theoretical and Experimental Results

The theoretical and experimental results can bigleti into four parts
which is the optical analysis, temperature analyaislysis of CPV dense-
array using the FPM simulation method as well asmgusomprehensive
Simulink simulations. With the outcome from thearet study, the most
optimal dense-array design is selected for implgatem in NIPC

concentrator system.

4.2  Optical Analysis

To evaluate the planar concentrator's performante major
considerations that require detailed study arer smacentration ratio and the
uniformity of solar flux distribution on the condeator’s receiver target. In
this study, solar flux distribution at the receiarthe NIPC is simulated via
varying thef /D ratio, wherebyf is defined as the focal distance aDdis
defined as the reflector width of the solar cong@Ent. Simulation results
presented in this research are basetl/Drratio because this approach enables

generalization of the results to any concentrats or ease of reference.
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In the following sections, optical analysis of md@& concentrator has
comprising cases such as 17x17, 19x19, 21x21, 23xu&825x25 arrays of
mirrors are presented in Table 4.1. In the afordioeed table, the facet
mirror's dimension as well as the total reflectpeints per facet mirror are
selected based on the total reflective area o$tler concentrator and the area
of reflective element (point) remained almost ideaitfor the different cases.
With the exception of the mirror that is locatedtla¢ center of the solar
concentrator, the total number of mirrors for tlases 17x17, 19x19, 21x21,
23x23, and 25x25 arrays of mirrors are 288, 360, £28, and 624 pieces

respectively, while total reflective area is fix@dapproximately 4.4 fn

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

cases of 17x17, 19x19, 21x21, 23x23, and 25x2ysaafmirrors

Array of Dimension of facet Total reflective points
mirrors mirror (W x W), in cnf per facet mirror$x S
17 x 17 12.0x12.3 79 %79

19 x 19 11.0x 11.0 71x71

21 x 21 10.0 x10.0 65 x 65

23 x 23 9.1x9.1 59 x59

25 x 25 84x84 55 x 55
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Figure 4.1: Simulation results are presented fer ¢ase of 21 x 21 mirror
array with focal distance at 170 cm, displayedyia means, namely in (a) 3-D

plot of solar flux distribution, and (b) 2-D plot solar flux distribution

From the solar flux distribution results plotted Figures 4.1(a) and
4.1(b), 3-D and 2-D plots can be observed for #seof 21x21 mirror array
with focal distance at 170 cm. In our study, themsanethodology has been
repeated for each case, i.e. 17x17, 19x19, 21X2422, and 25x25 arrays of
mirrors, in order to compile simulated flux distition results for different
focal lengths fj which is from the range df= 100 cm tof = 300 cm which

corresponds to a changefihD ratio from 0.4545 to 0.3636 with a small step
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of increment each time. For referencing purposernex0 cm increment is
equivalent to an increment of 0.04545. It was olesgthat all of the results in
each case showed similar characteristics as cabssrved from Figure 4.1,
whereby the figure’s top area at the central regibthe flux distribution is

consistently flat. In our research the central aagivhere solar concentration
ratio is found to be rather constant is referredgainiform illumination area

(Chonget al, 2010).

Figure 4.2: The relationship between average smacentration ratio in the
region of uniform illumination area and the peregye of total energy in the
uniform area againdt/D ratio is presented for the case of 21 x 21 arfay o

facet mirrors

As observed from Figure 4.2, increasing focatiagise can increase the

average solar concentration ratio in the unifodomination area of the solar

flux distribution, but the percentage of energyumform area will often be
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sacrificed. For that reason, a trade-off betweeratferage solar concentration
ratio within the uniform illumination area and tte#al energy harnessed in the
uniform illumination area has to be pursued, sot@sobtain the best

concentrator performance.

For more detailed investigation, receiver size fileed and two
parameters of the solar flux distribution are sibed, namely spillage loss
and lowest solar concentration ratio at the receddge. This is an important
part of our study, especially for optimizing theeeser size via considerations
of both spillage loss and the variation of solaxftlistribution. Spillage loss is
simply defined as the percentage of solar irragiatihat falls beyond the
boundary of the receiver target. The lowest sotarcentration ratio at the
receiver edge is consistently equivalent to theelstvsolar concentration ratio
within the receiver boundary. Hence, the variatbrsolar flux distribution is
the difference between the maximum and the minimiewel of solar
concentration ratio that falls within the receivarget boundary, which can be

calculated in percentage.

The spillage loss (black solid line), and its esponding lowest solar
concentration ratio at the receiver edge (blackedotine) versus square
receiver size is plotted from the size of 6 cm3acin and the results for cases
of 17x17, 19x19, 21x21, 23x23, and 25x25 arraysfagkt mirrors are
presented in Figure 4.3. The focal distances tha¢ ibeen considered are 120
cm, 170 cm, and 230 cm. From analysis it was olesefiom plotted graphs

that the spillage loss curves for the three difiefecal distances do not differ
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much from each other (Chorgt al, 2010). This is especially true for the
curves of focal distances 120 cm and 170 cm, asehats are very similar

with minimal deviation.

The largest receiver size that is able to reasgrailect uniform solar
flux distribution with less than 5% of deviation flux distribution, with its
corresponding spillage loss for different arraysfatet mirrors and focal
distances 120 cm, 170 cm and 230 cm are as follbatsthe case of mirror
array configuration in 17x17, the optimised recesiges (spillage losses) are
11.25 cm (30.1%), 11.00 cm (27.9%), and 10.50 c&1@®). Next, for the
case of mirror array configuration in 19x19 arranget, the optimised
receiver sizes (spillage losses) are 10.00 cm ¢3)).9.75 cm (31.40%), and
9.25 cm (34.70%) for the focal distance of 120 dW0 cm and 230 cm,
respectively. As for the case of 21x21 mirror arregnfiguration, the
optimised receiver sizes (spillage losses) are @B0 (32.0%), 8.75 cm
(33.5%) as well as 8.25 cm (37.2%) for the focatatice of 120 cm, 170 cm
and 230 cm, respectively (Figure 4.3). In the cade mirror array
configuration in 23x23, the optimised receiver siggpillage losses) are 8.00
cm (35.2%), 7.75 cm (37.3%), and 7.25 cm (41.6%})He focal distances of
120 cm, 170 cm, and 230 cm respectively. Last loitleast, in the case of
mirror configuration of 25x25, the optimised rea@isizes (spillage losses)
are 7.25 cm (38.4%), 7.00 cm (37.7%) and 6.75 cth4@s) 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 ofefamirrors, (b) 19x19 array
of facet mirrors, (c) 21x21 array of facet mirrofd) 23x23 array of facet
mirrors and (e) 25x25 array of facet mirrors toresgnt the relationship
between spillage loss (black solid line) and theresponding lowest solar
concentration ratio value detected at the receddge (black dotted line),
versus square receiver size for focal distanceshaat 120 cm, 170 cm and

230 cm
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The analysis mentioned above can also help in fitenzation of
receiver size and total energy collected, provideat higher tolerance of
uniformity in the solar flux distribution is perrted. From our analysis, the
average uniform solar radiation of the three falialances for 17x17 array of
facet mirrors is approximately 275 suns; the umif@olar concentration for
19x19 array of facet mirrors is approximately 32k the uniform solar
concentration for 21x21 array of facet mirrors ppr@ximately 400 suns; the
uniform solar concentration for 23x23 array of taggrrors is approximately
475 suns; and the uniform solar concentration %125 array of facet mirrors

is approximately 550 suns.

One key parameter that influenced the selectiorarody of facet
mirrors is the characteristics of the CPV cell. gkesented in Figure 2.1, it is
possible to observe the relationship between efiiy and solar concentration
for EMCORE triple-junction CTJ cell. From the Figuefficiency of the CPV
cell increases from 1 sun and slowly peaks from @&t — 500 suns, until it
finally reaches the highest efficiency of 38% ab %Qins. After that point, the
efficiency of the mentioned CPV cell drops consaldy. Considering this
factor, the array of facet mirrors that are ableperate within the reasonably
high efficiency range are 21x21 array and 23x23ayarNevertheless, if we
consider the factor of spillage loss and to lihtbibe within 35%, the optimal
receiver size (spillage losses) would be in thee qafs21x21 array the 9 cm
(32.0%), and 8.75 cm (33.5%) for the focal distantd20 cm and 170 cm

respectively. The final selection of receiver simuld typically be influenced
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by CPV array design. In the case of 23x23 arrag,dbillage losses for the

different focal distances are all above 35% and&emt further considered.

Furthermore if we analyse from Figure 4.3 (c) whjmlesented the
case of 21x21 array with a focal distance of 170 itroan be observed that
8.75 cm is the largest receiver size to contaireasonably uniform solar
irradiation with 2.5% of variation in flux distriltion (solar concentration ratio
changes from 383 suns to 393 suns) and spillagedb83.5%. In the case
when the size of receiver is increased to 9.5 bmJdwest solar concentration
ratio will be lower at 289 suns while spillage lasseduced to 21.6%. This
demonstrates that even though the variation of digkribution has increased
to 26.5% (solar concentration ratio changes frorf® &8ns to 393 suns), the
collectable energy is enhanced to 78.4%. As a casgg if the size of
receiver is further increased to 10.25cm, variaiiorsolar flux distribution
will be greater at 59.3% and solar concentratidio rat the receiver edge at
160 suns. Nevertheless, the spillage loss is furthmimized to become
11.7%. Hence, tolerance in the variation of flustdbution also influences

spillage loss of the concentrator system.
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Figure 4.4: A figure showing the relationship betwesolar concentration
ratio and the different distance of off-axis angles O deg, 0.2 deg, 0.6 deg,

and 1.0 deg fof= 170 cm in the 21 x 21 mirror array configuration

4.2.1 Off-axis Aberration Effects

In this section, off-axis aberration effects te #olar flux distribution
due to sun-tracking error is analysed by changimg $imulation off-axis
angles from the range of 0 deg - 1 deg (Figure 4.4). Téktionship
between the variation of solar flux distributioorn the centre of receiver and
focal distances at 100 cm to 300 cm is presented $00.6 deg as well as=
1.0 deg (Figure 4.5). The graph in Figure 4.5 iat#is that the variation from
the centre of target receiver is rather linearlypartional 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 centf receiver against

focal distance for the off-axis angles of 0.6 degvell as 1.0 deg

The three characteristics of solar flux distribotidue to sun-tracking
error are reviewed, in terms of spillage loss, oaifermity, and total
acceptance angle, to ensure that the level of danmdlicted by sun-tracking
error is within acceptable levels. Referring to Uf@g 4.6, the changes in
spillage loss according to receiver size with offsaangles at 0.0 deg, 0.2 deg,
0.4 deg, 0.6 deg, 0.8 deg, and 1.0 deg is presemtdng 9.5 cm as the
receiver size, spillage loss has increased sulstgrfrom 21.6% when =
0.0 deg to 23.5% when= 0.2 deg, to 28.2% when= 0.4 deg, to 34.1% =
0.6 deg, to 40.0% when= 0.8 deg, and lastly to as much as 45.9% when
1.0 deg (Chonget al, 2010). From the upwards trend in spillage losg th
listed above, sun-tracking accuracy is a veryaditparameter to manage so

that the resultant spillage loss is within a minimange, to enable good
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performance of a solar concentrator as the systankd the sun position

throughout the day.

Figure 4.6: A graph to present spillage loss versasiver size for a variation
of different off-axis angles such as= 0.0 deg, 0.2 deg, 0.4 deg, 0.6 deg, 0.8

deg, and 1.0 deg when focal distaheel70 cm

To further analyse the effects of sun-tracking retconon-uniformity
of solar flux distribution, an imaginary boundarytiwthe size of 8.56 x 8.56
cn? is defined to contain the maximum size of unifdtmmination area at
zero tracking error. For the off-axis angle of @€g to 1.0 deg, the flux
distribution from zero tracking error will shift ay from the centre of the
aforementioned defined boundary and the solar cdradeon ratio at the edge
of the boundary will decrease. According to thephraresented in Figure 4.7,

the seriousness of non-uniformity can be checkedaarantified, by referring
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to solar flux distribution variation across off-axangle of 0.0 deg to 1.0 deg

for 21 x 21 array of facet mirrors and focal dis@h= 170 cm.

Figure 4.7: A graph showing the variation of fluistdbution due to sun-
tracking error, that is within a defined boundargaaof 8.56 x 8.56 cmwith
regards to different off-axis angles ranging frofd 8eg to 1.0 deg simulated

at 0.1 deg increment, and focal distahed70 cm

Next, it is of interest to find the maximum allowakangular error,
while still maintaining the collected energy almosptnstant. Here, the
acceptance angle of the NIPC is defined as a rahgdlowable angles with
the condition that less than 5% of energy losslmamaused by sun tracking
error as compared to zero tracking error. A figigpresentation to show the

percentage of energy that is within the defineda210.54 x 10.54 cfras
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compared to ideal tracking with no error acrossasit angle from -1.0 deg to

1.0 deg is plotted for easy reference (Figure 4.8).

Figure 4.8: This figure shows a comparison of idesdking (no error) versus
off-axis tracking for -1.0 deg to 1.0 deg, andeffect to the percentage of

energy that falls in the defined area 10.54 x HOciHf, atf = 170 cm

In this study, the defined area of 10.54 x 10.54 ésndetermined
based on common practise in optics known as fullthvat half maximum
(FWHM), which means that solar concentration radipothe edge of the
defined area is half of the maximum solar conceiomaration. Based on
results in Figure 3.10, the energy that lies witthia receiver at the off-axis
angles of £ 0.1 deg, + 0.2 deg, = 0.3 deg, + Og! 6.5 deg, and + 0.6 deg

are found to be 99.21%, 96.98%, 93.81%, 90.33%8186.and 83.29 %,
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correspondingly. As a benchmark, the acceptancdeapigthe NIPC that

allows at least 95% of energy is 0.48 deg (Figud. 4

4.3 FPM Simulation Analysis

In Table 4.2, a list of simulatedV curve results from FPM approach
is showed for both A and B flux distributions. Rra@olumn ofPy, (refer to
Table 4.2) a comparison among all simulations hasecaled that the
maximum output power from simulation 4 and simwlat6 are the highest
among all other configurations. Seeing that botlsinfulation 4 and 6 yields
the same output power, further analysis is necgssadetermine the best
configuration. It is worthy to highlight that althgh fill factor (FF) is typically
used for performance evaluation of single solat, celdoes not apply for
dense-array solar cells that Hag curve with several current mismatch steps.
Even though FF generally depends on the seriesshuadt resistance of the
solar cells in a module to relatively reflect theatity of module performance,
the FF does not consider the existence of revaesedteps and therefore this
parameter is not useful for evaluating the quatifyarray I-V curve that
comprises current mismatched cells (Vorsteral, 2002; Vorster and Dyk,
2005). Moreover, array-current isn’'t precisely det@ed from the FPM

process when there is serious current mismatdeircircuit.

In power density column of Table 4.2 (far right woln), the power

density from simulation 6 is 2.58 W/cell and isleg than the power density
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calculated for simulation 4 which is just 2.37 Wlc&he results divulge that
in average, every solar cell in simulation 6 praimore electrical power as
compared to simulation 4. In fact, Simulation 6 lesser number of solar
cells (forty-four CPV cells) than simulation 4 (fpreight CPV cells). Overall,
simulation 6 is found to be superior in power dgnsihile still achieving the
highest output power among all other configuratiaarsl its configuration is

ultimately selected for practical implementatiorppndix L).

Table 4.2: A list of simulation results for all isle dense-array

configurations at DNI : 641 W/

Prmp Fill Ve Imp Voc sc Power
: c
S c S .
=) 5 factor density
s » © 2
= o =] =
3 < 2 2 (FF) Prp/ # cells
£ S X
v [ (W) (%) V) (») ) (A) (Wicell)
1 48 x 1 A 79.36 39.74 77.77 1.02 137.71 1.45 1.65
2 24 x 2 A 82.09 41.82 52.98 1.55 68.88 2.85 1.71
3 12 x4 A 91.24 54.96 30.72 2.97 34.44 4.82 1.90
4 6 x8 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% 8 (B2)
6 2 x6(B1)and B 113.64 57.71 25.68 4.43 28.79 6.84 2.58
8 x 4 (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 2 x6(Bl)and B 71.09 10.62 61.86 1.42 97.9 6.84 1.62
32 x1(B2)
9 4 x 3 (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 3.43 1.81
16 x 2 (B2)

12 4x3(Bl)and B 76.99 2166 6699 1.5 103.65 3.43 1.75
32 x 1 (B2)

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

14 6x2(Bl)and B 82.97 4264 1875 4.43 4029 4.83 1.89
8 x 4 (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
32 x 1 (B2)

17 12x1(Bl)and B 60.09 1393  6.67 9 4603 9.37 1.37
4 %8 (B2)

18 12x1(Bl)and B 75.01 2699 1695 443 5755 4.83 1.70
8 x 4 (B2)

19 12x1(Bl)and B 61.7 26.13  60.47 1.02 8058 2.93 1.40
16 x 2 (B2)

20 12x1(Bl)and B 80.58 4299 7897 1.02 12666 1.48 1.83
32 x 1 (B2)

4.4  Comprehensive Matlab Simulation

Upon completion of the initial design process, mooenprehensive
computer simulation in Matlab is conducted. In tietailed simulation work,
effects of non-uniform concentrated solar flux dlgition and temperature are
taken into account so as to achieve more accivdtandP-V curve results.

Using the specially developed modelling method imuink from our
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previous publication, the dense-array interconpacfor simulation 6 (see
Table 3.3) is built (Siaw and Chong, 2012; Chond &maw, 2012; Siaw and
Chong, 2014). The simulations were based on direanal irradiance (DNI)
641 W/nf in addition to operating temperature %5 and the resultamtV and

P-V plots are presented in Figure 4.9 and Figure 47t6m the simulation
results, comparisons showed that the estimatid?ygthat is computed from
FPM is 113.64 W which is very similar to Simulinknailation results which

yielded 111.54 W, with only 1.88% in error.

Figure 4.9: An FPM simulateldV 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 simulateld-V curve (black solid line) is superimposed

on aP-V curve from Matlab simulation (blue dashed line)

4.5 Experimental Results

Referring to the confirmed dense-array configuratizat is optimised
from simulation 6 of Table 3.3, a CPV dense-armyésigned, assembled,
and tested in the field to validate the proposel EBmputational modelling
approach. Firstly, the dense-array assembly, cimgief many basic modules
is attached onto a copper cooling block so thatdéhgperature of CPV array is
able to be regulated during operation at’65(Figure 4.11 and figure 4.12).
Once the dense-array assembly set is completsdnsgtalled onto a prototype

of planar concentrator for data collection (Apperk).
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Figure 4.11: A completed CPV dense-array assemixdag triple junction
solar cells (Emcore, 2008) that is arranged acogrdio the optimized

configuration from simulation 6 (refer to Table 3.4

For real-timel-V curve data collection, an N3300A configurable DC
electronic load mainframe that is installed togethigh two units of N3305A
electronic load modules (500 Watts) are used. [Quthe process of data
acquisition, other auxiliary data such as CPV dearsay operating
temperature, direct normal irradiation (DNI), adlves global irradiation were
measured. Therefore, the simulations of this stwdye based on operating
conditions with real-time measured parameters lik&I, operating
temperature and taking into consideration 15% oicaplosses. To show the
effectiveness of the FPM simulate® curve, a comparison of measured data
which is superimposed onto simulated curve is presented in this section.

According to the comparison made in Figure 4.13 Bigdire 4.14, it can be
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observed that a very close match between measustad ahd computer

simulation data is achieved, which is about 1.34%rwr forPm,, (Table 4.3).

Figure 4.12: Completed CPV dense-array with th@mpeéd layout is exposed
to concentrated solar flux distribution at NIPCeceiver plane for field

measurements
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Figure 4.13: A comparison betweétV curve from field measurement data
(red line with dots) with FPM simulation curve (bka solid line) and

comprehensive Matlab simulati¢+V curve (blue dashed line)

Figure 4.14: This graph compar@sV curve from the optimised array’s filed
measurement data (red line with dots) with FPM éatmen curve (black solid

line) and comprehensive Matlab simulati®V curve (blue dashed line)
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According to the graphs presented in Figure 4.Queigt.13, Thd-V
curve derived from optimized array’s field measueeindata matches rather
well with the newly proposed FPM predictidfVV curve. The only evident
variance appears around the region from 0 V tov5.8 the prediction curve,
the presence of steps implies that there currestattich occurs around the
mentioned voltage region. These mismatch stepstateat obvious in the
measured-V curve as compared to the FPM prediction curvdhasombined
array current has reduced when some CPV cells fueieioning at reverse

biased condition (Solanki, 2011).

The calculation methodology of the proposed FPMaggh is a fairly
straight-forward adding of current values from fiataconnected solar cells.
Therefore clear signs of current mismatch can ls=ded in thd-V results.
The distinct indication of mismatch steps in & prediction curve can be
very useful to concentrator system designers fatuating mismatch issues in
CPV dense-array design. In addition to that, curmeismatch that occurred at
the region of 0 V to 5.6 V has negligible impacte output power and has
minimal effect to the-V curve (refer to Figure 4.10 and 4.14). Henceait c
be summarized that phenomena will not affeg} calculation of a well-
designed CPV array, as the maximum power poingaally found close to

theV, region of a dense-arrd+V curve.
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Table 4.3: This table aims to show a comparisonvéet simulated (FPM)
and measured results from dense-array operatioth®NIPC prototype, in
the following parameters: maximum output pov, voltage at maximum
output power Vyp, current at maximum output powdr,, dense-array

efficiency, and percentage error of maximum oufmwerPp,

DNI: 641 W/m®
Pmp (W) Vinp (V) lmp (A)
Field Measured results 112.14 25.87 4.33
FPM simulated resul 113.6¢ 25.6¢ 4.4:
Efficiency: measured (9 34.1¢
Efficiency: simulated (%) 34.64
Error, Pmp (%) -1.34

4.6 Off-axis Scenario

Off-axis condition occurs mainly resulted fromdkang errors that
causes angular offset between incident sunrays aptital axis of solar
concentrator. Since solar concentrator is normdigigned to concentrate
sunrays that are parallel to the optical axis rigllprecisely on the receiver
area, off-axis conditions will cause CPV array sieant mismatch. Figures
4.15(a) and (b) illustrate two cases of misaligntnbatween solar flux
distribution and CPV dense-array. Figure 4.15 (@ws the off-axis solar flux

distribution pattern for the case of angular flugptecement 2.94 mrad to the
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right or equivalent to 5 mm of relative distancdsef between solar flux
distribution and CPV array. On the other hand, 4ldbshows an off-axis
solar flux distribution pattern for the case of alag flux displacement 2.94

mrad to the right and angular flux displacement 2xad to the bottom.

This scenario causes the current values of celtssache array to vary
and it is especially significant between optimallyminated and minimally
illuminated cells. Figures 4.16 to 4.19 shbW andP-V curves with mismatch
steps for both cases. These are basically bypase-@nduced mismatch steps
between strings as a result of local variationghi& solar flux distribution
upon each concentrator cell during off-axis cownditiNevertheless, it could
be observed that the mismatch steps that are aaseme minimal, and the
effect to performance efficiency is a reduction £80% for off-axis flux
distribution I, and a reduction of 2.33 % for o#is flux distribution Il

(Figure 4.15).
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(a) Off-axis flux distribution |

(b) Off-axis flux distribution Il

Figure 4.15: Measured flux distribution data durioff-axis scenario is
acquired from an optical scanner. The two off-adenarios are: (a) Off-axis
flux distribution I: 5.0 mm off tracking to the hg and (b) Off-axis flux

distribution 1I: 5.0 mm off-tracking to the righhd 5.0 mm to the bottom
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Figure 4.16: MeasuredV curve (red line with dots) at DNI = 616.52 W/m

with 5.0 mm off tracking to the right (Off-axis #tulistribution 1)

Figure 4.17: Measure@-V curve (red line with dots) at DNI = 616.52 W/is
superimposed on Matlab simulation curve (blue dddime) with 5.0 mm off

tracking to the right (Off-axis flux distribution |
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Figure 4.18: MeasuredV curve (red line with dots) at DNI = 641.18 W/ with
5.0 mm off tracking to the right + 5.0 mm to thettbmn (Off-axis flux

distribution I1)

Figure 4.19: MeasureB-V curve (red line with dots) at DNI = 641.18 W/m
with 5.0 mm off tracking to the right + 5.0 mm toet bottom (Off-axis flux

distribution II)
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Table 4.4: The performance of dense-array asseomulgr off-axis scenariois
presented in terms of maximum output povRap, maximum voltageVm,
maximum currenty,, array efficiency, and error of maximum output pow

Pmp

Off-axis flux distribution |

(DNI: 616.52 W/n)

Pmp(W)  Vimp (V) lmp (A)
Measured results 95.76 26.05 3.73
Efficiency - measured
(%) 29.79

Off-axis flux distribution Il

DNI: 641.18 W/ni

Prmp (W) Vimp (V) Imp (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-aniformity issue of
solar concentrators that have deterred CPV sysfeons achieving its full
electrical generation potential and to develop aehdNIPC prototype and
dense-array design methodology to in order to iwmgrthe performance of
CPV systems. The research objectives of theoradinadlexperimental study in
optimizing the performance of CPV dense-array N8Stem, as specified in
Chapter 1, has been achieved. The major outcomésisoresearch are the
development of an NIPC prototype, a new systenk®i dense-array design
method, and the demonstration of its enhanced peaioce via

comprehensive dense-array simulation at on-axio#ralis scenarios.

5.2 NIPC System

Comprehensive analyses of solar flux distributisant numerical
simulation are carried out to examine the optichbracteristics of the
proposed non-imaging planar concentrator. The placancentrator

recommended consists of 21 x 21 arrays of facabmsiwhich contribute to a
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total reflective area of approximately 4.4%mnd focal distance of 170 cm. In
the initial part of the optical study, the averaggdar concentration ratio as
well as percentage of energy that lies in withie thniform solar flux

distribution area is plotted for different casegpBnding on the mirror array
configuration (from 17 x 17 to 25 x 25), the averaglar concentration ration
that is observed at the region of uniform illumioatarea is between 222 suns
to 598 suns, while the percentage of energy inutiitorm area of solar flux

distribution is 43% to 70%.

Next, the second part of the study deals with gationship between
spillage loss and variation of solar flux distriloumt If solar flux distribution
variation is permitted to go as much as 20-30%,toh& energy that will be
collected at the receiver is almost 80%. Alterrediy depending on a system
designer’'s requirements, a secondary concentraaor lwe added to the
concentrator system to enhance the total energyubtihat can be collected

without affecting the variation of flux distributio

Last but not least, off-axis angle study and far-sacking error of up
to 1.0 deg and the effects to solar flux distribatis investigated. Here, three
analyses are carried out on the characteristic®lair flux distribution which
are spillage loss, non-uniformity, and total aceepe angle where the
inflicted damage from sun-tracking error is stilithin an acceptable range.
With the target to collect at least 95% of eneray ¢ompared to no-tracking
error), the total acceptance angle is determinedet®.48 deg. Overall, the

simulated results have shown reasonably good umifgrin solar flux
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distribution with reasonably high concentrationiadbr the application with
high concentration solar cells. From all of theiggdtsimulation analyses, the

NIPC is found to be suitable as a concentratoafdense-array CPV system.

5.3 FPM Dense-array Design

Conventionally, it is very exhaustive to designCRV dense-array
because it is typically an iterative process toieeh a target output power
requirement. In the conventional process, a dedigmeuld first estimate a
trial design and checks if it is acceptable. Thisrapt is repeated for a couple
of times according to the system designer’'s pagerence to find other
possible trial attempts. Finally, all trial designgl be analysed to determine
the best option that satisfies a system outputirepent. However, a target-
based design approach is not comprehensive enagguge system designers

do not search for all possibilities of dense-acagfigurations.

In this study, a new approach that is both systienaad complete is
introduced in achieving the most optimal denseyadesign using the novel
FPM as the initial design phase. The FPM approaclrapasses four stages,
and is developed to optimize CPV dense-array cardiipns through a
systematic way to replace the conventional tria armor practice that is time-
consuming and not comprehensive. The first stadgePd is when parameters
like lse, Vmpand Vo are calculated from measured solar flux distrinutglata

of the solar concentrator system. After that, abgbilities of dense-array



configuration are generated at the second stadge”bf process. In the third
stage,|l-V and P-V prediction curves using critical points of CPV Iseind
bypass diodes that are connected across each iasiale are produced.
Finally, all I-V and P-V prediction curves are analyzed by comparing the
respective maximum output power. This four-stageregch that is presented
IS more systematic, fast and is able to explorgadisibilities of dense-array

designs, while maintaining reasonably accuracy.

From this method, an optimized configuration whishsimulation 6
from Table 4.2 is revealed to achieve the highésttecal output, together
with simulation 4. After careful evaluation, simtitem 6 was chosen as the
optimum design because its power density is sup€gi®8 Wi/cell) to the
power density achievable by simulation 4 (2.37 Wyc&hrough this study, it
was found that simulation 6 with merely 44 CPV sed able to achieve the
exact same output power to simulation 4 that ctmsi548 CPV cells. When
lesser solar cells are needed in a design, theraydesigned will be able to
reduce project installation cost while increasifge tcompetitiveness of

concentrator solar technology.

This study highlights a new critical factor thdteats power density
which is array interconnection layout configuratiom addition to the
influence of high solar concentration ratio. In iidd to that, the study further
reveals that FF is not a conclusive benchmark wdssessing CPV dense-
array I-V curve. Although FF is typically used for the ewlan of single

solar cell's quality and performance, FF can onty & guideline and not a

10¢



deciding factor when finalizing dense-array desifinis was confirmed when
comparing the FF outcome from simulation 6 and &tmn 4. Although the

FF value from simulation 4 is higher at 68.95% ampared to simulation 6
which is just 57.71%, it was found that simulatbmequires more CPV cells

in order to be on par with simulation 6 in termsafput power generation.

5.4  Comprehensive Dense-array Simulation

After the initial design of dense-array has beempleted, detailed
simulations are performed to check the FPM preafictiresults.
Comprehensive simulation using Matlab has veritieat the proposed FPM

approach as presented in Chapter 4 Witperror of only 1.88%.

Last but not least, an actual dense-array assewdsyconstructed and
implemented together with an NIPC prototype to fyesimulation results.
The modeling methods have been successfully coeflrwith the NIPC
system to achieve filed conversion efficiency of.1®% with |-V curve
characteristics that are alike. Comparing the tegtdm measurements during
operation with FPM & Matlab comprehensive simulatresults, a very close
match is achieved. The maximum output powPrp( 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 whicleduivalent to 5
mm displacement is also studied for this systemis ®tenario generally
causes the current values of CPV cells across ttay @0 vary especially
between optimally illuminated and minimally illunsited solar cells.
Nevertheless, the mismatch steps that are obsemvéte optimized dense-
array is minimal, and the effect to electrical @ffincy is a small reduction of
4.40% for off-axis flux distribution I, and a redion of 2.33 % for off-axis

flux distribution II.

5.6 Outlook and Future Work

CPV systems are currently facing slower instaltagacity growth in
the market as compared to PV systems, while facomgrerns such as cost
effectiveness and reliability of performance. In\CBpplications, improved
module or array performance can directly countenee the cost of expensive
solar cell materials, which in turn has the potEntf reviving the market
demand for concentrator system installations. Bluceng overall installation
cost of a solar system, photovoltaic energy caroimec one of the main

renewable energy sources in the future.
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In conclusion, this research has successfully thet objectives of
addressing non-uniformity of concentrated solaix fldistribution in solar
concentrators via improvements in the optical desigth the novel NIPC
design, optimised CPV dense-array electrical imtenection design, as well
as the development FPM which can systematicallynmopé dense-array

interconnection design in order to improve the alleystem efficiency.

To extend this research work towards the commigzatéon stage, it is
desirable to apply similar research approach oniggeb size of NIPC
concentrator in order to find the most optimisedesof NIPC system by
considering factors like output power, level ofaotoncentration ratio and
manufacturing approach. At the same time, cooliygtesn design for high
concentration (above 500 suns) can be further iugardo achieve lower or at
least the same operating temperature 8€5@hile studying the relationship

between temperature, solar concentration and gexepawer.

In addition to that, future work could incorporaethorough study
using the novel methodology developed for interemtion design, as well as
adopting similar optical and electrical analysis different kinds of CPV
concentrator systems to compare the optimizatiorierpi@l of solar
concentrators. It is envisioned that the said nudlagy would be able to
improve output power generation for other typesaicentrator systems that

face solar concentration non-uniformity issue a.we
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