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ABSTRACT 

 

 

DESIGN AND OPTICAL EVALUATION OF SECONDARY OPTICS 

FOR OPTIMIZING ELECTRICAL PERFORMANCE OF DENSE-

ARRAY CONCENTRATOR PHOTOVOLTAIC SYSTEM 
 

 

Yew Tiong Keat 

 

 

A secondary concentrator had been designed to increase the packing factor of 

dense-array concentrator photovoltaic (DACPV) module. Array of dielectric 

filled CCPC lenses is selected as secondary concentrator due to high 

acceptance angle, larger entrance aperture to provide more space for high 

flexibility of inter-connection among CPV cells, and square exit aperture that 

match well with the shape of commercial CPV cell. Optical characterization is 

carried out to study its optical performance. The uniformity is measured by 

peak-to-average ratio (PAR), which ranges from 2.08 to 2.35. The optical 

efficiency of CCPC lens is evaluated with experiment under the sun. The solar 

concentration ratio of CCPC is found to be ranging from 3.96-4.22. Electrical 

performance of integrated CPV cells with CCPC lenses (CPV + CCPC) 

assembly module is analyzed for different pointing errors: 0°, 0.1°, 0.2°, 0.3° 

& 0.4°, and the results are compared to that of dense-array CPV (DACPV) 

module. It was found that overall electrical performance of CPV + CCPC 

assembly module is better than that of DACPV module despite using 77% less 

CPV cells than that of DACPV module. CPV + CCPC assembly module is 

connected to load to measure its maximum output. The maximum power is 

503W when DNI is 789 W/m2 and GSI is 973 W/m2. Therefore system 

efficiency of the DACPV system is calculated as 17%. 
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CHAPTER 1 

 

INTRODUCTION 

 

 

1.1 Research Background and Motivation 

 

The advancement of science and technology has greatly changed the 

way of life of our modern society. The demand for electrical energy has 

surged significantly to suit our new lifestyle. The largest source of electrical 

energy generation is from fossil fuel, which includes coal, oil, natural gas, etc. 

Burning fossil fuel emits carbon dioxide that has contributed substantially to 

climate change. Renewable energy is the best way to reduce our reliance for 

energy on fossil fuel, but sometimes it comes at a higher cost depending on the 

type of collecting system used. A lot of research has been ongoing to find 

ways to produce electrical energy from renewable energy such as solar, wind, 

wave, geothermal heat, etc. at a lower cost. Solar energy is the most abundant 

renewable energy source available. Scientists have estimated that the 

maximum solar energy derivable over land is 16,300 terawatts, which is about 

1,000 times of the current energy usage of the whole world (Buchanan, 2015).  

 

Conversion efficiency as high as 46% recorded by multi-junction solar 

cells had given boast to the development of the solar concentrator system as 

multi-junction solar cells can be used under a concentrated condition (Green et 

al., 2015). The idea to use solar concentrator is to replace the solar cell 
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material with a relatively cheap optical device that can focus the solar energy 

up to thousands folds on multi-junction solar cells in order to reduce the cost 

of producing electrical energy from solar energy. Numerous types of solar 

concentrator systems had been developed in the past 30 to 40 years to achieve 

this target, but there are still room for improvement to achieve a better 

outcome. 

 

 

1.2 The Challenge 

 

Fresnel lens is one the most widely used optical devices in the CPV 

system wherein each Fresnel lens focuses sunlight onto a single CPV cell 

(Sonneveld et al., 2011 and Ryu et al., 2006). One of the shortcomings of most 

Fresnel lens CPV systems is its ineffectiveness in recollection of thermal 

waste that is not converted to electricity. In this design, each solar cell is 

attached to a passive heat sink for rejecting the waste heat to the surroundings 

without any heat recapturing mechanism in order to maintain the cell at 

optimal operating temperature. For large point focus systems, a parabolic dish 

is employed to concentrate sunlight onto a receiver plane whereby either the 

thermal convertor or the CPV receiver can be placed for energy conversion. In 

the case of a CPV receiver in a dish system, an active cooling system is 

required to maintain the operating temperature of the CPV cell by circulating 

cooling fluid through the heat sink for heat removal. The waste heat collection 

via the cooling fluid can then be utilized for thermal applications or power 

generation. This centralized waste heat is higher than if heat is gathered from 
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each individual cell in a Fresnel type system, due to the lost heat in the 

transport links between cells. Therefore, the overall system efficiency can be 

much higher as compared to that of flat PV panels or Fresnel lens CPV 

systems and so on, when both electricity and thermal outputs are considered. 

In spite of the parabolic dish system being capable of generating both 

electrical and thermal powers simultaneously, the nature of its optical property 

is not so suitable for the application of the CPV system that requires uniform 

illumination (Baig et al., 2012). A parabolic dish is an imaging device that 

produces sharp, circular shaped, and non-uniform Gaussian distribution 

focusing spot. 

 

In order to overcome the challenges faced by the parabolic dish, Chong 

and colleagues invented a computer generated dish geometry that is 

constituted of many flat facet mirrors aimed to produce a uniform focusing 

spot, the non-imaging dish concentrator (NIDC) (Chong et al., 2012, 2013a, 

2013b, and Tan et al., 2014). A dense-array CPV (DACPV) receiver is placed 

at the focal plane of the NIDC to convert concentrated sunlight into electricity. 

The assembly of the DACPV module requires a small gap among solar cells 

for interconnection both in parallel and series, and thus there will be some 

physical area illuminated by the concentrated sunlight without active solar cell 

material. Furthermore, the presence of build-in bus bars on the surface of the 

CPV cell (about 1 mm on both sides of the CPV cell) has further increased the 

non-active area of the incident surface. Figure 1.1 illustrates that a blank gap is 

required in the assembly of DACPV for interconnection. 
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Figure 1.1: A blank gap occurred due to the need of interconnection between 

CPV modules in the assembly of DACPV. 

 

As a result, it is impossible to achieve 100% packing factor whereby 

the packing factor of the DACPV module is defined as the ratio of usable 

active area of solar cells to the total solar illumination area on the incident 

surface. A low packing factor will affect the overall conversion efficiency of 

the whole system since the concentrated sunlight fallen on non-active area of 

the receiver will not be converted to electricity. In this thesis, a method to 

increase the percentage of incident rays that impinge on the active area of 

solar cells has been proposed by the introduction of a secondary concentrator. 

The solar cell is attached directly to the exit aperture of the secondary 

concentrator, which acts as an optical funnel tailored to guide the concentrated 

sunlight from the primary concentrator to the solar cells. In addition to that, 

the introduction of a secondary concentrator can provide more space for the 

interconnection among solar cells that allows more flexibility in the ways to 

connect solar cells in both series and parallel for minimizing the current 

mismatch in the circuitry of DACPV cells. Each CPV cell can also have an 
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individual by-pass diode for protecting the cell and improving the fill factor of 

the CPV system. 

 

 

1.3 Objectives 

 

In order to overcome the above-mentioned packing factor problem, the 

use of secondary optics in the DACPV system had been proposed and 

explored. The main objectives are as follows: 

 

1. To design a secondary concentrator for the Non-Imaging Dish 

Concentrator (NIDC). 

2. To study the performance of the secondary concentrator with ray 

tracing simulation. 

3. To validate the simulated results of the secondary concentrator via 

testing under the sun testing. 

 

 

1.4 Contributions 

  

Improvements to the packing factor of the dense-array CPV receiver 

can be done by adding a secondary concentrator to the receiver. The addition 

of a secondary concentrator reduces the usage of solar cell material due to the 

utilization of less costly optical devices. The secondary concentrator is found 

to be still operational under a concentration of more than 300×. The 
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introduction of a secondary concentrator also provides the possibility to 

incorporate a by-pass diode to each CPV cell in the receiver module to protect 

the CPV cell when non-uniform illumination occurs. By integrating a 

secondary concentrator, more space for a more flexible way of interconnecting 

CPV cells in the receiver module is made possible. The study found that by 

using a secondary concentrator, the amount of solar cells used was reduced 

significantly while still giving a similar output power. 

 

 

 

1.5 Outline of the Thesis 

 

 The organization of the thesis is outlined as follows: 

 

 Chapter 1 of this thesis gives an introduction to the research’s 

background and motivation in developing a secondary concentrator for 

the dense array CPV system. This section also identifies the challenges 

in the development of a secondary concentrator for the DACPV system. 

Besides that, the project’s objectives and contributions are clarified in 

this chapter. 

 

 In Chapter 2, a literature review about the various types of solar 

concentrators including linear focusing lens, two-dimensional focusing 

lens, linear focusing reflector, two-dimensional focusing reflector, and 

central receiver system is presented. 
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 At the beginning of Chapter 3, the working principle of the primary 

concentrator, the non-imaging dish concentrator is briefly explained. 

Next, the procedure of designing a secondary concentrator and the 

optical characterization of the secondary concentrator is discussed in 

detail. The optical efficiency evaluation of the secondary concentrator 

with an experiment is also discussed in the later part of the chapter.  

 

 

 At first, Chapter 4 explains the assembly process of a secondary 

concentrator. Next, the electrical performance of the dense array CPV 

is analysed via simulation. At the end of this chapter, an experimental 

study of the electrical performance is presented. 

 

 Chapter 5 ends the thesis with the conclusion and future work. The 

thesis concludes with the outcomes of the overall research 

achievements and the advantages of the developed system. 

 

 

1.6 Publications 

 

Based on the findings from this research, several papers have been 

published in peer-reviewed journals and international conference proceedings. 

A full list of publications is presented in Table 1.1.   
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Table 1.1: Papers published in peer-reviewed journals and international 

conference proceedings. 

A
p

p
en

d
i

x
 

Paper title Year 
Journal/ 

conference 

Impart 

factor 

of 

journal 

A “Design and development in 

optics of concentrator 

photovoltaic system” 

 

(Published) 

2013 

Renewable and 

Sustainable 

Energy Reviews 

5.901 

B “Dense-Array Concentrator 

Photovoltaic System Utilising 

Non-Imaging Dish 

Concentrator And Array Of 

Crossed Compound Parabolic 

Concentrators” 

 

(Pending) 

2014 U.S. Patent N/A 

C "Dense-Array Concentrator 

Photovoltaic System using 

Non-Imaging Dish 

Concentrator and Crossed 

Compound Parabolic 

Concentrator" 

 

(Published) 

2014 

National Physics 

Conference 

(PERFIK 2014) 

N/A 

D “Performance study of crossed 

compound parabolic 

concentrator as secondary 

optics in non-imaging dish 

concentrator for the application 

of dense-array concentrator 

photovoltaic system” 

 

(Published) 

2015 Solar Energy 3.469 
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CHAPTER 2 

 

LITERATURE REVIEW 

 

 

Concentrating solar power has been getting more importance as an 

alternative green solution to reduce the cost of electrical and thermal power 

generation. The recent achievement in the technology of multi-junction 

concentrator photovoltaic (CPV) cell with a conversion efficiency of more 

than 46% and still in the stage of improving have stimulated the development 

of concentrator optics (Green et al., 2015). Solar concentrators with an 

appropriate optical design is deployed to concentrate sunlight onto the CPV 

cell that is capable to work efficiently under highly concentrated solar 

irradiance to generate electricity (Zubi et al., 2009 and Chong et al., 2013b). 

Solar concentrators made of less costly materials can offset the price of highly 

efficient CPV cells made from more expensive semiconductor materials, so 

that the whole system can be more cost effective.  

 

 

2.1 Types of Solar Concentrators and Optical Designs 

 

Solar concentrator systems employ either lenses or reflectors or a 

combination of both types associated with a tracking system to concentrate a 

large area of sunlight onto a small beam. Some concentrator systems also 

employ secondary concentrators or even tertiary concentrators to enhance the 
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solar concentration ratio as well as to homogenize the distribution of solar flux 

on the receiver. The output power of the CPV module is directly affected by 

the distribution of focused sunlight on the module. Therefore, it is important 

that the concentrator is designed to focus sunlight uniformly over the receiver 

module’s surface. Although a wide range of concentrating technologies exist, 

all of these optical technologies can be fundamentally categorized into five 

major groups based on their primary focusing method: linear focusing lens, 

two-dimensional focusing lens, linear focusing reflector, two dimensional 

focusing reflector, and central receiver system. The architectural designs and 

optical principles for various solar concentrators specially tailored for the CPV 

systems are depicted and presented in the following section. 

 

 

2.1.1 Linear Focusing Lens 

 

By using the edge ray principle, Leutz et al. (1999) designed an 

optimum convex shaped non-imaging Fresnel lens. With a secondary 

concentrator and a diffuser, it is possible to operate the system without 

tracking the sun with the irradiance still well distributed over the photovoltaic 

panel. The flux concentration in this system is around 15–20 times and the 

schematic diagram is given in Figure 2.1. The proposed truncated non-imaging 

Fresnel lens requires only passive tracking and seasonal tilt.  
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Figure 2.1: Schematic of the truncated non-imaging Fresnel lens with a 

secondary concentrator for application in photovoltaic systems. (Leutz et al., 

1999). 

 

Chemisana and colleagues proposed a photovoltaic-thermal module for 

the Fresnel linear concentrator by combining a domed linear Fresnel lens as 

the primary concentrator (5×), a compound parabolic reflector as the 

secondary concentrator (2×), and a photovoltaic-thermal module (Chemisana 

et al., 2011).  

 

O’Neill patented a “high efficiency, extremely light-weight, and robust 

stretched Fresnel lens solar concentrator” coupled to a photovoltaic 

concentrator array for generating power in space (O’Neill, 2000). The 

stretched Fresnel lens solar concentrator consists of a flexible Fresnel lens 

attached to end supports to maintain its proper position and shape as shown in 

Figure 2.2. 
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Figure 2.2: A perspective view of a deployable embodiment of a stretched 

Fresnel lens solar concentrator for generating power in space. (O’Neill, 2000). 

 

 

2.1.2 Two-Dimensional Focusing Lens 

 

Jebens and Skillman patented a Fresnel lens concentrator that is 

formed by a specially designed Fresnel lens and a solar cell located on the axis 

of the lens at its focal plane (Jebens and Skillman, 1989). The lens is designed 

so that its central facets’ project the light from the sun towards the outer 

periphery of the cell and facets progressively towards the periphery of the lens 

which would project light progressively toward the centre of the cell to obtain 

a uniform distribution of light on the cell. Adjacent groups of facets of the lens 

project the light alternatively in front and beyond the cell to maintain a 

constant light intensity for a certain depth of focus of the lens. 

 

Davies studied the design of single-surface spherical lens as a 

secondary concentrator in the two-stage concentrator with the Fresnel lens as 

the primary stage (Davies, 1993). Figure 2.3 shows a cross section view of a 
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two-stage, axially-symmetric concentrator with Fresnel lens as the primary 

with a flat first surface and a single-surface spherical lens as the secondary in 

the form of a domed pillar glued to the cell. In this design, a Fresnel lens with 

a maximum concentration of about 100 times at f/1.37 has been improved in 

the two-stage concentrator system to a maximum concentration of 530 times at 

optimal f-number of f/2.84.  

 

 

Figure 2.3: Sketch showing a cross section through a two-stage, axially-

symmetric concentrator with Fresnel lens as the primary and a single-surface 

spherical lens as the secondary. (Davies, 1993). 

 

Terao et al. (2000) proposed a non-imaging optics design for a flat-

plate CPV system. As shown in Figure 2.4, the system uses the aspheric and 

TIR lens components as the primary optics and a secondary optical element to 

focus sunlight onto the solar cells. The primary optics design can reduce the 

focal length and hence the thickness of the whole module. The ray-tracing 

simulations had shown that the acceptable angle of more than ±2.61° can be 

achieved, hence making it suitable for light-weight, low-cost tracking systems. 
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Figure 2.4: TIR-R concentrator with details of the TIR lens. (Terao et al., 

2000). 

 

Chen patented a stationary solar photovoltaic array module design, 

which constitutes a three or four steps of optical concentrations of the 

photovoltaic power generation system (Chen, 2003, 2004). The concentrator 

can have either a one layer (2004) or two layers (2003) Fresnel lens 

concentrating sunrays. A compound parabolic concentrator (CPC) is mounted 

under a first or second Fresnel lens to further concentrate the intensity of the 

sunlight twenty times more. Then, the concentrated sunlight is homogenized 

as it passes through a third or fourth optical concentrator glass lens with an 

anti-reflection coating on the top surface just before the incident on the multi-

junction solar cell. Figure 2.5 shows the combination of a multi-stage Fresnel 

lens and optical reflectors, which can concentrate solar intensity 300 to 1,000 

times within a six-inch distance.  
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Figure 2.5: A stationary photovoltaic array module’s design sequence from top 

to bottom: first concentrator Fresnel lens for focusing sunrays 5 to 10 times; 

second concentrator Fresnel lens; third optical concentrator CPC; fourth 

optical concentrator; a specially shaped glass lens; and a concentrator solar 

cell with a 45% conversion efficiency. (Chen, 2003, 2004). 

 

Andreev et al. (2004) proposed a modified structure of the high 

concentration all glass PV module for a solar-powered Thermo-Photovoltaic 

(TPV) system with III–V solar cells. The system consists of Fresnel lenses 

with a small aperture area and short focal length as the primary concentrator 

while the secondary optics is a smooth-surface convex lens inserted between 

the primary lens and the solar cell as shown in Figure 2.6. Both primary and 

secondary lenses are made up of composite (glass-silicone) structures. The 

advantages are the module can be fabricated with a large total area and the 

environmental protection of the solar cells can be improved. 
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Figure 2.6: Optical design concept of a modified structure of the high 

concentration all glass PV module for the solar-powered TPV system with 

high temperature (T>2000°C) vacuum bulb emitter. (Andreev et al., 2004). 

 

Ryu and team proposed “a new configuration of solar concentration 

optics utilizing modularly faceted Fresnel lenses to achieve a uniform intensity 

on the receiver plane with moderate concentration ratio” (Ryu et al., 2006). 

Figure 2.7 reveals that the uniform illumination is obtained by the 

superposition of flux distribution resulting from modularly faceted Fresnel 

lens. The flux distribution at the cell plane is estimated to be uniform within 

~20% with a transmission efficiency larger than 65% for 3×3, 5×5, and 7×7 

arrays of Fresnel lenses. With f/1.2, the intensity levels of the various 

concentration ratios are 7 suns for the 3×3 array, 19 suns for the 5×5 array, 31 

suns for the 7×7 array, 47 suns for the 9×9 array, and 60 suns for the 11×11 

array.  
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Figure 2.7: Optical design concept of the modular Fresnel lenses for solar flux 

concentration: (a) 3-D of the concentration optics; (b) facet directions of the 

modularly faceted Fresnel lenses. (Ryu et al., 2006). 

 

Winston and Ritschel patented an optical device that produces efficient 

electrical output as illustrated in Figure 2.8. The device consists of a primary 

Fresnel lens and a secondary non-imaging optics to concentrate high solar flux 

onto a multi-junction solar cell (Winston and Ritschel, 2008). The primary 

Fresnel lens with an f-number of greater than 1 (e.g., between 1 and 4 or 

greater) is configured to focus light from a distant source onto the entry 

aperture of the secondary concentrator. The solar cell is located at the exit 

aperture of the secondary concentrator. The optical device has an optical 

acceptance angle of about ±5° or greater and with an optical efficiency of 

about 80%–85%. It can be configured with a 125 × 125 mm entry aperture and 

a depth of about 230 mm to provide a geometric concentration of about 500× 

for a 5.5 × 5.5 mm multi-junction cell and 150× for a 10 × 10 mm Si cell.  
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Figure 2.8: A concentrating photovoltaic system using Fresnel lens and non-

imaging secondary optics. (Winston and Ritschel, 2008). 

 

 

 

Figure 2.9: A perspective view showing a solid lens with 25 planar facets on 

the top side facing the sun and a planar surface on the bottom side facing the 

photovoltaic cell mounted on a heat sink plate. (Schwartzman, 2008). 

 

Schwartzman designed a solar energy concentrator lens formed by a 

prism array (Schwartzman, 2008). Figure 2.9 shows how each prism of the 25 

planar facet is designed to deflect the incident solar rays and fully illuminate a 
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rectangular photovoltaic cell with uniform intensity. The combination of 

multiple prisms uniformly illuminating a common target area yields a 

concentrated uniform illumination across the target area.  

 

Araki and colleagues patented a concentrator solar photovoltaic 

apparatus including a primary optics for concentrating sunlight, a columnar 

optical member, and a transparent resin member, and the solar cell (refer to 

Figure 2.10) (Araki et al., 2008). A columnar optical member or homogenizer 

acting as the secondary optics was used for guiding the sunlight, which is 

concentrated by the primary optics to the solar cell.  

 

 

Figure 2.10: A generation module of a concentrator solar photovoltaic 

apparatus, which comprises of a plurality of generation modules disposed 

within in an enlarged cross sectional view. (Araki et al., 2008). 

 

Ota and Nishioka developed a 3-D simulation for calculating the 

operating characteristics of a CPV module. The simulation was done by 

connecting the ray-trace simulation for an optics model and a 3D equivalent 

circuit simulation for a triple-junction solar cell. It has been used to study a 
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typical flat Fresnel lens (110 × 110 mm in the entry aperture area and a focal 

length of 150 mm) and homogenizer (9 × 9 mm in the entry aperture area, 4.5 

× 4.5 mm in the exit aperture area, and 35 mm in height) set in the vicinity of 

the focal length of the Fresnel lens to have an effective geometrical 

concentration ratio of 597 times (Ota and Nishioka, 2012). 

 

 

2.1.3 Linear Focusing Reflector 

 

Singh and Liburdy presented a reflective concentrator capable of 

concentrating a collimated beam of light onto a flat receiver to obtain a 

uniform flux distribution with the maximum theoretical concentration ratio of 

22.79 (Singh and Liburdy, 1993). The benefit of this design is it enables the 

use of commercially available plane mirror of various sizes as the reflector, as 

shown in Figure 2.11. Measurement of the flux on its receiver indicates a quite 

uniform flux distribution in about 80% of the receiver area.  

 

 

Figure 2.11: Experimental solar concentrator consisting of a series of flat 

panels of different sizes. (Singh and Liburdy, 1993). 
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Lamb and Lawrence patented a multiple-reflector concentrator to 

concentrate sunlight onto a panel of photovoltaic cells in a solar electric power 

system as shown in Figure 2.12 (Lamb and Lawrence, 1994). The power 

system consists of multiple reflectors, mounted PV cells, and a heat 

dissipation component mounted on a tracker that keeps the system directed to 

the sun. The system can operate on either a single or dual axis tracker with 

active or passive tracking.  

 

 

Figure 2.12: A cross sectional schematic of the multiple-reflector-concentrator 

module with the secondary reflector placed at the focal line of the primary 

reflector. (Lamb and Lawrence, 1994). 

 

Gordon presented the optical design for a high-efficiency linear 

photovoltaic solar concentrator assembled from readily available inexpensive 

components (Gordon, 1996). Accounting for all geometric and material-

related optical losses, he found that it should easily produce flux levels of 50–

100 suns with homogeneous irradiance of the absorber. The specification of 

the system components is as follows: the parabolic focal length is 1.49 m and 



22 

 

the parabola entrance aperture width is 2.47 m; the solar cell’s width is 0.033 

m; the secondary V-trough has a depth of 0.072 m and an entrance width of 

0.176 m.  

 

For the project EUCLIDES (EUropean Concentration Light Intensity 

Development of Energy Sources), Sala and colleagues developed a one axis 

horizontal tracking, North/South oriented parabolic trough reflector for the 

CPV system (Sala et al., 1996). The geometric concentration ratio is 32 and 

the overall efficiency of the 14 series connected receiving modules is 15% at 

25°C. Such modules consist of fully encapsulated 12 BP solar SATURN 

concentrator cells.  

 

Clemens disclosed a light weight photovoltaic concentrator having a 

“foldable, easily deployed structure” for concentrating sunrays on solar cells 

for generating electricity (Clemens, 1997). The concentrator can be inflated to 

a shape of a parabolic trough for focusing sunlight onto the solar cells at the 

ratio of 20 suns. The inflatable concentrator is supported by pumping up the 

gas in the central arm. The gas is pumped up until the epicentres of the front 

and rear surfaces achieve a specified distance as shown in Figure 2.13. 
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Figure 2.13: Photovoltaic concentrator (20) with foldable struts (8) extended 

to form the triangular frame section (15): end arms (6) are connected at the top 

and bottom of the triangular frame section (15) and are used to attach a 

reflective concentrator (1) to the structure. The reflective concentrator is an 

inflatable concentrator made of silvered Kapton films. (Clemens, 1997). 

 

Frazier patented a double reflecting solar concentrator utilizing a 

primary reflective surface (parabolic mirror), which reflects incident light 

towards a secondary surface (directrix plane) (Frazier, 2001). The incident 

light is reflected by the primary reflective surface to the secondary surface 

where it will be focused towards the secondary focal point located on the 

surface of the primary reflector. The invention provides an exemplary double 

reflecting style of the parabolic trough structure that is substantially more rigid 

than a simple parabolic surface where the photovoltaic cell can be placed 

along the focal line as shown in Figure 2.14.  
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Figure 2.14: A three-dimensional view of a double reflecting solar 

concentrator (1 2 0) mounted on a support structure (1 3 2) and connected to a 

hydraulic driving system (1 3 0): incident light (40) reflects off the primary 

reflective surface (1 2 2) towards the secondary reflective surface (1 2 4) and 

then towards a solar collector or photovoltaic (1 2 6) located at the focal line. 

(Frazier, 2001). 

 

Hein et al. (2003) achieved a high geometrical concentration ratio of 

300 suns using a parabolic trough mirror and a three-dimensional second stage 

consisting of compound parabolic concentrators (CPC). In the design, the 

geometrical concentration of the first stage concentrator and the CPC are 39.7 

and 7.7 times, respectively, leading to the concentration ratio of more than 300 

times. Figure 2.15 shows the prototype of this concentrator system built at the 

Fraunhofer Institute for Solar Energy (ISE).  
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Figure 2.15: Picture of a prototype of the concentrator module on a tracker. 

Two GaAs cells with CPCs have been mounted on heat sinks and installed in 

the focal line. (Hein et al., 2003). 

 

Coventry published the performance of a prototype parabolic trough 

photovoltaic/thermal collector with a geometric concentration of 37 suns 

constructed at the Australian National University (Coventry, 2005). Measured 

results under typical operating conditions show a thermal efficiency of around 

51% and an electrical efficiency of around 11% to result in a combined 

efficiency of 69%. The measured illumination flux profile along the length 

showed a significant variation with the peak flux intensities shown to be 

around 100 suns, even though a large part of the mirror area had a mirror 

shape error of less than 1 mm. Mirror shape error, shading of receiver holding 

arm, and gaps between mirrors caused non-uniform illumination that heavily 

affected the overall electrical output. 

 

Straka patented a non-imaging reflective trough that receives and 

linearly reflects spectral energy onto a smaller area on one side of the device 

with a geometric concentration of seven suns (Straka, 2006). The linearly 
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reflecting trough concentrator has the geometry of a single slope-relief interval 

in a Fresnel lens, and in a preferred embodiment comprises an array of plane 

facet reflectors connected continuously to form the base of the trough, a non-

imaging focal point where a photovoltaic receiver is located, and a relief 

surface to connect the mirror arrays to the receiver location. The concentrator 

comprises of arrays of plane mirrors oriented according to the negative profile 

of two interleaved linear Fresnel lens, where the slope of one is the relief of 

the other. 

 

 

2.1.4 Two-Dimensional Focusing Reflector 

 

Jorgensen and Wendelin designed a multi-step-molded-dish 

concentrator capable of producing a uniform flux profile on a flat target plane 

(Jorgensen and Wendelin, 1992). Concentration levels of 100–200 suns, which 

are uniform over an area of several square inches, can be directly achieved for 

collection apertures of a reasonable size of approximately 1.5 m in diameter. 

As for the arrangement, as shown in Figure 2.16, there are five concentric 

annular regions with each region made up of 20% of the total aperture area. 

Each step section was offset along the optical axis and specified to be a 

spherical element with a curvature of 1/2f. 



27 

 

 

Figure 2.16: Cross sectional geometry of a 5-element molded dish (Jorgensen 

and Wendelin, 1992). 

 

Ries and colleagues proposed and analysed sample designs for a high 

flux photovoltaic concentrator comprised of a large-aperture paraboloidal-dish 

primary concentrator, and a second-stage kaleidoscope flux homogenizer 

(Ries et al., 1997). In reference to Figure 2.17, the design satisfied highly 

uniform irradiance on the solar cell absorber, high collective efficiency, and a 

solar concentration ratio of below 500 suns. The solution is to move the 

absorber out of the nominal focal plane, away from the dish, to a plane where 

the average concentration is 500 suns.  
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Figure 2.17: Side view of the paraboloidal dish, its focal plane, and the 

recessed kaleidoscope. The extreme rays from the dish cut the smallest waist 

in the focal plane, which defines its average concentration (e.g., 10,000). The 

kaleidoscope is recessed to a plane where the area delimited by the extreme 

rays corresponds to the prescribed concentration ratio (e.g., 500). (Ries et al., 

1997). 

 

Feuermann and Gordon proposed a high concentration photovoltaic 

design based on the miniature paraboloidal dish and kaleidoscope to achieve 

1,000 suns (Feuermann and Gordon, 2001). The collection unit is a miniature 

parabolic dish with a diameter of the order of 10 cm that concentrates sunlight 

onto a short glass rod called the kaleidoscope. The flux distribution of the 

transported light is homogenized in a miniature glass kaleidoscope that is 

optically coupled to a small, high-efficiency solar cell as illustrated in     

Figure 2.18. The cell resides behind the dish and can be cooled adequately 

with a passive heat sink.  
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Figure 2.18: Schematic illustration of a solar mini-dish photovoltaic 

concentrator: the parabolic mini-dish sits in an opaque encasement, except for 

the protective glazing. A small mirror deposited on the glazing redirects rays 

reflected from the mini-dish to the fibre’s proximate tip, which is sited at a 

prescribed recession below the focal plane. A square cross section 

kaleidoscope optically couples the distal end of the fibre and the solar cell. 

(Feuermann and Gordon, 2001). 

 

Kreske developed an optical solution to redistribute light over an 

approximately 1 m2 plane with a rectangular receiver box with reflective 

sidewalls (i.e., a kaleidoscope or solar flux homogenizer) (Kreske, 2002). The 

primary concentrator is a 400 m2 paraboloidal solar concentrating dish and the 

solar cell will be installed at the output of the receiver box. The ray analysis 

done had shown the possibility of achieving a flux uniformity suitable for the 

photovoltaic application with a concentration ratio around 500 suns. 
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Vasylyev et al. (2003) patented a non-imaging energy flux 

transformation system that includes a concentrator incorporating a set of 

nested, ring-like, concave reflective elements, and a receiver as shown in 

Figure 2.19. The system efficiently concentrates sunlight by means of focusing 

the energy striking the entrance aperture of the concentrator to the receiver 

located on the side of the concentrator’s exit aperture. The mirror surface of 

the reflective elements having appropriate individual non-imaging profiles 

represented by curved or straight lines are positioned so that the energy 

portions reflected from individual surfaces are directed, focused, and 

superimposed on one another to cooperatively form a common focal region on 

the receiver. The receiver can be an energy absorbing device (e.g., 

photovoltaic array), a secondary energy concentrating transformer, or a flux 

homogenizer. Vasylyev then published the prototype of a non-imaging 

reflective lens concentrator, which provides a solar concentration ratio of 

1,000 suns and a flux uniformity on the rear of the concentrator (Vasylyev, 

2005).  
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Figure 2.19: Schematic view of the non-imaging system (10), which includes a 

non-imaging concentrator comprising of a plurality of coaxial ring-like 

elements (14) having inner reflective surface (18) and a receiver. Surfaces (18) 

receive incident sunlight (15) on the entrance aperture of the concentrator and 

form a concentrated energy spot (20) on the target plane (26). (Vasylyev et al., 

2003). 

 

Terao and Krippendorf patented a compact micro-concentrator for the 

photovoltaic cells that comprises of partial parabolic reflectors arranged in 

rows and columns with each reflector directing radiation to a photovoltaic cell 

(Terao and Krippendorf, 2007). In a compact photovoltaic cell arrangement, 

each cell is shielded from direct radiation by the adjacent reflector. A 

secondary optical element, either reflective or refractive, can be provided to 

each cell receiver to further concentrate the reflected radiation to a 

photovoltaic cell at a more accessible location in the array. 

 

Benitez and team developed a two-mirror high concentration non-

imaging optics as shown in Figure 2.20 that can operate at a 15 mrad tolerance 

level without using a kaleidoscope while having an average concentration of 

over 800 suns (local concentration is below 2000 suns) (Benitez et al., 2006). 
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This is an advantage over the imaging systems that only operate below 175 

suns at the same acceptance angle. 

 

 

Figure 2.20: CAD modal of the prototype design (a quarter of the primary, 

secondary, and cover have been removed). (Benitez et al., 2006). 

 

As illustrated in Figure 2.21, Lichy patented an asymmetric, three 

dimensional, non-imaging, light concentrator designed to concentrate sunlight 

onto a solar cell (Lichy, 2006). The proposed solar concentrator has three 

stages of optical components. The first stage optics is formed by arranging two 

pairs of compound parabolic concentrators (CPC) orthogonally to form a 

hollow reflector with a rectangular aperture. A solid second stage optics is 

placed below the hollow reflector; it was formed by a similar method and is 

coated with reflective material on the side wall. The solid reflector is placed 

on top of a solid, cuboid shaped light diffuser with reflective coating on the 

side walls, which is optically coupled to a solar cell. The whole concentrator is 

mounted on a metal substrate for thermal management. The proposed 

concentrator can operate efficiently with only a single axis tracking the sun 
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because its acceptance angle in the north-south direction is greater than the 

range of the sun's azimuth. 

 

 

Figure 2.21: Schematic illustration of an asymmetric, three-dimensional, non-

imaging, compound parabolic concentrator (1 0 0): the hollow reflector (1 1 0) 

partially encloses and contains a solid reflector (1 1 2). (Lichy, 2006). 

 

Fork and Maeda patented a Cassegrain-type concentrating solar 

collector cell that employed primary and secondary mirrors with opposing 

convex and concave surfaces (Fork and Maeda, 2006). Light entering the 

concentrator is reflected by the primary mirror towards the secondary mirror, 

which then reflects the light onto a solar cell located at the bottom centre of 

the primary mirror. 
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Neubauer and Gibson patented a solar concentrator consisting of a 

“first reflective surface formed parabolic along a first axis and a second 

reflective surface formed parabolic along a second axis”, which is 

perpendicular to the first axis (Neubauer and Gibson, 2007). The focal length 

of the second reflective surface is shorter than the focal length of the first 

reflective surface, for crossing the focal lines of the first and second reflective 

surfaces at a point as shown in Figure 2.22. In other words, the whole 

concentrator consists of two parabolic troughs that are aligned along an optical 

axis. Hence, each parabolic trough can take parallel sunrays and focus them to 

a line. The parabolic axis of the first parabolic trough is oriented perpendicular 

to the parabolic axis of the second parabolic trough to focus the light from a 

line to a point. 

 

 

Figure 2.22: A ray diagram illustrating an optical path for concentrated 

sunlight: parallel rays are shown striking a primary mirror and reflecting 

towards a reflective surface, which serves as a secondary mirror, and then to a 

focal point where the PV cell is located. (Neubauer and Gibson, 2007). 
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Maeda patented a beam integration for concentrating solar collectors to 

concentrate sunlight onto a PV cell. The system consists of an array of first 

optical elements that divide the sunlight into separate beams and a secondary 

optical system that integrates the separate beams in a defocused state at the 

image plane in order to form a uniform light distribution pattern on the CPV 

cell (Maeda, 2007). The secondary optical system is positioned at a distance 

from the aperture plane, whereby the rays of each separate beam leaving the 

secondary optical element are parallel. The image plane (CPV cell) is located 

at the back focal point of the second imaging system, whereby all of the 

separate beams are superimposed on the PV cell in a defocused state.  

 

Fork and Horne patented a laminated solar concentrating photovoltaic 

device as shown in an exploded view in Figure 2.23, in which the concentrator 

elements (optics, CPV cells, and wiring) are laminated to form a composite, 

substantially planar structure (Fork and Horne, 2007). Primary and secondary 

mirrors are disposed on convex and concave surfaces, respectively. Both 

primary and secondary mirrors are arranged such that the sunrays travel 

perpendicular to the aperture surface, as shown in Figure 2.23. Sunrays 

entering the optical element through a specific region of the aperture surface is 

reflected by a corresponding region of the primary mirror to an associated 

region of the secondary mirror and from the secondary mirror to the CPV cell. 

The top coversheet serves to protect the secondary mirror from the harsh 

outdoor environment by providing a thin, optically transparent layer (glass) 

over the aperture surface and secondary mirror.  
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Figure 2.23: An exploded perspective view (upper diagram) and a cross-

sectional side-view (lower diagram) showing a laminated solar concentrating 

photovoltaic device. (Fork and Horne, 2007). 

 

Shifman patented a solar energy utilization system comprising of a 

Cassegrain-type concentrator and two solar radiation receiver components 

(Shifman, 2008). The first receiver component is designed to convert the first 

part of the solar spectral energy into electrical energy, and the second receiver 

component is designed to convert the second part of the solar spectral energy 

into electrical energy. The solar radiation concentrating optics comprises of a 

concave primary reflector and a convex secondary reflector. The secondary 

reflector is a beam splitter, which reflects visible light towards fibre optics 

light guide and transmits concentrated infrared towards an array of solar cells 

mounted behind the secondary reflector. 
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Draganov patented a solar concentrator with folded beam optical 

configuration allowing for compact, lightweight construction (Draganov, 

2009). Reflective optics is employed, including dichroic mirror and 

antireflection coating, to remove unwanted infrared radiation from reaching 

the solar cell. As shown in Figure 2.24, the solar concentrator comprises of 

three reflecting surfaces. The primary mirror (concave surface) reflects solar 

radiation upward to the second reflecting surface (plane reflector) that is 

optically coupled to the primary mirror for reflecting the solar radiation 

downward to the tertiary mirror (concave surface). The tertiary mirror is 

configured to reflect the solar radiation upward again to the second reflecting 

surface in such a way that the solar radiation is then reflected from the second 

reflecting surface towards the focal plane where the photovoltaic cell is 

located.  

 

 

Figure 2.24: The primary and tertiary mirrors form the integral reflector, 

which is also known as the unitary reflector. The second reflecting surface is a 

planar surface and is disposed between the primary mirror and the focal plane 

of the primary mirror. The PV cell is mounted on a heat sink with a base plate. 

On top of the solar concentrator, a piece of flat glass is spaced apart from the 

double curved reflector with sidewalls. (Draganov, 2009). 
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Chong and colleagues proposed a non-imaging planar concentrator 

consisting of numerous square flat mirrors capable of producing uniform 

sunlight and at a reasonably high concentration ratio (Chong et al., 2009, 

2010). The uniform concentrated light is formed from the superposition of the 

flat mirror images into one as illustrated in Figure 2.25. The prototype 

consisted of 360 flat mirrors, each with a dimension of 4.0 × 4.0 cm, to 

achieve the solar concentration ratio of 298 suns at a focal distance of 78 cm.  

 

 

Figure 2.25: Conceptual layout design of the non-imaging planar concentrator: 

cross-sectional view of the planar concentrator to show how the individual 

mirror directs the solar rays to the target. (Chong et al., 2009). 

 

Tsadka et al. (2009) patented the optical design of a new concentrator 

with a plurality of reflectors to reflect sunrays directly onto the solar receiver 

or the CPV panel for electricity and heat generation as shown in Figure 2.26. 

Plurality of reflectors are arranged on a support surface and each reflector is 

configured as well as aligned to reflect solar radiation with a high degree of 

uniformity onto the solar receiver.  
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Figure 2.26: Solar concentrator by Tsadka et al. (2009): a simplified pictorial 

illustration of beam paths from some of the mirrors of the reflector portion to 

the receiver portion of the solar energy converter assembly. 

 

Chong and team has filed the patent for a non-imaging dish 

concentrator that provides uniform solar flux, which matches the square or 

rectangular solar images to the square or rectangular dimension of the 

photovoltaic receiver, and produces a high solar concentration ratio (Chong et 

al., 2012). The non-imaging dish concentrator consists of a plurality of optical 

assembly sets (see Figure 2.27(a)) and each optical assembly set comprises of 

four flat mirrors placed together and sharing one common pivot point at the 

centre (see Figure 2.27(b)). In reference to Figure 2.27(b), flat facet mirrors 

are used to ensure a rectangular and uniform solar flux in which the 

superposition of all the images of the four facet mirrors of each optical 

assembly set into one is done by inclining them relative to the pivot at the 

centre. 
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Figure 2.27: (a) a non-imaging dish concentrator by Chong et al. (2012) 

consisting of an optical assembly set in which the solar concentration ratio is 

dependent on the applications by simply increasing or decreasing the total 

number of optical assembly sets; (b) the superposition of all the images of the 

four flat component mirrors of each optical assembly set into one by inclining 

them relative to the pivot at the centre. Four flat mirrors are placed together to 

form one optical assembly set and they share one common pivot point at the 

meeting point. The shape of each mirror is either rectangular or square 

depending on the solar cells’ arrangement at the photovoltaic receiver. The 

mechanism of inclining the four flat mirrors’ arrangement with reference to 

the common pivot point at the centre results in the solar images of the four 

component mirrors to superpose or overlap into one. (Chong et al., 2012). 
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2.1.5 Central Receiver System 

 

Ittner proposed an array of directable mirrors as a photovoltaic 

concentrator (Ittner, 1980). The mirror field consists of a two dimensional 

matrix of mirrors, which may be plane or focused. For simplicity, it is 

assumed that the centres of the mirrors all lie in a plane which is centred on 

the photovoltaic target normal and is parallel to the plane of the target. The 

photovoltaic target normal, thus defined as the target mirror frame axis that 

may be either fixed to a direction or arranged to track the sun in one or two 

dimensions (for instance, by rotating the arrangement as shown in the east-

west direction about a vertical axis and by tilting the target-heliostat axis 

relative to the plane of the horizon). Independently, the individual mirrors may 

be moved so that they direct the sun’s rays onto the plane of the target. Mirrors 

are positioned in two dimensions within the plane as shown in the cross 

section in Figure 2.28.  

 

 

Figure 2.28: Cross section of target-mirror geometries. Centres of mirrors lie 

in the mirror frame plane. Mirrors may be moved individually (or in groups) to 

direct the sun’s image. In addition to that, the target-mirror plane structure 

could be rotated and tilted to track the sun. (Ittner, 1980). 
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As illustrated in Figure 2.29, Segal et al. (2004) presented the option to 

use the beam down optics of a solar tower system for large-scale and grid-

connected CPV cells. Two optical approaches for a large scale hybrid CPV 

and thermal power conversion at different spectral bands are proposed. In the 

first approach, the hyperboloid-shaped tower reflector is used as the spectrum 

splitter. Its mirrors can be made of transparent fused silica glass, coated with a 

dielectric layer, functioning as a band-pass filter. The transmitted band reaches 

the upper focal zone, where an array of PV modules is placed. The location of 

these modules and their interconnections depend on the desirable 

concentration level and the uniformity of the flux distribution. The reflected 

band is directed to the second focal zone near the ground, where a compound 

parabolic concentrator is required to recover and enhance the concentration to 

a level depending on the operating temperature at this target. In the second 

approach, the total solar spectrum is reflected down by the tower reflector. 

Before reaching the lower focal plane, the spectrum is split and filtered. One 

band can be reflected and directed horizontally to a PV array and the rest of 

the spectrum is transmitted to the lower focal plane. The system is intended to 

be operated under concentrated solar radiation in the range of 200–800 suns. 

The study showed that 6.5 MW from the PV array and 11.1 MW from a 

combined cycle can be generated starting from a solar heat input of 55.6 MW. 
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Figure 2.29: The principle of tower reflector optics. (Segal et al., 2004). 

 

 

2.2 Compound Parabolic Concentrator (CPC) 

 

Compound parabolic concentrator (CPC) was first invented by 

Welford and Winston (1978). CPC is a type of non-imaging concentrator that 

can concentrate all the incident sunrays from the entrance aperture within the 

acceptance angle to the exit aperture. Compound parabolic concentrator has 

been long used as a solar collector for both photovoltaic and thermal 

applications (Mallick et al., 2004 and Oommen and Jayaraman, 2002). As 

most of the commercially available CPV cells are in the shape of either square 

or rectangle, the design of the secondary concentrator must take the shape of 

the receiver into consideration. Mammo et al. (2012), Sellami et al. (2010), 

Sellami and Mallick (2013), and Baig et al. (2014) discussed on how to match 

the exit aperture of a reflective 3-D crossed compound parabolic concentrator 

(CCPC) to a solar cell in both size and shape.  
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Micheli et al. (2014) had discussed technical issues and challenges in 

the fabrication of the densely packed concentrating photovoltaic receiver in 

which one compound parabolic concentrator coupled with a homogenizer is 

placed on top of each cell, but there was no detailed study on the optical 

design.  

 

In their study, an array of 3-D dielectric filled CCPCs as secondary 

concentrators with each of them coupled to a single CPV cell to form a good 

optical combination with NIDC was proposed and filed for patent (Chong et 

al., 2012, 2013a, 2013b, 2014a, and Chong 2014b, 2014c). In the thesis, both 

optical and electrical performances of the integrated optical system of NIDC 

and dielectric filled CCPC have been analysed and studied in the application 

of the CPV system. Then, the performance of the integrated optical system is 

compared with that of the NIDC without the secondary concentrator in the 

DACPV system. 
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CHAPTER 3 

 

DESIGN AND OPTICAL EVALUATION OF SECONDARY OPTICS 

OF DENSE-ARRAY CONCENTRATOR PHOTOVOLTAIC SYSTEM 

 

 

3.1  Primary Optics: Non-Imaging Dish Concentrator 

 

Non-imaging dish concentrators (NIDCs) with the aim of producing 

uniform flux distribution across rectangular focusing spot was first proposed 

by Chong and colleagues and further analysed by Tan et al. (Chong et al., 

2012,  2013a,  2013b,  2014a, 2014b,  2014c, and Tan et al., 2014). Figure 

3.1 shows the primary concentrator NIDC comprising of 96 identical flat facet 

mirrors acting as optical apertures to gather solar irradiance from the sun and 

to superimpose all the facet images at the focal plane to form a primary 

focused image.  
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Figure 3.1: Schematic diagram to show an integrated optical system consisting 

of two major elements: the primary concentrator, non-imaging dish 

concentrator (NIDC), and the secondary concentrator, an array of dielectric 

filled crossed compound parabolic concentrator, where the rim angle of NIDC 

is defined as θ. 

 

The geometrical configuration of the facet mirrors was determined 

using a newly developed computational algorithm, which is capable of 

eliminating blocking and shadowing effects among the adjacent facet mirrors 

(Chong et al., 2012, 2013a, 2013b, and Tan et al., 2014). It can be done by 

gradually increasing the height of facet mirrors located in the central to 

peripheral regions as shown in Figure 3.2. Due to the gradual elevation of the 

facet mirrors at the outer ring of the concentrator, the final optical 

configuration of the facet mirrors forms a reflective surface of the dish’s 

contour.  
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Figure 3.2: Cross-sectional view of the non-imaging dish concentrator 

showing gradual elevation of facet mirrors located in the central to peripheral 

regions. 

 

In this study, we consider the NIDC configuration to consist of an 

array of 10 × 10 facet mirrors with a dimension of 20 × 20 cm each and the 

four facet mirrors in the central region are omitted due to shadowing by the 

receiver. As shown in Figure 3.3, each mirror were mounted on a pole with a 

triangle flat metal plate on top. Three screws were attached to the back of each 

mirror and springs were inserted to each screw. The mirror, screws, and 

springs set were then mounted on the triangle metal plate with three holes that 

acted as the slots for the three screws attached to the mirror. The three screws 

were fastened with nuts at different force intensities. This is to enable each flat 

facet mirror to be tilted at two orientation angles based on its location in the 

NIDC to reflect incident sunrays to a common target. Therefore, sunrays 

reflected by different facet mirrors were with different angles of reflection.  
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Figure 3.3: (a) aluminium frame with mirror and receiver holders; (b) single 

mirror holder with a triangle plate mounted at the top of the aluminium square 

hollow bar. Three through holes acted as slots for mirror installation. 

 

Referring to Figure 3.4, the Cartesian coordinate system was applied to 

represent the main coordinate system (x, y, z) attached to the dish concentrator 

and the sub-coordinate system (x, y, z) attached to the i, j-facet mirror, where 

i and j refer to the mirror location at i-th row and j-th column of the dish 

concentrator. The origins of the main coordinate and sub-coordinate systems 

were located at the centre of the concentrator, O (0, 0, 0), and the centre of i, j-

facet mirror, (HCx, HCy, HCz)ij, respectively. The incident angle (ij) of the 

sunray, relative to the i, j-facet mirror, and the tilted angles of the i, j-facet 

mirror about x-axis (ij) and y-axis (ij) were derived as follow: 
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where f is the focal length of the dish concentrator or the perpendicular 

distance of central points between the dish concentrator and the receiver. 

 

 

Figure 3.4: The Cartesian coordinate system was used to represent the main 

coordinate system (x, y, z) attached to the plane of the dish concentrator and the 

sub-coordinate system (x, y, z) is defined as attached to the i, j-facet mirror. 
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The total reflective area of the NIDC was 3.84 m2, the projection area 

of the facet mirrors was 3.76 m2, and the focal distance of the NIDC was 

210 cm. A two-axis sun-tracking system was employed to ensure that the 

incident sunlight was always aligned with the optical axis of the NIDC. The 

two-axis sun-tracking system is an open-loop tracking system, which employs 

algorithm to calculate the sun’s position according to date, time, and 

geographical information.  

 

The sunrays reflected by the facet mirrors at the four corners had the 

largest incident angle relative to the receiver plane and thus, the rim angle of 

the NIDC is defined as the angle subtended by the light rays reflected by the 

two most distant facet mirrors, which were located at the top-left and bottom-

right corners. Figure 3.1 shows a facet mirror located at one corner of the 

NIDC where its distance from centre of the NIDC in X-direction and Y-

direction were 92.25 cm and 96.25 cm, respectively. The shortest vertical 

distance in the Z-direction from the central point of the entrance aperture of 

the secondary optics to the line joining the central points of the two most 

distant facet mirrors was 183.86 cm. The rim angle was calculated as 71.9° 

using the following equation: 

 

Rim angle, 𝜃 = 2 tan−1 (
𝐻𝑥𝑦

𝐻𝑧
) = 2 tan−1 (

√92.25
2 + 96.25

2

183.86
)                 (3.4) 
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Table 3.1: Specifications of the non-imaging dish concentrator. 

Primary concentrator: non-imaging dish concentrator (NIDC) 

Type of reflector 3 mm mirror with back metallic coating 

Number of facet mirror 96 units 

Dimension of facet 

mirror 

20 × 20 cm 

Array arrangement Facet mirrors arranged into 10 rows and 10 columns 

with 4 facet mirrors in the central region removed 

Focal distance 210 cm 

Total reflective area 3.84 m2 

Total projection area of 

reflector 

3.76 m2 

Range of solar rays 

reflected angle 

8.6°–36.7° 

 

 The NIDC was oriented by two stepper motors in azimuth-elevation 

axes. Two worm gear reducers with a gear ratio of 60:1 were used to drive the 

solar concentrator frame along the azimuth and elevation axes. Compared with 

ordinary gear trains using spur gears, the direction of the worm gear 

transmission is irreversible because a larger friction is involved between the 

worm and worm-wheel. In other words, worm gear configurations in which 

the gear cannot drive the worm are said to be self-locking. In this way, there is 

no motor energy consumption on stationary positions and the usage of 

complex load brake mechanisms is not required.  

 

 As sunlight is concentrated on the solar cell, the non-converted 

sunlight will generate heat that will raise the solar cell’s temperature. If the 

temperature of the solar cell is higher than the standard operating temperature, 

the energy conversion efficiency will drop significantly. Therefore, a copper 

cooling block was installed as a receiver to obtain better heat dissipation effect 
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and to prevent the solar cell from operating at a higher temperature. Besides 

that, an automotive radiator cooling system was applied in the prototype for 

heat management purposes that is to lower down the temperature of the solar 

cells (Chong et al., 2012a). Figure 3.5 shows the automotive radiator from the 

commercial automobile model “Proton Wira 1500 cc”.  The materials of the 

automotive radiator casing and tubes are aluminium alloy with high heat 

conductivity and light weight.  It is easy to be installed into the prototype of 

the NIDC with minimum load added to the driving system. The external fins 

sandwiched between the ducts in the radiator are made of copper in order to 

have higher heat conductivity for increasing the heat dissipation rate. 

 

 

Figure 3.5: Automotive radiator cooling system (Chong et al., 2012a). 
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3.2  Secondary Optics: Dielectric Filled Crossed Compound Parabolic 

Concentrator 

 

There are two major requirements for the geometrical design of a 

secondary concentrator. The first requirement is to ensure that the exit aperture 

can match well with the shape and dimension of the CPV cell. The second 

requirement is to ensure that the acceptance angle of the secondary 

concentrator is larger than the rim angle of the NIDC so that the aperture of 

the secondary optics is sufficiently large to subtend all the sunrays reflected by 

the NIDC and to maximize the sunlight to be concentrated onto the CPV cell. 

 

The high efficiency multi-junction CPV cell, which is commercially 

available, is mostly either square or rectangle in shape. The CPV cells used in 

our study are the product of Spectrolab with the mechanical dimension of 11 

× 10 mm and an active area of 9.85 × 9.89 mm, and the detailed specifications 

are listed in Table 4.1 (Spectrolab, 2010). A square exit aperture is highly 

recommended instead of a circular exit aperture in order to map the 

concentrated sunrays across the CPV cell for aiming to produce a uniform 

illumination throughout the active surface area.  

 

For this reason, a typical candidate for the secondary concentrator with 

a square exit aperture would be the crossed compound parabolic concentrator 

(CCPC), which is formed by intersecting two symmetrical 2-D compound 

parabolic concentrators (CPC) orthogonally. In the perspective of geometrical 
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optics for the CCPC, all the sunrays that successfully enter the CCPC within 

the acceptance angle will emerge at the exit aperture. 

 

A dielectric filled CCPC with square cross sections in both the 

entrance and exit apertures were tailored to match the dimension of the CPV 

cell assembly as shown in Figure 3.6. Each CPV cell assembly consisted of a 

CPV cell, a by-pass diode, and a direct bonded copper with Au/Ni surface 

plating (front and back surfaces) on an Al2O3 substrate. On the other hand, 

B270 super white was selected as the dielectric material for the CCPC lens as 

it is a clear high transmission crown glass (modified soda-lime glass) available 

in various forms and is affordable.  

 

 

Figure 3.6: A 2 × 2 array of CPV + CCPC assembly sets. Each CPV + CCPC 

assembly set is an integrated concentrator photovoltaic cell assembly and 

crossed compound parabolic concentrator lens. Each concentrator photovoltaic 

(CPV) cell assembly consisted of a triple-junction CPV cell, a by-pass diode, 

and a direct bonded copper with Au/Ni surface plating (front and back 

surfaces) on an Al2O3 substrate. 
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A systematic process as shown in the flow chart described in Figure 

3.7 was applied to design the dimension of the CCPC lens well-tailored to our 

application. 

 

 

Figure 3.7: Flow chart showing the systematic process in designing the 

dielectric filled CCPC geometry. 

 

In reference to Figure 3.7, Eqs. (3.5), (3.6), and (3.8) were derived by 

Winston et al. (2005) and Eq. (3.7) was derived from the Snell Law (Winston 

et al., 2005). 

 

 
 (3.5) 

 
 (3.6) 
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  (3.7) 

 
 (3.8) 

 

In our design, the CCPC lens had an exit aperture size (2a′ = 9.8 mm), 

which was slightly smaller than the active area of the solar cell, 

(9.85 × 9.89 mm), so that all the sunrays arriving at the exit aperture can reach 

the active area of the solar cell, including the sunlight exiting near the edge of 

the exit aperture. In the case study, the size of the entrance aperture, 

2a = 24 mm, was selected in order to match the dimension of the CPV cell 

assembly, 25 × 21 mm, as listed in Table 3.2 with the configuration as shown 

in Figure 3.8.  

 

Table 3.2: Specifications of crossed the compound parabolic concentrator lens 

and the secondary concentrator. 

Crossed compound parabolic concentrator (CCPC) lens 

Dimension of entrance aperture 24 × 24 mm 

Dimension of exit aperture 9.8 × 9.8 mm 

Length, L 37.78 mm 

Geometrical concentration ratio 5.998 

Half acceptance angle, θ′i 24.1° 

Angular half acceptance angle, θi 37.77° 

Dielectric material B270 super white 

Refractive index of the dielectric material 1.5 

Transmittivity of the dielectric material 87.5% 

 

Secondary concentrator: Array of CCPC lenses 

Array of CCPC lenses 8 × 8 

Size of the entrance aperture 195.5 × 195.5 mm 

Gap between CCPC lenses 0.5 mm 
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The purpose of this selection is to ensure that the CPV cell assembly 

can be arranged closely to each other with a small tolerance of 0.5 mm in 

every side and to minimize the thickness of the CCPC lens because the 

absorptivity of sunlight by the dielectric material of CCPC is proportional to 

the thickness of the lens. The size of the CCPC entrance aperture must be 

either the same or larger than the size of the CPV cell assembly so that all the 

CCPC lenses can be arranged tightly to each other. The integrated design of 

the CCPC and CPV is more efficient compared to that of the DACPV in terms 

of packing factor by reducing the percentage of the sunlight fallen on non-

active areas that incurs losses to the whole system. 

 

The final geometrical design of the CCPC lens is shown in Figure 3.8.  

 

 

Figure 3.8: Dielectric filled crossed compound parabolic concentrator with an 

angular half acceptance angle, θi of 37.77°. The square entrance aperture size, 

2a, is 24 mm; the square exit aperture size, 2a′, is 9.8 mm; and the total 

length, L, is 37.78 mm. 
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The half acceptance angle, θ′i of the CCPC geometry was 24.1° and 

was computed using Eq. (3.5). For the dielectric filled CCPC lens made of 

B270 glass material with a refractive index, n, of 1.5, the angular half 

acceptance angle, θi of the CCPC lens was calculated to be 37.77° using 

Eq. (3.7). There are two advantages of the CCPC lens against the reflector: it 

increases the acceptance angle due to the refraction effect at the air-dielectric 

interface and it allows total internal reflection without any reflectivity loss. 

Since the focal distance is inversely proportional to the rim angle based on 

Eq. (3.4), the rim angle can be reduced by increasing the focal distance in the 

case of the rim angle (θ) being larger than the acceptance angle of the CCPC 

(2θi). By fixing the acceptance angle of the CCPC, the adjustment of the focal 

length is necessary to ensure that all the concentrated sunlight from the NIDC 

can be fully guided to the exit aperture. The length, L, of the lens was 

37.78 mm, calculated using Eq. (3.6). The geometrical concentration ratio of 

CCPC, defined as CR, is expressed in Eq. (3.8) and was determined to be 

5.998. The sunlight concentrated by the NIDC was further concentrated by the 

CCPC lens. 

 

 

3.2.1 Preliminary Ray Tracing 

 

Preliminary ray tracing had been carried out to study the behaviour of 

the dielectric filled 2-D CPC to understand its feasibility to be used as the 

secondary of the NIDC system. It is important that light rays that incident on 

the entrance aperture of the CCPC will be guided to the exit aperture with 
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minimal loss. The 2-D ray trace was carried out with the optical simulation 

software, LightTools, to investigate the behaviour of the light ray incident 

from 0° to 37.8°. All light rays with an incident angle of 0° to 26° was 

transmitted to the exit aperture. When the incident angle of the light rays was 

more than 26°, the ray tracing analysis revealed that part of the incoming light 

rays did not undergo total internal reflection, even within the half acceptance 

angle of the CPC. Those light rays escaped from the side walls, which were 

near the exit aperture without reaching the exit aperture as shown in Figure 

3.9(c). The percentage of light rays which escaped gradually increased from 0 

to 13.8% as the incident angle increased from 26.0° to 37.8°. 

 

 

Figure 3.9:  Preliminary ray-trace showing rays with (a) 0 incidence angle; (b) 

19 incidence angle; (c) 37.8 incidence angle. 
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Light rays reflected by 25% of the total number of flat facet mirrors 

have an incident angle at the receiver of greater than 26°, therefore there will 

be a loss of energy of maximum 2% of the total energy that is reflected by all 

the mirrors. 

 

 

3.2.2 Secondary Concentrator Comprising of the CCPC Array 

 

The secondary concentrator is comprised of the CCPC lenses arranged 

into rows and columns to form the 2-D array as shown in Figure 3.10. Primary 

focused image size of 22.6 × 22.6 cm produced by the NIDC can be obtained 

from the simulated result as plotted in Figure 3.11. The entrance aperture was 

placed at the focal plane of the NIDC for collecting the concentrated sunlight 

from the NIDC and each of the CCPC lens further focused the sunlight onto 

their respective CPV cell. An array of 8 × 8 dielectric filled CCPC lenses was 

arranged closely with a gap of 0.5 mm between two adjacent lenses to form a 

secondary concentrator so that the total surface area of 19.55 × 19.55 cm of 

the entrance aperture matched with the primary focused image of the NIDC. 

The entrance aperture of the secondary concentrator was purposely designed 

to be slightly smaller in size than that of the primary focused image. Due to 

the solar disc effect, the peripheral region of the primary focused image with a 

much lower solar concentration ratio as compared to that of the central region 

was omitted. This was done to avoid imbalance in current generation by those 

CPV cells located in the peripheral region as compared to that of the central 
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region and to subsequently cause current mismatch problem affecting the 

overall conversion efficiency of the whole module. 

 

 

Figure 3.10: An array of 8 × 8 dielectric filled CCPCs was arranged closely 

with a gap of 0.5 mm between two adjacent lenses to form a secondary 

concentrator so that the total surface area of 19.55 × 19.55 cm of the entrance 

aperture matched with the primary focused image of the NIDC. The lenses 

were divided into four symmetrical quadrants. 

 

 

3.3 Optical Performance Study with Ray-trace Simulation 

 

3.3.1 Methodology 

 

The optical performance was carefully evaluated using a commercial 

ray-tracing software, LightTools. The optical system consisted of two major 

elements: the primary concentrator, which is the NIDC and a secondary 

concentrator, which is an array of CCPC lenses with the specifications as 

listed in Table 3.2 and the 3-D optical layout design is illustrated in Figure 3.1. 
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In our numerical modelling using LightTools, a light source with a dimension 

slightly larger than the dimension of the NIDC was generated to generate 

parallel cone rays with a solar disc half angle of 4.65 mrad. The slightly larger 

light source is important to guarantee that the ray-tracing of sunrays has 

covered the entire facet mirrors of the NIDC in the simulation. In the setting of 

the simulation program, all the flat facet mirrors involved in the ray-tracing 

program were made of 3 mm thick dielectric glass with a back-coated 

reflective surface. The properties of the dielectric filled CCPC were set 

according to the specifications given by the B270 super white datasheet with a 

refractive index of 1.5 and transmittance of 87.5% (Schott Desag, 2000). 

 

A receiver plane was fixed at the focal plane of the NIDC to study the 

solar flux distribution before the sunrays are further concentrated by the CCPC 

lenses to their respective exit apertures. Moreover, each exit aperture of the 

CCPC was also assigned with a receiver plane to study the concentrated flux 

distribution. The ratio of flux density at the receiver plane to flux density at 

the light source is defined as the Solar Concentration Ratio (SCR). In each 

simulation, 12 million rays were traced to obtain the simulated result, and the 

simulated flux distribution patterns are plotted as shown in Figures 3.11 and 

3.12. 

 

A study had been made to evaluate the performance of the CCPC 

under the effect of off-tracking. For the case of off-tracking, the light source 

was rotated around the X-axis, Y-axis, and both X and Y axes with a pointing 

error ranging from 0° to 0.4° with an increment step of 0.1°. The choice of 
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range for the pointing error takes into consideration the practical tracking 

accuracy as a 12-bits optical encoder was employed as a feedback sensor in 

the tracking algorithm (Chong et al., 2009a, 2009b). After setting all the 

parameters for the primary concentrator, secondary concentrator, and receiver 

planes, the ray-tracing program was initiated to plot the flux distribution 

pattern on the receiver planes for both the NIDC and exit apertures of the 

CCPC lenses. 

 

 

3.3.2 Results and Discussion 

 

Figure 3.11(a) depicts the simulated results of the primary focused 

image formed by the NIDC without a pointing error. The simulated solar flux 

distribution consisted of a flat top region with a maximum SCR of 88 suns 

located in the central region covering the area of 18.2 × 18.2 cm and was 

surrounded by a steep decrease of 88 suns to 0 within 2 cm near the edge, to 

form a total primary focused image size of 22.6 × 22.6 cm. The percentage of 

energy within the uniform illumination area was 79%. With such uniformity, it 

can minimize the current mismatch problem, which has made it suitable for 

dense array concentrator photovoltaic (DACPV) application. 
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Figure 3.11: Solar flux distribution of primary focused image by NIDC: (a) no 

pointing error; (b) pointing error of 0.3° counter-clockwise rotation about Y-

axis; (c) pointing error of 0.3° counter-clockwise rotation about X-axis; (d) 

pointing error of 0.3° counter-clockwise rotation about both X-axis and Y-axis. 

 

Pointing error is caused by the inaccurate sun-tracking system and 

incident sunrays relative to the NIDC should be parallel with the Z-axis 

(optical axis of NICD) if no pointing error exists. To study the effect of the 

inaccurate sun-tracking towards the electrical performance of the CPV system, 

we simulated the cases of pointing error by rotating the light source from 0° to 

0.4° with a 0.1° increment in the counter-clockwise direction about X-axis, Y-

axis, and both X and Y axes concurrently. For a pointing error of 0.3° counter-

clockwise about Y-axis as shown in Figure 3.11(b), the primary focused image 

had shifted to the negative direction of the X-axis without any obvious 

distortion in both the flux distribution pattern and image dimension. For a 
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pointing error of 0.3° counter-clockwise about X-axis as shown 

in Figure 3.11(c), the primary focused image had shifted to the positive 

direction of Y-axis without any obvious effect to both the flux distribution 

pattern and image dimension. Finally, the study also included the case of off 

tracking in both axes, X = 0.3° counter-clockwise and Y = 0.3° counter-

clockwise, simultaneously. From the simulated results as shown 

in Figure 3.11(d), the whole image had shifted in both the X and Y directions 

without affecting the distribution pattern and dimension. According to the 

simulated results, the image had shifted about 6 mm towards the 

corresponding direction for each 0.1° of pointing error. 

 

 

Figure 3.12: Solar flux distribution at the exit aperture of the top left quadrant 

(first 4 rows and first 4 columns) of the CCPC array for the case of without 

pointing errors during sun-tracking. 
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Figure 3.12 shows the simulated solar flux distribution on the receiver 

planes at the exit apertures of the CCPC lenses located in the top-left quadrant 

of the full array. The flux distribution patterns and solar concentration ratios of 

the other three quadrants were similar to the simulated results in which their 

relationship were mirror symmetry to each other. 

 

Among all the concentrated flux at exit apertures, SCR for the exit 

aperture of CCPC at the four corners of the complete array was the lowest 

when it is compared to the SCR for other CCPC lenses. It was reflected by the 

flux distribution pattern of the primary focused image with the lowest average 

SCR at the corner. The total average of the SCR at the CCPC position (4, 4) or 

the central region of the secondary concentrator was 416 suns whilst the SCR 

was lower for those CCPC lenses located in the outermost ring with the lowest 

SCR at four corners. The overall uniformity of the solar flux distribution 

pattern is acceptable, in which the value of the peak to average ratio (PAR) of 

the all exit apertures ranged from 2.08 to 2.35 as listed in Table 3.3. For the 

solar flux distribution in the full CCPV array, the average SCR for the 6 × 6 

array of the CCPC located in the central region of the receiver was 416 suns, 

but the average SCR ranged from 346 to 381 suns for CCPCs located at the 

four edges of the 8 × 8 array. 
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Table 3.3: The positions of the crossed compound parabolic concentrator 

(CCPC) lens in the top left quadrant of the full array and its corresponding 

peak-to-average ratios (PAR). 

CCPC position PAR CCPC position PAR 

    

(1,1) 2.35 (3,1) 2.14 

(1,2) 2.26 (3,2) 2.22 

(1,3) 2.35 (3,3) 2.09 

(1,4) 2.33 (3,4) 2.08 

(2,1) 2.21 (4,1) 2.20 

(2,2) 2.16 (4,2) 2.17 

(2,3) 2.14 (4,3) 2.14 

(2,4) 2.11 (4,4) 2.11 

    

 

Herrero et al. (2012) and Baig et al. (2013) had done extensive studies 

on the non-uniform illumination in both concentrating solar cell and module. 

According to Baig et al. (2013), the non-uniform incident flux illuminated on 

the solar cell would affect the fill factor (FF) of the solar cell, which can 

reduce the maximum power output. In fact, it is very difficult to obtain 

uniform illumination as there are many factors that can cause non-uniformity 

such as the imperfection of optical geometry, aberration, geometrical error of 

the concentrator profile caused by manufacturing defect, inaccurate sun-

tracking, optical misalignment of the solar concentrator, and mechanical 

failures. To quantify the different profiles of non-uniformity, Herrero et al. 

(2012) had introduced a parameter called peak-to-average ratio (PAR). They 

had characterized the non-uniform light patterns produced by the optical 

systems and reproduced them on CPV cells in experiments to obtain the fill 

factor under different profiles of non-uniformity; the percent variation of the 

fill factor (FF) versus the PAR of a multi-junction (MJ) solar cell is provided 

in Figure 3.13 (Herrero et al., 2012). Considering the CCPC located at (4, 4) 
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with a peak SCR of 952 suns and average SCR of 416 suns, the peak-to-

average ratio (PAR) is only 952 ÷ 416 = 2.29. The PAR of illumination at the 

exit apertures of the CCPC lenses ranged from 2.08 to 2.35 in our study. As 

shown in Figure 3.13, the non-uniformity with a PAR below 2.5 will not 

significantly affect the fill factor of the CPV cell. 

 

 

Figure 3.13: Percent variation of the fill factor (FF) versus the peak-to-average 

ratio (PAR) of a multi-junction (MJ) solar cell. (Herrero et al., 2012). 

 

 

3.4 CCPC Lens Optical Efficiency Evaluation 

 

The optical efficiency of the CCPC lens were evaluated with the CCPC 

+ CPV assembly set. The short circuit current generated by a CCPC + CPV 

assembly set were compared to the short circuit current generated by the CPV 

module, which is the same type as the module used in a CCPC + CPV 

assembly set. Almost all the solar light flux that was focused on the receiver of 
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the NIDC were direct components from the sun. Therefore, knowing the 

relationship between the CPV module short circuit current and direct normal 

irradiance (DNI) is important to study the solar concentrator system’s 

performance. A calibration work had been carried out to find out the short 

circuit output current from the CPV module that responds to DNI. When both 

the CPV module and the CCPC + CPV assembly set were facing the sun, they 

received energy from direct and diffuse sunlight. The acceptance angle of the 

CPV module was much larger than the CCPC + CPV assembly set as it had 

been limited by the CCPC lens. Therefore, there is a need to develop a way to 

measure the short circuit current generated by both the CPV module and the 

CCPC + CPV assembly set that responds to DNI only. 

 

In order to limit the acceptance angle of the CCPC + CPV assembly set, 

we rolled a rough sand paper into the shape of a tube with the rough surface of 

the sand paper as the inner surface of the tube. The sand paper tube must have 

a certain length so that the sunlight that reached the entrance aperture of the 

CCPC is within an incident angle of 5°, which is similar to the acceptance 

angle of the pyrheliometer that is used to measure DNI. The sand paper tube 

was placed above the CCPC + CPV assembly set during the measurement of 

the short circuit current that responds to DNI, Isc
CCPC. 

 

For the CPV module, a way to calculate the short circuit current of the 

CPV module that responds to DNI was found during the calibration process. 

The finding eased the measurement as the acceptance angle of the CPV 

module does not have to be limited for every measurement. The short circuit 
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current of the CPV module that responds to the DNI, Isc
DNI, was calculated 

using the following equation: 

 

DNI DNI

GSI

measured

sc scI I  (3.9) 

 

where Isc
measured is the measured short circuit current of the CPV module (mA) 

that responds to GSI; DNI is the direct normal solar irradiance reading from 

the pyrheliometer (Wm–2); and global solar irradiance (GSI) is the global solar 

irradiance reading from the pyranometer (Wm–2). 

 

 After both Isc
DNI and Isc

CCPC were measured, the measured solar 

concentration of the CCPC lens, CRmeasured, was calculated using the following 

equation: 

  

CRmeasured = 
Isc
    CCPC

  Isc
     DNI

 (3.10) 

 

 Figure 3.14 shows a simple setup to measure CRmeasured of a CCPC + 

CPV assembly set. The sand paper tube was placed above CCPC + CPV 

assembly set during measurement. 
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Figure 3.14: Calibration setup for optical efficiency evaluation. CCPC + CPV 

assembly set and a CPV module were mounted on the pyrheliometer to ensure 

that their surface are normal to the incident sunlight. 

 

 

3.4.1 Results and Discussion 

 

Table 3.4 shows the values of CRmeasured of a few CCPC + CPV 

assembly sets that were selected from the 8 × 8 array of dielectric filled 

CCPCs. During each measurement, Isc
CCPC, Isc

measured, DNI, and GSI were 

taken concurrently as the DNI and GSI might vary due to weather condition. 
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Table 3.4: Summary of CRmeasured of CCPC + CPV assembly sets with their 

respective position in the secondary concentrator. 

CCPC position       

Row Column 
Isc

CCPC 

(mA) 

Isc
measured 

(mA) 

DNI 

(W/m2) 

GSI 

(W/m2) 

Isc
DNI 

(mA) 
CRmeasured 

3 

3 55.3 15.80 937 1046 13.96 3.96 

4 57.2 15.83 949 1058 14.01 4.08 

5 56.5 16.20 949 1071 14.17 3.98 

6 57.6 16.20 949 1071 14.17 4.06 

4 

3 56.0 15.92 949 1058 14.09 3.97 

4 57.7 15.87 949 1058 14.04 4.10 

5 57.5 16.35 937 1058 14.28 4.02 

6 59.2 16.34 937 1058 14.27 4.14 

5 

3 58.9 16.05 949 1071 14.04 4.19 

4 56.0 16.05 949 1071 14.04 3.98 

5 56.3 15.80 937 1058 13.80 4.07 

6 56.6 15.95 937 1058 13.93 4.06 

6 

3 56.9 16.22 949 1083 14.03 4.05 

4 58.0 16.05 949 1071 14.04 4.12 

5 58.8 15.90 949 1071 13.91 4.22 

6 57.0 15.80 937 1071 13.64 4.17 

1 8 56.0 16.95 937 1131 13.85 4.04 

 

 From our measurement, CRmeasured of selected CCPC + CPV assembly 

sets ranged from 3.96–4.22. The small variation of the CRmeasured can be due to 

the alignment of the CCPC lens and CPV cell being not exactly same, and the 

output current from each CPV cell might have had a slight difference. The 

average CRmeasured was found to be 4.07. The value is only 67.9% of the 

theoretical geometrical concentration ratio. The loss was mainly due to a few 

reasons: the absorption of the dielectric material of the CCPC lens, Fresnel 

loss incurred when sunrays travelled from air into the glass medium and also 

from glass into the encapsulant medium. Some light rays with an incident 

angle larger than 26° that escaped through the side wall also contributed to the 

loss as discussed in section 3.2.1.  
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CHAPTER 4 

 

ELECTRICAL PERFORMANCE OPTIMIZATION OF DENSE-

ARRAY CONCENTRATOR PHOTOVOLTAIC SYSTEM WITH 

SECONDARY OPTICS 

 

 

4.1 Assembly of the CCPC + CPV Assembly Set 

 

The Spectrolab CCA 100 CPV module is a ready-made module 

consisting of a CDO 100, C3MJ solar cell, and a 12A Schottky by-pass diode 

attached to a direct bond copper (DBC) with Au/Ni surface plating (front and 

back surfaces) on an Al2O3 substrate. Figure 4.1 shows the CPV cell attached 

on the Au/Ni plated copper layer and the high current carrying interconnectors 

connecting the bus bar of the solar cell to the Au/Ni plated copper layer using 

Spectrolab’s proprietary welding process. The Al2O3 substrate offers excellent 

thermal conductivity and a compatible coefficient of thermal expansion with 

the solar cell.  

 

 

Figure 4.1: CPV module with a C3MJ solar cell and 12A Schottky by-pass 

diode attached to a direct bond copper (DBC) ceramic substrate. 
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The table below shows the summary of the specifications of the 

Spectrolab CCA 100 CPV module and the CDO 100 C3MJ solar cell. 

 

Table 4.1: Specifications of CPV cell assembly and CPV cell. 

CPV cell assembly (Spectrolab product: CCA 100 C3MJ Concentrator Cell 

Assembly) 

Dimensions of the CPV cell 

assembly 

25 × 21 mm (note: original size is 

25.5 × 21.0 mm as provided in the 

specification, but we trimmed it to 

25 × 21 mm) 

Typical performance efficiency 38.5% 

Ceramic carrier Direct bonded copper with Au/Ni surface 

plating (front and back surfaces) on an 

Al2O3 substrate 

By-pass diode 12A Schottky 

 

CPV cell (Spectrolab product: CDO 100 C3MJ) 

Typical performance efficiency 38.5% 

Dimension of the cell aperture 

(active area) 

9.85 × 9.89 mm (98.9 mm2) 

Mechanical dimension of the 

cell (including bus bar, etc.) 

11 × 10 mm 

VOC (1,000 W/m2 irradiance) 2.77 V 

ISC (1,000 W/m2 irradiance) 14 mA 

Operating temperature of the 

CPV cell 

−40°C to 100°C 

 

However, the module did not come with external connectors or wires. 

Therefore, before attaching the CCPC lens onto the CPV cell, two external 

wires with low resistance and high current capacity were soldered to each 

terminal of the module for external connection as shown in Figure 4.2. In 

order to solder the wire, the soldering iron rod needs to be heated to around 

400°C−450°C instead of around the usual 300°C if working on a typical PCB 

board, as the DBC substrate of the CPV module dissipates the heat and causes 

the temperature to drop immediately. After soldering, a thin layer of DOW 
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CORNING SE 9120 clear sealant was applied on the CPV cell. DOW 

CORNING SE 9120 is a one-part translucent sealant which has moisture cure 

RTV, good flow, fast tack-free, and controlled volatility material. It is used as 

an encapsulant of the CPV cell and an adhesive between the CCPC lens and 

CPV cell. It can also act as a medium to replace the air-glass interface, which 

will cause total internal reflection when light travels from the CCPC lens 

towards the CPV cell.  

 

As the DOW CORNING SE 9120 clear sealant is not designed for high 

concentration solar application, the durability of the material under high 

irradiance and temperature is unknown. The sample unit was installed at the 

receiver of the NIDC to study the behaviour of the sealant. We observed it for 

more than 20 hours under the sun and found no obvious degradation that could 

cause the output of the CPV cell to decrease. 

 

The exit aperture of the CCPC lens was placed right on top of the CPV 

cell immediately after the sealant was applied on the CPV cell. The CCPC 

lenses were held with a jig so that it maintains a 100 nm of distance between 

the CPV cell and the exit aperture of the CCPC lens. After curing, a layer of 

100 nm sealant was formed. When placing the CCPC lens, it must be ensured 

that no air bubbles are trapped in the sealant as it will create an air-glass 

interface and cause high air pressure in the bubble when the CCPC + CPV 

assembly set are put under high concentration. Figure 4.2 shows the procedure 

of attaching the CCPC lens onto the CPV module. 
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Figure 4.2: (a) Spectrolab CCA 100 CPV module; (b) two wires were soldered 

to the terminal of the module; (c) CCPC lens are attached on the CPV cell 

with DOW CORNING SE 9120 clear sealant. 

 

 

Figure 4.3: The process of attaching the CCPC + CPV assembly set to a 

copper block heat sink starting with a single assembly set until completing the 

8 × 8 array. 

 

After the assembly, 64 CCPC + CPV assembly sets were arranged into 

8 × 8 arrays and attached to a copper block heat sink with Arctic Silver 

Thermal Adhesive. Arctic Silver Thermal Adhesive is a two-part permanent 

adhesive for thermal joints in minimum bond line applications. The adhesive 
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is made with 99.8% pure micronized silver and has 62% to 65% silver content 

by weight that exhibits superior thermal performance. Figure 4.3 shows the 

process of attaching the CCPC + CPV assembly set to a copper block heat 

sink starting with a single assembly set until completing the 8 × 8 array. 

 

 

4.2 Electrical Performance Study with Simulation 

 

4.2.1 Methodology 

 

We have adopted the numerical modelling method using Simulink to 

analyse the electrical performance of two different electrical layout designs of 

the CPV cells: (1) dense array concentrator photovoltaic (DACPV) module 

based on solar flux distribution of primary focused image; and (2) array of 

integrated CPV cells and CCPC lenses (CPV + CCPC) assembly module 

based on solar flux distribution at CCPC exit apertures. As proposed by Siaw 

et al. (2014), a circuit with three current sources connected in series was 

applied in our study to represent a comprehensive equivalent circuit model for 

a triple-junction CPV cell. The triple-junction CPV cell circuit model was then 

simplified into a two-diode model, which is equivalent to a CPV cell block in 

SimElectronics, which is the function block in Simulink.  
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Figure 4.4: A schematic diagram to show the representation of a triple-

junction solar cell, which is simplified from a three-current-source in the series 

model to the two-diode model, which is equivalent to a solar cell block in 

SimElectronics. (Siaw et al., 2014). 

 

The CPV cell block represented by a single CPV cell as the current 

source with one exponential diode, a parallel resistor of resistance (RP), and a 

serial resistor of resistance (RS) were arranged into subsystems in the Simulink 

to form an array. The five-parameter model was chosen as it is good enough to 

perform a sensibly accurate analysis and it was successfully verified in the 

field test conducted by Siaw et al. (2014). The way to compute both the I-V 

and P-V curves is summarized in the block diagram for computational 

modelling under the Simulink environment and are shown in Figure 4.5 where 

the “CPV” block contains the subsystems of the CPV cell block. This model is 

ready for simulation with a selected simulation time that will affect the 

resolution of the I-V and P-V curves. Results generated from the simulation, 

such as the current, voltage, and output power values are stored in the 

MATLAB workspace and can be exported to Excel for further analysis. 
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Figure 4.5: Overall Simulink implementation of both the DACPV and 

CPV + CCPC assembly modules simulation with block diagram. 

 

The short circuit current of the CPV cell under one sun, 𝐼𝑆𝐶
1  and the 

open-circuit voltage under one sun, 𝑉𝑂𝐶
1  can be determined from the 

Spectrolab datasheet for the CPV cell (Spectrolab, 2010). The formulas of the 

short-circuit current, ISC, and open-circuit voltage, VOC, of the CPV cell are 

expressed in Eqs. (4.1) and (4.2), respectively (Siaw and Chong, 

2013 and Siaw et al., 2014). Solar irradiance at a solar concentration ratio of 

one sun is equivalent to 1,000 W/m2. For this study, the ideality factor of the 

CPV cell and the series resistance were assumed to be N = 3 and RS = 0 Ω, 

respectively. The default temperature for the modelling was 25°C and the 

solar concentration ratio (SCR) is represented by CR. 

 

 (4.1) 

 (4.2) 

 

The efficiency data of the CPV cell provided by the datasheet of 

Spectrolab is only limited to SCRs ranging from 350 to 900 suns (Spectrolab, 
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2010). For SCRs below 350 suns, the maximum power efficiency can be 

simulated using Simulink and is based on five parameters extracted from the 

Spectrolab datasheet, i.e. 𝐼𝑆𝐶
1 = 14.0 mA, 𝑉𝑂𝐶

1 =2.77V, 1 sun = 1,000 W/m2,    

N = 3, and RS = 0 Ω at 25°C.  

 

For the completeness of the electrical performance study, we modelled 

and plotted the graph of the maximum power efficiency against the solar 

concentration ratio ranging from 1 to 1,000 suns for the single CPV cell as 

shown in Figure 4.6.  

 

 

Figure 4.6: Maximum power efficiency of the CPV cell obtained from the 

numerical modelling using Simulink and five parameters extracted from the 

Spectrolab datasheet ( 𝐼𝑆𝐶
1 = 14.0 mA, 𝑉𝑂𝐶

1 =2.77V, 1 sun = 1,000 W/m2,   N = 

3, RS = 0 Ω at 25°C). Note: The maximum power efficiency with SCRs of 

350–900 suns obtained from our simulation is very close to that of the 

datasheet provided by Spectrolab as shown in Table 4.2. 
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The simulated maximum power efficiencies from the Simulink 

modelling were also verified with the data given in the Spectrolab datasheet 

with acceptable deviation between both results ranging from –0.15% to 0.81% 

for SCRs of 350–900 suns; the details are listed in Table 4.2. 

 

Table 4.2: Comparison of the maximum power efficiency between the 

numerical modelling and the Spectrolab datasheet for the Spectrolab CPV cell. 

 
Maximum power efficiency of the 

Spectrolab CPV cell (%) 

 

Solar 

concentration 

ratio 

Spectrolab datasheet 
Numerical 

modelling 

Difference 

(%) 

    

350 38.56 38.71 −0.15 

555 38.51 38.41 0.10 

700 38.51 38.10 0.41 

900 38.48 37.62 0.86 

    

 

The maximum power efficiency of the CPV cell was calculated using 

the following equation: 

  

Maximum power efficiency             (4.3) 

= 
Maximum output power

Active area of CPV cell × CR ×1000 W m-2
 × 100% 
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4.2.2. Interconnection Optimization for the DACPV and the 

CPV + CCPC Assembly Modules 

 

Before the optimization process was begun, the sizes of both the 

modules were set to be the same, which are 20 × 20 cm based on the size of a 

single flat facet mirror in the NIDC. It also provided a fair comparison for 

both the DACPV and CPV + CCPC assembly modules by using the same area 

of primary focused image for the electrical performance analyses. One major 

concern in the comparison for both the DACPV and CPV + CCPC assembly 

modules is that the electrical conversion efficiency is an SCR dependent 

parameter in which the SCR for the DACPV is in the range of 88 suns whilst 

the SCR for the CPV + CCPC is in the range of 400 suns. In reference 

to Figure 4.6, the conversion efficiencies for 88 suns and 400 suns are 38.2% 

and 38.7%, respectively, with a difference of only 0.5% and hence, it is still 

acceptable for an academic study to understand the advantage of inserting 

secondary optics into the system. The primary focused image size formed by 

the NIDC was 22.6 × 22.6 cm, which is slightly larger than the size of the 

module that we set. The external region beyond the boundary of the 

20 × 20 cm of the primary focused image was ignored in our electrical 

simulation as the SCR was less than half of the highest SCR in the central 

region. 

 

Figure 4.7 shows a detailed algorithm for optimizing the electrical 

layout for both the DACPV and CPV + CCPC assembly modules. From the 

optical simulation results presented in the previous section, the values 
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of ISC and VOC of every CPV cell or CPV + CCPC assembly set were 

calculated according to the solar concentration ratio mapped to them. All the 

SCR values were extracted from the results of the optical simulation discussed 

in Chapter 3. 

 

Start

Determine Isc and Voc of each CPV cell in DACPV module or CPV + CCPC 

assembly set in CPV + CCPC assembly module based on its corresponding 

solar concentration ratio using Eq.(4.1) & Eq.(4.2).

1) Divide all CPV cells or CPV + CCPC assembly sets into four symmetrical 

quadrants.

2) Connect all CPV cells or CPV + CCPC assembly sets in the same row and 

same quadrant in parallel to form a basic module.

3) Select the innermost basic module of top left quadrant as the reference basic 

module.

Compare the current mismatch of each basic module with reference basic 

module:

1) If current mismatch < 3%, connect the basic module in series to reference 

basic module.

2) If current mismatch > 3%, keep CPV cells or CPV + CCPC assembly sets of 

the basic module in a reserved group.

Divide the CPV cells or CPV + CCPC assembly sets from the reserved group 

(preferably on the same row and adjacent to each other) into maximum number 

of basic modules in which Isc-module of each basic module is larger than Isc-module 

of reference basic module.

Connect the newly formed basic modules in series to the reference basic 

module.

Final electrical interconnection layout of DACPV module or CPV + CCPC 

assembly module has been completed and formed.

End
 

Figure 4.7: Flow chart to show an algorithm for optimizing the electrical 

layout for both the DACPV and CPV + CCPC assembly modules. 
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In the process of optimizing the electrical layout, the CPV cells or the 

CPV + CCPC assembly sets were divided into four symmetrical quadrants. All 

the CPV cells or CPV + CCPC assembly sets of the same row and quadrant 

were connected in parallel to form a basic module at first. In our study, there 

were 32 basic modules to form a complete DACPV module and 16 basic 

modules to form a complete CPV + CCPC assembly module. The innermost 

basic module of the top-left quadrant was selected as the reference basic 

module to form the complete DACPV or CPV + CCPC assembly modules. 

The short circuit current of the basic module, ISC-module, is defined as the sum of 

the short circuit currents of all the CPV cells or all the CPV + CCPC assembly 

sets in the same basic module. Then, the ISC-module of all other basic modules 

were compared to the ISC-module of the reference basic module to determine the 

amount of current mismatch. If the amount of the current mismatch was less 

than 3%, the basic module will be connected in series with the reference basic 

module. Otherwise, the CPV cells or CPV + CCPC assembly sets of the basic 

module will be kept in a reserved group. After the first optimizing process was 

completed, the CPV cells or the CPV + CCPC assembly sets in the reserved 

group were divided into a maximum possible number of basic modules in 

which the ISC-module of each basic module must be larger than that of the 

reference basic module. The selection criterion for the CPV cells or the 

CPV + CCPC assembly sets in the reserved group to form a basic module is 

that those cells or assembly sets must be immediately adjacent to each other 

for a convenient and practical assembling process. Last but not least, all the 

basic modules from the reserved group were connected in series to the 
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reference basic module to form a complete DACPV or CPV + CCPC 

assembly modules as shown in Figures 4.8 and 4.9. 

 

 

Figure 4.8: Optimized electrical layout design with an average solar 

concentration ratio assigned to each CPV cell for the CPV + CCPC assembly 

module under perfect sun-tracking conditions. 
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Figure 4.9: Optimized electrical layout design with an average solar 

concentration ratio assigned to each CPV cell for the DACPV module under 

perfect sun-tracking conditions. 

 

Figure 4.8 and Figure 4.9 show the optimized electrical layout for the 

CPV + CCPC assembly and DACPV modules, respectively. In the design of 

the electrical interconnection layout for the DACPV module, two criteria must 

be fulfilled to include the practical consideration of the physical assembling 

process for the module. The first criterion is that the CPV cells from the same 

row of the array must be connected in parallel except those cells from the rows 

in both ends. The second criterion is that each basic module must contain at 

least one CPV cell located at the outermost ring of the array to allow each 

basic module to be connected to a by-pass diode to protect the cells from 

reverse bias voltage breakdown. The mechanical dimension of the CPV cell 

used in this study is 11 × 10 mm. Considering the requirements of preparing 

more space for both the die attachment of solar cells on the direct bond copper 
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(DBC) substrate and the interconnection between cells via the ribbon bonding 

process, gap between the adjacent CPV cells are 1 mm along the row direction 

and 2 mm along the column direction. 

 

 

4.2.3 Results and Discussion 

 

The optimized electrical layouts of the CPV + CCPC assembly module 

and the DACPV module used for the electrical performance study using 

Simulink are shown in Figures 4.8 and 4.9, respectively. Figure 4.10 illustrates 

the flow chart of the modelling process using Simulink to obtain the electrical 

performance results of the CPV module by plotting the I–V and P–V curves.  

 

 

Figure 4.10: Flow chart to show the Simulink algorithm for the electrical 

performance modelling of the CPV module. 



88 

 

Figure 4.11 shows the simulated I-V and P-V curves of the 

CPV + CCPC assembly module without pointing errors and the maximum 

power output, Pmp, can be extracted from the P-V curve. Similarly, I-V and P-

V curves for both the CPV + CCPC assembly module and the DACPV module 

were also plotted under different conditions, which includes pointing error 0, 

0.1°, 0.2°, 0.3°, and 0.4° in the cases of X-axis, Y-axis, and X and Y axes 

concurrently. Maximum output power (kW) and system efficiency (%) were 

extracted from the aforementioned simulated results to plot against pointing 

error. 

 

 

Figure 4.11: (a) I–V curve; (b) P–V curve of the CPV + CCPC assembly 

module without pointing errors. 

 

System efficiency of the DACPV module and the CPV + CCPC 

assembly were calculated using the equation below. 

 

System efficiency= 

Maximum output power of DACPV module or 

CPV + CCPC assembly module

Total projection area of NIDC ×1000 W m-2
        (4.4) 
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Figure 4.12 depicts a comparison of maximum output power and 

system efficiency between the DACPV and the CPV + CCPC assembly 

modules for different pointing errors ranging from 0° to 0.4° by rotating the 

light source along the X-axis, Y-axis, and both the X and Y axes concurrently. 

Overall, the maximum output power of the CPV + CCPC assembly module 

was better than that of the DACPV module for all angles of pointing error 

about any axis, even though the absorption loss of the dielectric filled 

secondary concentrator as high as 12.5% was introduced. 

 

 

Figure 4.12: Comparison of the maximum output power (kW) and system 

efficiency (%) for the DACPV and CPV + CCPC modules with pointing 

errors ranging from 0° to 0.4° caused by rotating the light source about Y-axis 

(top left), X-axis (top right), and both X and Y axes (bottom). 
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By increasing the pointing error about X-axis, the primary focused 

image will gradually shift along the Y-direction and it will cause a drastic drop 

in the maximum output power when the pointing error has reached 0.3° 

because the outermost basic module is no longer illuminated and the current 

mismatch becomes more severe owing to the serial connection of all the basic 

modules in the Y-direction. According to Figure 4.12, there is indeed a drastic 

drop in the maximum power output of the CPV + CCPC assembly module 

when the pointing error about the X-axis increased from 0.2° to 0.3°. It is also 

revealed in the percentage of the current mismatch between the outermost 

basic module and the reference basic module in which the current mismatch 

was only 5% when the pointing error was 0.2°, but it increased steeply to 20% 

when the pointing error was 0.3°. For the DACPV module, a steep increase in 

the current mismatch between the outermost basic module and the reference 

basic module only happened when the pointing error about the X-axis 

increased from 0.3° to 0.4° in which the percentage of the current mismatch at 

pointing errors 0.3° and 0.4° are 23% and 55%, respectively. Consequently, 

the decrease in the maximum power output for the DACPV module at pointing 

error 0.3° about the X-axis was less than that of the CPV + CCPC assembly 

module. In this case, the maximum power output of the DACPV module is 

5 W more than the CPV + CCPC assembly module. 

 

The CPV + CCPC assembly module can reduce the usage of CPV cells 

by 77% in which a total of 282 CPV cells were employed in the DACPV 

module but only 64 CPV cells were utilized in the CPV + CCPC assembly 

module. The packing factor of the DACPV was only 0.7 and hence 30% of the 
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solar energy was concentrated on the non-active area of the receiver without 

being converted to electricity. The major causes of the low packing factor in 

the DACPV module are: the two stripes of bus bar with the width of 0.5 mm 

each on the surface of the CPV cell, the adjacent CPV cells cannot be arranged 

too close to each other to avoid short circuit current and a 1 mm of gap was 

introduced for the sake of the die attachment process of the CPV cells on the 

DBC, the limitation of the DBC substrate where the size of the alumina layer 

is always larger than the size of copper layer to create a 2 mm gap when the 

DBCs are attached onto a heat sink. 

 

 

4.3 Experimental Study of Electrical Performance 

 

4.3.1 Methodology 

 

 A secondary concentrator comprising of 8 × 8 arrays of CPV + CCPC 

assembly sets were installed at the receiver of the NIDC with a focal distance 

of 210 cm. Figure 4.13 shows the solar concentrator system setup in 

University Tunku Abdul Rahman, Setapak, Kuala Lumpur Campus (now 

shifted to Sungai Long, Selangor).  
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Figure 4.13: (a) dense-array concentrator photovoltaic system with secondary 

optics; (b) secondary concentrator comprised of 8 × 8 arrays of CPV + CCPC 

assembly sets installed at the receiver of the NIDC with a focal length of 210 

cm. 

 

The university is yet to have an I-V tracer with a high power and 

current range which can measure power of more than 100 W and current of 

more than 10 A. Therefore, a procedure had been designed to predict the I-V 

and P-V curves of the system to estimate its maximum power and to evaluate 

the efficiency of the system.  

 

The procedure started with acquiring the short circuit current, Isc-module, 

and the open circuit voltage, Voc-module, for each of the 15 basic modules and at 

the same time the short circuit current of the CPV module that responded to 

the DNI under one sun, Isc
DNI-1 sun, was also measured. The Isc

DNI-1 sun was used 
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to calculate the solar concentration ratio of the basic module, SCRmodule, of 

each basic module using the equation below: 

 

SCRmodule =  
ISC-module 

Isc
DNI-1 sun 

 (4.5) 

 

The SCRmodule obtained was used to calculate the Isc-module according to 

the DNI when measuring the output current and output voltage of the CCPC + 

CPV assembly module connected to load. This step is essential as the DNI 

when the Isc-module and Voc-module are measured and the DNI when measuring the 

output current and output voltage of the CCPC + CPV assembly module 

connected to load are different. This is feasible as the Isc-module responds 

linearly to the DNI and solar concentration ratio.  

 

The values were then inserted into the Simulink modelling circuit to 

plot the I-V and P-V curves to get the maximum output power of the system. 

The I-V and P-V curves obtained were then verified by matching the curves 

with 10 different operating points, including the short circuit of the CCPC + 

CPV assembly module under the sun. The load was made up by 11 units of the 

same 22 Ohm, 100 W wirewound resistor with aluminium housing. When all 

resistors were connected in parallel, it produced effective resistance of 2 Ohm. 

The resistors were then disconnected one by one from the 11 resistors to 

produce different operating points which were 2.20 Ω, 2.44 Ω, 2.75 Ω, 3.14 Ω, 

3.67 Ω, 4.40 Ω, 5.50 Ω, 7.33 Ω, and 11.00 Ω. For each operating point, output 

current and output voltage of the CCPC + CPV assembly module were 

measured together with the value of the DNI. The measurement was done 
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during the period of stable DNI to ensure that the operating condition of the 

CCPC + CPV assembly module is the same. 

 

 

4.3.1.1 Current Measurement Circuit 

 

A current measurement circuit was designed and fabricated to measure 

the short circuit current of the multiple basic module simultaneously. The 

circuit consisted of two boards: signal acquisition board and transducer board. 

The transducer board consisted of 13 units of Allegro ACS713 DC current 

sensors that sense current using the Hall Effect. Applied current that flows 

through the copper conduction path generates a magnetic field which is sensed 

by the integrated Hall IC and is converted into a proportional voltage. The 

range of sensing is 0−30 A and its output sensitivity is 185 mV/A. The output 

voltage of the current sensor is then acquired by the signal acquisition board 

which consist of a Microchip PIC18F4550 40-pin USB Microcontrollers with 

13 channels of 10-bit Analog-to-Digital Converter (ADC) module. The 

microcontrollers communicate with the computer to carry out data acquisition 

from the transducer board. A command is sent from the computer to start the 

reading and conversion of the analogue voltage from the output of the current 

sensor. The data will be temporally stored in the memory of the 

microcontroller and finally sent to the computer and saved in an Excel sheet. 

Figure 4.14(a) shows the signal acquisition board that communicated with the 

computer through USB. Figure 4.14(b) shows the top view of the transducer 
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board and Figure 4.14(c) shows the bottom view of the transducer board with 

13 units of Allegro ACS713 DC current sensor IC. 

 

 

Figure 4.14: (a) signal acquisition board consisting of a Microchip 

PIC18F4550 40-pin USB Microcontrollers with 13 channels of 10-bit Analog-

to-Digital Converter (ADC) module; (b) top view of the transducer board; (c) 

bottom view of the transducer board with 13 units of Allegro ACS713 DC 

current sensor IC. 

 

 

4.3.2 Results and Discussion 

 

The measurement results of the SCRmodule and Voc-module of each basic 

modules are listed in Table 4.3. Since the solar concentration ratio is above 

300 suns, therefore the open circuit voltage is the same for all basic modules 

as the voltage will not increase significantly as the solar concentration ratio 

increases. 
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Table 4.3: SCRmodule and Voc-module of each basic module according to their 

location. The location of the basic module can be referred from Figure 4.8. 

The measurement was taken when the DNI was 826 W/m2 and GSI was 985 

W/m2. Shaded cells indicate that the rows of the module were connected in 

parallel. 

1408 suns, 3.92 V 1136 suns, 3.92 V 

1106 suns, 3.92 V 1105 suns, 3.92 V 

1102 suns, 3.92 V 1110 suns, 3.92 V 

1125 suns, 3.92 V 1111 suns, 3.92 V 

1112 suns, 3.92 V 1110 suns, 3.92 V 

1115 suns, 3.92 V 1117 suns, 3.92 V 

1106 suns, 3.92 V 1105 suns, 3.92 V 

1130 suns, 3.92 V  

 

 With the measurement results, the values were inserted to the Simulink 

modelling circuit to simulate the I-V curve as shown in Figure 4.15 and P-V 

curve as shown in Figure 4.16. Both figures show that the measured operating 

point match correctly with the I-V and P-V curves acquired from the numerical 

simulation in Simulink. 
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Figure 4.15: I-V curve from the numerical simulation matching the 11 

operating points from the experimental measurement. 

 

 

Figure 4.16: P-V curve matching the 11 operating points from the 

experimental measurement. 
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From Figure 4.16, the maximum power was 503 W when DNI was          

789 W/m2 and GSI was 973 W/m2. The system efficiency of the dense-array 

concentrator photovoltaic system was calculated to be 17% using the equation 

below where the total projection area of the NIDC was 3.76 m2. 

 

System efficiency = 

Maximum output power of CPV + CCPC 

assembly module

Total projection area of NIDC ×1000 W m-2
            (4.6) 
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CHAPTER 5 

 

CONCLUSION AND FUTURE WORK 

 

 

5.1 Design and Optical Evaluation of Secondary Optics of the Dense-

array Concentrator Photovoltaic System 

 

The procedure of determining the suitable geometry and dimension of 

the secondary concentrator was discussed and the dielectric filled cross 

compound parabolic concentrator was found to be the most suitable candidate. 

The final design of the CCPC has an angular half acceptance angle, θi, of 

37.77°; square entrance aperture size, 2a, of 24 mm; square exit aperture size, 

2a′, of 9.8 mm; and the total length, L, of 37.78 mm. The optical 

characterization of the CCPC was carried out and the overall uniformity of the 

solar flux distribution pattern was found to be acceptable in which the value of 

the peak to average ratio (PAR) of the all exit apertures ranged from 2.08 to 

2.35. The CCPC was also evaluated with an experiment under the sun to study 

its optical efficiency. It was found that the solar concentration ratio (SCR) of 

the CCPC ranged from 3.96−4.22. The SCR obtained from the experiment is 

lower than the theoretical ratio, which is 6 and this is due to the losses incurred 

during the air-glass transmission. The losses can be reduced by adding a single 

or multi-layer anti-reflective coating on the surface of the entrance and exit 

apertures of the CCPC. 
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5.2 Electrical Performance Optimization of the Dense-array 

Concentrator Photovoltaic System 

 

Electrical analyses of the NIDC with an array of the CCPC lenses as 

the secondary concentrator for application in the DACPV system were 

presented. The modelling of the electrical performance has shown that overall, 

the maximum output power of the CPV + CCPC modules was better than that 

of the DACPV module, despite an absorption loss of 12.5% in the CCPC lens. 

In addition to that, the CPV + CCPC module can reduce the usage of the CPV 

cells by 77% as compared to the DACPV module. The use of the CCPC lenses 

as the secondary concentrator can provide more space to ease the electrical 

interconnection among the CPV cells and to allow the by-pass diode to be 

connected to each CPV cell as compared to the DACPV module, which has 

very limited electrical connection. Furthermore, any damage or faulty CPV 

cell assembly in the CPV + CCPC module is easily replaceable without 

affecting others unlike the DACPV module whereby any faulty cell can cause 

unrecovered damaged to the whole module. Experimental study of the 

electrical performance had found that the maximum power of the DACPV 

system was 503 W when the DNI was 789 W/m2 and GSI was 973 W/m2. The 

system efficiency of the dense-array concentrator photovoltaic system is 

calculated as 17%. 
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5.3 Concluding Remarks and Future Work 

 

 The aim of this research is to propose a method to improve the packing 

factor of the dense array CPV as the receiver of the NIDC. Dielectric filled 

CCPC was found to be the most suitable type of secondary concentrator to 

increase the packing factor by acting as a tunnel to guide the concentrated 

sunlight onto solar cells. The research also found that by adding a secondary 

concentrator to the receiver of the NIDC, the use of the solar cell had 

significantly reduced while still providing a similar output power. 

 

 However, the loss incurred by the additional secondary concentrator is 

still high as determined from our experimental findings. Future work can be 

done to find ways to reduce the loss caused and it will improve the overall 

efficiency of the dense-array CPV system. 
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