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ABSTRACT 

 

 

 

 
The high concentrator photovoltaic (HCPV) modules, as their name suggests, concentrate the 

sun light by means of affordable optics onto high efficiency and costly multi-junction (MJ) solar 

cells (hence reducing the needed semiconductor area). To drive down costs and to increase the 

commercial opportunities of this technology, the approach commonly taken is to improve the 

system efficiency. Currently, the record efficiency for CPV modules is in the order of 35%-36% 

which almost double the numbers given for flat panels. To reach these numbers in production 

line or even to exceed them, proper characterization procedures specific for the CPV technology 

are needed. However, there is a distinct lack of methods and testing instrumentation as neither 

international standards nor commercialized equipment are available.  

This thesis reviews new methods and tools proposed for the accurate characterization of 

CPV modules and some of their constituent elements. Specifically, the study of the 

differentiating components of the concentration technology as the optical system and the MJ 

solar cell unlike common figures for PV are of particular relevance. 

Much of the cutting-edge research involved in this thesis is related to the development 

of a method for the optical-angular properties evaluation of a CPV module. The method consists 

in measuring the light emitted by the module while it is forward biased in dark conditions. Main 

metrics resulting from its implementation are the angular transmittance function, and in a novel 

way, the misalignments between optical system-cell units comprising the module (i.e., 

differences between the units pointing vectors). The method validation and the guiding 

principles that must be followed to obtain correct results are thoroughly reviewed at the 

beginning of this document. Parallel to this, a major task carried out is the design and 

fabrication of different equipment prototypes to implement the novel measurement. Among all 

inspected solutions, the system so-called Module Optical Analyzer (MOA) is particularly 

worthy of mention; it stands out for its optimum integration in production line to perform an 

exhaustive module characterization taking just seconds. During the course of this thesis, 

different MOA versions have been produced and tested, even one unit being installed in the 

manufacturing facility of the CPV company Daido Steel in Nagoya (Japan). 

With respect to the optical system characterization (in particular, Fresnel lenses), two 

noteworthy lines of research were pursued. The first line of inquiry is aimed at the study of 

degradation effects on lenses and the second one is focused on the lens evaluation in 

manufacturing.   



II 

With regard to degradation effects in Fresnel lenses, a novel instrument was developed 

during a short research stay at the National Renewable Energy Laboratory (NREL) in the 

Photovoltaic (PV) Reliability Research and Development (R&D) group. This instrument 

measures with a CCD sensor the optical transmittance of the lens while is scanned by a laser 

The capabilities of the developed tool and other measurement techniques (hemispherical 

transmittance with integrating sphere and optical efficiency measurements at a solar simulator 

for CPV) have been reviewed and discussed while measuring different lenses samples that were 

subjected to different aging conditions.  

The definition of characterization procedures not only for laboratory but also for 

industry scenarios is important to ensure the proper development and strengthening of the 

concentrator technology. An easy to implement quality control is proposed based on measuring 

the first reflection at the lens entrance surface, and thus check up to identify possible wrapping 

or deformation defects on lenses. These lens shape anomalies can be caused by either internal or 

external stress related to manufacturing processes and module enclosure respectively. The 

electrical losses that these kinds of defects have in the module performance have been 

quantified by evaluating not only unassembled units but also mounted lenses in a module. It was 

observed that the warp effect can be even more damaging than the misalignments between 

components in the module. 

The electrical performance of MJ cells under non-uniform light profiles is a subject of 

research addressed at the end of this document. Several CPV module configurations have been 

studied by means of different developed methods and instrumentation to quantify and 

distinguish the damaging effect of both spatial and spectral non-uniformities on MJ cells.  
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RESUMEN 

 

 

 

 
En relación a los últimos avances relacionados con la energía solar fotovoltaica, cabe destacar 

los obtenidos en una de sus variantes referida como tecnología de concentración, y más en 

concreto los acontecidos en las llamadas células multi-unión de semiconductores III-V. Los 

sistemas de concentración fotovoltaica, como su propio nombre indica, concentran la luz solar 

mediante ópticas asequibles sobre células multi-unión de alta eficiencia y coste, pudiendo así 

reducir el área de semiconductor necesario para generar electricidad. Se abarata el coste de la 

electricidad generada por concentración principalmente siguiendo dos vías; primero reduciendo 

el peso que tienen los componentes más caros, como la célula, sobre el coste total del sistema y 

segundo incrementado la eficiencia de conversión del mismo. En relación a este último aspecto, 

el record de eficiencia de los módulos de concentración ronda el 35% con lo que casi dobla los 

números de los paneles planos fotovoltaicos. Para alcanzar estos valores en línea de producción 

o bien superarlos, se necesitan procedimientos de caracterización apropiados y específicos para 

la tecnología de concentración. Sin embargo, existe una evidente escasez de métodos y 

herramientas de testeo a la vez que una falta de estándares internacionales.  

 Esta tesis recoge nuevos  métodos, herramientas e instrumentos que son propuestos para 

la correcta caracterización de los módulos de concentración y de algunos de los componentes 

que lo forman. En concreto, resulta de especial interés el estudio de los elementos que 

diferencian a la concentración de otras tecnologías fotovoltaicas: el sistema óptico y las células 

multi-unión. 

Una de las contribuciones más originales y novedosas de la presente tesis es el 

desarrollo de un método de medida de las propiedades ópticas-angulares de los módulos de 

concentración. Para ello se estudia la emisión producida por un módulo cuando este es 

polarizado en oscuridad. Entre las principales métricas que se obtienen están la función 

transmisión angular del módulo, y de forma más novedosa,  los desalineamientos ópticos entre 

unidades óptica-célula (difíciles de obtener con métodos convencionales distintos al propuesto). 

La validez y robustez del método junto a las premisas a cumplir para la obtención de resultados 

correctos se revisan de forma exhaustiva al final de la tesis. En paralelo, una de las principales 

actividades que se llevan a cabo es el diseño y fabricación de diferentes prototipos que 

implementen la novedosa medida. De entre todas las soluciones adoptadas, el equipo llamado 

Module Optical Analyzer (MOA) destaca por su óptima integración en línea de producción para 

realizar la caracterización de un módulo en pocos segundos. Durante el transcurso de la tesis, 
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diferentes versiones del equipo se han fabricado y probado, siendo una de ellas incluso instalada 

en la línea de producción de la compañía fabricante de módulos de concentración Daido Steel 

en Nagoya (Japón). 

 La tesis también abarca el estudio individual de los elementos ópticos, en concreto de 

lentes de Fresnel, siguiendo dos líneas de investigación altamente diferenciadas: una primera 

enfocada a la caracterización de lentes para el estudio de efectos de degradación, y otra segunda 

dirigida a la caracterización de lentes de Fresnel en fábrica.  

En cuanto a la evaluación de lentes ante efectos de degradación, un  nuevo equipo se ha 

desarrollado durante la estancia doctoral en el centro National Renewable Energy Laboratory en 

Golden (CO, USA). El equipo permite obtener un valor de eficiencia óptica mientras se escanea 

la lente con luz láser. Las capacidades que el equipo posee junto a otras métricas y técnicas de 

medida (transmitancia hemisférica medida con esfera integradora y eficiencia óptica medida en 

simulador solar de concentración) se revisan y discuten mediante la evaluación de varias 

muestras de lentes sometidas a diferentes procesos de degradación.  

Para el correcto desarrollo de la tecnología de concentración, resulta importante definir 

métodos de medida para caracterizar prototipos en el laboratorio, y también para controlar el 

producto final en fábrica. Por ello, se presenta un método sencillo, tanto en procedimiento como 

en instrumentación, de control de calidad para lentes de Fresnel que puedan sufrir algún efecto 

de deformación o combado. La medida se basa en el estudio mediante fotografías de las 

reflexiones dadas en la primera superficie de la lente. Las deformaciones observadas se deben a 

un estrés que haya sufrido la lente, ya sea interno asociado a procesos de fabricación, o externo 

asociado a la estructura y ensamblaje del módulo. El método permite cuantificar el efecto que 

tienen los diferentes tipos de estrés analizando el combado de lentes tanto en muestras 

individuales como en unidades ya integradas en un módulo. La pérdida eléctrica asociada a las 

mismas se ha observado que puede ser incluso mayor que la provocada por desalinemientos 

ópticos entre unidades del módulo (cada unidad se refiere a un conjunto óptica-célula). 

El comportamiento eléctrico de las células multi-unión bajo perfiles de luz no uniforme 

es objeto de investigación al final del documento. Diferentes configuraciones de módulos de 

concentración han sido estudiadas mediente diferentes métodos para cuantificar y distinguir el 

efecto perjudicial de una distribución no uniforme tanto espacialmente como espectralmente. 
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CHAPTER 1.INTRODUCTION 

 

 

 

 

1.1. BACKGROUND: CONCENTRATING PHOTOVOLTAIC TECHNOLOGY 

High concentration photovoltaic technology uses optical systems to concentrate light onto high 

efficiency solar cells reaching hundreds of times more irradiance at the cell than PV flat panels. 

These high efficiency solar cells require operating under concentrated light for two main 

reasons: from a theoretical point of view, the cell performance can potentially be improved 

under higher irradiance (Araujo et al., 1990), and in practical terms, because the cost of these 

cells must be paid for by generating as much electric power as possible per unit of device area. 

The key is to use affordable concentrator optics that allow the area reduction of these high 

efficiency solar cells since they are much more expensive than classical silicon ones for a given 

collector area of sun irradiance.  

The development of CPV technology started effectively in the 70’s at National Sandia 

Laboratories with a Fresnel lens based concentrator that illuminated silicon solar cells (Burgess 

et al., 1978). Following the same module architecture, first preindustrial action was carried out 

in the 80’s by Martin Marietta with a demonstration plant of 350 kWp in Saudi Arabia (Salim et 

al., 1990). At the same time, the 1 kWp Ramon Areces concentrator was developed in the 

Instituto de Energía Solar (IES) in Madrid, employing the so-called silicon-on-glass (SoG) 

technology for the lens manufacturing (Sala et al., 1979). Through the emergence of new types 

of cells as the high efficiency back-point-contact (BPC) silicon ones, bifacial or laser-buried-

contact cells, new concepts for static or low-medium concentration (as parabolic dish or trough 

(G. Sala el at., 1998)) appeared in the 90’s. Most recent interest in CPV lies primarily with the 

high efficiencies of III-V multi-junction (MJ) solar cells, which appeared in the 2000’s. 

Concentrators becomes in general the technology which allows using any high efficiency device 

no matters its specific cost ($,€·cm
-2

) because this will dilute with sufficient concentration gain. 

The MJ devices consist of a stack of solar cells with different bandgaps, each one 

producing current at a voltage limited for its bandgap. The idea is to have several bangaps 

values close to the energy of photons that can be absorbed by the cells, and to cover as much 

solar spectrum as possible. The MJ devices are formed by solar cells of different III-V 

compound semiconductors interconnected in series by tunnel junctions (Friedman et al., 2010). 

Different strategies are followed to manufacture these cells as the lattice matched (LM) 
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approach (in which materials are grown epitaxially with similar lattice constant and with 

available substrates of GaAs, Ge and InP mainly), and the metamorphic (MM) or inverted 

metamorphic (IMM) approaches (in which bangaps are better adjusted at the expense of 

dislocation formations that can be confined into inactive layers of the structure). The use of 

quaternaries can give both tuning the lattice matched and the band gap simultaneously. Another 

approach under development now is the use of wafer bonding in which different subcells of the 

stack are grown lattice-matched to different substrates, and then they are bonded together.  

The best cell-research efficiency for the case of 3-junction solar cells is 44.4% for IMM 

developed by Sharp. High efficiencies are also achieved in production, being 40% efficiency 

cells largely disposal by several companies
1
. The most obvious way of increasing the MJ cell 

efficiency is to add more junctions to the device. In this regard, there has recently been an 

important and visible step with the appearance of 4-junction cells (Green et al., 2014) with 

efficiency of 43.8% developed by NREL, closely followed by Soitec company (in collaboration 

with several laboratories) that have introduced the wafer-bonded solar cell (Tibbits et al., 2014). 

A CPV optical module is commonly formed by a primary optical element (POE) (that 

usually is a lens or a mirror) that concentrates the light (that reaches its aperture area) into a 

solar cell. As stated by the étendu principle (Winston et al., 2005), the angular tolerance of the 

optical system and the angles of the light reaching the cell are directly linked with the attainable 

concentration. To increase the angular tolerance while maintaining a concentration ratio, a 

secondary optical element (SOE) that is coupled to the solar cell is commonly added. The 

inherent limited angular tolerance of HCPV systems entails that they only exploit the light 

coming from a narrow region around the sun disc (seen in the Earth with an angular distribution 

close to ± 0.27 degrees, Rabl et al., 1982). Thus, HCPV modules must aim at the sun and 

accurately track it throughout the day.  

Important efforts have been performed during the last decade for the developing of 

different CPV configurations based on both refractive (Diaz et al., 2002; Araki et al., 2005; 

Bett, 2006; Rumyantsev, 2010) and reflective (Horne et al., 2009) optical elements by different 

companies and laboratories (Kurtz, 2009). Based on this accumulated experience, outstanding 

efficiency values of 35.9% for Amonix
2
 module (Gordon et al., 2007) and 35.5% for Semprius

3
 

module (Ghosal et al., 2012) have been reached in the last years. It is interesting to see that both 

modules have obtained similar high efficiency values with two very different configurations. 

                                                      
1
 http://www.spectrolab.com/dataSheets.htm  

Accessed: 2014-08-27. (Archived by WebCite® at http://www.webcitation.org/6S95vG5sN) 

http://www.sj-solar.com/products/  

Accessed: 2014-08-27. (Archived by WebCite® at http://www.webcitation.org/6S965Xd6p) 

http://www.azurspace.com/index.php/en/products/products-cpv/cpv-solar-cells  

Accessed: 2014-08-27. (Archived by WebCite® at http://www.webcitation.org/6S96FUXiC) 
2  

http://amonix.com/pressreleases/amonix-achieves-world-record-359-module-efficiency-rating-nrel-

4 Accessed: 2014-08-27. (Archived by WebCite® at http://www.webcitation.org/6S96ND4RM) 

 
3 
 http://www.prweb.com/releases/2013/9/prweb11163684.htm 

Accessed: 2014-08-27. (Archived by WebCite® at http://www.webcitation.org/6S96QD7DC) 

 

http://www.spectrolab.com/dataSheets.htm
http://www.sj-solar.com/products/
http://amonix.com/pressreleases/amonix-achieves-world-record-359-module-efficiency-rating-nrel-4
http://amonix.com/pressreleases/amonix-achieves-world-record-359-module-efficiency-rating-nrel-4
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This proves that there is not a clear ‘winner’ concerning the best module configuration: 

refractive or reflective optics (although the majority of the developed modules are based on 

Fresnel lenses), one or two optical-stages, medium or high geometrical concentrator ratios, 3J or 

4J solar cells either MM or LM. Some general remarks are that the industry trends to high 

concentrator factors attained with refractive optics (lenses) and 3J solar cells (for the moment). 

Even HCPV efficiency doubled the one of silicon flat panel, actual prices of this last 

technology
4
 seems to be difficult to be improved by any other PV technology. Investment is 

needed to boost the HCPV technology, and this investment is mainly driven by expectations that 

HCPV can be made more competitive and by hedging against many certain risks.  

To be competitive, CPV has to decrease costs by either the appearance of new 

technological improvements and by the reduction of manufacturing costs in the coming years. 

In this last regard, the cost can be assumed to sink with the accumulated volume depending on 

the learning rate
5
 (LR) of the technology (Grübler et al., 1999; Jamasb et al., 2007). Based on 

the limited available data, LR for CPV can be estimated to be close to 20% which is very 

similar to the one obtained for PV (if most recent data with a clear different tendency are not 

considered) (Haysom et al., 2013). It should be recalled that no clear conclusions about LR 

values can be made if accumulative deployment data are not available for more than a decade. 

However, the learning curve of HCPV is expected to be faster than for PV due to the room 

available for efficiency progress. In case efficiency improvement brings higher additional cost, 

it may be worth it by increasing the concentration ratio (the cell cost weight in the total module 

cost decreases as increasing the concentration, and the efficiency increase is translated to lower 

costs of energy). 

The lack of long-term reliability and performance data is one of the main CPV concerns 

for investors which is detrimental to the bankability. Companies can avoid driving up costs of 

financing by offering performance/warranty insurances for their modules as has already been 

done by Soitec
6
, one of the leader companies of CPV.  

Whereas the industry of silicon flat panels accumulates most of the total PV global 

capacity (139 GW which is translated to less than 1% of the global electricity production 

(REN21, 2014)), the cumulative installed capacity of CPV up to now round 357.9 MW, being 

China and US dominating the CPV scenario with 35.4 and 33.3% of installed capacity shares, 

                                                      
4
  http://www.pv-magazine.com/investors/module-price-index/#axzz3446aQFcG  

Accessed: 2014-08-27. (Archived by WebCite® at http://www.webcitation.org/6S96XSGJK) 
5
The learning rate (LR) is calculated as  





1

2

V
V

LR 1
 

 where V refers to the cumulative production, and  is the elasticity parameter founded by the best fit 

line of cost and V in 
VaC   

 
6

 http://www.soitec.com/en/news/press-releases/soitec-solar-division-signs-a-performance-warranty-

insurance-contract-with-munich-re-1367/ 

Accessed: 2014-08-27. (Archived by WebCite® at http://www.webcitation.org/6S96azkwz) 
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followed by Spain with 12.5%
7
. Different power plants have boosted previous numbers, in 

particular, 50MW in Golmud (China) of Suncore technology in 2013, and Amonix’s 37 MW in 

Alamosa (CO, USA) in 2012. Soitec is currently installing a 44 MW in Toursrivier (South 

Africa) which is expected to be completed in 2014.  

Concentrator optical systems and MJ devices imposed new testing requirements and 

metrics different to the PV ones. Unlike flat panels, the data set undertaken to best describe a 

CPV module includes not only its electrical and thermal performance but also its angular 

dependence (commonly characterized by the acceptance angle
8
). Other figures have been 

discovered to be also important as for instance the optical efficiency
9
 of the concentrator, the 

spatial-spectral-and-angular properties of the light over the cell, or the misalignments of the 

optical units comprising the module. In connection with this, there are poor available 

instrumentation and testing methods that reveal the quality of the modules during their 

development phases. 

To drive CPV technology into utility-scale deployment, industrial manufacturing is a 

key for quality and cost control. In this regard, fully automated production, tools for quality 

control, and new standard procedures focus on CPV needs are required. Special efforts have 

being made to develop a proper solar simulator in recent years by several institutes and 

companies, and it has been pointed out that additional instrumentation must be required. A 

simulator for CPV modules meets more stringent specifications than those of the existing 

60904-9 PV standard, most importantly highly collimated light and additional spectral 

constraints. Not only the PV standard for solar simulator can’t be used in CPV, but neither the 

other standards concerning reliability, safety and module performance. New International 

Electrotechnical Commission (IEC) standards for CPV modules must be developed to gain the 

confidence of investors. Members and technical guests of IEC TC82 WG7 have been working 

on the definition of different standards with great success in the last years. 

1.2. FRAMEWORK AND AIMS OF THIS RESEARCH 

The work described in this document has been carried out in the Instituto de Energía Solar of 

the Universidad Politécnica de Madrid (IES-UPM), specifically within the Instruments and 

System Integration (ISI) group that has been involved in the CPV technology since its origins. 

The group activities have been related not only to the design, develop and fabrication of CPV 

                                                      
7

 http://www.pv-magazine.com/news/details/beitrag/global-cpv-capacity-expected-to-reach-1-gw-by-

2020_100014547/#axzz3446aQFcG 

Accessed: 2014-08-27. (Archived by WebCite® at http://www.webcitation.org/6S96eYKpP) 

 
8
 Acceptance angle (AA) is defined as angular position of the module with the light source at which 

the power output is decreased 90% if compared with the maximum power output (when the module 

is perfectly pointing to the light source). 

 
9
 The optical efficiency (opt) of a concentrator is defined as the ratio of power at the input and output 

of the concentrator. 
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systems (as the Ramon Areces (1980), the Miner (1983), the EUCLIDES (1995) or more 

recently the FluidReflex (2013)) but also to instrumentation and testing methods for CPV 

systems, modules and components. In this last regard, the solar simulator for CPV modules 

developed at IES-UPM (already transferred to the industry) must be underlined, as it is the only 

commercialized simulator available for the CPV industry up to date. 

As already discussed, the high efficiency values related to CPV can boost this 

technology into the market. However, due to their associated peculiarities and the poor maturity 

of this technology (if compared for example with conventional PV flat panels), there is a lack of 

standardized instrumentation and testing methods that does not contribute to reach lower energy 

cost and higher inclusion in the electricity market. For that reason, there are many CPV 

companies that request assistance from IES-UPM due to its recognized leading expertise on 

CPV solar simulators and indoor measurements. The main line of action for the group has 

always been to try to respond to the issues arising from the CPV community and in particular 

from the industry. Thus, most of the content of the thesis presented in the following chapters is 

the result of continued collaboration between the ISI group and CPV companies (both by means 

of public or private funding). 

When dealing with the characterization of CPV modules and components to give 

assistance to CPV companies, efforts must be made in different technical challenges. To reveal 

how the module performs and to study possible improvements, the developing of testing 

methods and the manufacturing of proper equipment for being used at the laboratory must be 

first addressed. Since the large variety of CPV module configurations and because of the CPV 

peculiarities, many disciplines (as semiconductor, optics, mechanics, or electronics) are covered 

during their analysis which results in a challenging and motivating task.  

In the testing and the equipment development for quality control in a production line, 

time and cost requirements are very different from the ones needed in a laboratory. In this 

regard, the presence of IES-UPM in several national and European projects during the course of 

this thesis has allowed the ISI group to focus on the development of tools for test and quality 

control of modules in manufacturing line. In particular, most of the work carried out within the 

framework of the European-Japanese project NGCPV (283798) have given rise to some of the 

most outstanding results of this thesis: the so-called Module Optical Analyzer (MOA), currently 

patent pending with excellent comments and qualification after the international search report 

(ISR) 

In this framework, the main objective of this thesis is to develop methods and tools for 

the proper indoor characterization of CPV modules and components for both laboratory and 

industrial scenarios. The covered aspects range from the multi-junction solar cell level to the 

whole module passing also thought the primary optical elements evaluation. 
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1.3. OUTLINE OF THE THESIS STRUCTURE 

The thesis is divided into seven chapters whose reading can be performed in any order as each 

chapter constitutes an independent unit (introduction, developing and conclusions). Only 

Chapter 2 and Chapter 3 are recommended to be read according to their appearance in the text 

as they are directly related. The seven chapters can be described as follow: 

 Chapter 1 (the current Chapter) gives a general introduction to the context and 

significance of this thesis regarding the CPV technology. 

 Chapter 2 deals with the optical-angular characterization of CPV modules. Main figures 

describing the module optical-angular performance are presented together with a 

description of different possible measurement methods divided in both direct and 

inverse (depending on if the concentrator is radiated from the sun or from the cells in 

emitting mode like LEDs.). An inverse method referred to as the luminesce-inverse (LI) 

method focus on the characterization of the optical-angular properties of CPV modules 

while it is forward biased to emit light is presented and described in full. The Chapter 

also includes some discussion regarding robustness of the method against non-idealities 

of the cell emission, and validation of the method on CPV modules if compared with 

conventional electrical based measurements. 

 Chapter 3 is concerned with the practical realization in production line of the 

luminescence-inverse (LI) method (presented in Chapter 2) to characterize the optical-

angular properties of a CPV module. Two different strategies were followed when 

implemented the LI method, each one being related to a given LI submethod 

(Lambertian LI or Images LI). The different prototypes that were designed and 

manufactured based on both submethods are described as well as their advantages and 

disadvantages. The Module Optical Analyzer (MOA) (which is the apparatus developed 

to performed the LI measurement at production line) is described at the end of this 

Chapter together with its performance at a real manufacturing line. 

 Chapter 4 is concerned with the development of a novel characterization tool for 

Fresnel lenses specially focused on specimens after degradation. The Chapter presents a 

preliminary study of PMMA and SoG Fresnel lens samples that were subject to a 

variety of indoor conditions (e.g., ultra-violet (UV) light, temperature, relative humidity 

(RH)…). Through this study, the capability of different kinds of measurements and 

instrumentation are reviewed and discussed. 

 Chapter 5 describes a useful and simple method that has been developed for quality 

control measurements of shape errors (as warp or sagging) of Fresnel lenses. The 

proposed method can be used to obtain the surface curvatures of lenses by evaluating 

the reflections given at their first surfaces. This Chapter also deals with the convenience 
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of using the described method as a fast quality control in a manufacturing process based 

on a revision of what effects these curvatures have in a CPV module performance. 

 Chapter 6 is devoted to the evaluation of the effect of non-uniform light distribution on 

the electrical performance of multi-junction solar cells. Several CPV module 

configurations have been studied to quantify and distinguish the damaging effect of 

both spatial and spectral non-uniformities by means of different developed methods. 

 Chapter 7 is dedicated to the conclusions of the thesis. It summarizes the main original 

contribution of this thesis and reviews the achieved goals. Also, the lines for future 

work that remain open are presented. A summary of the author’s contribution to journal 

articles, international conferences, as well as patent and transferred technology 

generated through this thesis is presented at the end of the Chapter. 
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CHAPTER 2. INDOOR OPTICAL-ANGULAR 

CHARACTERIZATION OF CONCENTRATOR PHOTOVOLTAIC 

MODULES 

 

 

2.1. CHARACTERIZATION OF THE OPTICAL-ANGULAR PROPERTIES OF 

CONCENTRATORS 

2.1.1. ANGULAR ACCEPTANCE  

A concentrator optical system can largely be characterized by three parameters that are the 

geometrical concentration, the optical efficiency and the acceptance angle. To introduce these 

concepts, let us consider the general case of a concentrator with an input aperture area of S1 in 

which a flux of lightin passes through, and an output aperture area of Sout into which a flux of 

light out arrived. The geometrical concentration Cgeo is defined as the ratio of the input aperture 

area Ain to the output aperture area Aout. The optical efficiency opt can be defined as the ratio of 

output into input out fluxes. Another common figure of merit is the so-called optical 

concentration ratio c which is defined as the product of geometrical concentration Cgeo and 

optical efficiency opt. 

The angular acceptance of a concentrator describes the maximum deviation angle of the 

incident light beam (with respect to the normal of the optical system) that is concentrated (i.e., 

transmitted form the input aperture area to the output aperture area of the concentrator). The 

maximum achievable angular acceptance max for a given optical design is inversely linked to 

the geometrical concentrator factor as given by the conservation of étendue (R. Winston et al., 

2005), expressed by Equation (2.1). 











geo

2

max C
narcsin  (2.1) 

  

where n is the refractive index of the optical material in the case of refractive concentrators at its 

output aperture and Cgeo the geometrical concentration. 

For a given concentrator optical system with a geometrical concentration Cgeo, the 

angular acceptance can vary through its input aperture area. Consider the case of a concentrator 
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with rotational symmetry whose cross-section is presented in Figure 2.1. The concentrator 

system is composed of a parabolic dish mirror and a receiver (with circular shape) located at the 

focus of the mirror.  In Figure 2.1, the circumference of dots marked with C represents the 

geometric location from which the receiver cross-section subtends an angle Thus, the receiver 

subtends a larger angle (e.g., ) from any other point inside the circumference C.  

 

 

Figure 2.1. Diagram of a parabolic curve with variable angular acceptance (f/0.5,Cgeo=50). 

The incident angle of the light impinging the concentrator can be defined positive or 

negative with respect to the normal of the optical system (e.g., + or –). Thus, the angle 

subtended by the receiver at any point of the curve is composed by the sum of both positive and 

negative angular acceptances (also so-called semi-angular acceptances). In particular, the 

geometric location defined by the parabolic curve (market in black in Figure 2.1) has a variable 

angular acceptance along its length with minimum values at its extremes as is observed in 

Figure 2.2. Distributions of both positive and negative angular acceptances (+ and –along 

the curve are equal due to the rotational symmetry of the concentrator. For the same reason, the 

distribution of the semi-acceptance angles is the same for all possible cross sections of the 

concentrator given by any meridian plane. 
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Figure 2.2. Semi-angular acceptance variation along the parabolic curve defined in Figure 2.1. 

 

 

Figure 2.3.  Angular transmittance function of the parabolic curve defined in Figure 2.1. 

The 1-dimensional (1D) angular transmittance H() function describes the percentage 

of light beams with an incident angle  (with respect to the normal of the optical system) that 

while illuminating the input aperture area of the concentrator uniformly, are focused at its 

output aperture area. It usually ranges from 0 to 100 (or equivalently from 0 to 1) which means 

that absolute efficiency losses are not included. This function is referred to as 1D because it is 
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examined along one single axis, and can be derived from the angular acceptance variation along 

the concentrator aperture. In Figure 2.3, the angular transmittance function is presented for the 

concentrator under study of Figure 2.1. 

The acceptance angle (AA) 90% has been adopted as the figure of merit that 

summarizes the concentrator angular transmittance, and is commonly defined as the angle with 

respect to the optical axis of the system at which the angular transmittance function reaches 

90% of its maximum. The overall concentrator costs improve if high concentration ratios are 

maintained while maximizing the angular acceptance to enlarge tolerances. Thus another figure 

of merit commonly used is the concentration-acceptance product (CAP) (Winston et al., 2005) 

defined as: 

 90%geo sinCAP αC   (2.2) 

  

where Cgeo  is the geometric concentration and is the acceptance angle. 

In practical systems one should increase the acceptance angle and hence reduce the 

concentration ratio for a number of reasons: shape, contour errors and roughness of the optical 

surfaces (Annen et al., 2007), temperature effects in optics (Rumyantsev et al., 2010; Schult et 

al., 2009; Hornung et al., 2011; Gombert et al., 2011; Hornung et al., 2011; Askins et al., 2011; 

van Riesen et al., 2011), concentrator module assembly and receiver alignment (Antón et al.,  

2005), array installation, tracker structure finite stiffness (Luque-Heredia et al., 2006), sun-

tracking accuracy (Davis et al., 2008; Stafford et al., 2009), solar angular size (Rabl et al., 1982) 

and circumsolar radiation  (Neumann et al., 2002). Most optical designs include both primary 

and secondary optics to increase the acceptance angle (Ning et al.,  1987; James, 1989; Victoria 

et al., 2009; Benítez et al., 2010; Jaus et al. 2011), although some companies have chosen to 

avoid the cost of an optical secondary by carefully maintaining alignment quality and sacrificing 

a small percentage in performance under some circumstances . 

2.1.2. ANGULAR TRANSMITTANCE FUNCTION DEFINED BY THE CONVOLUTION OPERATION 

The angular transmittance of the concentrator can be evaluated along 2-axis while it is 

uniformly illuminated with light beams whose direction of incidence is defined by the two 

angles (is the zenith angleandis the azimuth angle) as in Figure 2.4 (a). The resulting 

angular transmittance function is therefore a 2-dimensional (2D) function described by H(). 

For the concentrator system composed of a parabolic mirror and a receiver (with its cross-

section presented in Figure 2.1), the 2D angular transmittance function is presented in Figure 

2.4 (b). 
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Figure 2.4. (a) The light beam impinging the concentrator input aperture can be defined by two angular directions (); 

(b) The 2D angular transmission function H() of the parabolic mirror whose cross-section is presented in Figure 2.1. 

The angular transmittance function depends on the light distribution S() that 

illuminates the concentrator. The illumination at the aperture area of the concentrator can be not 

only composed of light beams perfectly collimated with a particular angular direction (i.e., 

S()= as in Figure 2.4 (a), but also by a set of light beams with different angular 

directions. For example, the sun appears as a disk of angular size around 0.27 degrees when 

viewed from the concentrator input located on Earth. Specifically, the radial angular extent 

varies throughout the year from 0.262 to 0.271 (Puliaev et al., 2000). However, the sun is 

viewed as a disk of angular size close to 0.17 degrees if the concentrator is installed on Mars
10

. 

Consequently, the angular acceptance of the concentrator on Earth and Mars are different being 

wider on Earth, and the exact value depends on the season of the year, because of the earth 

proximity to the sun.  

The angular distribution of a light source S() can be characterized by the dependence 

of the radiant intensity with the angular directions (), and is usually reported in W·sr
-1

. For a 

given light source normal to the aperture area of the concentrator (direction defined by (0,0)), 

the angular transmittance TS (at this particular direction (0,0)) is obtained by multiplying the 

two functions S() and H() and integrating over all possible angular directions as in the 

Equation (2.3). 

    


ddSH(0,0)TS   


,,

2

0

2

0

 (2.3) 

  

                                                      
10

“Planets, NASA.” http://heasarc.nasa.gov/docs/cosmic/planets.html. Accessed: 2014-08-28. 

(Archived by WebCite® at http://www.webcitation.org/6SAWZslFe) 

 

http://heasarc.nasa.gov/docs/cosmic/planets.html
http://www.webcitation.org/6SAWZslFe
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For any other angular deviation of the light source with respect to the normal of the 

system given by the angular transmittance TS can be calculated as the convolution of both 

S() and H() as in the Equation (2.4). 

    


ddSHTS   


,,),(

2

0

2

0

 (2.4) 

  

In an analogy with linear systems in signal processing (Oppenheim at al., 1996), the 

angular transmittance of a concentrator when illuminated by a perfect set of parallel light beams 

can be called an impulse-response angular transmission function H(). In practice, the angular 

transmittance function TS() related to a light source not perfectly collimated S() is the 

function normally measured because perfect collimated light () can be prohibitively 

complicated and expensive to be reproduced indoors at the entrance of concentrators with large 

aperture area. 

2.2. MEASUREMENTS OF THE ANGULAR TRANSMITTANCE FUNCTION: DIRECT 

AND INVERSE METHODS 

Two different kinds of illumination methods can be distinguished for the characterization of 

concentrator optical systems and concentrator photovoltaic (CPV) modules referred to as direct 

or inverse, depending on whether the concentrator is irradiated from the input or output aperture 

respectively (Parretta et al., 2010; Yablonovitch et al., 2012; Winston, 2012).  

To review the theoretical aspects of light collection in solar concentrators, the optical 

transmittance (defined as the ratio of output to input light fluxes) in both direct and inverse 

illumination is calculated in this section. To simplify, let us consider the general case of a 

concentrator with cylindrical symmetry in which the angular transmittance function is 

independent of the azimuth angle  (see Figure 2.5). 

By direct and uniform illumination of the input aperture of the concentrator, comprising 

collimated beams at different incident angles , the optical transmittance dir of the concentrator 

can be calculated through the input and output fluxes, dir,in and dir,out (Figure 2.5 (a)), as 

presented in the following Equations (Parretta et al. 2010): 

 




 


2

0
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where Ain (m
2
) is the input aperture area of the concentrator, Ldir,in (W·m

-2
·sr

-1
) is the radiance at 

the entrance of the concentrator, and Tdir is the angular transmittance function (Figure 2.5 (a)) 

which depends on the spatial coordinate (x,y).where the light beam reaches the concentrator. 

 

 

Figure 2.5. Cross-section (given by a meridian plane defined by the azimuth angle  of a generic concentrator 

illuminated (a) from its input aperture and (b) from its output aperture. Ain and Aout represent the input and the output 

aperture area of the concentrator, dir,inanddir,out the fluxes through the input and output apertures for direct 

illumination, inv,inandinv,out the fluxes through the input and output apertures for inverse illumination, and Ldir,in 

and Linv,out the radiance when illuminated from the input and output apertures respectively. 

By inverse illumination, a Lambertian
11

 and uniform light source with radiance Linv,in at 

the output aperture of the concentrator provides uniform irradiation of collimated beams at 

different angles . The optical transmittance inv of the concentrator can be calculated through 

the input and output fluxes as defined in Figure 2.5 (b), being in this case inv,in and inv,out  

referred to the output and input aperture of the concentrator respectively (Parretta et al. 2010): 
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11

 A Lambertian distribution obeys the law so-called Lambert’s cosine law, which states that the 

radiance L (W·m
-2

·sr
-1

) scattered from ideal Lambertian source follows a cosine relationship with the 

polar angle of the scattered light with respect to the normal of the surface. 
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where Ain (m
2
) and Aout (m

2
) are the input and output aperture areas of the concentrator, Linv,in 

(W·m
-2

·sr
-1

) is the radiance at the output of the concentrator and Linv,out (W·m
-2

·sr
-1

) is the 

radiance at the entrance of the concentrator (Figure 2.5 (b)) which depends on the spatial 

coordinate (x,y).where the light beam exits the concentrator. 

If all possible optical paths from the input to the output aperture of the concentrator and 

vice versa are investigated, some of them are totally reflected backwards or absorbed inside the 

concentrator optical system while others connect the two apertures. In the hypothesis that these 

light beams enter only reversible processes, the illumination can be said to comprise only 

unpolarized light without experimenting diffusion or diffraction phenomena. As established by 

the reversibility principle (Jones, 1953), the reflection and transmission factors calculated by 

repeatedly applying the Fresnel Equation do not change if the beams direction is inverted. Thus, 

optical transmittance values in direct and inverse illumination match because of the invariance 

attenuation undergone by the light while reversing the optical path. When comparing Equation 

(2.7) and Equation (2.10), the optical transmittance values in direct and inverse illumination at a 

given spatial coordinates (x,y) coincide if the angular distribution of the inverse radiance Linv,out 

and the optical transmittance Tdir normalized to their maximum values are equals: 
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2.2.1. DIRECT METHODS 

For direct illumination (i.e., direct methods), the basic procedure of measuring the angular 

transmittance function of a concentrator consists of recording the transmitted flux through the 

input to the output aperture area of the concentrator while varying the direction of the light 

source S() with respect to the normal of the concentrator. If the concentrator does not have 

rotational symmetry, an exhaustive characterization of the angular properties of the concentrator 

requires the measurement of the 2-dimensional (2D) angular transmittance function TS(). In 

practice, the angular transmission is typically described by 1-dimensional (1D) angular 

transmittance function TS () related to a fixed azimuthal angle  (that defines the meridian 

plane in which the incident angles  are contained). 
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Figure 2.6. The 1D angular transmittance function T() of a concentrator is measured while the incident angle  is 

contained in a meridian plane defined by the angle 

So far, the angular transmittance function T() has been defined as the relative 

percentage variation of transmitted light beams as function of the incident angle with respect to 

the normal of the optical system. In practice for CPV modules (including multi-junction (MJ) 

cells), the angular transmittance describes the relative percentage variation of generated power 

as function of the incident angle of the light source with respect to the normal of the 

concentrator.  

For a CPV module, the angular transmittance function TS() related to a given light 

source S() is calculated as the ratio of the maximum output power Pout for a given incident 

direction of the light (with respect to the normal module) relative to the maximum output power 

Pmax at the best module alignment (given at the angular direction (0,0)) with respect to the light 

source. 
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The standard specification IEC 62670 dedicated to the performance testing on modules 

is under discussion in the Working Group 7 of the IEC Technical Committee 82 (IEC 62670). 

This standard establishes the procedure for measuring the misalignment sensibility of the 

module in 2-axis for outdoor (i.e., TSun(and indoor (i.e., TSimulator(measurements. For 

outdoor evaluation, the module has to be mounted onto a 2-axis tracker and maintained at either 

PMP or VMP (power and voltage at maximum power) ensuring given measurement conditions 

regarding the ambient temperature (between 10 and 40ºC), the DNI (between 700 and 

1100W·m
-2

), the wind speed (between 0 and 4 m·s
-1

), and the module temperature (ensuring its 

stabilization within ±2 °C over a 60 second period). The I-V sweep is performed while the 

tracker is deviated from the sun, and the maximum power PMP, the time, tracker position, DNI, 
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ambient temperature and wind speed are recorded meanwhile. After filtering out data and 

normalizing it to the same measurement conditions, the PMP can be plotted as function of the 

incident angle of the module position with respect to the light source. The angular transmittance 

is usually evaluated only along one axis contained in a meridian plane (defined by a given angle 

) so the obtained angular transmittance function is a 1D curve TSun(  

An indoor measurement in a CPV solar simulator may be preferred for the angular 

transmittance characterization because of solar resource availability and repeatability of the 

measurement conditions. However, the main drawback of relying on a solar simulator is the 

difficulty in achieving exactly the same beam collimation, irradiance uniformity and spectrum 

produced by the real sun, which can lead to slightly different transmission curves (Askins et al., 

2011). Similar to outdoor measurements, the angular transmission function and its derived 

acceptance angle are measured at the solar simulator by varying the angle  formed by the 

normal of the concentrator with respect to the light source.  

In the case of the solar simulator for CPV modules Helios 3198 installed at IES-UPM 

(Domínguez et al., 2008; Agudo et al., 2008), the measurement scheme of the 1D angular 

transmittance function is presented in Figure 2.7. If a motor structure (that permits any module 

position with respect to the light) is available, the angular transmittance for any angular 

direction () is obtained in a few minutes if the I-V curve of the module (or more specifically 

the output power) is measured at each module position (or alignment). However, the angular 

transmission function is usually evaluated along only one axis (i.e., for a given  value) thus the 

1D angular transmittance TSimulator() is obtained (normally coincident with X or Y directions).  

 

 

Figure 2.7. Measurement scheme (cross section given by an angle ) used to obtain the 1D angular transmission 

function TSimulator(using a the Helios 3198 solar simulator: PMP values are recorded for different positions of the 

module when varying the angle  
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2.2.2. INVERSE METHODS 

For inverse illumination (i.e., inverse methods), several measurement procedures were proposed 

in the past to evaluate the angular transmittance function of a concentrator based on the reverse 

optical path. In these setups, the exit of the concentrator is illuminated with a Lambertian light 

and the illumination transmitted through the concentrator aperture is measured.  

For concentrators of large field of view (i.e., medium-low geometrical concentration), 

the evaluation of the transmitted flux can be performed by recording several photographs of the 

transmission pattern of radiation emanating through the entrance aperture while a Lambertian 

source is placed at the exit of the concentrator, and a CCD camera is displaced along a single 

axis (Timinger et al., 2000).  

The light exiting the concentrator can be defined by the two spatial coordinates in which 

the ray intersects with the input aperture together with the two angular coordinates of the ray 

with respect to the optical axis of the concentrator. In the measurement scheme presented in 

Figure 2.8, each CCD image represents the light through the aperture of the concentrator that 

can be “associated” to an angular direction (given by the position of the camera with the 

concentrator). To be precise, each photograph does not represent transmission patterns of 

collimated radiation for the same angular direction. In fact, the spread of the inspected angular 

directions of the radiation vary within the entrance aperture depending on the position of the 

camera, the diaphragm aperture of the camera lens, and the size of the concentrator. To reduce 

the angular directions investigated at each position of the CCD camera, the distance between the 

concentrator aperture and the CCD camera must be much higher than the size the aperture area 

of the concentrator. If the radiant intensity reaching the CCD detector at different positions is 

integrated, the angular transmittance can be estimated for the different angular directions. In 

fact, the obtained curve is the contribution of the different impulse-response angular 

transmittance functions within the aperture area of the concentrator convoluted by different light 

distribution of a given angular size. These light distributions differ in angular size due to the 

angle subtended by the camera from the different parts of the concentrator.  

 

 

Figure 2.8. Schematic of the inverse method for measuring the flux emitted by the concentrator at different angular 

directions given by the position of the CCD camera: the area in red delimits the field of view of the CCD camera when 

inspecting the angular direction 2. 
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Instead of recording the emitted pattern at the exit of the concentrator with a CCD 

camera, a Lambertian target can be included far away and aligned with the aperture of the 

concentrator. An image can be taken with a CCD camera to measure the light emitted by the 

concentrator and diffused by the Lambertian target (Figure 2.9). With this measurement scheme 

similar to the one presented in Appendix 6.A (LS-CCD method), the angle-dependence of 

concentrators with small aperture area can be resolved by taking only one image with a CCD 

camera. The Lambertian target receives light from a set of angles that vary along the diffuser 

area. The distance between the concentrator and the Lambertian target must be kept well higher 

than the size of the concentrator aperture in order to reduce the spread of angular directions 

related to each point at the Lambertian target. 

 

Figure 2.9. Schematic of the inverse method for evaluating the angular dependence of the concentrator: the irradiance 

E() reaching the Lambertian target due to the radiance produced by the concentrator Linv,out () is measured by a 

CCD camera in terms of radiant intensity I(). 

As derived from Equation (2.11), the normalized angular distribution of the inverse 

radiance matches the normalized angular transmittance function in direct irradiation mode. For 

the case in which the Lambertian source at the receiver plane is monochromatic, the incident 

irradiance E() at the Lambertian target measured by the CCD camera can be converted into 

radiance distribution function as  
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 The presented measurement scheme has been applied to characterize multiple 

concentrators optics as CPC concentrators (Parretta et al., 2008), and other small single-stage 

concentrators. Results from the inverse illumination method coincide with results from the 

direct illumination method (Parretta et al., 2007). 
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When indoor characterizing CPV modules in inverse illumination, the CPV system 

cannot be studied as isolated optics in which a Lambertian source is included at its output 

aperture. Also unlike previous measurement schemes, the distance between the concentrator and 

the measurement device cannot be kept large enough to reduce the spread of angular directions 

due to the large aperture areas of CPV modules. In these cases, the so-called luminescence 

inverse (LI) method (which is explained in section 2.3 below) can be used to obtain the 

equivalent 2D angular transmission function of CPV modules related to collimated illumination 

())when measuring by direct methods (i.e., the 2D impulse-response angular transmission 

function H(. 

2.3. THE LUMINESCENCE-INVERSE METHOD 

The luminescence-inverse (LI) method explained in section 2.3.1 has been proposed (Herrero et 

al., 2010; Herrero et al., 2010; Herrero et al., 2013) to obtain the 2-dimensional (2D) impulse-

response angular transmittance H() of a CPV module with large aperture areas at high 

resolution, without the need for mechanical module rotation or illumination of the module.  

2.3.1. BASIS OF THE LUMINESCENCE-INVERSE METHOD 

There are several technical issues related to concentrator photovoltaic (CPV) technology that 

must be considered in order to adapt the inverse method (that involves a Lambertian and 

spatially uniform emission of light at the receiver plane) to real CPV module measurements. 

The CPV system must be studied not only as isolated optics but also as a real system including 

all of the defects resulting from coupling to the cell and the module assembling. The MJ solar 

cell can be forward biased to reproduce the Lambertian light beams at the exit of the module by 

electro-luminescence (Andreev et al., 1997; Álvarez et al., 1999; Rumyantsev  et al., 1992; 

Herrero et al., 2010). Therefore, the performance of the actual manufactured concentrator can be 

studied based on the principle of reversibility in optics. If the whole cell area emits in all 

possible ray directions with the same intensity, then the light rays exiting the module in a given 

angular direction () will have an intensity that is proportional to the direct angular 

transmittance for that direction when the whole concentrator is illuminated by uniform, 

collimated radiation (i.e., the impulse response angular transmission function H()).  

The registration of near field luminescent patterns was first proposed in the 90’s to 

identify defective photoelectrical MJ cells in the module or misalignments (differences in 

pointing vectors) between optical system-cell units with respect to the module optical axis. To 

perform this last measurement, a CCD camera was placed at a large distance from the 

concentrator to have a field of view several times smaller than the angular size of the sun or of 

the acceptance angle of the module. For modules with large aperture area, it can highly reduce 

the spatial resolution of the measurement, and still the angular inspection can be not as accurate 

as required. By rotating the module at different angular directions with respect to the camera, a 
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visual inspection can be performed to observe its angular transmittance (Grilikhes et al., 1996; 

Shvarts et al., 2000).  

Likewise instead of rotating the module at different positions with respect to a CCD 

camera as presented above, a new method for capturing the light of large CPV aperture areas 

with high spatial resolution is proposed. A large collimator is used to focus the backward light 

with a given angular direction ( to the same point in the focal plane of the mirror. Therefore, 

module rotation is unnecessary; neither placing the camera far away from the module to have 

good accuracy in the angular inspection. 

In the classical configuration of the LI method, a Lambertian screen is placed at the 

focal plane of a collimator mirror, and the light emitted from the module, reflected by the 

mirror, and scattered by the Lambertian surface is captured by a CCD camera (Figure 2.10).  

 

Figure 2.10. Measurement scheme (cross section given by an azimuthal angle ) to calculate the 2D angular 

transmittance curve T(,) of a CPV module by the luminescence-inverse method: the projected image at the 

Lambertian target is related to the impulse-response transmittance curve H(,). 

The image created on the Lambertian surface at the focal plane of the collimator mirror 

is a spatially resolved representation of the angular distribution of the emitted light beams, i.e., 

the 2D impulse-response angular transmittance H(x,y,) function of the CPV optical system 

transposed onto spatial axes for the wavelengths of emission (e.g., 690 nm and 890 nm for the 

case of 3J solar cells (GaInP/GaAs/Ge)), and measured in pixels. The 2D impulse-response 

angular transmittance function H(  is obtained if translating from distance in pixels to 

angles in degrees, by following the equations: 
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where C is a constant used to translate from pixels to millimeters. This constant can be 

calculated by acquiring a CCD image of the Lambertian target including some calibrated axis.  

In reality, the obtained impulse-response is modified by the slightly-scattered reflection 

of the collimating optics HMirror(, because the light emitted by the module is recorded after 

the reflection in the mirror. The mirror scattering has the uniform effect of widening the angular 

spread of the emitted light, which can be calculated through convolution.  

  ,(  H),H(=),(   H MirrorScattered ),,,    (2.16) 

  

As the effect of mirror scattering HMirror has been characterized, the actual impulse-

response can be computed using deconvolution techniques (Domínguez, 2012). Nevertheless, 

the angular size of the CPV angular transmittance is much greater than the effect of mirror 

scattering (in the range of 0.1º); therefore, this scattering effect can be neglected in most cases.  

Any light source distribution can be measured with a simple, direct photograph with a 

CCD camera when its lens is focusing to infinity (Herrero et al., 2009; Vincenzi et al., 2010). 

The CCD detector has a linear response which means that each pixel value is proportional to the 

number of photons reaching it but with a different weight for each light wavelength due to the 

quantum efficiency (QE) of the CCD. Thus the image does not reproduce the effective flux 

distribution that illuminates the module as seen in a multi-junction solar cell. If including some 

band-pass filters to measure to measure the different subcells emissions separately, the angular 

transmittance T, of a module (for each subcell) can be calculated by means of a 

convolution operation between images:  

      ,,,,,,    SunH T      Sun   (2.17) 

 

      ,,,,,,    XenonH T      Simulator   (2.18) 

where H(, is the impulse-response angular transmittance function (measured by the LI 

method), Sun (,and Xenon (,) the angular distribution for the sun and a Xenon lamp
12

 

respectively, and  the wavelength of the emitted light (e.g., 690nm or 890 nm for the case of a 

3-juntion (3J) (GaInP/GaAs/Ge) solar cell). 

                                                      
12 

In the case of the solar simulator for CPV modules Helios 3198, the illumination system consists of 

a Xenon flash lamp that features a bulb with a toroidal shape. 
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The angular transmittance function related to both top and middle emissions can be 

integrated in a single function if measuring without including any filter (high-pass or low-pass). 

Thus, an angular transmittance T() function independently of the wavelength is obtained if 

convoluting by the measured light source (also without filtering the CCD response) (see Figure 

2.11).  

 

Figure 2.11. The angular transmittance function T() is defined as the convolution of the impulse-response 

transmittance function H( of the CPV module and a given light source distribution: Sun() or Xenon()13.  

The radiation of the sun changes in spectrum and angular properties depending on the 

atmosphere and air-mass. For instance, lower direct normal irradiation (DNI) conditions occur 

frequently under hazy atmospheric condition which leads to an elevated circumsolar radiation 

ratio
14

 (CSR) because of the increase of scattering on water vapors in the atmosphere or higher 

atmospheric aerosol. For many locations, the maximum CSR observable is 20% in which a 

significant amount of light is irradiated between 0.5 and 1 degree. This CSR ratio can modify 

the performance of the module when compared with a disk with an opening (half) angle of 

about 0.27 degrees is considered. In this regard, having H instead of Tcan indeed be 

very advantageous to study the way the CSR ratio affects the concentrator (by convoluting with 

different light distributions) because it is highly dependent on the module technology (Peharz, 

2009; Jaus et al., 2011).

                                                      
13 

Both light distributions have been measured by using a CCD camera with an objective of 50mm 

focal length focusing to infinity. 
14

 The CSR is defined as the ratio of the circumsolar irradiance to the sum of the disk irradiance and 

the circumsolar irradiance. 
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Transmittance curves provided by direct methods are usually 1-dimensional (1D) 

functions obtained by moving the source on a path that is commonly contained within a 

meridian plane of the optical system, although other paths are also possible. In Figure 2.11 the 

dashed white line is related to the 1D angular transmittance function of the CPV module along 

the path that corresponds to the best alignment of the module with the light source (maximum 

transmittance). This 1D angular transmittance function corresponds to an intersection of a plane 

with the 2D angular transmittance. For a meridian plane of given azimuthal angle , the 

intersection can be expressed using the Equation (2.19). 

),T(=)T( 1  (2.19) 

  

 

Figure 2.12.  The 1D angular transmittance function T() is related to a given light source path included in a meridian 

plane (that corresponds to an intersection with the 2D angular transmittance function T() ). 

2.3.2. SOLAR CELL EMISSION: ANGULAR AND SPATIAL PROPERTIES 

An optical characterization of the cell under forward bias (with different levels of injected 

current from 0.1 A·cm
-2

 to 2 A·cm
-2

) has been performed to evaluate if the light emission is 

Lambertian and spatially uniform in the whole cell area, which are necessary conditions for the 

described LI method. 

The study of electroluminescence (EL) in solar cells is a well-known technique that has 

been used to characterize electrical cell anomalies, internal shunts and mechanical defects 

(Honsberg et al., 1990; Rau, 2007; Espinet et al. 2008; Zimmermann, 2009; Delamarre et al., 

2012). When an electrical forward bias is applied to a module, most of the electrical energy is 

converted into heat within the solar cells and some other within the electrical interconnections. 

The rest of the electrical energy is emitted as light by the solar cell. In particular for modules 

based on MJ cells, it can be assumed that the share of energy converted into heat within the cells 

is in the range of 95-100%. This value depends strongly on the quality of the cell and on the 

photon management design used. Recent developments of high efficiency solar cells have 

focused on improving the light extraction in MJ solar cells in order to enhance the photon 

recycling and boost the VOC (Steiner et al., 2013). These devices exhibit significantly higher 

external luminescence efficiencies and, therefore, a higher percentage of the electrical power 

injected during the EL experiment than in conventional solar cells is converted into light. 
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Depending on the thermal coupling and size of the cells, local spots can occur during 

the forward bias procedure that can destroy the solar cells (Peharz et al., 2011). The direct 

current values recommended for the luminescence inverse (LI) method correspond to 10% of 

the value of the working photocurrent at which the CPV module is designed to perform best 

(Rumyantsev et al., 1992). Although a high level of injected current could become a risk to the 

solar cell because of a possible current channeling, choosing a value lower than the current of 

the solar cell under normal operating conditions should not be dangerous. Indeed this value (0.1 

times the nominal short-circuit current) is 12.5 times less than the one required by the currently 

approved IEC 62108 standard (IEC 62108 Ed.1.0) Therefore, this current value is far from 

inducing damage on the cell. 

As already stated, the electrical and luminescence properties of the cell depend on its 

technology and design. The particular case that is presented in this section is the analysis of 

typical 3-junction (3J) solar cells (GaInP/GaAs/Ge), used as receivers in high concentrator 

photovoltaic modules. The evaluated kind of cell is designed to perform best at 500 suns (i.e., 1 

sun is 1000 W·m
-2

 AM1.5D) and its grid is based on parallel grid-fingers that cross the cell from 

the busbars at the edges of the cells. The analysis presented in this section was also performed 

for other 3J lattice-matched and metamorphic cells from other manufactures, obtaining similar 

results regarding the Lambertian emission and its spatial uniformity (specifically stands out that 

metamorphic cells usually have more defects in their emission maps).  

 

Figure 2.13. The evaluated cell is a 10 mm X 10 mm area (including fingers but excluding busbars), with a grid based on 

parallel fingers connected to two busbars at the edges of the cells. 

Spectrum of the cell emission 

When excess carriers are injected into a solar cell by forward biasing, they preferentially 

recombine at the lowest energy gap between the valence band and the conduction band. If this 

minimum gap is direct, then the photon energies of the emitted radiation are narrowly 

distributed around the energy of that bandgap. The materials for top and middle junctions of the 

3J solar cells (GaInP/GaInAs/Ge) under study, have direct gaps and thus the radiative 

recombination dominates; however, the bottom junction has indirect bandgap so much lower 

emission occurs in this subcell. Thus, only top and middle emissions consisting on two peaks 

close to 680 nm and 890 nm respectively, as presented in Figure 2.14, are considered for the LI 

method. A detector array spectrometer (HR4000 from Ocean Optics) was used for the 

measurement of the spectral content of the emitted light (for an injected current of 0.5 A·cm
-2

) 

between 400 nm and 1100 nm.  
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Figure 2.14. Normalized spectrum of the emission of a typical 3-J (GainP/GaAs/Ge) solar cell measured with a 

spectrometer (for an injected current of 0.5 A·cm-2).  

Angular properties of the cell emission 

To evaluate all possible optical paths that rays can follow when coming from the sun to the 

module, the cell emission must be Lambertian at least in the angular range needed to cover all 

those paths. This angular range is given by the rim angle of the light beam impinging on the 

cell. The radiant intensity curves of the 3J solar cells under study at different incident angles 

have been analyzed by a CCD camera, confirming that the emission is close to Lambertian. 

 

Figure 2.15. Lambertian emission vs. GaInP/GaInAs/Ge cell emission (for an injected current of 0.5 A·cm-2). 
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Spatial properties of the cell emission 

To cover all possible optical paths that rays can follow when coming from the sun to the module 

with the same intensity level, the emission of the solar cell must be free of defects (i.e., spatially 

uniform). Different mechanisms such as impurity density variation, oxidation in the protection 

layers, alloy clustering, or interface roughness in heterostructures can vary the electronic 

properties across the cell, causing non-uniform emission maps. To evaluate the cell emission, 

electroluminescence intensity maps of top and middle subcells of several 3J (GainP/GaAs/Ge) 

devices while injecting different levels of current have been measured by using a Si-based CCD 

detector. Low-pass and high-pass filters are also included to analyze separately the emission 

from the top and middle subcells as presented in Figure 2.16.  

 

 

Figure 2.16. Electroluminescence maps of a 3J (GaInP/GaAs/Ge) solar cell at different injected currents measured by a 

CCD and with the addition of high/low pass filters to discriminate top and  middle subcells emissions. 

The level of injected current modifies the pattern of the cell light emission. In particular, 

diode shunt defects dominate the low level light emission because the current flows through the 

shunts. However, at higher injection currents (>0.01 A·cm
-2

), other kind of defects become 

visible making it difficult to distinguish one type of defect from another (Kilmer et al., 1988). 

For the levels of injected current related to the maps in Figure 2.16 (lower injection of current 

than under concentration), vertical resistances like the front contact resistance and tunneling 

diodes can be neglected whereas the lateral resistance becomes much more important. Usually, 

the effect of the sheet resistance is mainly visible between gridfingers, but is not noticeable in 

the cell technology under study. What is observable are local shunts in the top subcell that 

reduces the local diode voltage in a wide area and results in a dark spot in the map of emission 

(Nesswetter et al., 2013). Due to the electrical coupling between layers, these shunt defects in 

the top subcell cause bright spots in the middle subcell and vice-versa. 

The cell emission is very uniform over its whole area with the exception of some 

isolated defects (low dimension defects or impurities) and also at the cell perimeter. The 
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emission of the top subcell shows an increase close to the edge and it drops off relatively 

sharply compared with middle subcell which does not show any emission peak at the cell 

perimeter (Figure 2.17). The effect of an exponential decrease in emission away from the top 

surface electrode has to do with the lateral current transport, under the assumption that it is 

almost neglected between top and middle subcells but it is practically all injected at the cell 

edges (Zimmermann, 2006). The electroluminescence maps measured by the CCD without the 

addition of filters integrates both top and middle subcell contributions, thus a more uniform 

emission of the cell is reached. 

 

 

Figure 2.17. Normalized electroluminescence intensity profile originated from a rectangular section of the 

electroluminescence map of a 3J (GaInP/GaAs/Ge) solar cell. 

2.3.3. ROBUSTNESS OF THE LUMINESCENCE INVERSE METHOD AGAINST NON-IDEALITIES 

OF THE CELL EMISSION 

The angular transmittance function measured by the luminescence inverse (LI) method might be 

different from the one obtained by other measurement methods due to non-idealities in the cell 

emission regarding its spatial and spectral properties (e.g., spatially non uniform and 

monochromatic emission). These two effects have been quantified by performing different 

measurements and comparing between both inverse and direct methods (e.g., in sun or solar 

simulator).  

Spatial non-uniform emission 

Four cells were selected from a number of 3J (GaInP/GaInAs/Ge) solar cells whose 

electroluminescence maps were measured using a CCD camera. These cells are chosen as 
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representing very uniform emission (Cell 1 and Cell 3) and very non-uniform emission (Cell 2 

and Cell 4), as the results measured in the emission maps presented in Figure 2.18 (a) and 

Figure 2.19 (a). While the emission map of the cell labeled 1 and 3 only has a small impurity, in 

cell labeled 2 not only some shunts are revealed but also a crack along the cell which acts as a 

current sink is observed. In the cell labeled 4, only a localized effect producing a high peak 

emission in the electroluminescence map is presented. 

 

 

Figure 2.18. (a) Emission maps for top and middle subcells of Cell 1 and Cell 2 (b) Angular transmittance for the same 

optical system measured by LI method with Cell 1 vs. Cell 2 (emission without filtering). 

To validate the LI method with non-optimum (or non-uniform) cell emission, the two 

cells labeled 1 and 2 shown in Figure 2.18 (a) were both placed in the focal plane of the same 

optical system and the angular transmittance of the concentrator thus formed was measured 

using the LI method. In Figure 2.18 (b) it may be seen that the differences between measured 

angular transmittance functions corresponding to uniform vs. non-uniform light emission from 

the cell are very small (error RMSE=0.03). These differences may be negligible when 

measuring the angular transmittance function of a module composed by several optics-cell units 

as will be shown in section 2.4, because differences between the angular transmittance functions 

of the units are usually higher than the measured differences regarding the cell emission. 

The same experiment but with a different optical system was performed with the two 

cells labeled 3 and 4 without discrepancy (RMSE=0.027) between their 1-dimensional (1D) 

angular transmittance functions (Figure 2.19 (b)). The Cell 4 has a more uniform spatial 

distribution than the Cell 2 but still with localized defects in its emission.  

In Figure 2.20, the 2-dimensional (2D) impulse-response angular transmittance function 

evidences anomalies due to the non-uniform emission of the Cell 4 if compared to the function 

corresponding to a more uniform cell emission (Cell 3).  
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The effect of a non-uniform cell emission becomes less significant in the optical 

characterization of a concentrator photovoltaic module in the LI method if a particular light 

source is considered. The reason is due to the smothering effect produced by the 2-dimensional 

(2D) convolution of the impulse-response angular transmittance H() function and the light 

source (in this example, the Xenon flash lamp). 

 

Figure 2.19. (a) Emission maps for top and middle subcells (both integrated by the CCD sensor response without 

filtering) of Cell 3 and Cell 4 (b) Angular transmittance for the same optical system measured by LI method with Cell 3 

vs. Cell 4 (emission without filtering) 

 

 

Figure 2.20. Differences between the impulse-responses of an optical system, measured while the Lambertian emission is 

produced by Cell 3 (spatial uniform emission) and Cell 4 (spatial non-uniform emission), are reduced after convolution 

of the light source. 
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White illumination vs. monochromatic light emission 

If comparing the angular transmittance measurements obtained from both direct and inverse 

methods, some spectral issues associated with the receiver cells used in the CPV have to be 

considered. In particular, the fact of using monochromatic light in the LI method instead of full 

light spectrum as in the direct method can significantly influence the results. The question is 

important due to potential chromatic aberration effects in refractive optical systems that 

determine the performance of the CPV module if based on MJ solar cells. Because the refractive 

index varies with wavelength, the light distribution at the receiver plane could be different 

depending on which wavelength is considered. The optical design of a CPV system is often 

optimized for a given wavelength, such as 550 nm, which means that for 550 nm 

monochromatic light, the measured acceptance angle would likely be enhanced compared to the 

measurement at another wavelength. However, the effect on the angular transmittance function 

when using monochromatic light will be different depending on the optical system design of the 

CPV, and this can be estimated by ray tracing simulations. As mentioned previously, 

appropriate filters can be added to the CCD camera when measuring the angular transmittance 

curve by the LI method, to record emissions related to each subcell separately. 

A given CPV module composed by a single optical system-cell unit has been chosen to 

investigate the effect of using monochromatic or white light when optically characterizing the 

module. The so-called mono-module is composed by a Fresnel lens as primary optical element 

(POE), an inverted reflexive pyramid as secondary optical element (SOE) plus an MJ cell. To 

measure the angular transmittance in the solar simulator the PMP (power at maximum point) is 

recorded while the module is deviated a given angle with respect to the light source. Figure 2.21 

shows the angular transmittance function measured by using a CPV solar simulator whose light 

source produces a collimated illumination with an equivalent spectrum close to AM1.5D 

(measurement scheme presented in Figure 2.7), and by using the LI method. The angular 

transmittance for 680 nm (due to top emission) is slightly wider than the curves for 890 nm 

(related to middle emission) and for the light of the solar simulator. Although this difference is 

due to the effects of chromatic aberration, the results are consistent with those from the direct 

method. This similarity in results applies not only to the flash simulator measurements but also 

to outdoor measurements (Figure 2.22). In practice, to reduce differences between curves 

obtained with monochromatic and white light, the two peak emissions of top and middle 

subcells are used in the LI method. 
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Figure 2.21. Lens-cell unit angular transmittance curve: solar simulator and the LI method (680 and 890 nm). 

 

Figure 2.22. Lens-cell unit angular transmittance curve: real sun and the LI method (680 and 890 nm). 

2.3.4. ACCURACY OF LI METHOD: ELECTRICAL VS. FLUX MEASUREMENTS  

The light distribution created at the receiver plane of a concentrator and consequently the photo-

generated current have to do with the kind of illumination the module has at its entrance 

aperture. In particular, the light source influences the electric output of the CPV module due to 

two different effects: decrease of module current and decrease of module fill factor (FF) (Askins 

et al., 2011). If the flux transmitted through the concentrator is not focused on the multi-junction 
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(MJ) cell, the module current decreases and thus the angular transmittance also does. Moreover, 

the spatial and spectral properties of the light at the MJ cell can be highly non-uniform, causing 

a loss of current and a change in fill factor (as presented in Chapter 6) and thus a change in the 

angular transmittance. However, this last effect is not considered when measuring with the LI 

method. 

An experiment has been carried out to compute how different the angular transmittance 

functions are based on both electrical or flux measurements. The objective of this study is to 

determine how critical the cell performance with non-uniform spatial and/or spectral light 

distributions can be when the concentrator is off-axis. Thus, a mono-module (a single optical 

system-lens unit) composed by a Fresnel lens as primary optical element (POE) and an inverted 

reflexive pyramid as secondary optical element (SOE) plus a MJ cell has been chosen. Among 

different optical system configurations, the one under study provides a very non-uniform light 

profile over the cell (Victoria et al., 2009). Because the series resistance losses increase with 

current, an optical system with a high concentration ratio (Cgeo=1024) has been evaluated. In 

this way, lateral resistance is determinant for mitigating the loss of efficiency due to non-

uniformities in terms of how the current density spreads through the subcells. 

Following the procedure of the light-scattering CCD method (LS-CCD) presented in 

Appendix 6.A, the light profiles reaching the top and middle subcells of the MJ cell at different 

module angular positions with respect to the light source have been measured at the solar 

simulator located at IES-UPM. The light distributions measured for the CCD camera, with low 

and high-pass filters (to discriminate between top and middle subcells), are presented in Figure 

2.23 for different angular positions distanced 0.29 degrees apart. To compare the irradiance 

patterns under study, the peak-to-irradiance ratio
15

 (the PAR value) is defined as the 

representative parameter. The maximum PAR values are 3.8 and 3.9 measured for the top and 

middle subcell distribution respectively at a deviation angle of 0.43 degrees with respect to the 

optimum alignment. The measured light profiles have been proven to be very similar for the 

three subcells comprising the MJ cell of the mono-module under study. It implies that losses of 

FF due to non-uniform spectral content are not considered in this case-study. 

 

Figure 2.23. Light distributions at the top and middle subcells of the concentrator at different angular positions with 

respect to the light source measured by a CCD camera with the inclusion of filters to split top and middle patterns. 

Distance between positions is 0.29 degrees. Maximum PAR values are 3.8 and 3.9 for top and middle subcells. 

                                                      
15

 The peak to average ratio (PAR) is often used to describe the uniformity of a light distribution, and 

it.is calculated as the ratio of peak irradiance to the average irradiance level. 
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The angular transmittance functions of the concentrator corresponding to both the 

maximum power output (PMP) and the short circuit current (ISC) values (see Figure 2.24) have 

been measured at the solar simulator for CPV modules following the measurement scheme 

presented in Figure 2.7.  

 

 

Figure 2.24. Normalized angular transmittance function (ISC vs. PMP) of a mono-module measured at a CPV solar 

simulator. 

 

 

Figure 2.25. Relative difference between normalized ISC and PMP values measured for a mono-module at different angular 

positions, and PAR values of measured light distributions on the top and middle subcells at different angular positions. 
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In Figure 2.25, relative differences between normalized curves based on PMP and ISC 

values are presented together with the PAR values for top and middle subcells at the different 

investigated angular positions. The maximum PAR values (red shadowed in Figure 2.23) 

coincide with the greatest differences between both PMP and ISC values (Figure 2.25). One 

possible explanation is that these differences are related to electrical distributed effects in the 

solar cells (not evaluated in the LI method). These electrical effects due to spatially non-uniform 

profiles have almost unappreciated consequences in the curves (RMSE=0.01). 

2.4. OPTICAL CHARACTERIZATION OF CPV MODULES USING THE LI METHOD 

As it has been already presented, to obtain the angular transmittance function of a concentrator, 

the monochromatic flux transferred by the optics or the concentrator electrical performance (i.e., 

PMP or ISC) are studied in the LI and direct method respectively. In both methods, the angular 

transmittance of the CPV module depends on the performance of every unit in the module 

according to their electrical connections.  

A case study based on a module composed by 6 optical system-3J cell units connected 

in series is analyzed in this section to show this dependence. Each of the 6 units is composed by 

a Fresnel lens as primary optical system (POE) and a glass homogenizer (Araki et al., 2002) as 

secondary optical system (SOE), and a MJ cell (each unit has a bypass diode for reverse current 

protection).  

The I-V curves of the module case study measured at different light source angular 

misalignments at the solar simulator (following the measurement scheme presented in Figure 

2.7) can be seen in Figure 2.26 (a). When the module (with series connected units) is biased at a 

point (i,v), only those units whose photocurrent IL is greater than the current i will be forward 

biased. The units generating less current than IL will be in reverse biased (i.e., the bypass diode 

is forward biased) and therefore will take away power from the module. The characteristic curve 

of the module satisfies the following Equation: 

 
 


iI iI

Ldc

kL kL

k
)I(iV(i)Vv(i)  

 
(2.20) 

  

where k is the cell index, Vc is the contribution of each forward biased cell, and Vd is the bypass 

diode contribution (if the cells or optics are not identical). The number of forward biased units 

in the module varies with the bias point of the module, increasing with voltage. At the module 

maximum power point, the module current IMP is related to the worst illuminated unit in the 

module. At module short circuit point, the module current Isc value corresponds to the current 

generated by the best illuminated cell, if the sum of the voltage of the forward biased bypass 

diodes of the rest of units is lower than the voltage at maximum power point VMP of the best 

illuminated unit (Antón et al., 2005). 
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Figure 2.26. (a) I-V curves of the CPV module deviated a given angle with respect to the light source (1000W·m-2, and 

equivalent AM1.5D). (b) Angular transmittance measured at the solar simulator recording PMP and ISC value. 

The 1-dimensional (1D) angular transmittance curves with ISC and PMP as output signal 

(i.e., TPMP () and TIsc()) are presented in Figure 2.26 (b). The most significant function for a 

CPV module is that for the PMP, which provides information of module power as a function of 

misalignment in real operation. 

 In the LI method, the 2D function T() of the module can be reconstructed as a 

composition of the 2D angular transmittance function of every single unit. Thus, the emission of 

every unit in the module has to be distinguished from the set of units (how this process can be 

performed is explained in Chapter 3). Electroluminescent emission varies from one solar cell to 

the next within a CPV module. For a high quality solar cell, defined as one that collects virtually 

all internally generated electron-hole pair, the generalized Kirchhoff’s law states that the light 

emission properties of the cell are closely related to its absorption properties (Green et al., 2001; 

Ferraioli et al., 2004). Although a perfect solar cell would be a perfect emitter via the principle 

of detailed balance, it is not true that all good absorbers are good emitters because it depends on 

non-radiative and radiative recombination rates (Yablonovitch et al., 2012). For example, the 

surface passivation or the light trapping schemes are important to reduce non-radiative 

recombination processes and to improve the light escaping from the device. 

To compare emissions between cells as if they were identical, the curve measured for 

each unit is normalized to its integrated or maximum value so that only relative differences in 

the emissions as function of the angles are considered. The maximum value can be linked to 

some defects of the lens performance (masking the actual level of the cell emission). Therefore, 

it is preferred to normalize the curve to the integrated value (mainly linked to the intensity of the 

cell emission provided that the level of background noise in the measurement is minimized). 

However, sometimes it is not possible to normalize with respect to the integrated value as there 
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are no measured data for the whole curve. In performing this normalization, we must also 

assume that the following parameters are constant for all units across the module: 

 Optical system maximum (on-axis) efficiency: (e.g., absorption in the lens). Since the 

main drivers for optical efficiency are material parameters, this is a reasonable 

assumption, although should be evaluated for each module technology, especially if 

anti-reflective coatings are used which may have significant process variation to be 

tested. 

 Photocurrent generated by the cell in on-axis condition: This is an optical test and 

therefore it must be assumed that each cell has identical electrical performance. If cells 

are binned before being mounted in the modules this is a reasonable assumption. If 

there are differences in the performance of the cells used in the module, the calculation 

of the full module transmittance curve will be less accurate. 

To calculate the angular transmittance of the CPV module, the electrical connection 

scheme between optics-cell units has to be considered. For the case study module with 6 units 

series connected, the unit that emits with lower intensity (after normalization) at a given angular 

position can be assumed to be the one with lower photo-generated current at that angular 

position and therefore the one defining the IMP. Therefore, the equivalent power transmittance of 

the module TPMP () calculated by the inverse method is the lower envelope of the 

transmittance curves T() of every unit in the module. At the same time, the equivalent short 

circuit current transmittance of the module TIsc() is calculated as the upper envelope of all 

curves T(), which corresponds to the best illuminated unit at each particular angular position.   

For the case of a module with parallel units, the overlapping of all units emissions 

corresponds to the equivalent power transmittance of the module TPMP () measured by direct 

methods because the IMP of the module is defined by the contribution of every single unit of the 

module. 

In Figure 2.27 (a) the 1D T() curves corresponding to all single units in the module 

under study, and the equivalent PMP (i.e., minimum curves envelope) and ISC (i.e., maximum 

curves envelope) transmittance curves measured by the LI method are presented. In Figure 2.27 

(b) both direct and inverse results are compared. 
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Figure 2.27. Angular transmittance curves for every single unit in the module from LI method (b). Angular transmittance 

curves from LI and solar simulator. 

It must be pointed out that the angular transmittance curves calculated by the lower and 

upper envelopes do not corresponds always to the transmittance curves calculated by direct 

method (when recording PMP or ISC values). For example, the power output could not be given 

by the worst illuminated cell if its photocurrent is much lower than the others (Figure 2.28 (a)) 

so the transmittance function given by the LI method would be slightly narrower compared to 

the module performance; also the short circuit current of the module does not correspond 

exactly to the photo-generated current of the best single unit when many units are connected in 

series because one single unit cannot compensate the rest of the forward biased bypass diodes 

(Figure 2.28.(b)), which leads to a slightly wider transmittance function. Although other 

envelopes can be calculated based on the number of modules forward biased at ISC and PMP 

respectively, this approach based on upper and lower envelopes has provided very accurate 

results for all the CPV technologies studied. 

 

 

Figure 2.28. (a) The PMP of the module (point B) is not given by the worst illuminated cell (point C). (b) The ISC of the 

module (point B) is not given by the best illuminated cell (point A). 
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Table 2.1 summarizes the semi-acceptance angles (AA) measured for 8 different CPV 

technologies (included the module case study). Observed relative differences lower than 3% 

between direct (solar simulator) and inverse measurements (LI method) may be caused by the 

previously exposed effects like the use of monochromatic light, a possible non-uniform cell 

emission or overestimation of cell electrical performance. In addition, differences in AA can 

also be explained by the fact that the compared angular transmittance functions can be related to 

different meridian planes of the module. While the optimum alignment of the module (which 

corresponds to the maximum angular transmittance) is easily revealed in the LI method, it can 

be a tedious task in direct methods due to the current simulator setup (accurate module rotation 

is only possible in one axis, thus a coarse alignment is performed in the other axis). Thus, the 

angular transmittance can be obtained while rotating the module with respect to a reference 

position in the LI method that is not coincident with the one in the solar simulator measurement.  

Table 2.1. Semi-acceptance angles (AA) measured by direct method (AAD) and inverse (AAI) methods for eight different 

CPV technologies, and the relative error (AAD-AAI)/AAD 

Technology description  AAD  AA I  (AAD-AA I)/AAD  (%) 

Mono-module: Fresnel lens (POE) + 
reflexive inverted pyramid (SOE) + multi -
junction (MJ) cell  0.79 

0
0.78 1.27% 

Mono-module: Parabolic reflector (POE) + 
multi-junction (MJ) cell  0.21 

1
0.25 3.31% 

Mono-module: Fresnel lens (POE) + 
refractive non-imaging (SOE) + multi -
junction (MJ) cell  1.1 

1
1.097 0.27% 

Module: Fresnel lens (POE) + refractive 
non-imaging (SOE) + multi-junction (MJ) 
cell (36 units connected in series)  0.8 

0
0.81 1.25% 

Module: Fresnel lens (POE) + multi -
junction (MJ) cell (192 units: 18 parallel  
strings of 12 series connected units)  0.47 

0
0.47 0.00% 

Module: Fresnel lens (POE) + refractive 
kaleidoscope prism (SOE) + multi -junction 
(MJ) cell  (25 units connected in series)  0.66 

0
0.66 0.00% 

Module:  Fresnel lens (POE) + reflexive 
inverted pyramid (SOE) + multi -junction 
(MJ) cell  (6 units connected in series)  0.41 

0
0.42 2.44% 

Module (case of study):  Fresnel lens 
(POE) + refractive kaleidoscope prism 
(SOE) + multi -junction (MJ) cell (6 units 
connected in series)  0.75 

0
0.77 2.67% 
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2.5. CONCLUSIONS 

This Chapter deals with the theory of the optical-angular characterization of concentrator optical 

systems and modules. An alternative method to conventional measurement referred to as the 

luminescence-inverse (LI) method has been presented. Not only its theoretical basis has been 

exposed but also the premises under which the method can be applied have been investigated. In 

summary, the main conclusions extracted from the previous analysis are enumerated here: 

 The 2D function that characterizes the optical-angular properties of a concentrator 

independently from the light source reaching its aperture is the so-called impulse-

response angular transmittance H() function. We can measure this function by the LI 

method but not with conventional measurements because the requirement of a perfectly 

collimated beam (the impulse) can be prohibitively complicated and expensive to be 

reproduced indoors at the entrance of concentrators with large aperture area.  

 Once the impulse-response angular transmittance H() function is known, we can 

predict the performance of the CPV system under different illumination conditions, like 

under the sun or the Xenon flash lamp, by a convolution operation with the angular 

distribution of the light source S). 

 The requirements of the cell emission (i.e., Lambertian and spatially uniform) for the 

feasibility of the LI method have been considered. The solar cell emission has been 

measured to be Lambertian and spatially uniform. The angular transmittance measured 

using the LI method remains unaltered even when the solar cell has defects (as internal 

shunts) that produce a non-uniform light emission. 

 By the LI method, three different angular transmittance functions can be obtained 

depending on which subcell emission is considered (top, middle or both). Based on 

experimental results, curves related to both subcells are slightly different and it also 

may occur with white illumination in conventional methods. The angular transmittance 

function obtained if both peaks of the cell emission are considered has been showed an 

outstanding concordance when compared with conventional measurements for different 

technologies of CPV modules. 

 The LI method results match conventional measurements also in the case of non-

uniform spatial light profiles, as has been proven for the worst possible case concerning 

non uniform light distributions (PARTOP=3.8, PARMIDDLE=3.9, Cgeo=1024) among the 

concentrators available for this study. 

 The LI method can be applied not only to single optical system-cell units but also for 

CPV modules. We have presented a method for obtaining the optical-angular properties 

of the CPV modules from the individual units, and discussed the assumptions implicit 

in this procedure. If units are series connected, the minimum envelope of the angular 
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transmittance functions of the units corresponds to the one based on PMP (maximum 

power) values measured by conventional methods. The maximum envelope corresponds 

to the angular transmittance curve based on ISC (short circuit) values measured by direct 

illumination. For the case of a module with parallel units, the overlapping of all units 

emissions corresponds to the equivalent power transmittance of the module measured 

by direct methods. 
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CHAPTER 3. REALIZATION OF THE LUMINESCENCE-

INVERSE (LI) METHOD 

 

 

 

3.1. INTRODUCTION 

By using the luminescence-inverse (LI) method presented in Chapter 2, the flux transmitted 

through the concentrator while it is radiated from its receiver (i.e., while biasing the multi-

junction solar cells) is investigated to evaluate the optical-angular properties of a concentrator 

photovoltaic (CPV) module. 

Different strategies can be adopted to implement the LI method in production line 

depending on the characterization needs to be covered. In particular, this Chapter presents two 

different solutions which are related to two different variations (or submethods) of the LI 

method: the Lambertian (presented in Chapter 2) and the Images (presented in this Chapter). 

Several prototypes have been developed based on these two methods during the course of this 

thesis, and they will be presented in this Chapter. Also different cases of study are included for 

being representative to show the capabilities of the developed equipment.  

3.2. STRATEGIES FOR THE IMPLEMENTATION OF THE LI METHOD 

The measurement scheme used to perform the LI method includes a parabolic mirror (or any 

other collimating optics) that discriminates the light emitted by the CPV module at different 

angular directions. The module emission redirected by the collimator mirror is measured by a 

scientific-grade camera if a Lambertian target is included at the focal plane of the mirror (to 

which the camera is brought into focus). From now on, the configuration of the LI method just 

described will be called the Lambertian LI method.  

If the collimator mirror of the Helios 3198 solar simulator for CPV modules is adopted 

in the previous scheme (Domínguez et al., 2008; Agudo et al., 2008), the LI method can be 

implemented together with the I-V curve measurement when characterizing the CPV module in 

a production line. There are few differences in the setups of both the electrical characterization 

(i.e., I-V curve) and the optical-angular characterization (by the Lambertian LI method). To 

measure the I-V curve at the solar simulator, the module is forward biased (from 0 V to the open 

circuit voltage VOC of the module) while it is illuminated by collimated light with normal 
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incidence produced by a Xenon flash lamp placed at the focal plane of the collimator mirror 

(Figure 3. 1(a)). However to measure the optical-angular properties by the LI method at the 

solar simulator, the module is forward biased in dark conditions (close to the open circuit 

voltage VOC of the module). As explained above, in the LI scheme a CCD camera is used to 

quantify the emission that impinges on a Lambertian target that is included at the focus of the 

mirror instead of the flash lamp (Figure 3. 1(b)). 

 

 

Figure 3. 1. Measurement scheme at the Helios 3198 solar simulator of (a) the electrical properties (I-V curve) by direct 

illumination at the module aperture and (b) the optical-angular properties by the Lambertian LI method. 

The optical-angular characterization of a CPV module often consists of the 

measurement of the angular transmittance function (already presented in Chapter 2) to lead to a 

very common figure of merit for the concentrator, the acceptance angle. To inspect these 

properties, the LI method can be implemented in a variety of ways depending on the 

characterization needs to be covered.  For example, the optical-angular characterization can be 

limited to the control of some random concentrator units in the production line to determine if 

they pass or not minimum quality requirements, or extended to an exhaustive evaluation of 

every optical system-cell unit comprising the concentrator for all modules (highly recommended 

in a development phase). 

In the case of a CPV module composed of several interconnected optical system-cell 

units measured by the Lambertian LI method, the emission impinging on the Lambertian 

surface is formed by the contribution of all the units emissions. In principle, the simplest and 

most straightforward optical characterization performed by the inverse illumination is the one 

based on the evaluation of the whole module emission. Whereas the emission of each optical 

system-cell unit reaching the Lambertian target can be translated to its 2D angular transmittance 

function, the overlapping of the emissions of all the units comprising the module may not match 

its angular transmittance.  In fact, the connections between units (e.g., series or parallel) have to 

be considered to obtain the angular transmittance function of the module, as presented in 
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Chapter 2. For a module with all its units connected in parallel, the angular transmittance 

obtained from the overlapped emissions should match the one of the module. Thus, evaluating 

the whole module emission at the same instant serves to optically characterize the angular 

properties of the module.  However, pure parallel connections result in currents that are too high 

for practical applications. In this way, modules with all their units with mixed parallel-series or 

pure series connections are more common. In this case, the angular properties of the module can 

be investigated without the need of calculating its angular transmittance by comparing the 

whole module emission with the one from an individual optical system-lens unit. If both 

emissions are very different, it indicates a high degree of misalignments (differences in pointing 

vectors) between the units in the module. Unfortunately, although curves are similar, it does not 

confirm a good optical-angular performance as presented in the example of Figure 3.2. 

 

 

Figure 3.2. (a) Scheme with the emissions of three different units in a CPV module while measuring with the LI method 

(the emission of each unit corresponds to the angle at which the impulse response angular transmittance function is 

maximized); (b) The impulse response angular transmittance function of the three different units emitting in (a) and the 

impulse response obtained from the overlapped emission 

The emission of a module composed by 10 series connected units has been simulated, 

with random misalignments between units following a standard Gaussian distribution (µ=0, 

σ=0.35º). Previous distribution confirms that the misalignment values within the module and 

among its optics are less than one degree, a requirement that should be accomplished according 

to published data and confirmed by the accumulated experience measuring misalignments in 

modules (Green et al., 2011). In order to simplify, Gaussian profiles have been used to simulate 

the angular transmittance function of individual units with a semi-acceptance angle (AA) of 0.8 

degrees.  

The semi-acceptance angles of the functions related to the module, the individual unit, 

and the sum of units can be calculated and compared to better understand their effect on the 
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module misalignments. It can be observed that the angular transmittance obtained from the 

overlapped emissions is very similar to that of the single unit but not to the one of the whole 

module. Although the ratio of AA for module and overlapping emissions seems to be close to 1, 

there is a significant discrepancy (in the same order of magnitude as the simulated 

misalignments) between actual AA of the module and the one calculated through overlapping 

(Figure 3.3(a)). If only studying the overlapped emission, a unit with a faulty optical 

performance is not revealed because its emission is masked with the sum of the other emissions. 

This is confirmed with the observation of the ratio AA of the unit to the AA of the overlapping 

emissions, that keeps close to 1 independent on the distribution of the misalignments between 

units or even on the maximum misalignment (Figure 3.3 (b)).  

 

Figure 3.3. Results from simulation of misalignments (Gaussian distribution µ=0, σ=0.35) of 10 series connected units 

comprising a module: (a) similarity of semi-acceptance angle (AA) of the angular transmittance function related to the 

overlapping emission with respect to module emission vs. the similarity with respect to the unit emission, (b) level of 

misalignments vs. the similarity between AA of the overlapping emission and unit emission. 

To accurately analyze the optical-angular performance of a module with several optical 

system-cell units both parallel and series connected by the LI method, it is compulsory to 

distinguish the module emission as function of not only its angular but also its spatial properties 

(i.e., to distinguish between the emissions of the units comprising the module). Two different 

strategies have been followed to perform such distinction according to where the emissions are 

differentiated: at the module output which follows the already known scheme of the Lambertian 

LI method, or at the focal plane of the collimator mirror which follows the configuration of the 

so-called Images LI method (not presented up to now).  

During the course of this thesis, different prototypes for both strategies (Lambertian and 

Images LI method) have been developed and they will be presented together with their 

advantages and disadvantages in the following sections. 
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3.3. LAMBERTIAN LUMINESCENCE-INVERSE METHOD 

To implement the optical-angular characterization of a CPV module based on the Lambertian LI 

method (Figure 3. 1 (b)), a masking system synchronized with a scientific-grade camera (e.g., 

CCD) is needed at the module output to distinguish between emissions from the different 

optical system-cell units. This can be done based on different masking process at the module 

entrance (e.g., mechanical or electrical masking) and following different procedures (e.g., 

masking all units but not one or masking only one unit at a time), as the one presented in Figure 

3.4. 

 

 

Figure 3.4. Mechanical masking for (a) a CPV module formed by 36 optical system-cell units (b) while the module is 

forward biased (it emits light) (c) the proposed equipment is able to automatically mask individual optical system-cell 

units to measure the light emitted by each one. 

When thinking on a high-volume manufacturing scenario, the main advantage of the LI 

method if included into a production line is the light resource and time saved compared to 

conventional methods (i.e., direct illumination at the module output). The measurement of the 

angular transmittance function in the Helios 3198 solar simulator consist of measuring the 

maximum power (PMP) of the module at different incident angles of the light with respect to the 

normal of the module as already presented in Chapter 2. If a motor structure (that permits any 

module alignment with respect to the light) is available, the angular transmittance for any 

angular direction can be measured in a few minutes. This procedure may require impractically 

long acquisition times depending on the desired angular resolution in the curve. Also, the light 

resource that is consumed in this conventional measurement may not be affordable for the 

implementation of this procedure on a production line. For the Xenon flash lamp used in the 

Helios 3198 solar simulator, the generator releases a pulse with an estimated energy of 2400 J. 

In the hypothetical case of a production line in which the angular transmittance curve is 

measured for minimum number of 10 modules per day during 265 days, the energy consumed 
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exceeds 200KWh. Moreover, the high number of light pulses needed for this characterization 

can significantly reduce the lifetime of the lamp. Therefore, the required masking method of by 

the Lambertian LI method has to be designed in such a manner that both time and energy 

advantages are kept in the module characterization.  

A simple solution based on liquid crystal (LC) shutters (LC Technologies, 2013) has 

been chosen to mask all units in the module while it is emitting except one, and thus take one 

CCD image per optical system-cell emission if repeating the masking for every unit in the 

module. The LC shutter consists of a layer of molecules sandwiched between two transparent 

electrodes, two glass covers, and two polarizing filters (with perpendicular transmittance to each 

other). The surfaces of the electrodes that are in contact with the LC material are treated to align 

the molecules of the LC in a particular direction. For twisted nematic devices (which are the 

kind of LC chosen for the presented masking application), the alignment of the molecules at 

each electrode are perpendicular. Thus, if no external perturbation (e.g., electric or magnetic 

fields) is applied, the molecules of the LC arrange themselves in a helical structure which 

changes the rotation of the polarization of the incident light. Under this condition, the LC 

shutter appears grey. By applying voltage to the LC shutter, the molecules in the fluid tend to 

orient themselves along the direction of the electric field. This entails the polarization of the 

incident light not to be rotated, so it remains perpendicular to the second filter. Under this 

condition, the LC shutter appears black. The higher the voltage applied to the LC device the 

darker it appears. Depending on the shutter design (e.g., fluid, cell gap, contrast and response 

time requirements), the driving voltage will typically be 3 Volts to 15 V. To avoid degradation 

of the devices for applying an electric field for a long time, the driving signal is required to be 

AC voltage. 

Liquid crystal (LC) shutters 

A first design of the LC masking prototype was proposed for a CPV module formed by 10 

series connected units of 12 cm X 12 cm aperture area each. The masking procedure is based on 

having one LC shutter for each optical system-cell unit, and enclosing all the LC shutters in the 

same structure placed in front of the module aperture (Figure 3.5). The state of each LC shutter 

can be controlled individually with a switching speed of 15 milliseconds. Thus, even for a 

module with a high number of optical system-cell units, the time involved in the measurement is 

still very short, as long as the CCD image acquisition takes only a few milliseconds. The idea is 

to include the masking prototype into the Helios 3198 solar simulator to record the optical-

angular and electrical properties of the concentrator at the same module position. Thus, there is 

no need for module rotation (for angular acceptance measurement) or shifting the masking 

equipment (for I-V curve measurement) provided that the LC shutter is completely transparent 

to the light source of the solar simulator. However, the LC shutter does not have a flat response 

within the whole spectrum covered by a multi-junction (MJ) solar cell, as is presented in Figure 

3.6. For the case of monochromatic light emitted by the cell in (as in the LI method), this lack of 

planarity in the LC spectral transmission is less critical for the optical-angular characterization. 
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Figure 3.5. The masking equipment based on LC shutters has been designed for a module of 10 optical system-cell units: 

there is one LC shutter for each unit equal in size. 

Regarding any LC device with a polarizing filter, the maximum light transmission that 

can be expected is about 45% of incident light. This number is explained by the blocking of half 

of the light that hits the polarizing filter, and the scattering produced in the glass and LC 

material. This maximum transmission is highly reduced at different wavelengths if including the 

absorption of the LC material. The major absorption of a LC compound occurs in the ultraviolet 

(UV) and the infrared (IR). The high energy of UV photon may break the chemical bond of a 

long chain LC molecule and thus degrades the device performance. For that reason, the 

polarizing filters block 100%UV light. In the visible region, the absorption is quite small, being 

the optical losses originated by light scattering rather than absorption. In the near IR region, the 

baseline absorption can be quite large depending on the detailed molecular composition of the 

fluid (Wu, 1998). 

 

 

Figure 3.6. Spectral transmittance of the LC shutter measured by a spectrometer compared to the spectrum of a multi-

junction (MJ) cell emission (GainP/GaAs/Ge). 
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The transmittance of the LC shutter employed in the first masking prototype was 

measured by using a scanning spectrometer (Spectro 320 from Instrument Systems). The 

transmittance for the on and off states of the LC device together with the spectrum of the light 

emitted by a multi-junction solar cell (GainP/GaAs/Ge) are plotted in Figure 3.6. From this 

measurement, it can be confirmed that the absorption of the LC fluid is significant in the visible 

spectrum provided that the transmission of the polarizing filter is close to 35%. High 

transmission levels in off state (transmission mode) are very positive for measuring the cell 

emission corresponding to the top subcell at 680nm.  However, the transmission in the IR 

remains almost unaltered when changing from off to on state, which only can be explained by 

the fact that the polarizing filter is not working properly in this spectral range. This last effect 

makes the emission of the middle subcell at 890nm when measuring by the Lambertian LI 

method useless. In fact, the peak emission at 890 nm has to be removed in order to distinguish 

between units emissions.  

Some experiments were carried out to find out the suitability of the LC shutters when 

measuring by the Lambertian LI method (Figure 3.7 (a)). A so-called mono-module (i.e., single 

optical system-cell unit) of the module for which the LC shutters have been customized (Figure 

3.7 (b)) has been measured. The main objective of this characterization was to identify the level 

of signal at the camera detector when including the LC shutter as the masking procedure. 

Because the intensity measured by the CCD depends directly on the reflectance of the 

Lambertian surface, different kinds of diffusers were also investigated: a white projector screen 

and a white foam core board.  

 

 

Figure 3.7. (a) Image of the setup used to measure the optical-angular properties of a mono-module by the Lambertian LI 

method (b) including a LC shutter as a masking device for a mono-module, with two  different Lambertin surfaces. 

To eliminate the contribution of the middle emission, a high-pass filter (i.e., hot mirror) 

was fixed at the entrance of the CCD camera with a transmission of 70% for wavelengths 

related to top emission. With previous setup, the images related to the different states of the LC 

shutter feature pixel values around 0 (for on state) and up to 100 (for off state), while the pixel 
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of the CCD can reach values of up to 4095. The same low levels of intensity were obtained at 

the CCD sensor for the two investigated Lambertian surfaces (with a 2% relative difference the 

foam core board being higher). Differences between the angular transmittances derived from the 

two investigated Lambertian surfaces are more correlated to the rigidity of the diffusers than to 

their reflectance properties: the projector screen has some wrinkles that slightly modify the 

shape of the measured angular transmittance. Results from conventional measurements and 

Lambertian LI method based on LC masking show an outstanding concordance. However, it is 

revealed that increasing the intensity measured by the CCD is compulsory. The level of signal at 

the CCD sensor is directly linked to multi-junction cell area of the optical system-lens unit that 

is under evaluation. Thus, the signal received by the CCD sensor can be insufficient for proper 

fast characterization of a module formed by units smaller in size to the one already presented. 

There are two different strategies that can be followed to achieve higher intensity values 

in the images: to replace the Lambertian target with new diffusers by reduced scattering angles 

that increase the reflectance emission, or to use LC shutters with improved polarizing filtering 

in the near IR which implies no affordable prices. A perfect Lambertian diffuser scatters light 

following the cosine function in a wide range of angles equal to 180 degrees. In the scheme of 

the Lambertian LI method, the required Lambertian properties for the diffuser are limited to the 

field of view covered by the CCD camera. The scatter profile must be wide and similar for at 

least all the incident angles reaching the diffuser (for a module of 1 m X 1 m of aperture area, it 

means 10 degrees). The distance between the diffuser and the CCD camera must be large 

enough to record all the scattered light, without forgetting the intensity reduction at the CCD 

detector due to large distances. 

3.4. IMAGES LUMINESCENCE-INVERSE METHOD 

In the previous section, a procedure based on masking the module emission at its entrance is 

proposed to differentiate between optical system-cell units emissions when measuring with the 

LI method. Instead of masking the module aperture, there is a different strategy that consists of 

distinguishing between units emissions at the focal plane of the collimator. Consider the 

measurement scheme of the Lambertian LI method presented in Figure 3. 1 (b) but with a pin-

hole camera at the focus of the collimator mirror instead of a Lambertian target (Figure 3.8 (a)). 

In this setup, the collimator mirror reflects only the module emission that is normal to its 

aperture to its focus (i.e., the emission at 0 degrees with respect to the optical axis of the 

concentrator). Thus, a camera placed at the focus of the mirror photographs the emission of the 

module at 0 degrees. If the pin-hole camera is displaced along the focal plane of the mirror, the 

emissions of the CPV module can be inspected at different angular directions, making each 

camera position correlated to a given angular direction. In the images formed by the pin-hole 

camera, the different optical system-cell units presented in the module can be distinguished, and 

thus how units emit at different angular directions. However, these images can be blurred due to 

the extension of the pin-hole camera aperture (Figure 3.8 (b)). For the case of extremely reduced 
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aperture, a sharper image will be obtained but with a very low camera luminosity, preventing 

the measurement of the module emission with any kind of sensor. 

 

 

Figure 3.8. (a) A pin-hole camera is included at the focus of the collimator mirror in order to measure the module 

emission at 0 degrees with respect to the optical axis of the mirror; (b) The image provided by the pin-hole camera is 

blurred due to the extension of its aperture. 

 

Figure 3.9. CCD images of two optical system-cell units of 12 cm X 12 cm of aperture area emitting light measured by 

pin-hole CCD camera with two different aperture diameters: 2.8mm and 0.67mm. 

Array of lenses 

A convergent lens can be used instead of a pin-hole camera to solve the lack of luminosity (the 

aperture of the lens is larger by several orders of magnitude), and the effect of blurring in the 

image (the lens brings the image of the module into focus perfectly). Moreover, several images 

of the module emitting at different angular directions can be inspected if placing not only one 

lens at the focus of the mirror, but also several lenses along the focal plane. A first prototype of 

an array of PMMA aspheric lenses was manufactured and is presented in Figure 3.11 (a). Each 

lens evaluates a particular angular direction of the light emitted by the CPV module, depending 

on the lens position at the focal plane of the mirror (Figure 3.11 (b)). A Lambertian diffuser 

must be included at the plane in which the PMMA aspheric lenses form the module images. A 
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CCD camera can photograph the module emissions for different units and directions in only one 

acquisition if it focuses to the Lambertian diffuser (Figure 3.11 (c)).  

 

 

Figure 3.10. The array of lenses must be placed instead of the Xenon flash lamp when measuring the optical-angular 

properties of the module by the LI method at the solar simulator Helios 3198. 

 

Figure 3.11. (a) Lens array; (b) Lambertian diffuser attached at the lens array; (c) Image detail of the module images 

formed at the Lambertian target. 

Main problems with this last configuration (i.e., the system formed by a lens-array and a 

Lambertian diffuser) are: first, the low intensity values at the CCD detector that has to do with 
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the diffuser transmission mode, and second, the low resolution (mm·pixel
-1

) of all module 

images photographed by the CCD camera. 

The area to be covered by the PMMA aspheric lenses in the array depends on the 

angular range to be inspected. For instance, lenses must be located within an area around 420 

mm X 420 mm to evaluate the angular transmittance function of the module within ±2 degrees. 

This means that the angle subtended by the CCD camera and the image formed by the lens 

placed at one extreme of the array can be very large. Thus the Lambertian properties of the 

diffuser must be kept for a large range of angles. There are new diffusers on the market with 

different scatter profiles and high transmission values that could be suitable for this application. 

However, the ones that have been already tested were either not transparent enough or 

Lambertian for the CCD field of view. This requirement can be reduced if all the module 

images formed by the lens-array are recorded by more than one single acquisition (e.g., to take 4 

images covering 0.5 degrees of the angular transmittance of the module in each CCD 

acquisition). The smaller the area evaluated per CCD image, the higher the intensity that can be 

achieved at the CCD sensor by either reducing the scatter angle of the diffuser or the distance 

from the diffuser to the CCD camera. In order to increase the resolution of the CCD image, 

there are two different strategies that can be followed: to use a camera with a very large sensor 

which can be very expensive or to use a CCD camera that is displaced along the focal plane of 

the mirror while taking photographs. In this last case, the camera performs in an equivalent 

manner to the assembly made up of lens-diffuser-CCD.  

Images LI method 

The LI measurement scheme in which a camera is used to form the image of the module 

emitting at a particular direction refers to the so-called Images LI method (Figure 3. 12). The 

CCD camera forms an image of the module emitting light for a particular direction which can be 

calculated as function of the focal distance of the collimator mirror, and the distance between 

the camera location and the module as presented in Chapter 2.  In Appendix 3.A, an analysis is 

performed considering the robustness of the Images LI method against collimator mirror and 

camera non-ideal performance. 

The identification of the different optical system-cell units comprising the module can 

be performed if a good spatial resolution is achieved in the photograph. In Figure 3.13 (b), the 

images corresponding to a module formed by 25 units with a spatial resolution of 1.4 mm·pixel
-

1
 are presented. It can be observed that lenses are easily identifiable because each one emits with 

a particular intensity level and spatial map emission at the different evaluated angular directions. 

The amount of light emitted for each unit at the different angular directions can be quantified by 

integrating the value of the pixels involved in each unit representation. Thus, the impulse-

response angular transmittance function is generated if plotting the integration values as 

function of their corresponding angular directions (Figure 3.13 (c)). As already presented in 

Chapter 2, the angular transmittance function of a given optical system-lens unit under a 

particular illumination can be generated by a convolution between the impulse-response 
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function and the given light source. The functions of all the units must be normalized to their 

maximum values to compare them as if the cell emission is equal in all the units comprising the 

module. 

 

Figure 3. 12. Measurement scheme of the Images LI method: a camera is included at the focal plane of the collimator to 

record the emissions of the module for a particular angular direction. 

 

Figure 3.13. (a) Evaluation procedure of one optical system-cell units of a module formed by 5 X 5 units; (b) Images of 

the module emitting light at different directions recorded by a CCD camera with a spatial resolution of 150 pixels X 150 

pixels per unit; (c) The impulse-response angular transmittance function of a particular unit in the module can be 

reconstructed by integrating the value of the pixels involved in each unit at the different inspected angular directions. 
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3.5. EVALUATING MISALIGNMENTS AND ANGULAR TRANSMITTANCE FUNCTION 

BY THE LUMINESCENCE-INVERSE (LI) METHOD 

In this section, results concerning three different cases of study are included as they are chosen 

to be representative to show that: 

 The Images LI method provides results comparable to the ones obtained by 

conventional methods (e.g., with direct illumination) but in a faster and easier way. To 

demonstrate this, the angular-optical properties of a CPV module with intentional 

defects in its optics are characterized by conventional measurements, by the Lambertian 

LI method, and the Images LI method (Case-study A).  

 The Images LI method can be applied to a multitude of CPV module configurations, 

even to a module formed by small lenses both series and parallel connected which 

corresponds to the worst possible case concerning the method limitations. To show this, 

a module based on 192 series and parallel connected units of 5 cm X 5 cm aperture area 

is evaluated. In particular, misalignments are observed to provide very interesting data 

useful to identify some kinds of errors in the module, like module bending or receivers 

deviations with a given pattern from their proper positions (Case-study B). 

 The Images LI method can be easily integrated in the production line of CPV modules 

attending to its accuracy and repeatability using very short measurement times. At IES-

UPM, a test was carried out to measure up to twenty modules lasting few seconds in 

each measurement. Taking advantage of this speed, the effect of temperature variations 

in CPV module performance could be investigated in real time (Case-study C). 

 

Figure 3.14. Module optical analyzer (MOA) at IES-UPM laboratory while being illuminated by the light emitted for a 

CPV module.  

By these experiments, it has been possible to quantify the effect of the poorly optical-

angular quality of a CPV module and what is even more important, how to improve it. Also, 

these three sets of experiments have been key for the successful development of the so-called 

module optical analyzer (MOA) and to understand its capability. The MOA is an apparatus 

developed during the course of this thesis to implement the already presented Images LI 
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method. It consists of a set of CMOS sensors with attached optics that evaluate the module 

emission at any angular direction. More details about the MOA prototype for laboratory 

measurements can be found in the Appendix 3.B. 

3.5.1. CASE-STUDY A: OPTICAL-ANGULAR EVALUATION OF A CPV MODULE WITH 

DELIBERATE ASSEMBLY ERRORS 

An exhaustive indoor characterization of a CPV module from the company Daido Steel has 

been performed in order to validate the luminescence-inverse (LI) method (if compared with the 

direct method (i.e., at the Helios 3198 solar simulator)). 

The module investigated in this section is formed by 25 series connected units, where 

each unit is comprised of a dome-shaped Fresnel lens of 20 cm X 20 cm aperture area as 

primary optical element (POE), a refractive inverted pyramid as a secondary optical element 

(SOE) and a multi-junction (MJ) solar cell. In order to identify unexpected defective 

performance of the module, deliberate assembly errors in receiver and lens positioning and 

pointing have been introduced. The kind of intentional defects included in the module are 

shown in Figure 3.15: wrong positioning of SOE with respect to the lens, displacement of the 

lens in each unit (i.e., lenses over different inclined planes), and variation of the focal length for 

several lenses.  

 

 

Figure 3.15. Intentional errors included at the Daido module: red arrows refers to receiver movement in both X and Y 

directions while green arrows states for lens inclinations (the pointing of the arrow indicates elevation of the lens). Each 

unit in the module is labeled from 1 to 25. 
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The electrical characterization (i.e., I-V curve) of the module under study reveals a clear 

poor operation of the concentrator (Figure 3.16). The expected output power has been reduced 

in more than 20% due to the defects presented above. Also the shape of the I-V curve with steps 

down in the flat part indicates that there is a mismatch between currents generated by the 

different units, possibly due to the presence of optical misalignments. 

 

 

Figure 3.16. I-V curve of Daido module with intentional defects measured at the Helios 3198 solar simulator (900W·m-2, 

AM1.5D equivalent spectrum) 

In order to reveal the different defects of the module and to understand their 

consequences in its performance, a deeper evaluation of the concentrator optical-angular 

properties must be carried out. 

Direct method: solar simulator for CPV modules 

The conventional optical-angular characterization of the module that is performed at solar 

simulator for CPV modules at IES-UPM consists in measuring the I-V curve at different 

positions of the module with respect to the light source (Figure 3. 1 (a)). The I-V curve at 

different incident angles of the light with respect to the optimum alignment of the module is 

measured for each optical system-cell unit that comprises the module (the output signals for 

each unit can be individually accessed in this module). The optimum alignment is defined as the 

module position with respect to the light source at which the module output power is 

maximized. The 1-dimensional (1D) angular transmittance function TSimulator() can be obtained 

if the output power values of the module are plotted versus their relative incident angles 

contained in a particular meridian plane (coincident with horizontal X and vertical Y axis). In 

the case of evaluating single optical system-cell units, the angular transmittance can be resolved 
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by recording the short circuit current ISC instead of the maximum power PMP, provided that there 

are no undesired effects of series resistance or current lateral spreading through the muti-

junction (MJ) cell decreasing the output power in a different way as function of the light 

distribution in the cell. 

The misalignments between the optical system-cell units in a CPV module (understood 

as the differences in the pointing of the units) can be obtained from the set of angular 

transmittance functions of the units if given for the same angular reference.  The pointing of 

each unit can be calculated based on the centroid that corresponds to the average angular 

deviation at which the angular transmittance is higher than a percent value with respect to its 

maximum. The 50% of the maximum value of the function usually provides a good definition of 

the centroid as the function slopes at values close to the 50% have certain continuity. However, 

the evaluation of the angular transmittance function is often limited to an angular range covering 

values close to 90% of the maximum. For this reason, the value of 90% is chosen to define the 

centroids in the experiments here presented.  

For this particular case in which the angular properties are inspected in 1D (Figure 3.17 

(a)), the misalignments are also given in 1D (Figure 3.17 (b)). This measurement, based on 

direct illumination, requires a long time for acquisition of output values at different angular 

positions of the module, and also a high consume of Xenon light resource. When characterizing 

CPV modules in a large scale production scenario in which modules have to be checked in few 

seconds, this measurement could not be affordable. 

 

 

Figure 3.17. (a) Angular transmittance function measured at the solar simulator by recording Isc values for all the 25 

units in the Daido module; (b) Misalignments between units in the Daido module. 

 



Chapter 3 

60 

Lambertian LI method  

To implement Lambertian LI method (Figure 3. 1(b)), there is no need for a flash light, neither a 

module structure movement but it requires a masking mechanism at the module aperture to 

discriminate between units emissions which still remains a serious disadvantage. In this set up, a 

Lambertian target is included at the focal plane of the mirror in order to diffuse the emission it 

receives by following the cosine law. The light at the Lambertian surface (that is the impulse-

response angular transmittance) can be recorded by a CCD camera. Also, to associate the 

module performance to a particular illumination conditions, a convolution must be performed 

between the measured CCD image and the desired light source). In order to compare with 

previous results (measurements at the solar simulator for CPV modules), the chosen light source 

is one from the solar simulator, the flash lamp Xenon(,. Thus a 2-dimensional (2D) angular 

transmittance function TSimulator(,) is obtained for the 25 units in the module (Figure 3.18) 

which provide a deeper understanding than conventional 1D angular transmittance functions. 

 

Figure 3.18. The normalized 2D angular transmittance function for the solar simulator light source Xenon () 

measured by the Lambertian LI method for the 25 units comprising the Daido module. The position of each function in 

the plot corresponds to the position of the unit in the module as presented in the scheme of Figure 3.15. 
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1D functions from the 2D functions presented in Figure 3.18 must be obtained for every 

unit of the module in order to compare results for the two implemented methods up to now: 

conventional direct and Lambertian LI (Figure 3.19). To perform such translation, the optimum 

alignment, or what is equivalent, the centroid (defined as stated before as the average point of 

angular values at which the angular transmittance is higher than 90% of its maximum) of the 2D 

angular transmittance function of the CPV module must be obtained. The 1D functions 

correspond to the intersection of the same meridian plane (containing the module centroid) with 

the 2D functions.  

 

 

Figure 3.19. Comparison between normalized angular transmittance functions measured at the solar simulator Helios 

3198 with conventional methods and with the Lambertian LI method. The position of each function in the plot 

corresponds to the position of the unit in the module as presented in the scheme of Figure 3.15. 

In Figure 3.19, the curves that explain the performance of all the units for different 

angular deviations in X direction are compared for the two methods. Because the measurement 

at the Helios 3198 is time consuming and tedious, it was performed by only covering an angular 

range in which values reach 90% of the maximum transmittance or higher.  
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The configuration of the solar simulator installed at IES-UPM permits only the accurate 

inspection of the module performance while rotating the module in azimuth angle (X direction) 

but not in elevation (Y direction). This means that finding the best alignment for Y direction is 

not so precise in the conventional setup as in the Lambertian LI method. Thus, the two curves 

for each unit can be related to slightly different alignments of the module regarding the Y 

direction. However, the curves are observed to match perfectly for almost all units (average 

RMSE=0.0252), each unit being different in shape and alignment.  

The 2D function of the module can be obtained from the individual function units by 

following the procedures described in Chapter 2. Basically, if all the units comprising the 

module are series connected, as is the case of the module under study, the 2D function of the 

module can be obtained as the lower envelope from the set of all individual 2D functions. 

Despite some discrepancies, in Figure 3.20 the 1D angular transmittance function of the whole 

module measured at the Helios 3198 is compared with the 1D function by the Lambertian LI 

method (RMSE=0.0083 if only considering normalized angular transmittance values higher than 

0.5). 

 

 

Figure 3.20. Normalized angular transmittance of the module case-study measured by the Helios 3198 solar simulator 

with conventional method and with the Lambertian LI method. 

Images LI method 

The Images LI method (Figure 3. 12) has also been implemented by the MOA laboratory 

equipment (Appendix 3.B). This last analysis is based on processing images of the module 

emitting light at different directions as the ones presented in Figure 3.21. In the acquired 

images, the 25 units are represented by 25 squares that can be evaluated regarding their quality 
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for emitting light with the hottest color associated to the highest emission (and thus with higher 

optical transmittance) at the inspected angular direction.  

 

 

Figure 3.21. Images of the CPV module emitting light at different angular directions measured by MOA. 

 

Figure 3.22. Impulse-response angular transmittance functions for the 25 units of the Daido module obtained from the 

CCD images taken by the Images LI method. 

The normalized 1D impulse-response angular transmittance functions (of the 25 units) 

obtained by the Images LI method are presented in Figure 3.23 compared with the 1D impulse-

response angular transmittance functions measured by the Lambertian LI method. The 

Lambertian curves show a kind of noise (related to a very high resolution of 0.0067 

degrees·pixel
-1

) leading to an RMSE=0.062 for angular transmittance values higher than 90%. 

This noise is not observed in the angular transmittance functions due to the smothering effect 

the convolution with the light source has. Based on previous results (solar simulator vs. 
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Lambertian LI), the agreement between LI methods serves to confirm the validity of the Images 

LI method against conventional measurements.  

 

Figure 3.23. Comparison between normalized impulse-response angular transmittance functions measured with the 

Lambertian LI method and the Images LI method. 

The most interesting feature that can be investigated by this non-conventional (LI) 

method are the misalignments between units. These misalignments correspond to pointing 

variations between individual power units that consequently do not operate simultaneously at 

their best alignment at any given incidence angle of the light source. To analyze the pointing 

vector of each unit that comprises the module is not affordable with conventional methods due 

to the need for long acquisition times and high accuracy in the rotational structure for the 

module movement in every angular direction. Also, it is not usually possible to have access to 

the power of each unit of the module by individual connections. This can be resolved by 

covering all units but not the one to be measured while biasing the module at negative voltage to 
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overcome the activated bypass diodes of the masked units. However, this last solution is not 

considered for the production line because the need of a masking method and a new biasing 

procedure increase the measurement time even more so.  

The 2D misalignments of the Daido module obtained by the LI method are within ±0.4 

degrees which account for a decrease of the acceptance angle of the module from 1 to 0.7 

degrees. The kind of introduced error and the effect it produces in the pointing vector of each 

unit can be observed in Figure 3.24. In general, the misalignment direction is coincident with 

the receiver deviation but it is in the opposite direction of the lens inclination. It is also observed 

that for some errors introduced at the lenses level (those manually performed are less accurate), 

there is a clear discrepancy with the effect they produce. 

 

Figure 3.24. Misalignment between units (right) for the Daido module with intentional defects (left): the misalignment 

direction is coincident with receivers deviations (red arrows) but is in opposite direction to the lens inclination (green 

arrows). 

There is a lack of published data concerning the misalignments present in a CPV 

module and their relevance when affecting the module performance depending on their kind. In 

general, the principal alignment tolerances are POE to SOE, SOE to MJ-cell and front to back 

plate. For the module under study, results show that errors in lens pointing are more important 

on module performance than lens-to-receiver alignment. Such pointing errors reduce both the 

module´s angular acceptance (checked by the LI method) and its power output due to a decrease 

of the photo-generated current at optimum alignment (checked by the CPV solar simulator 

Helios 3198). Tolerances of 1mm over the alignment of receivers produced a misalignment 

close to (unit 11) 0.1 degrees while for lenses seems to be close to (unit 9) 0.5 degrees (a 

displacement of 1mm corresponds to a lens inclination produced by the overlapping with the 

adjacent lens). 
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Figure 3.25. Short-circuit current Isc and semi-acceptance angle for every unit in the module (right) for the Daido 

module with intentional defects (left). 

3.5.2. CASE-STUDY B: OPTICAL-ANGULAR EVALUATION OF A CPV MODULE WITH SERIES 

AND PARALLEL CONNECTED UNITS OF SMALL APERTURE AREA 

The accuracy of the LI method can be reduced if the images provided by the CCD sensor with 

information about the emission of the units comprising the CPV module under evaluation have 

a poor quality. This can occur if the level of signal in the sensor is very low and it is buried in 

the noise, or if the camera lenses do not bring the whole module image into focus, or if the 

resolution of each unit in the module image (pixels·mm
-1

) is very small. The first and final cases 

occur if the module to be evaluated is formed by a large number of units with small size of cells 

and aperture areas. A module with these characteristics usually has its units series and parallel 

connected in order to increase both voltage and current output.  

An indoor characterization of a CPV module with the previous characteristics has been 

performed in order to validate the luminescence-inverse (LI) method when dealing with 

modules with mixed series and parallel units of small aperture area. The CPV module 

investigated in this section is formed by 192 units (12 parallel strings of 16 series connected 

units), where each unit is comprised of a Fresnel lens of 5 cm X 5 cm aperture area as the 

primary optical element (POE) and a multi-junction (MJ) solar cell.  The angular transmittance 

function of the module has been measured by conventional methods and by the LI method. As 

presented in Chapter 2, the angular transmittance function of a module measured by the LI 

method is obtained by considering how the units are connected: the minimum enveloped of all 

normalized units functions if connected in series and the sum of all normalized units functions if 

connected in parallel. 
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Figure 3.26. Images of the CPV module (formed by 192 units) emitting light at different angular directions measured by 

a CCD camera with the Images LI method. 
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Some images of the module emitting light at several angular directions measured by the 

MOA laboratory equipment (Appendix 3.B) are presented in Figure 3.26.  The number of pixels 

involved in each optical system-cell unit emission is reduced in this case-study B from 22500 to 

256 if compared with case-study A. However, this final resolution seems to be large enough to 

obtain consistent results if comparing AA of both conventional and LI methods as presented in 

Figure.3.27. Each row in the image (see Figure 3.26) corresponds to one string in which 16 cells 

are series connected. It can be observed how similar the emission is within one row and how 

different the emissions are between rows because of the current paths through the module. 

While biasing the module in dark conditions, an unequal current distribution among the cells 

cannot be avoided if they are connected in parallel. This connection allows most of the current 

to be forced into the string with the cells of larger recombination (saturation current) and lower 

resistance. For the case of a much higher level of injected current if compared with the LI 

method, there can be a lowering effect of cell shunt resistance which can damage its 

performance (Timò et al., 2008). To prevent any risk derived from the previous scenario in a 

real CPV module performance, a blocking diode is included for each string in the module 

avoiding the injection of current from one string to another. Some precautions have to be taken 

when biasing the module in the LI method without causing thermal runaway in the blocking 

diodes (which operate in reverse mode near breakdown voltage). The power supply must be 

current limited to just a few tens of milliamps and its voltage is employed to bias the cells into 

open circuit voltage and the blocking diode into reverse mode conduction. It must be noted that 

the diode in reverse mode is more easily broken than in forward mode as the power is larger and 

frequently not uniformly distributed over the device.  

The nominal average acceptance angle (AA) value of the units comprising the module 

has been calculated to be 0.53 degrees and 0.55 degrees for X and Y directions respectively with 

a standard deviation of 0.09 degrees and 0.07 degrees. However, the AA of the module 

corresponding to the same investigated direction has been measured to be 0.53 degrees and 0.45 

degrees for X and Y directions respectively (Figure.3.27). The discrepancy between acceptance 

angles are due to the misalignments between units, and some possible causes could be the 

bending of the lenses parquet, the deformation of the module structure (front or back plate) due 

to the assembly process, or the receiver placement at the rear plate of the module. 
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Figure.3.27. Normalized angular transmittance of the module case-study measured by the Helios 3198 solar simulator 

with conventional method and with Images LI method. 

Once again, it must be pointed out that the misalignments data of the module provided 

uniquely by the LI method can be very useful to identify systematic errors in the manufacturing 

process. In Figure 3.28, the misalignments for X and Y directions are presented for the 192 units 

comprising the module. In Figure 3.28, the strings of units wired in series are plotted with the 

same color in order to easily investigate some pattern between series connected units. Also the 

color chosen for the series strings varies depending on the place they have in the module 

structure as presented in Figure 3.29. The units placed in the same row comprising the module 

have relatively small deviations of their pointing in Y direction (±0.1) while a large deviation in 

X direction (±0.4). The absolute misalignment value in Y direction depends on the position of 

the row in which the unit is: rows at the top of the module have positive alignments while rows 

at the bottom of the module have negative alignments.  

To observe if there is also a correlation between the unit positions in the series string 

and their misalignments, the pointing of each unit are plotted in Figure 3.30 with the same color 

for the units at the same position in each string as presented in Figure 3.31. The pointing in the 

Y direction for the same position in the string in the module varies from ±0.2 degrees (at the left 

side of the module if viewed from behind) to ±0.1 degree (at the right side of the module if 

viewed from behind). However, differences between units pointing in X direction are the 

opposite way with values of ±0.1 degree (at the left side of the module if viewed from behind) 

to ±0.2 degrees (at the right side of the module if viewed from behind). 

A further evaluation is needed to conclude the cause of the poor quality in the optical-

angular properties of the module. It seems that the module has some kind of convex bending of 

either lens parquet or back plate which produced a non-symmetric deformation in the module 

(that is lower for the upper right corner of the module if viewed from behind). 
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Figure 3.28. Misalignments of the 192 units comprising the module case-study B: the correspondence of the color and 

number of the unit with the unit position at the module is given in Figure 3.29. 

 

 

Figure 3.29. Units are labeled from 1 to 192 in the module case-study B: The unit in the series string is represented by the 

same color. This scheme is a representation of the CPV module as viewed from behind. 
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Figure 3.30. Misalignments of the 192 units comprising the module case-study B: the correspondence of the color and 

number of the unit with the unit position at the module is given in Figure 3.31. 

 

 

Figure 3.31. Units are labeled from 1 to 192 in the module case-study B: Units at the same position in a series string are 

represented by the same color this scheme is a representation of the CPV module as viewed from behind. 
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3.5.3. CASE-STUDY C: OPTICAL-ANGULAR EVALUATION OF CPV MODULES AND THE 

EFFECT OF TEMPERATURE IN THEIR PERFORMANCE. 

Before being installed at the IES-UPM experimental field in Madrid, 20 out of 50 CPV modules 

(Zamora et al., 2012) randomly selected were characterized by the MOA system (Appendix 3.B) 

at IES-UPM laboratory. This characterization was performed after concluding (by conventional 

measurements at the solar simulator) that the modules acceptance angles were significantly 

lower than expected.  

 

 

Figure 3.32. Array of 50 CPV modules installed at the IES-UPM experiment field 

 

 

Figure 3.33. Image of the CPV module (reflected by the collimator mirror of the solar simulator Helios 3198) when 

measuring with (a) conventional direct methods and (b) LI method. 

The I-V curves of one of these modules at different angular positions with respect to the 

light source are presented in Figure 3.34, together with the angular transmittance functions 

related to the maximum power PMP and short circuit ISC values.  There is a difference of 0.2 
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degrees between both curves due to current mismatch between units as shown by the steps 

produced in the I-V curve at different positions. This is a common aspect for all the investigated 

modules that reduces the angular acceptance in 0.3 degrees on average if compared with that of 

the individual optical system-cell unit. 

 

Figure 3.34. Characterization at the solar simulator of one module from the group of 20:  (a) I-V curves of the CPV 

module deviated a given angle with respect to the light source, (b) angular transmittance measured at the solar simulator 

recording PMP and Isc values. 

This decrease in angular tolerance is mainly supposed to be caused by misalignments 

between units, thus further analysis it is essential. The MOA system installed at IES-UPM is 

able to investigate the optical-angular properties of the module in any angular direction. 

Nevertheless, both the horizontal (X direction) and the vertical (Y direction) are chosen in this 

study as they are the most common ones investigated by direct methods. When plotting the units 

misalignments for the 20 modules for X and Y directions, a pattern coincident between them 

was observed: the alignment of each unit is related to the position of the unit in the module as 

presented in Figure 3.35. In general, those units at the top of the module have positive 

alignments in the Y direction while being negative if placed at the bottom of the module. In the 

horizontal direction, those units at the left side of the module have negative alignments while 

the ones at the right side have positive alignments.  
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Figure 3.35. Misalignments measured for the 20 modules under investigation for: (a) pointing vectors of the 36 units 

(labeled at the top as if the module is viewed from behind) in X direction and (b) pointing vectors of the 36 units (labeled 

at the top as if the module is viewed from behind) in Y direction. 

Based on manufacturer information, these misalignments are likely to be caused by 

enclosure deformation rather than receiver positioning. In fact, the size of the Fresnel lens 

parquet was discovered to be as much as approximately 0.1% larger than the one at the receiver 

plate. This difference in size is consistent with the decrease of 0.3 degrees on average for the 

acceptance angle of the modules under investigation. In connection with this fact, two different 

misalignments patterns can be distinguished for the 20 modules under investigation as presented 

in Figure 3. 36: a radial distribution related to the difference in size between lens parquet-and-

receiver plate (showed up in 15 out of 20 modules) and a more irregular distribution because of 

additional deformation due to the enclosure (showed up in 5 out of 20 modules). Based on 

module manufacturer analysis, the optical-angular improvement in the module could lead to an 

increase of up to 3%-4% absolute points in the FF which justifies the need of quality control 

alignment processing during manufacturing. 
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Figure 3. 36. Two different patterns of pointing vectors distribution can be distinguished between the inspected modules: 

(a) due to the slightly larger size of lens parquet and (for 15 out of 20 modules) (b) additional deformation due to 

enclosure (for 5 out of 20 modules). 

Previous results were obtained when measuring with MOA equipment at 20 ºC ambient 

laboratory temperature. However, the module under operating conditions reaches higher 

temperatures in both the lenses parquet and the back plate. This increase in temperature can 

involve a module thermal expansion that modifies its optical-angular properties. To observe the 

misalignments variation with temperature, a MOA measurement was conducted while 

increasing the temperature of a module to reproduce different outdoor actual conditions. Several 

IR bulbs placed at the back side of the module were used to vary its temperature. The module 

back plate that is made of aluminum was covered with an adhesive black vinyl to increase the 

light absorption. Several thermocouples were placed between the black cover and the back plate 

to confirm that the temperature distribution of this surface was rather homogeneous (with 

variations of 4 ºC between the center and the edges of the module). Also the air temperature 

inside the module is measured with a thermocouple to assure that the MOA measurements are 

performed under steady-state conditions. It must be noticed that the temperatures used in this 

experiment are close to the ones already published for a module in operation with slightly lower 

concentration ratio but similar configuration regarding thermal management (Ota et al., 2013).  

The optical-angular properties of the modules under investigation do not show any 

significant variation while reaching the temperatures presented in Table 3.1. In Figure 3.37, the 

pointing vectors of one unit of the module (located at the upper-left corner of the module) are 

presented. For this unit, its pointing vector does not vary while increasing the back plate 

temperature from 20 ºC to 71 ºC. The same performance is revealed for all the units in the 

module (average pointing variation lower than 0.03 degrees). This can be explained due to the 

differences between the thermal coefficients of the back plate and the lenses parquet. The one 

from PMMA lenses parquet depends directly on the process of the lens manufacturing, and its 
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value is at least 4 times the one made from aluminum
16

. For this reason, even the aluminum 

back plate reaches higher temperatures than the lens parquet, the thermal expansion is not larger 

and thus misalignments remain unchanged. 

 

 

Figure 3.37. Misalignments for 1 unit of the module under evaluation (upper-left corner of the module) for temperature 

conditions of Table 3.1. 

Table 3.1. Temperature distribution at back plate and inside the module (steady-state conditions) 

Temperature at back plate (º C) Temperature inside the module (ºC) 

20 20 

55 28 

66 30 

71 36 

 

The previous experiment was also carried out with a very fast temperature increase of 

the back plate but with not enough time to heat the lens parquet. A MOA evaluation was 

performed during this transient regimen of temperatures, from 19ºC to 66ºC in the back plate 

and constant ambient temperature (at 19ºC). In this experiment, the air temperature inside the 

module is not controlled (neither the lens temperature). 

 

                                                      
16
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 m·mK
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 ] sheer cast  (mold) 

   PMMA [234 ·10
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 m·mK
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] extruded (pushing through a form) 
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Table 3.2. Temperature distribution at back plate and inside the module (no steady-state conditions) 

Temperature at back plate (ºC) Ambient temperature(ºC) 

19 19 

48 19 

66 19 

 

In Figure 3.38, the pointing vector of a module unit (located at the center of the module) 

measured with MOA are presented for the different temperature conditions of  

Table 3.2. For this unit, it can be observed that its pointing vector slightly decreases 

while increasing the back plate temperature from 19 ºC to 66ºC. A similar performance is 

revealed for all the units in the module (average variation of 0.08 degrees) which is consistent 

with the fact that the back plate is smaller than lens parquet as already stated. If the temperature 

of the back plate increases, its size does also while the lens remains unaltered (because of the 

lens temperature is close to the ambient temperature during the whole experiment).  

 

 

Figure 3.38. Misalignments for 1 unit of the module under evaluation (center of the module) for temperature conditions 

of Table 3.2. 

This last experiment shows the capacity of the MOA to analyze the module 

performance in very short times. However, it must be pointed out that the first experiment in 

steady-state conditions is the one which reproduces the real outdoor performance conditions of 

the module. Thus, we can conclude there is no significant change between misalignments while 

varying the temperature. 
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3.6. MODULE OPTICAL ANALYZER (MOA) IN PRODUCTION LINE 

3.6.1. INTRODUCTION: NGCPV PROJECT AND MOA  

The first prototype of the module optical analyzer (MOA) for a production line was developed 

and installed in 2013 at Daido Steel Co facilities in Nagoya (Japan) within the framework of the 

European Union project entitled “A new generation of concentrator photovoltaic cells, modules 

and systems”, NGCPV (283798). In particular, a task involving the development of tools for test 

and quality control of modules in manufacturing line was accomplished through collaborative 

research between the Japanese company Daido Steel and IES-UPM. The modules to be tested 

are the so-called “Intrepid” modules (Dome-Khöler (Zamora et al., 2012)) which are also 

developed in parallel in the same project, and the conventional Daido modules (Dome-pyramid). 

Details concerning design and development of the MOA installed at the production line of 

Daido Steel are completed in the Appendix 3.C. 

 

Figure 3.39. MOA prototype installed at Daido Steel facilities 

A highly accurate alignment control at the time of installation is essential to reduce the 

power loss at tracker level for modules with narrow acceptance angles. Instead of performing 

this kind of quality control which can be very difficult and costly, proper quality control in the 

factory could be recommended to limit the misalignments amongst the module units, and 

consequently maximizing its acceptance angle. 
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Figure 3.40. MOA measuring the angular properties of the Daido module when it is emitting light (by being biased close 

to the open circuit voltage) at the Daido Steel manufacturing line 

3.6.2. RESULTS: MOA IN PRODUCTION LINE 

The MOA installed in the factory has been able to detect and characterize the effect of real 

defects encountered by Daido Steel in production. The first months of MOA use on the Daido 

assembly line coincided with the introduction of components from a new vendor, in particular, 

the side-wall of the module box (whose bending must be 90 degrees with respect the bottom 

plate of the box).  

Modules with side-walls from a new vendor showed the same power output but a 

significantly reduced acceptance angle (from 0.9 to 0.69 degrees) when measured with the 

MOA due to misalignments between units (Figure 3.41). The reason was found in the enclosure 

deformation, in particular in the position of rivet hole of the side-wall (Figure 3.42). Simple IV 

testing would not have detected this problem. 

 

 

Figure 3.41. Misalignments observed in two different modules manufactured based on different vendor box wall 
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Figure 3.42. Differences between the position of rivet hole of the side-wall for the different vendors. 

3.7. CONCLUSIONS 

Throughout this Chapter, different prototypes for implementing the luminescence-inverse (LI) 

method in its two variants (Lambertian and Images) have been presented. Undoubtedly, the 

module optical analyzer (MOA) has been proven to be the most suitable equipment due to the 

benefits it provides when measuring the optical-angular properties of a CPV module. To 

conclude with the previous statement, different experiments were carried out to analyze the 

results obtained by the different configurations. Hereafter, some of the most meaningful 

conclusions are: 

 If characterizing a module with several optical system-cell units both parallel and series 

connected by the LI method, the module emission must be distinguished regarding both 

its angular and spatial properties, because large misalignments can be masked if only 

evaluating the whole module emission. 

 The twisted nematic liquid crystal (LC) shutter has revealed a poor functioning in the 

wavelength range of the middle emission, and a significant absorption in the range of 

top emission. Thus the use of this device for masking the emission in the Lambertian LI 

method is limited to modules formed by units with large aperture areas, in which the 

module emission after filtering the middle peak and being absorbed by the LC is still 

high enough at the CCD detector. 

 Minimum results discrepancies have been found between both conventional and LI 

methods. Some representative numbers can be given for a module formed by 25 units 

series connected: the average error between units curves has been confirmed to be 

acceptable (RMSE=0.0252) if comparing conventional and Lambertian methods. When 

comparing the module angular transmittance functions, discrepancies that can appear 

due to the curves can be related to slightly different alignments of the module, because 

finding the best alignment for Y direction is not as precise in the conventional setup as 
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in the Lambertian LI method.  If comparing the acceptance angle values of the module 

obtained by both conventional and Lambertian LI methods, the RMSE is decreased to 

0.0083. A higher error is obtained if comparing the impulse-response angular 

transmittance functions between Lambertian and LI method (RMSE=0.062) due to 

superimposed ripples due the high resolution of the first (0.0067 degrees·pixel
-1

). The 

convolution of these functions with a light source has a smoothing effect that minimized 

discrepancies between LI methods. 

 The kind of error that produced poor optical-angular performance in a module is not 

revealed by the LI method. Thus, further analysis is needed to identify if the unexpected 

bad performance is due to the POE, SOE, and MJ tolerances or more related to the 

enclosure. Tolerances in POE have been measured to be more important than in 

receivers for the investigated modules although it would depend on the module 

configuration. 

 MOA equipment has been developed at IES-UPM to work at laboratory level. Several 

companies have been interested in measuring with MOA as it is able to accurately 

evaluate the optical-angular properties of a CPV module in few second. The MOA 

measurement has been validated in a large variety of modules (different sizes, electrical 

connections and optical configurations) showing accord when comparing with 

conventional methods. 

 The evaluation of misalignments within a module (that is strictly only possible with the 

LI method) has been proven to be a valuable tool for identifying manufacturing or 

assembly errors in CPV modules. Taking advantage of the short times involved in the 

MOA measurement, the temperature effects in a module have been checked in real time 

demonstrating how module misalignments are modified due to temperature effects. 

 A MOA for production line was developed at IES-UPM and has been installed during 

the course of this thesis. The success of this task lies in the fact that all partners have 

benefited from each other: the company could highlight in good time defective 

components (among other successful examples), and the institute could have a good 

opportunity for transferring the product from the laboratory to a production scenario, 

and also receiving important feedback from the users to improve the equipment 

performance. 

 The MOA is currently patent pending (EP13382131); the international search report has 

received very positive comments and qualification. 
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APPENDIX 3.A. ROBUSTNESS OF THE IMAGES LI METHOD 

AGAINST COLLIMATOR MIRROR AND CAMERA NON-IDEAL 

PERFORMANCE 

 

 

 
There are several questions that can influence the measurement and thus the veracity of the 

obtained impulse-response angular transmittance function H() by Images LI method. Some 

of them have to do with the shape and scattering of the collimator mirror which can be far from 

ideal (which also affect the Lambertian LI method). Others are related to the performance of the 

camera as for instance its focusing or diaphragm aperture (which exclusively affect the Images 

LI method). All these queries and their consequences in the optical-angular evaluation of the 

concentrator have been studied and are presented in this Appendix.  

3.A.1. INFLUENCE OF THE COLLIMATOR MIRROR PERFORMANCE IN THE LI METHOD 

The surface profile of the mirror used in the LI method can be deviated from its ideal shape and 

thus affect the results of the CPV module optical-angular evaluation. There are three different 

components of the optical shape error depending on the length of the period between error peaks 

and valleys (Clarysse, 2004): roughness, waviness, and form. In the following, how these errors 

affect the collimator mirror performance will be discussed.  

Optical shape error: Roughness 

Roughness includes irregularities with high spatial frequency with peak-to-peak lengths lower 

than 1mm. This component produces scattering which is responsible for local diffraction effects 

that increase divergence and specular reflection of the light beam. 

The effect of mirror scattering has been already characterized for the collimator of the 

Helios 3198 (Domínguez, 2012). To perform this characterization, the angular size of the lamp 

was measured by a CCD camera before and after being reflected by the mirror. If the CCD is 

focused to infinity, the light coming from a particular direction is projected to a given pixel in 

its sensor.  Then every pixel reads a signal that is proportional to the received light intensity, 

creating a 2-dimensional (2D) map of the angular distribution of the light at the entrance of the 

camera optics. Difference between the angular sizes of the images recorded with the camera at 

both the mirror aperture and the focal plane, provides the scattering of the mirror. For the case 

of the collimator mirror used at IES-UPM, the scattering has been measured to be in the range 
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of 0.1 degrees. The angular size of the CPV angular transmittance functions for most of CPV 

modules is much greater than this mirror scattering value. Therefore, this scattering effect which 

has a slightly widening effect in the emission can be neglected in most CPV angular-optical 

evaluation by the LI method. Also, this scattering has an overall effect on the whole aperture of 

the CPV module, thus relative differences between the optical-angular properties of the units are 

still valid. 

 

 

Figure 3.A.1. Image detail of the collimator mirror surface in which both scattering and waviness effects can be 

observed. 

Optical shape error: Waviness 

Waviness refers to the profile errors larger than roughness with length between peaks ranging 

from 1 to 10 millimeters. It produces granular and speckle appearance that can worsen the 

specular reflectance towards a particular direction. 

During the manufacturing process of the mirror, the collimator is covered by a reflective 

adhesive film by using two different sheets of the same. Matching the diameter of the mirror, 

these two parts are overlapped with a possible contribution of waviness to the ideal surface 

profile. Thus, an experiment was carried out to conclude if there is any waviness contribution 

influencing the measurement in this particular area of the mirror. A single unit of a module 

formed by 25 series connected units has been measured by the Images LI method. The unit 

could be forward biased individually because the module has single access to every unit 

connection. The CCD camera was displaced along the focal plane of the mirror in the X 

direction to evaluate the unit emission at different angular directions with respect to the optical 

axis of the collimator mirror. The area of the collimator used to reflect the module emission is 

coincident with the one in which adhesive film is overlapped. An image of the module is 
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projected in the CCD sensor at different camera positions, making it possible to identify which 

pixels are contained in the area that corresponds to the unit under evaluation.  

 

Figure 3.A.2. CCD images of the light emitted at different angular directions direction (-1.81 degrees, -1.45 degrees, -

0.27 degrees, 1.26 degrees, and 1.44 degrees) by a lens unit under evaluation and its effect over adjacent units positions 

that are not emitting light. 

The impulse-response angular transmittance function can be obtained by the integration 

of pixel values included in the area of the lens under evaluation, and plotting the integrated 

values as function of the evaluated angular direction. Undesired reflections of the unit emission 

over other units produced by the waviness in the collimator can be investigated studying the 

pixel values corresponding to adjacent units. In Figure 3.A.3, the impulse-response angular 

transmittance function of the unit under study is presented together with the contribution of this 

unit emission to the adjacent units emissions (normalized to the maximum value of the impulse-

response of the unit under evaluation). The undesired emission over adjacent lenses shows a 

local maximum of 2% which means this effect can be neglected if overlapped to a unit 

emission, provided that the levels of light intensity are not equal between units emissions but 

have the same order of magnitude. 
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Figure 3.A.3. Normalized angular transmittance of an individual unit together with the emission over its adjacent units 

due to the waviness of the mirror. 

Optical shape error: Form 

Form error refers to overall deviations from the ideal shape with a very low spatial frequency.  

Due to manufacturing constrains for large collimator mirrors, the actual profile of the 

optical element may be closer to aspheric than parabolic. If this difference is considered in the 

LI scheme, the so-called spherical aberration modifies the focal length at which the 

monochromatic light beams are focused by the collimator (depending on the area in which the 

emission impinges the mirror). The aberration effect can be calculated considering two 

variables: the distance from the center of the mirror to the point in which the light beam 

impinges the optical system (r in Figure 3.A.4), and as function of the incident angle ( in 

Figure 3.A.4). The aberration has two different components, the longitudinal and transversal, 

which match with the X and Y directions. While the focal distance of the collimator (F0) is 

defined as one-half of the radius (Rc), the effective focal distance (F) of a given light beam 

refers to the distance from the collimator to the intersection of the beam with the optical axis of 

the mirror. The longitudinal aberration x is obtained as the difference between the focal 

distance of the collimator (F0) and the effective focal distance of the light beam (F). The 

transversal aberration y is defined as the distance between the focal point of the mirror and the 

intersection of the light beam with the focal plane.  

Simplifying the effect of the aberration in the LI method, a spherical mirror of 12 m 

radius with only incident light beams parallel to the optical axis is considered first. The 

longitudinalx and transversaly aberrations can be calculated by following the Equation 

(3.A.1) and Equation (3.A.2) for any incident angle  of the light impinging on the mirror. 
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Figure 3.A.4. Aberration produced at the collimator mirror with spherical shape 

The greatest variation in focal distance within the mirror due to aberration corresponds 

to the edges, with longitudinal and transversal aberration values of 0.042 meters and 0.007 

meters respectively. The transversal aberration suffered by the light beam with normal incidence 

that is reflected by the edges of the mirror defines a particular point in the focal plane of the 

mirror. The transversal aberration can be translated to the angular direction of the light beams 

that being reflected by the center of the mirror (instead of the edges) reaching the same point at 

the focal plane. 
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Each position at the focal plane corresponds to a particular evaluated angular direction 

when measuring the angular-optical properties of the CPV module by the LI method.  Thus, the 

effect of aberrations in the spherical mirror can be translated to an angular displacement of the 

angular transmittance function of the optical system-cell units under evaluation. For instance, 

the unit emission with an angular direction of 0 degrees (with respect to the mirror axis) that is 

reflected by the edges of the mirror (r=0.9 m) is translated to an angular displacement of 0.048 

degrees due to spherical aberration. This means that although the light emission of the CPV 

module is related to an angular direction of 0 degrees, it will be measured as if it is exiting the 

CPV module at 0.048 degrees. For the case of light impinging the edges of the module with no 

normal incidence (with respect to the mirror axis), the angular displacement varies as function 

of the incident angle as presented in Figure 3.A.5.  The overall effect consists of a shift of the 

functions for units whose emissions are reflected by the edges of the mirror aperture. 
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Figure 3.A.5. The transversal aberration of the different parts of the aspheric mirror (defined by concentric circles of 

radius r) can be translated to an angular displacement of the light at the focal plane of the mirror (e.g., a light beam 

parallel to the optical axis of the mirror reflected by the edge of the mirror (r=0.9) to a point in the focal plane matching 

to the point in which the center of the mirror reflects the light that impinges on the mirror with an incident angle of 0.048 

degrees). 

In Figure 3.A.5, the angular displacement (due to spherical aberration) of different incident 

angles with respect to the mirror axis (covering from -1.5 to 1.5 degrees) is presented for 

different parts of the mirror which are defined as concentric circles of radius r. The spherical 

aberration of the mirror could have a significant effect in the LI measurement (as large as 0.048 

degrees at the mirror edges). This error can be corrected for every measurement conditions, and 

neglected if the working area of the collimator must be limited to its central part (radius lower 

than 0.5 m). 

3.A.2. INFLUENCE OF THE CCD PERFORMANCE IN THE IMAGES LI METHOD 

Pupil width of the camera lens  

In the Images LI method, the aperture of the camera lens (also referred to as pupil width) is 

associated with an error in degrees to the value of the angular direction under evaluation (given 

by the position of the CCD camera). The smaller the aperture area of the camera lens, the more 

exact the angular transmittance function is measured for the particular angular direction. The 

error in the angular direction estimation can be approximated to  

 















6000
2

D
 asinΔα  (3.A.3) 

  

where D is the diameter of the lens camera aperture in mm. 
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Figure 3.A.6. (a) The angular transmittance function of a module composed by a Fresnel lens and a refractive secondary 

measured by the LI method and modified by the effect of different lens aperture areas (i.e., Pupil Width (PW) in degrees) 

(b) Detail of the curve to show the slightly differences. 

 A simulation has been performed to observe how different the results obtained by the 

Images LI method depending on the aperture area of the camera optics are. In order to do so, the 

angular transmittance function obtained by the Lambertian LI method with a resolution of 

0.0067 degrees between samples has been convoluted by a band-pass filter simulating different 

pupil width (PW) values (PW(deg)={0.024, 0.048, 0.095, 0.143, 0.191, 0.239}) in order to 

reproduce the integration effect of the camera lens aperture for different diameter (D) values 

(D(mm)={2.5, 5, 10, 15, 20, 25}). The light integration performed by the lens has a smothering 

effect in the angular transmittance function if a detail of the curve is observed (Figure 3.A.6 

(b)). However, this effect is hardly perceived in the angular transmittance even for the case of 

the lens with the largest evaluated aperture area. 
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APPENDIX 3.B. MOA: LABORATORY PROTOTYPE 

 

 

 

 

3.B.1. PROTOTYPE DESIGN AND DEVELOPMENT 

The module optical analyzer (MOA) has been developed at IES-UPM in the course of this thesis 

with the intention of being a complementary tool for the solar simulator Helios 3198 in the 

laboratory characterization tasks. 

 

 

Figure 3.B.1. MOA prototype for laboratory developed at IES-UPM 

With this equipment, the angular transmittance function can be evaluated in both X and Y directions in only few seconds 

by the use of 28 CMOS sensors board with attached optics. Main characteristics of this equipment are summarized in  

Table 3.B.1. The angular transmittance is inspected in a range of ± 2 degrees and with a 

resolution of 0.29 degrees between samples. These values seem to be appropriate for the 

accurate optical-angular characterization of most high CPV modules whose acceptance angle 

usually is lower than 1.5 degrees. The camera lens has been chosen thinking about the 

evaluation of different kinds of modules, in particular with different size and number of units. 
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Thus, the focal distance of 12 mm results convenient for measuring modules up to 2290 mm X 

1440 mm in size which cover almost every CPV module available configuration.  

 

 

Figure 3.B.2. Each image forming unit is composed by a sensor board and an optical system. 

The sensor boards are placed into a very rigid sheet of 20 millimeters width made out of 

thermoplastic (polyoxymethylene, also known by the trademark Delrin). This sheet provides the 

high stiffness and excellent dimensional stability needed in the structure in which all sensors are 

placed. Ground surfaces can be needed depending on the module to be evaluated because small 

waviness in the sensors support surface can lead to module images out of the sensor area. For 

example, 7 degrees in the slope will produce half of the module (1000 mm by 1000 mm) to be 

totally out of the image. 

 

 

Figure 3.B.3. (a) Internal structure (in which sensors are placed) and (b) external structure of the MOA prototype for 

laboratory developed at IES-UPM. 
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Table 3.B.1. Main characteristics of the MOA prototype for laboratory developed at IES-UPM. 

MOA laboratory prototype Value 

Number of sensors  28  

Evaluated angular directions (degrees)  ±2.07 

Angular increment   (degrees)  ±0.06 

Angular resolution  (degrees)  0.29  

Focal distance of sensor optics (mm)  12 

QE of CMOS sensor (at 689nm)  48 

QE of CMOS sensor (at 890nm) 28 

Maximum size of module in X/Y (m m X mm) 2290/ 1440 

Dimensions (LXWXH) in (mm X mm X mm) 495 X 125 X 495 

Weight (Kg)  12 

3.B.2. DATA PROCESSING AND RESULTS 

The software developed for the MOA laboratory prototype performs the image acquisition, the 

image processing and delivery of results which are the misalignments and the angular 

transmittance function (both of the optical system-cell units and the module under 

investigation). 

 Each unit emission must be identified from the images of the module emitting light at 

different directions provided by the MOA equipment to reconstruct its impulse-response angular 

transmittance function The angular transmittance function T() for every unit in the module is 

obtained after a convolution process of the 1D obtain function H() with either a sun light or a 

Xenon flash lamp angular distribution S(). A cubic interpolation is performed to the raw data 

obtained by the MOA system before the convolution operation to increase the angular resolution 

of the measurement from 0.29 to 0.0067 degrees between samples. 

The curves from all units must be normalized to compare them as if all the solar cells in 

the module emit with the same intensity (which may not be the case). Based on these curves, 

two important parameters can be calculated: the acceptance angle and the pointing of each unit. 

The semi acceptance-angle (AA) is defined as the angle at which the angular transmittance 

function reaches the 90% of its maximum. The pointing of each unit is here defined as the 

average angle in which the angular transmittance is higher than 90% of its maximum. 

Misalignments are defined as differences between the pointing vectors of the units with respect 

to the one of the whole module. 
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APPENDIX 3.C. MOA: PRODUCTION LINE PROTOTYPE 

 

 

 

 

3.C.1. GENERAL DESCRIPTION 

The MOA has been specifically designed to be used in parallel with the solar simulator for CPV 

modules, Helios 3198, to provide a complete indoors electrical and optical characterization of 

CPV modules with short measurement times.  

 The device is capable of measuring the angular transmittance of each optical system-cell 

unit comprising the module which provides not only the acceptance angle of the whole module 

but also valuable information about misalignments between units. To record the angular 

properties, the system biases the module under test to its open circuit voltage level at dark 

conditions, and records the light emitted by the whole module. By making use of a proprietary, 

large-area collimator mirror of the Helios 3198 solar simulator for CPV modules, the device is 

capable of identifying the spatial and angular properties of the emitted light. 

The product is being manufactured by Solar Added Value S.L under license and 

operational certification from the Institute of Solar Energy of the Universidad Politécnica de 

Madrid (IES-UPM). 

3.C.2. PRIMARY COMPONENTS 

The primary components of the MOA system are: 

 Scientific-grade sensors: Measure the light emitted by the module with rapid frame 

rates, low noise, appropriate dynamic range and bit depth values, and a linear response 

at the desired wavelengths. 

 Power supply: High quality programmable power supply. 

 MOA v.1 Software application by Instituto de Energía Solar. 

 PC: The image sensors are mounted in a Windows PC that runs the MOA v.1 Software 

application. 
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3.C.3. TECHNICAL PARAMETERS 

Angular transmittance and misalignments evaluation
17

: 

 1-dimensional (1D) or 2-dimensional (2D) inspection of the CPV modules angular 

properties.  

 The angular range covered by the system is ± 1.8 degrees. 

 Rate: 1-3 seconds depending on angular resolution. 

 Biasing level: recommended not to excess 10% of the nominal operation current of the 

CPV module. 

Specific Software: 

 Normal operating level: Recommended for production line testing. 

 Flexible software can be adapted to customer needs. 

MOA system
18

: 

 Weight aprox.3Kg.  

 Overall dimensions (LXWXH): 470 mm X 150 mm X 470 mm. 

3.C.4. SYSTEM USE IN PARALLEL WITH THE HELIOS 3198 SOLAR SIMULATOR FOR CPV 

MODULES 

The measurement scheme of the MOA system is compatible with the one of the Helios 3198 

solar simulator for measuring I-V curves but with the MOA system placed at the lamp position. 

Different solutions can be adopted depending on customer needs (e.g., production capability) 

and Helios 3198 configuration (e.g., space available for movement) to change from lamp to 

MOA and vice versa: rotational or lineal actuators, solenoid valve, etc...  

 

                                                      
17

 The design of the MOA system depends on the customer specifications and Helios 3198 

configuration (e.g., space for MOA integration). 
. 
18

 For a MOA system that evaluates the optical properties of the module in ±1.8 degrees in 2-

dimensions. 
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3.C.5.PARTICULAR CASE: MOA AT DAIDO STEEL FACILITIES 

The design of the MOA system developed by IES-UPM to be installed at Daido Steel was 

determined by the Helios 3198 configuration already installed in the production line.  

 

 

Figure 3.C.1. MOA system scheme: evaluation in 1-dimension (Y direction) based on 16 CMOS cameras placed at two 

different parallel planes separated by right-angle prisms. 

The dimensions of the device are imposed by the limited space available to replace the 

lamp with the MOA system. Consequently, the evaluation of the optical properties of the CPV 

module within an interval of ±1.74 degrees was restricted to only 1-dimension (Y direction). 

Nevertheless, a coarse evaluation is also performed in the X direction to confirm both the 

alignment of the MOA (if the MOA system is aligned with the module structure) and the 

alignments of the units (if the optimum alignment is not confirmed in a save interval of ±1 

degrees). 

 The 1-dimensional (1D) angular transmittance curve is provided by 16 CMOS sensors 

distanced 25mm which offers an angular resolution of 0.23 degrees. The distance between 

cameras is reduced even more than their sizes (i.e., 30 mm) by the inclusion of right-angle 

prisms. In this way the aperture of all the prims is coincident with the aperture plane of MOA 

system, and the CMOS cameras are placed in two different parallel planes at the output planes 

of the prisms.  

 The MOA integration at the Helios 3198 configuration was performed by including a 

new lamp structure in which the lamp position can be rotated 90 degrees to be replaced by the 

MOA system based on a solenoid valve (Figure 3.C.2).  
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Figure 3.C.2. The new lamp structure includes not only the Xenon flash lamp but also the MOA system. The structure 

rotates 45 degrees to change from lamp to MOA position. 

The software needed to perform the optical evaluation of the CPV module by means of 

the MOA system was also developed. 

 

 

Figure 3.C.3. MOA software v.1 
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CHAPTER 4. EVALUATION OF PMMA AND SOG LENSES 

AFTER INDOOR AGING CONDITIONS 

 

 

 

4.1. INTRODUCTION 

The optical and mechanical durability of the concentrator optics and their components, in 

particular of Fresnel lenses, are not well established regarding to the desired service life of 30 

years for a HCPV module.  

There are several studies in the CPV literature that aim to identify adverse phenomenon 

that may occur during either qualification testing or service life. Specific reliability and 

durability issues of concentrators optics, and in particular Fresnel lenses, include: reduced 

optical transmittance, discoloration, hazing, fracture and mechanical fatigue, physical aging, 

shape change, surface erosion, solarization, corrosion, delamination and soiling (Miller et al., 

2011). The evaluated characteristics usually includes optical transmittance, yellowness index, 

mass loss, and contact angle, which have been proven to be affected depending on the 

formulation of the optical material of the lens (Miller et al., 2010). 

This Chapter presents an evaluation of a set of lenses by means of three different 

characterizations techniques. The results here presented do not constitute a formal lens 

degradation study (which can be found in other publications as already stated). Instead, this 

study provides information about the capability of different characterizations methods to 

identify defects (and the aging of lenses) and to quantify these effects on the lens performance.  

Separate PMMA and SoG lenses were subjected to indoor aging conditions (in 

environmental chamber conditions similar to the damp and UV tests of the IEC 62018): 

 65ºC/85% Relative Humidity (RH) (1000 hours)  

 85ºC/85%RH (1000 h)  

 60ºC/60%RH/2.5x Ultra Violet (UV) (1000 h in an Atlas Ci4000 Xe-arc Weather-

ometer)  
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 1.5x UV Suntest (temperature and humidity uncontrolled in an Atlas Xe-arc Suntest 

CPS).  

A reference (REF) sample which did not suffer any degradation was also included in the 

study for relative comparison with the other degraded lenses. After the indoor aging, three 

different measurements were performed to these lenses: 

 The hemispherical transmittances using a spectrophotometer with an integrating sphere, 

allowing for subsequent calculation of the UV cut-off wavelength, and the yellowness 

index. 

 The optical efficiency of the lenses when illuminated at the solar simulator for CPV 

modules Helios 3198 developed and installed at IES-UPM. 

 The optical efficiency of the lenses obtained by the Scanning Lens Instrument (SLI) 

which is a novel instrument for evaluating aged Fresnel lenses developed and installed 

at the NREL.  

The work presented in this Chapter has been done under the supervision of the scientists 

David Miller and Sarah Kurtz during a doctorate stay that took placed at the NREL (National 

Renewable Energy Laboratory) in Golden (CO, USA) from March 2012 to July 2012, in the 

Photovoltaic (PV) Reliability Research and Development (R&D) group headed by the principal 

scientist Sarah Kurtz.  

4.2.HEMISPHERICAL TRANSMITTANCE AND YELLOW INDEX 

The set of lenses were characterized on the central 1 cm
2
 region using a Perkin-Elmer Lambda 

900 spectrophotometer with an integrating sphere (Figure 4. 1 and Figure 4. 2), allowing for 

subsequent calculation of the UV cut-off wavelength, and the yellowness index. Both the lenses 

degradation and the hemispherical transmittance characterization were performed under the 

management of David Miller at NREL. 

The UV cut-off wavelength is defined as the wavelength of light below which the 

transmittance is lower than 10%. The yellow index identifies the yellowness of the test 

specimen perceived by a human observer (IEC 62788-1-2 Ed. 1.0). It can be calculated as 

shown in Equation (4.1) in which CX=1.2013 and CZ=1.1498, and X, Y, and Z represent the 

three tristimulus coefficients calculated as the integration of the transmittance specimen with the 

CIE (International Commission on Illumination) Standard D65 (which represents the mid-day 

outdoor sun in northern latitudes) and the CIE 1964 XZY color space (which represents a 

human observer with a field of view of 10 degrees). 
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ZCXC
100YI ZX 

  (4.1) 

  

Both the calculated UV cut-off wavelength and yellow index are presented in Table 4.1 

for the lenses under evaluation. 

Table 4.1. Summary of UV cut-off wavelength and yellow index (YI) calculated from the hemispherical transmittance 

measurements of both PMMA and SoG under evaluation 

Specimen Aging YI (unit less)  UV cut-off wavelength (nm) 

PMMA 85C/85%RH 0.36 352 

PMMA 65C/85%RH 0.35 353 

PMMA Ci4000 0.93 352 

PMMA Suntest  5.28 353 

PMMA Reference 0.34 351 

SoG 85C/85%RH 0.25 301 

SoG 65C/85%RH 0.28 302 

SoG Ci4000 0.27 303 

SoG Suntest  0.55 297 

SoG Reference 0.23 300 

 

 

Figure 4. 1. Hemispherical transmittance (spectrometer) measurements for PMMA lenses. 
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Figure 4. 2. Hemispherical transmittance (spectrometer) measurements for SoG lenses. 

Based on a first visual inspection looking for any evidence of degradation (e.g., 

yellowing, haze or deformation) only few lenses were chosen to continue with the two other 

scheduled measurements (on the solar simulator and on the SLI): the 85C/85%RH PMMA, the 

Suntest PMMA, the Reference PMMA, the 85C/85%RH SoG and the Reference SoG. 

4.3. OPTICAL EFFICIENCY AT THE SOLAR SIMULATOR FOR CPV MODULES 

The optical performance of a concentrator photovoltaic (CPV) module is dependent on the 

efficiency of its transmittance, which may be defined as the ratio of the light flux transmitted by 

the concentrator, out (W), to the flux arriving at the entrance aperture of the concentrator, in 

(W). This magnitude gives the optical transmittance function x, ywhich ranges from zero to 

one, and it is dependent on every light ray reaching the entrance aperture of the concentrator at a 

given position (x, y). Integrating the transmittance function over the angular, spatial and 

spectral bounds of the incident radiation leads to the most common figure of merit for 

concentrator optics characterization: the optical efficiency opt

A more practical definition of the optical efficiency is adopted when measuring the light 

flux with solar cells. In particular, the optical efficiency opt of the Fresnel lens is defined as the 

ratio of output power to input power (Equation (4.2)) measured with a particular CPV cell 

technology. For example, the irradiance Gin at the entrance of the lens area (Alens) can be 

measured by using component reference cells
19

 calibrated under a reference spectrum  (e.g., 

                                                      
19

The component cell (also called ‘isotype’) has a similar stack of semiconductors as the multi-

junction (MJ) solar cell but all layers are optically active but electrically inactive except the one 
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AM1.5D defined in ASTM G173-03), and the irradiance Gout at the focus of the lens by using a 

typical III-V 3-junction (3J) solar cell (GaInP/GaInAs/Ge) of area (AMJ) 1 cm
2
.

lensin

MJout
opt

AG

AG




  (4.2) 

  

The multi-junction solar cell used as a flux detector in these measurements was 

characterized in a CPV solar cell tester to evaluate its electrical characteristics under 

concentration and different spectral conditions. The spectral response of the multi-junction solar 

cell was also studied to confirm its similarity with that of the component reference cells. The 

light spot size for each lens was also measured using a CCD camera (following the procedure 

described in Appendix 6.A), in order to confirm that the multi-junction cell is large enough to 

measure the complete area of light concentrated by the Fresnel lens . 

The optical efficiency at the solar simulator for CPV modules installed at IES-UPM is 

measured with the experimental setup presented in Figure 4.3. The so-called Helios 3198 solar 

simulator uses a Xenon flash lamp and a 2 meter-diameter collimator mirror that reproduces a 

light distribution similar to the sun at the input aperture of the concentrator, not only in angular 

size but also in spectrum(Domínguez et al., 2008).  

 

 

Figure 4.3. Set up for measuring the optical efficiency of a Fresnel lens in the Helios 3198 solar simulator for CPV. 

                                                                                                                                                            
corresponding to the spectral range that the isotype cell represents (e.g., top, middle or bottom in 3J 

cells)corresponding to the spectral range that the isotype cell represents (e.g., top, middle or bottom 

in 3J cells) 
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Figure 4.4. Set up for measuring the optical efficiency of a Fresnel lens and a MJ cell at the solar simulator for CPV 

modules Helios 3198 

In the Helios 3198, a different optical efficiency for each of the component subcells is 

calculated depending on which subcell is limiting the photo-generated current of the multi-

junction cell. The Xenon-filled gas discharge lamp of the solar simulator operates in a ‘pulse’ 

optical mode, achieving high radiances with spectrum variations during the pulse decay which 

provide current limitation for both top and middle subcells. Thus, the optical efficiency of the 

Fresnel lens for top and middle subcells can be plotted versus the spectral matching ratio
20

 SMR 

(given by the top and middle component reference cells calibrated under AM1.5D spectrum) of 

the incoming light as shown in Figure 4.5.  

The PMMA lens aged with 1.5x UV Suntest needs to be illuminated with a more blue-

rich spectrum than the reference lens, to have the same current limitation condition in the 

middle subcell (i.e., the middle cell is limiting when the red line value is kept constant). This 

corresponds to a top-to-middle current ratio of 1.07 and 0.9 for the reference and 1.5x UV 

Suntest PMMA lenses respectively at the SMR conditions in which the MJ cell changes its 

current limitation from top to middle subcell. The 1.5x UV Suntest aged specimen was uniquely 

visually discolored (yellow) after aging, with a measured decrease in transmittance from 350-

                                                      
20

 The reference component cells can be used to check if the light spectrum arriving to the cells 

produces a similar current balance as the reference spectrum. The spectral matching ratio (SMR) 

(measured by means of the component reference cells) is used to define how similar the spectrum of 

the light reaching the cell under test is if compared with the reference spectrum AM1.5D (perfect 

similarity if SMR is 1) (see Appendix 4.A). The SMR calculated with top and middle subcells is used 

as an indicator of how blue-shifted (SMR>1) or red-shifted (SMR<1) the light spectrum of the cell 

tester is with respect to the reference spectrum AM1.5D. 
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550 nm (Figure 4. 1) that mainly affects the top performance (explaining the decrease in the top-

to-middle current ratio). 

 

 

Figure 4.5. Optical efficiencies for top and middle subcells versus spectral matching ratio measured using the Helios 

CPV solar simulator for (a) PMMA reference lens and (b) Suntest lens (after 1.5x UV aging). 

4.4. OPTICAL EFFICIENCY AT THE SCANNING LENS INSTRUMENT (SLI) 

We have developed a system dedicated in particular to the optical transmittance evaluation of 

aged Fresnel lenses (see Appendix 4.B for a deep description of primary instrument components 

and sources of error in the measurement). The developed equipment so-called scanning lens 

instrument (SLI) presented in Figure 4.6 is based on a lens fixture (where the Fresnel lens is 

placed), a set of lasers (with wavelengths 405nm, 532nm, 650nm) that illuminates the lens 

aperture (by scanning in XY plane), and a CCD camera at the lens focus (where the laser light is 

focused after being refracted by the Fresnel lens).  

The intensity map that forms the lens at its focal plane is calculated as the composite 

mosaic of all images recorded while illuminating the whole lens aperture (Figure 4.7(a)). The 

shape of the focused light spot may also be analyzed to understand changes in the lens 

performance. The quantitative analysis of the CCD signal and the lasers across the lens aperture 

is performed with respect to an initial baseline measurement of the laser without the lens 

present. Therefore, a performance map quantifying the optical transmittance x,y of the lens 

(ratio of the laser light transmitted by the lens relative to the intensity of the laser source) may 

be generated using the XY motor stage to scan the lens aperture with the laser (Figure 4.7 (b)). 

An average optical efficiency is determined if integrating the values of the optical transmittance 

map. Neutral density filters are used to attenuate the laser signal to avoid saturating the CCD 

detector.  
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Figure 4.6. Developed equipment so-called scanning lens instrument (SLI) installed at NREL facilities. 

 

Figure 4.7. Results of a SLI measurement of a Fresnel lens (50mmX50mm) with green laser (532nm) at 1mm resolution 

step: (a) light spot and (b) map of the optical transmittance.  

The wavelength of the light may affect measured efficiency values via wavelength-

dependent: refraction (e.g., chromatic aberration), absorption (e.g., from lens discoloration), and 

light-scattering (e.g., from abrasion). Thus, to quantify and diagnose local defects in the optical 

surface or material aging (that can be wavelength-dependent), it is desirable to measure across 

the input aperture with monochromatic light. Scanning the lens with a small-diameter laser can 
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be advantageous to assess the type and morphology of the revealed defects (for example 

scratches as presented in Figure 4.8). 

 

 

Figure 4.8.(a)  Optical transmittance measured by the SLI for a scratched SoG lens when the resolution scan is 0.2 mm ; 

(b) . Image detail of the scratch in the lens silicone 

4.5. RESULTS AND CONCLUSIONS: COMPARISON OF THE DIFFERENT 

CHARACTERIZATIONS METHODS  

The SLI does not calculate a value of optical efficiency that can be compared with the one given 

by the solar simulator Helios 3198 (due to the measurement is performed with monochromatic 

light with different angular sizes). Therefore, its results are normalized to study the relative 

deviations between the aged lenses, and to compare them with results from other measurements 

(e.g., solar simulator). 

For SLI, the optical efficiency of the lens is presented for the three lasers (i.e., blue 405 

nm, green 532 nm, and red 650 nm). For the CPV solar simulator, the optical efficiency is given 

for top and middle subcells (i.e., red-shifted and blue-shifted spectrums, respectively). All the 

wavelengths measured using the SLI are effectively integrated in the top subcell for the solar 

simulator. Thus, laser and subcell optical efficiency values can only be compared generally, 

because the top cell response for the Helios 3198 solar simulator (that integrates the three laser 

wavelengths) is related to a particular angular size of the light (i.e., 0.43 degrees) different to 

that for the SLI (i.e., ±0.39 degrees for blue laser at 405 nm, ±0.03 degrees for green laser at 

532 nm, and ± 0.11 for red laser at 650 nm). 

For the PMMA lenses, three different aged samples are compared: Reference (REF) 

lens (unaged), 85C/85%RH and Suntest. From both SLI (Figure 4.9 (a)) and the Helios 

simulator (Figure 4.9 (b)), the higher optical efficiency for short wavelengths occurs for the 

reference lens, with the lowest efficiency for the Suntest lens. From the SLI, the shortest 

wavelength (blue laser) corresponds to the lowest optical efficiency in the aged lenses. The 
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reduced performance for the Suntest-aged PMMA lens in Figure 4.9 is attributed to an 

absorbing chromophore species evident in the measured transmittance spectra (Figure 4. 1). 

Curiously discoloration was not observed for the 85ºC/85%RH and 60ºC/60%RH/2.5x UV aged 

specimens, suggesting that UV (without moisture) is critical to discoloration. Unlike the PMMA 

lens aged at 65C/85%RH, the PMMA lens aged at 85C/85%RH was changed in shape, 

presumably due to the gravity sag for the specimen held horizontally (aperture facing the 

chamber top) during aging. Shape change for the 85C/85%RH lens also occurs at the micro-

scale (shape change of the chromatic sensitive facets). 

Results from transmittance characterization and optical efficiency at SLI shows the 

same tendency between lasers (405 nm, 532nm and 650nm wavelengths), but not the same 

relative variation between lenses (i.e., transmittance measurements identify a 14% loss at 405 

nm for the Suntest lens with no notable loss for the 85C/85%RH lens, while the SLI identifies a 

16% loss for the Suntest lens compared with a 12% loss for the 85C/85%RH lens). One key 

difference between the measurements is that the spectrophotometer uses an integrating sphere 

(including the diffuse transmittance), whereas the SLI can only detect the direct transmittance  

 

 

Figure 4.9. Optical efficiency of PMMA lenses measured using (a) the Helios 3198 solar simulator (RMSE=0.0004) and 

(b) the SLI with a scan resolution of 1mm (RMSE=0.010).  

For the SoG lenses, two different aged samples are compared: the unaged lens, referred 

to as reference (REF), and 85C/85%RH aged lenses. From both the Helios simulator 

measurements in Figure 4.10 (a) and the SLI measurements in Figure 4.10 (b) the higher optical 

efficiency for short wavelengths occurs for the SoG reference lens. The decrease in optical 

efficiency for the 85C/85%RH aged SoG lens is due to glass corrosion. It causes light scattering 

that becomes less critical in the measurement performed with the blue laser compared with the 

red and green lasers (due to the different diameters of the lasers spots
21

). Glass corrosion 

produces a slightly decrease in the optical efficiency that can be masked for other degradation 

                                                      
21

 The spot sizes of the lasers at the Fresnel lens aperture are approximately ±0.46 mm for blue laser 

(405 nm), ±0.26 mm for green laser (532 nm) and ± 1.02 mm for red laser (650 nm). 
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mechanisms. For that reason, corrosion would not necessarily show up for a spectrophotometer 

with an integrating-sphere (as used in Figure 4. 2) but perfectly identified with AFM techniques. 

 

 

Figure 4.10. Optical efficiency of SoG lenses measured using (a) the Helios 3198 solar simulator (RMSE=0.0004) and 

(b) the SLI with a scan resolution of 1mm (RMSE=0.010).  

After this preliminary study, the Table 4.2 has been completed to summarize the kind of 

effect showed for the three different evaluated degradation conditions, and the most effective 

instrument to identify them. 

Table 4.2. Summary of the causes and consequences of degradation in Fresnel lenses investigated by the SLI and the 

solar simulator 

Degradation Material  Effect on optics Identification  

85C/85%RH PMMA   shape  focus SLI or Helios simulator  

Suntest  PMMA Discolorationoptical 
absorption 

Spectrophotometer, SLI or 
Helios 

85C/85%RH SoG Glass corrosionoptical 
scattering 

AFM techniques 
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APPENDIX 4.A. SPECTRAL MATCHING RATIO (SMR)  

 

 

 

 
The spectral matching ratio (SMR) is used to define how similar the spectrum of the light 

reaching the cell under test is if compared with the reference spectrum AM1.5D (perfect 

similarity if SMR is 1). This figure is defined as the ratio of the current-matching (balance of 

current subcells) under the simulation spectrum to that under the reference spectrum: 

AM1.5D
MiddleL,

AM1.5D
TopL,

E
MiddleL,

E
TopL,

/II

/II
SMR   (4.A.1) 

  

where IL
E
 represents the photocurrent of a subcell (top or middle) when illuminated with 

a particular spectral irradiance distribution reaching the device under test (for example, the 

simulator spectrum), and IL
AM1.5D

 stands for the photocurrent of a subcell (component cell) 
22

 

under the reference spectrum (AM1.5D defined in ASTM G173-03). For 3J solar cells 

(GaInP/GaInAs/Ge), the relevant spectral balance is given by the top-to-middle SMR due to the 

excess of current of the Ge bottom subcell. For any other kind of MJ cells which can be largely 

limited by bottom subcell, the SMR given by middle-to-bottom must be also used to describe 

the spectrum (Osterwald et al., 2014). 

 

 

 

 

 

 

 

 

                                                      
22

 The component cell (also called ‘isotype’ because the isotype heterojuntions presented in its 

structure) has a similar stack of semiconductors as the multi-junction (MJ) solar cell but with all 

layers electrically inactive and only one working properly (e.g., top, middle or bottom in 3J cells) 
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APPENDIX 4.B. DEVELOPMENT OF THE SCANNING LENS 

INSTRUMENT (SLI) 

 

 

 

4.B.1. INSTRUMENTS COMPONENTS: CCD CAMERA AND LASERS 

CCD camera 

The CCD camera used in the SLI is a MicroLine Interline 4022 model from Finger Lakes 

Instrumentation (FLI). The camera is based on a Truesense KAI-4022 progressive-scan interline 

CCD sensor that gives a resolution higher than 4.1 million pixels. The photons reaching the 

sensor generate free electrons that produce a CCD response on a proportional basis. The 

quantum efficiency (QE) of the camera is presented in Figure 4.B.1 

 

 

Figure 4.B.1. Quantum Efficiency (QE) provided by KODAK and calculated Spectral Response (SR). 
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Fundamental limitations (background noise) 

For the SLI measurement in which there are very high and low intensity values to be measured, 

the use of a cooled CCD detector (with a large dynamic range and a high bit depth) is 

recommended, able to record both high and low values so that the low intensity measurement 

signal is not buried in the noise. There are different kinds of noise that can reduce the accuracy 

of the CCD measurement: the photon noise, the thermal noise, the read out noise, and the 

quantification noise. The noise that is present in the CCD images recorded at the SLI will be 

called background noise as it difficult to distinguish the weight each kind of noise has in the 

global computation. Even the effects of the different kinds of noises are mixed together, the 

influence of each one in the SLI measurement can be studied, and is discussed below. 

Primary characteristics of the camera employed in this Chapter are summarized in Table 

4.B.1. For more information about camera specifications, refer to the datasheet provided by the 

manufacturer (MicroLine ML4022). 

Table 4.B.1. Main characteristics of the CCD camera used in the SLI 

Characteristics  Value 

Full Well Capacity  40000 electrons (e-) 

Read Noise 4-5e- 

Dark Current  0.0004e-·pix
- 1

·s
- 1

 (at -35ºC) 

Cooling Type Thermoelectric cooling to 55°C b elow ambient 

Digital  Output  16 bits 

Array Size  151.6mm X 151.6mm 

Non linearity  <1% 

 

 The photon noise is associated with the quantized nature of light, and is described by 

the uncertainty when detecting photons impinging the sensor (Hasinoff). This noise usually 

limits the measurement in bright photon-rich environments which is not the case in the SLI 

measurements, in which the CCD image contains a high concentrated light spot surrounded by a 

large area with very low intensity values. Furthermore, the photon noise is reduced when 

illuminating with coherence light as in the case of lasers. 

The thermal noise is related to electrons excited by thermal energy, and it is described 

by means of the dark current of the detector. In the CCD camera used in the SLI, this value 

reaches 0.0004e-·pix
-1

·s
-1

 at a temperature of -35ºC.  A particularly negative effect is associated 

with differences in the dark current between the pixels, which produce a non-uniform and 

randomly noise background that limits the image acquisition with poor illumination, which is 

the case of the SLI measurements as only a small part of the sensor is illuminated while 

scanning the lens. 
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The average error in reading the signal is the equivalent to 4-5e which results in a tiny 

error lower than 10 levels in a full signal range of 65536 (given by 16 bits). However for very 

faint objects, this random variation can be significant. The quantization noise is determined by 

the number of bits used to digitalize the voltage signal; for the SLI camera, a digital output of 16 

bits introduces lower uncertainty than other kinds of noises.  

Angular response 

The angular response of the CCD sensor must be evaluated to confirm that the detector does not 

include any effect when measuring the light focused by the Fresnel lens. In order to know 

approximately the angle distribution that the Fresnel lens produces at the CCD sensor (and thus, 

to establish the angular range in which the angular response of the detector has to be evaluated), 

a basic calculation can be used. At the Fresnel lens focal plane, light will form a certain size 

spot, in which all the rays coming from the lens will be contained in a cone with semi-angle 

αmax. This angle is related to the lens f-number (f) (i.e., the ratio of the lens's focal length to the 

diameter of the aperture lens area) 

  f21   atan max  (4.B.1) 

  

For example, the angular distribution of the light at the lens nominal focal plane for a 

square Fresnel lens of 120mmX120mm and 1.18 f-number (calculated with its diagonal) has a 

maximum incident angle of ±22.96 degrees. 

The sensor manufacturer (Kodak) provided data about the angular response of the 

detector, in particular two different angular quantum efficiency curves (KAI 4022). To 

understand this information, a brief explanation about the configuration of the CCD detector is 

required. The electronic representation of a CCD image is formed when incident photons falling 

on the sensor plane create electron-hole pairs within the individual silicon photodiodes at each 

pixel. Once the electrons are collected, the charge in each pixel is transferred in both horizontal 

and vertical directions of the sensor. These directions are defined by planes perpendicular to the 

Si detector: HCCD for horizontal and VCCD for vertical directions respectively. The VCCD 

plane contains the vertical registers (covered by a light shield) in which the charge in every 

pixel is shifted in vertical direction.  

Due to the pixel architecture presented in Figure 4.B.2, the photodiode size is not equal 

in both X and Y directions because of the presence of vertical registers in one side. The 

manufacturer provides the angular quantum efficiency related to HCCD planes (the sensor 

response is evaluated while the incident angle of a light beam supplied by a green laser (530nm) 

is varied in a HCCD plane) and VCCD planes (the angles are contained in a VCCD plane) of 

the sensor that are presented in Figure 4.B.3.  

http://en.wikipedia.org/wiki/Photographic_lens
http://en.wikipedia.org/wiki/Focal_length
http://en.wikipedia.org/wiki/Entrance_pupil
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Figure 4.B.2. Top view of the pixel architecture: photodiode and vertical register. 

 

Figure 4.B.3. Angular quantum efficiency provided by the sensor manufacturer for vertical (VCCD) and horizontal 

(HCCD) planes. 

CCD sensor with microlenses 

Owing to the light shield that is over the vertical register side, the photodiode could be 

shadowed for some incident rays. However, this effect does not explain the variation between 

HCCD and VCCD curves. The hypothesis that account for this difference is the presence of 

microlenses over the monochromatic CCD sensors to better focus light down into the well 

where the light sensitive part of the photodiode resides (Figure 4.B.4). 



Development of the Scanning Lens Instrument (SLI) 

117 

 

Figure 4.B.4. Cross section of the pixel architecture with microlens. 

Some simulations have been carried out to confirm the differences on angular responses 

due to pixel and microlens geometry. The microlens and photodiode were simulated using 

Monte-Carlo ray tracing with 1 million rays, while illuminated by a monochromatic light source 

(532nm) with perfect collimation (angular size equals zero). The photodiode is simulated as a 

perfect absorber, thus the amount of light reaching the photodiode after impinging the 

microlenses at different incident angles (contained in different planes) can be evaluated, and 

thus the angular quantum efficiency of the CCD sensor for a given wavelength is obtained. 

Because detailed data about the microlens material and its optical properties are not available, 

the simulation will not perfectly match the manufacturer experimental curves. However, 

measurement and simulation coincide when considering the sensor composed by photodiodes 

covered by a centered cylindrical microlens made out SiO2 (Ciccarelli et al., 2002). 

The curves presented in Figure 4.B.5 (a) and Figure 4.B.5 (b) are related to the angular 

performance of the sensor when the incident angle is contained in HCCD plane and VCCD 

plane respectively. In both cases, an outstanding performance between measurement and 

simulations is obtained so the hypothesis of microlenses governing the angular response of the 

sensor appears to be successful. 
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Figure 4.B.5. Simulated and measured (by manufacturer) angular performance of the sensor when the incident angle is 

contained in (a) HCCD and (b) VCCD for green laser (530nm). The simulation was performed with two different angular 

sizes in the light source: 0 degrees (collimated) and 2 degrees).  

Due to the pixel geometry and in particular to the one of the microlens, there is a 

specific angular response for each plane intersecting with the detector in which light beams are 

contained. In order to simplify the angular characterization of the detector, the evaluated planes 

can be restricted to some particular ones because Fresnel lenses usually focus the light with 

beams contained in meridian planes with respect to the receiver.  

A simple measurement was performed in the laboratory to obtain the angular quantum 

responses of the CCD sensor for meridian planes (Figure 4.B.7(a) and Figure 4.B.7 (b)) in 

which the incident rays are contained. An image was captured at different laser (532nm) to 

sensor orientations () for a given meridian plane (defined by the angle  as is showed in Figure 

4.B.6) 

 

 

Figure 4.B.6. The meridian plane, in which the incident light beam with angle  is contained, is defined by the angle  
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Figure 4.B.7. Measured angular responses curves related to planes close to (a) HCCD plane (for angle  between 45 and  

90 degrees) and (b) VCCD plane (for angle  between 45 and  0 degrees) performed with a green laser (532nm). 

This lack of planarity in the angular response of the sensor can alter the results of the 

lens characterization because the detector could give a different weight to the same kind of 

defects depending on in which part of the lens they are located. Because the problem of angular 

dependence of the sensor was revealed but not resolved, it was decided to continue progressing 

with the SLI developing by scanning only a lens area producing low angles of incidence (that 

have a constant angular response) due to the limited time available for this project. 

Lasers  

Spatial and angular properties of the light 

The lasers used as collimated light sources were provided by World Star Tech (World Star 

Tech). When measuring with the SLI for each of the lasers, results are closely dependent on the 

laser properties (i.e., spatial and angular size). The spots from the three lasers, together with 

their angular distributions, were inspected with the CCD camera mounted in front of each laser. 

In the case of light spatial distribution, a CCD image is recorded for each laser by including 

some neutral filters at the laser exit to avoid pixel saturation on the CCD detector. 
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Figure 4.B.8. CCD images of the normalized light spot for (a) blue (405nm), (b) green (532nm) and (c) red (650nm) 

lasers 

The measured angular sizes (defined as the angle at which 90% of the energy is 

contained) are ±0.39 degrees for blue laser (405 nm), ±0.03 degrees for green laser (532 nm) 

and ± 0.11 for red laser (650 nm). The spot sizes of the lasers at the Fresnel lens aperture are 

approximately ±0.46 mm for blue laser (405 nm), ±0.26 mm for green laser (532 nm) and ± 

1.02 mm for red laser (650 nm). 

 

 

Figure 4.B.9. CCD images of the normalized angular light distribution for (a) blue (405nm), (b) green (532nm) and (c) 

red (650nm) lasers 

Coherence of the light 

The lasers were confirmed to fulfill the collimation requirements. However, to perfectly 

reproduce the sun light at a given wavelength, besides using a laser matching exactly with the 

investigated wavelength, one also needs to imitate the spatial and temporal coherence of the 

sunlight. When using lasers as light sources, their coherence can produce some interference that 

can affect the lens characterization measurement.  
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When scanning the lens aperture with a high coherence laser, some interferences 

patterns and the so-called speckle noise would appear at the focal plane where the CCD sensor 

is placed, depending on the Fresnel lens geometry (tooth dimensions) and laser properties 

(wavelength range emission and beam geometry). This causes some of the light to be spilled 

outside of the designated receiver area. Studies have revealed that diffraction losses are roughly 

proportional to the wavelength, the f-number of the Fresnel lens, and the square root of the 

geometrical concentration whereas inversely proportional to the pitch of the Fresnel lens 

(Hornung et al., 2014). To show the kind of interferences and speckle observed when measuring 

in the SLI, two images are presented in Figure 4.B.10 : 

 The ratio of the image of the green laser to the image of the laser after being reflected 

by the central part of the lens (Figure 4.B.10 (a)). 

 The normalized image of the green laser when it reaches the CCD sensor without the 

presence of the Fresnel lens (Figure 4.B.10 (b)). 

 

 

Figure 4.B.10 (a) the ratio of the  image of the green laser to the image of the laser after being reflected by the central 

part of the lens and (b) the normalized image of the laser when it reaches the CCD sensor without the presence of the 

Fresnel lens. 

Some interference patterns are resolved for measurements performed by the green laser, 

but this phenomenon does not appear for the blue and the red lasers. These results agree with 

the information about the devices coherence provided by the laser manufacturer, and also with 

the laser characterization results (i.e., the green laser has very narrow spot and angular size, thus 

higher coherence is expected). 

The strategies to decrease interference are based on two different approaches, either 

using broadband light sources, or employing an extended light source; or similarly generate 

multiple independent point sources or sub-beams. Regarding this last approach, multiple 

independent sources can be generated by using a Laser Speckle Reducer (LSR) that it is 

commercialized by Edmund Optics and Optotune companies (Speckle, 2013). The LSR is a 
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refractive random surface diffuser that generates multiple sub-beams by temporally scanning the 

laser beam.  

4.B.2. THE IMPORTANCE OF CHOOSING AN ADEQUATE REGION OF INTEREST  

The shape (and maximum intensity) of the light spot varies depending on the examined lens 

region as presented in Figure 4.B.11 for several light spots related to different scan positions of 

a SoG Fresnel lens. The image series starts with the image related to the center of the lens (left 

image) and the next images are related to 5mm increment in the lens scan position in vertical 

direction.  Not only the spot size but also the intensity level (maximum value) is very different 

from one measured site compared to another. Therefore, special care has to be taken when 

selecting the exposure time of the CCD detector, in order to assure the measured light is not 

saturating in any scan position.  

 

 

Figure 4.B.11. Images of the light spots and their maximum intensities values (at the top of each image) measured from 

the center of the lens (image labeled (a)) through a lens scan in vertical direction for a SoG lens with green laser 

(532nm). Each image corresponds to a ROI value of 7.4mmX7.4mm, and the increment between laser scan positions is 5 

mm. 

In previous images, there is a non-uniform and randomly background level which has to 

do mainly with the thermal noise. This level has to be removed before processing the encircled 

power contained in the light spots. An image with the background noise can be recorded with 

the same measurement conditions but with the laser turned off. Then a noise subtraction from 

the scan images can be performed to remove the baseline background noise. However due to the 

random nature of the noise, even with an image subtraction there can still be a residue that may 

be minimized by averaging multiple dark images (Berry, 1992). 

The speckle noise produced at the CCD image due to the properties of the laser (angular 

size and coherence) can also be present in the CCD image. Due to the high level of background 

noise, low intensity values (e.g., the speckle noise) cannot be measured under a linear mode of 

the CCD sensor. This derives non consistent results (e.g., the image of the laser through the lens 

seems to have higher energy than the image of the laser directly impinging the sensor). Thus, 

the region of interest (ROI) of the image has to be selected small enough to minimize this effect 

without excluding most of the significant light focused by the Fresnel lens.  
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Repeatability dependence on selected ROI value 

The same PMMA Fresnel lens sample has been measured several times at the developed 

equipment to evaluate the repeatability of the SLI system, and to study the dependence of the 

results with the selected ROI value. The scanned lens area is 10mm X 10mm, the step resolution 

was 1mm, and the laser was the green one (the worst case scenario due to the high coherence 

associated to the green laser). These repeatability measurements have been performed in the 

following conditions: 

- These measurements are done under the same laser alignment. This laser alignment is 

performed at the beginning of each set of measurements and it is assumed to be 

unaltered for the whole measurement session. 

- The same Fresnel lens sample is removed from the holder structure each time the 

measurement is performed. After this, the sample is placed at the same position in the 

holder structure, thus the measurement reference position (i.e., the starting point of the 

scan) is the same for the whole set of measurements.  

In Table 4.B.2 the average standard error of the optical efficiency measurement is 

presented for different ROI values. For a ROI value close to light spot size (i.e. 4mmX4mm), 

the average optical efficiency standard error is minimized.  

Table 4.B.2. Average standard error of the optical efficiency measurement for different ROI values 

Region of interest 
(ROI)  

Average Optical Efficiency Standard Error   
(RMSE)

23
 

15 mm X 15 mm 0.093 

6 mm X 6 mm 0.017 

4 mm X 4 mm 0.010 

2 mm X 2 mm 0.058 
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where Xi is the set of measurement, and n the number of measurements.  
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4.B.3. CONCLUSIONS  

The main conclusions extracted from the SLI instrument development and components 

characterization are: 

 The CCD camera features, in particular its dark current, determines the background 

noise that limits the image acquisition with poor illumination at the SLI (a low intensity 

measurement signal may be buried in the noise). Also, the angular response of the 

detector can be run by the presence of microlens over the photodiode which includes 

spurious effects to the CCD detector performance that must be excluded. In the case of 

using a detector with added microlenses, an alternative configuration of SLI can be 

performed to avoid the influence of a non-flat angular response. It is based on including 

a Lambertian diffuser at the receiver plane instead of a CCD camera, and to measure the 

light diffused by the Lambertian target using the LS-CCD presented in Appendix 6.A.  

 The laser can be partially coherent, meaning interference and speckle noise can affect 

SLI measurements. If this coherence is significant enough to modify the measurements, 

a refractive random surface diffuser could be added to generate multiple light sources, 

reducing the speckle noise.  

 The size of the focused region is complicated by the influence of the background noise. 

The repeatability of the measurement has been proven to be directly dependent on the 

active sensor size (minimum RMSE for ROI value close to lens spot size). 

 



 

125 

 

 

 

CHAPTER 5.TESTING WARPING DEFECTS OF FRESNEL 

LENSES AND THEIR EFFECTS ON CPV MODULE 

PERFORMANCE 

 

 

5.1. INTRODUCTION 

Most high concentrator photovoltaic (HCPV) modules are based on a primary optical element 

(POE) (such as a Fresnel lens) that concentrates the light over a photovoltaic receiver that is 

usually composed of a secondary optical element (SOE) and a multi-junction (MJ) solar cell. 

Although this two stage optical system has potentially very high optical efficiencies, usually 

over 85%, the interception of light by the concentrator can be reduced by manufacturing defects 

and tolerances such as shape errors. 

Regarding the kind of optical shape errors, the surface profile of the concentrator can be 

deviated from its ideal shape due to three different components: roughness, waviness, and form, 

being classified depending on the length of the period between error peaks and valleys 

((Clarysse et al., 2004)). Each one in practice can be distinguished by the effects it has on the 

optics performance of a CPV system. For example, roughness includes irregularities with high 

spatial frequency with peak-to-peak lengths lower than 1 mm producing scattering in the 

surface. Waviness refers to profile errors larger than roughness with length between peaks 

ranging from 1 to 10 millimeters that weaken the beam refraction towards a particular direction. 

Form error, for example caused by plastic shrinkage during cooling down in molding process of 

Fresnel lenses, refers to overall deviations from the ideal shape with a very low spatial 

frequency. It leads to lower optical concentration values achievable with a particular optics and 

to misalignments between units, thus reducing the angular tolerance of the whole system.  

At IES-UPM, a useful and simple method has been developed for quality control 

measurements of form errors (as warp or sagging) of Fresnel lenses (Herrero et al., 2010). The 

method is similar to other methods used for specular surfaces as solar concentrators mirrors 

(Wang et al., 2010; Su et al., 2010) in which traditional standard optical testing methods are 

performed instead of phase shifting interferometry. This Chapter contributes to this field not 

only by quantifying the form errors but also by the revision of the effects these errors have in a 

CPV module performance.  
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5.2. DESCRIPTION OF THE METHOD: EVALUATING FORM ERRORS BY THE 

FRESNEL REFLECTIONS AT THE ENTRANCE SURFACE OF THE LENS  

For most common CPV module configurations based on Fresnel lenses, the first surface (or 

entrance surface) of the lens is flat and the facets of the lens are facing the solar cell to avoid 

dust and moisture accumulation, scratches or erosion in the effective shape of the lens. The 

shape errors in the first surface of the lens can be expressed as function of the slopes or 

curvatures (related to the second derivative) that integrate the entrance of the lens. These form 

errors (as warp or sagging) can be revealed by measuring the Fresnel reflections that are given 

at the first surface of the lens. Figure 5.1(a) shows an experiment carried out to measure (with a 

CCD camera) the light (sunlight) reflected off the front surface of a CPV module onto a white 

Lambertian surface. The obtained image (Figure 5.1(b)) exposes the form errors of the lenses 

comprising the module. 

 

 

Figure 5.1.(a) The Fresnel reflections of the sunlight at the input aperture of the module are reflected to a Lambertian 

surface; (b) The Fresnel reflections measured by a CCD camera shows the form errors of the lenses comprising the 

module.  

A similar experiment can be performed including a given pattern to be reflected by the 

lens first surface instead of using sunlight. In the experiments performed in this study, a 

checkerboard pattern is chosen to be reflected by the lens surface under evaluation. 

Consequently, the measurement method presented in this Chapter will be referred to as the 

“checkerboard method”. 

The proposed setup is based on including the periodic pattern in front of the lens or 

module to be evaluated, and a CCD camera placed after the periodic pattern (e.g., checkerboard 

as in Figure 5.2) facing the optical system aperture area. 

The first surface of the Fresnel lens is made out of a material with refraction index n1, 

and it is surrounded by air with a refraction index n0 equals to 1, producing what is called the 

Fresnel reflection. In the case that the light reaching the Fresnel lens is at near normal incidence 

to interface, the reflection coefficient is close to 4% for PMMA or glass (nPMMA 1.49, nglass

1.46), so the first lens surface can be considered as a mirror with a reflectivity (R) around 4%. 
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Figure 5.2. Set up for the evaluation of the Fresnel lens entrance surface based on recording by a CCD camera the 

Fresnel lens reflection at the first surface of the lens 

In the scheme of Figure 5.2, if the first surface of the lens is not perfectly flat, the 

reflected image captured by the CCD camera is a distorted pattern. The reference image needed 

to evaluate the form errors of the Fresnel lens is also captured by the CCD camera but replacing 

the Fresnel lens with a perfect flat mirror.  

The quality of the lens regarding form errors can be checked by only visual inspection 

of the reflected checkerboard pattern. The values used to quantify these form errors are the 

“curvatures” within the lens surface and are defined as follows. The deformation of the square 

elements in the lens image (if compared with the mirror image) is assumed to be produced by 

the effect of a quasi-spherical shape (i.e., spherical mirrors of R=4% with a particular curvature 

centered in the lens aperture area). For the case of a Fresnel lens with a convex shape, the 

reflected checkerboard pattern becomes smaller while with a concave shape the pattern becomes 

larger (all squares suffer the same deformation if applying paraxial approximation). The lateral 

magnification of the square elements can be calculated as the size change (between lens and 

mirror images) observed in a particular dimension (e.g., X or Y axis). The law of reflection for 

spherical surfaces restricted to images formed by paraxial rays (Jenkins & Harvey et al., 2013) 

can be used to obtain the curvature values that produce such lateral magnification. If the shape 

of the lens aperture under investigation does not have a constant curvature, the checkerboard 

pattern is not equally distorted over the entire aperture area of the lens (i.e., squares have 

different sizes in the image recorded by the CCD camera). In this case, slight differences in 

focal distance along the lens aperture must be considered. The equations used for the curvatures 

calculation can be found in Appendix 5.A. 
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Figure 5.3. The checkerboard method is based on evaluating the deformation between both lens and mirror CCD images 

(in X and Y directions) when a checkerboard pattern is reflected by a Fresnel lens first surface and a perfect flat mirror. 

A fiducial marker is used to resolve the correspondence between pattern units in the two images. 

To identify deformations between images (lens and mirror), not only a periodic pattern 

but also a fiducial marker in this pattern is needed to recognized particular objects (e.g., squares) 

between images. To record both mirror and lens images, the camera is focused on the mirror 

image plane so neither the camera position nor focusing is modified between both acquisitions. 

Unfortunately, the virtual images for the flat and spherical mirror are not formed in the same 

plane. Thus for a given evaluated lens area (i.e., a square in the pattern), the lateral 

magnification of the spherical surface is calculated considering an image transverse dimension 

slightly different to the one formed by the spherical shape under evaluation (the camera brings 

into focus the flat mirror image but not those of the spherical mirrors). This difference between 

image plane formations can be neglected for radius of curvatures that are much larger than the 

object dimension (as in the case of flat surfaces evaluation). For example, for curvature values 

of 0.05 m
-1

 (which is a representative value for this kind of lens surface warping as presented in 

section 5.3 and section 5.4) the error in the estimation of the image dimension is lower than 2% 

(the actual curvature value would be 0.056 m
-1

 instead of 0.05 m
-1

). These curvature values are 

associated to focal distances large enough to justify the paraxial approximation. 

5.3. FORM ERRORS IN PMMA AND SOG LENSES 

The Fresnel lens is the most popular option for CPV primary optics because it is an off-the-shelf 

and cost effective component in a high volume manufacturing scenario. There are two main 

technologies for Fresnel lenses production: solar grade polymethyl methacrylate (PMMA) and 

Silicone-on-Glass (SoG).  

Fresnel lenses have traditionally been manufactured out of PMMA, because it is the 

best suited thermoplastic material for its low-cost and optical properties as its higher 

transmittance in the UV. Such lenses may be manufactured among other techniques by hot-
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embossing, compression-molding
24

 (recommended for low and medium size quantities and for 

large-area optical elements (Leutz et al., 2009)), or injection-molding
25

 (recommended for a 

mass production of lenses with high accuracy) (Luce et al., 2010). The main disadvantage of 

this kind of lens is the ultraviolet-enabled photolysis, presented as the dominant degradation 

mechanism in the literature (Miller et al., 2011). 

A second approach for lens manufacturing is SoG technology, in which a flat glass is 

coated with a thin layer of silicone that reproduces the Fresnel structure. To manufacture these 

lenses, injection-molding or cast-on-glass techniques can be employed. These lenses are more 

resistant to scratches and erosion, and its optical transmission can exceed that of a PMMA lens 

because the silicone material has broader spectral bandwidth and generally lesser optical 

absorptance than PMMA. Potential disadvantages of the SoG include dependence on the quality 

of the glass superstrate (to improve transmission of the lens and to avoid solarization or 

corrosion of the glass), added cost of materials, and added weight of the superstrate (Miller et 

al., 2011). 

Both PMMA and SoG lenses tend to show deformations produced by quite different 

causes that can alter the optimum performance of the CPV module (Cvetkovic et al., 2011; 

Annen et al., 2011). For SoG, the critical deformations are caused by the different thermal 

expansion coefficient between the silicone and the glass, which produces a lens facet 

deformation (Rumyantsev et al., 2010; Schult et al., 2009; Hornung et al., 2011; Askins et al., 

2011). For the PMMA, beyond possible initial deformation caused during cooling down of the 

molding process, in operation any temperature variations enlarge or shrink the lens or parquet as 

a whole. Thus, the central part of the lens or parquet will expand shifting the outer parts (Annen 

et al., 2011). Because the different thermal expansion of Fresnel lens parquet and housing, the 

displacement of the receiver with respect to the primary optics can produce an important light 

leakage as is presented in Chapter 3. This effect can impose a practical limitation to the 

maximum reasonable size of PMMA parquet. 

Regarding the lens manufacturing process, it is well known that the PMMA lenses can 

suffer some stress in the injection gate area which mechanically alters the parts of the lens (Luce 

et al., 2010). Stress is introduced in the lenses mainly by rapid cooling, and in the case of large-

area Fresnel lens or parquets it introduces global shape errors, such as warp, because some parts 

freeze into shape earlier than others (Leutz et al., 2009). 

The kind of failure mode that identifies the checkerboard method is the warp in the 

shape of lenses. The Figure 5.4 presents some results of representative 25cm X 25 cm PMMA 

                                                      
24

Compression molding (also hot embossing) is based on heating the polymer substrate above its 

glass transition temperature (Tg). A mold is then pressed against the substrate to fully transfer the 

pattern onto it (embossing). When the system is cooled down below Tg, the separation of the mold 

and the substrate is performed (de-embossing).  

 
25

Injection molding is based on heating a thermoplastic material till it melts, injecting the melt with a 

controlled injection pressure into the mold cavity (thermostatting the mold parts), and cooling down 

the manufactured sample. 
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and 22 cm X 22 cm SoG lenses of the set of measurements performed by the checkerboard 

method. 

 

 

Figure 5.4. Examples of CCD images (lens and mirror) recorded when measuring lenses made out PMMA and SoG 

(lenses free of assembly) by the checkerboard method. 

The PMMA technology has been free of competitors for some time, but because among 

other things the noticed lens warp (typically curvature values of 0.1 m
-1

), some manufactures are 

trying alternatives such as those based on SoG, since such observable warp decreases the light 

interception mainly in systems with scarce acceptance (Cvetkovic et al., 2011). The measured 

curvatures values (considering square deformation in both X and Y directions) are within ±0.1 

m
-1

 for the set of the evaluated PMMA lenses (unassembled lenses before installation in 

module) involved in this study. The map of curvatures (m
-1

) is presented in Figure 5.5 for two 

different samples of PMMA lenses (chosen to be representative of the average performance of 

the investigated samples). In these maps, curvature estimations are performed with a resolution 

higher than cm
-1

, which basically depends on the area of the lens under evaluation and the pixel 

resolution of the CCD detector. The curvature sampling resolution is directly dependent on the 

dimensions of the used periodic pattern (1 cm in SoG vs. 2.3 cm in PMMA lenses). 

SoG lenses (evaluated when mounted in a CPV module show a higher degree of flatness 

than the PMMA lenses that are unassembled. In particular, a slightly tendency to concave shape 

deformation has been observed for the set of evaluated PMMA lenses. The acrylic lenses were 

measured without any kind of holder or assembly to avoid any force that could modify the lens 

shape. 
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Figure 5.5. The maps of curvatures (m-1) measured by the checkerboard method for 2 PMMA lenses. Each unit is 

measured individually to obtain the curvatures corresponding to the first surface of the Fresnel lenses. 

Once the curvatures for the local surface elements have been investigated in a particular 

scan direction, the corresponding surface profile can be reconstructed as presented in Appendix 

5.B. However, the main objective of the presented method is not to reconstruct lens surfaces 

(the checkerboard method does not provide wave front measurements comparable in precision 

with other already developed techniques) but to identify quickly and simply POE form defects 

that influence the CPV module performance. 

5.4. FORM ERRORS AND THEIR EFFECTS IN THE PERFORMANCE OF A CPV 

MODULE 

In this section, the curvatures of the entrance aperture of a CPV module (see Figure 5.1) are 

evaluated by the checkerboard method, and compared with the electrical characterization of the 

module (measured at the solar simulator) to determine their influence in the concentrator 

performance.  

The evaluated module has a geometrical concentration (Cgeo) of 625 and it is composed 

by six individual optical system-cell units series connected. Each unit is formed by a PMMA 

Fresnel lens of 25 cm X 25 cm aperture area, an inverted refractive pyramid of 2 cm X 2 cm 

aperture area, and a 3J solar cell (GaInP/GaAs/Ge) of 1cm X 1 cm area. The module housing is 

made out of aluminum, and the primaries are mounted inside slots on side extrusions (see 

Figure 5.6). The module is not composed by a Fresnel lenses parquet but by six individual 

Fresnel lenses. Each lens is from the same technology and manufacturer as the ones evaluated in 

the previous section, in which a slight concave deformation or warp effect was observed in 

every investigated sample. 
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Figure 5.6. CPV module under evaluation composed by six individual optical system-cell units 

Checkerboard method 

The checkerboard images obtained for the three out of six optical system-cell units in the 

module (chosen to be very representative in this study), are presented in Figure 5.7. The lenses 

in the module under study are numbered from 1 to 6 (1 and 6 correspond to either end of the 

module), and each lens has been measured independently (i.e., there are one lens and one mirror 

CCD image for each lens) which explains the lack of continuity between patterns in Figure 5.7. 

 

 

Figure 5.7. Images with information about the Fresnel reflections occurred at the first surface of the lens when a check 

board pattern is reflected by the six lenses presented in the module case-study. The red square in each image corresponds 

to the image used to evaluate the lens area (25 cm X 25 for all units except for unit numbered 1 that is 25 cm X 16 cm) 
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The maps of curvatures (m
-1

) for the six lenses comprising the module under study are 

showed in Figure 5.8. Notice that the area evaluated for the lens numbered 1 is smaller (16cm X 

25cm approximately) than the area for the other lenses (25cm X 25cm approximately). This is 

due to the fact that the available flat mirror was not large enough in this particular experiment. 

Depending on whether the lens shape under evaluation is slightly concave or convex, the area of 

the checkerboard pattern captured with the CCD is smaller or larger than the area captured 

through the mirror (with the same size of the lens) respectively. Consequently, a checkerboard 

pattern and mirror larger than the lens area are necessary to evaluate the whole lens surface with 

concave shape deformation. 

 

 

Figure 5.8. The maps of curvatures (m-1) measured by the checkerboard method for the six optical system-cell units 

presented in the CPV module under study. Each unit is measured individually to obtain the curvatures corresponding to 

the first surface of the Fresnel lenses.  

From the curvature maps, a tendency to negative curvatures in the center of the lenses 

can be observed for the six evaluated samples. However, the lens numbered 1 has much higher 

curvature values than the others (the same color map is used for all the units, but the numbered 

1 has curvature values of -0.18 m
-1

). These Fresnel lenses can be seen to share the same 

tendency to concave deformation in accordance to the Fresnel lenses free of assembly (results 

presented in previous section). This indicates that the large warp effect observed in the lens 

numbered 1 can be related to the external stress caused by the structure of the box making up 

the module and its mounting process, while the others suffer a deformation close to the one 

associated to the lens  manufacturing process. Deformations in the module are likely due to the 

fact that primaries are mounted inside slots on side extrusions (if these slots are not parallel, 

deformations of primary result).  

Now we will check if data obtained with the checkerboard method can be connected 

with the performance of the CPV module. To that end, the electrical and optical-angular 

properties of the module have been measured at the solar simulator for CPV modules. 
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CPV module performance at the solar simulator 

The I-V curve of the module under study was measured at a solar simulator for CPV modules 

(Helios 3198) (Domínguez et al., 2008) showing an undesired performance (lower PMP than 

expected) due to a current mismatch between the optics-cell units comprising the module. The 

steps of the I-V curve from ISC (current at short circuit) to IMP (current at maximum power) 

reveal that the bypass diodes of some units are in conduction (with a reduction of the overall 

voltage of the module) for reverse current protection. At lower voltages, the current of the 

higher performing cells are directed through the bypass diodes of each of the lower performing 

optical system-cell units. However at higher voltages, the lowest performing unit limits the 

current through the others. 

 

 

Figure 5.9. I-V curve of the module case-study measured at Helios 3198 solar simulator at 850W·m-2 (equivalent 

AM1.5D spectrum) and 25ºC ambient temperature. 

The angular transmittance of each individual optical system-cell unit was measured in 

the solar simulator by recording the ISC value (in X direction) (Figure 5.10). To measure the 

photocurrent of each individual optical system-cell unit without changing the series circuit, all 

units but the measured were masked while a low negative bias was applied to counteract the 

bypass diodes routing the current. 

The acceptance angle (defined as the angle at which the power transmission reaches the 

90% of its maximum), and the alignment (or pointing vector) (calculated as the average value of 

angles at which the angular transmittance is higher than 90% of its maximum) for each unit are 

obtained from the angular transmittance functions (Figure 5.11). The misalignments between 

units are defined as the differences between their alignments (also referred to as pointing 
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vectors) with respect to a given reference (usually the optimum alignment of the module with 

the light source that corresponds to 0 degrees). 

 

 

Figure 5.10. Angular transmittance curves (in X direction) of the six optical system cell units of the module under study 

measured at solar simulator Helios 3198 (850W·m-2 at 25ºC ambient temperature, AM1.5D equivalent spectrum). 

 

 

Figure 5.11. Misalignments and semi angular acceptance (AA) (in Xdirection)  of the six optical system-cell units of the 

module under study measured at solar simulator Helios 3198 (850W·m-2 at 25ºC ambient temperature, AM1.5D 

equivalent spectrum). 
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Connecting data obtained by the checkerboard method with the CPV module 

performance 

In order to determine the influence that the POE warp has in this particular module 

performance, the relation between the measurement data obtained by the checkerboard method 

and the unexpected faulty performance of the module revealed at the solar simulator needs 

further study. The current mismatch between optical system-cell units in the module can be 

caused by several factors related to the SOE, the POE, the MJ cell or to the whole CPV module. 

Among these factors, the following are particularly noteworthy: 

 Regarding the quality of the receiver: there can be a noticeable dispersion in its optical 

and electrical performance due to the coupling of the SOE to the MJ cell, and the cell to 

the substrate. In the SOE-MJ cell bonding process, not only the control with high 

accuracy of the SOE positioning to avoid misalignments between components is 

important but also to avoid spilling light beyond the cell perimeter. The joint between 

MJ cell and the substrate must guarantee a good thermal conduction to avoid 

overheating the cell (and thus reducing its power output). 

 With respect to the quality of the Fresnel lenses: the design, material and optical quality 

are assumed to be constant for the whole set of POE units in the CPV module.  

However, a warp effect can be individually given in a lens producing a change on the 

light distribution (angular, spatial and spectral properties) reaching the cell, and also it 

may influence the overall deviation of the lens alignment (pointing vector) with respect 

to that of the whole module. This effect would lead to a more or less significant 

decrease of the CPV module efficiency produced by light leakage (and consequently a 

drop in current) depending on the concentrator configuration, mainly on the SOE 

performance.  

 A lack of alignment between the POE and SOE within the individual optical system-cell 

units can be caused by a variety of factors (e.g., wrong positioning of receivers in the 

back plate), and they produce differences between the pointing vector units 

(misalignments). Thus, each optical system-cell unit maximizes its current generation at 

a different module position with respect to the light source. 

For the module case-study, the receiver dispersion effect can be neglected due to these 

receivers were tested (at 850W·m
-2

 and 25ºC ambient temperature, with collimated light and 

equivalent AM1.5D spectrum) to confirm their similar electrical performance in the CPV 

module. However it is very difficult to assess which effect is more critical to the CPV module 

performance between POE deformations (e.g., warping effect) or pointing errors (e.g., wrong 

positioning of receivers in the back plate), because both effects and their consequences are 

closely related (for example, pointing vector variations (misalignments) can be caused by 

deformation of lens entrance surface).  
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The angular transmittance curves of the units do not match in shape, but neither in 

maximum value or position (angles range) as presented in Figure 5.10. In particular, mention 

might be made to the fact that there is a great difference between photocurrents of unit 1 and the 

others (see Figure 5.10) and that there is a large deviation in the pointing vector of unit 6 (see 

Figure 5.11). The more notably concave shape of the lens 1 produces light to be focused out of 

the SOE aperture and thus decreasing the photocurrent at the optimum alignment of the unit 

(i.e., corresponding to the maximum value of the measured angular transmittance).  As opposed 

to this decrease in current there is an increase in the acceptance angle, which obviously is 

worthless since it is associated to a significant power loss. This is consistent with the fact that 

the light lost at the unit optimum alignment is recovered as the unit is deviated from its optimum 

pointing vector. For the unit 6, even if it is operating in an angular transmittance portion 

different from its optimum due to its misalignment with respect to the pointing vector of the 

whole module, it is still higher than the angular transmittance of the unit 1 at its optimum 

alignment because of its degree of curvature. Thus, it can be concluded that the effect of 

warping (mainly, in the lens numbered 1) identified by the checkerboard method is even more 

critical than the large misalignments between units observed in the module (in particular the 

lens numbered 6) caused by other factors that are not identified by the presented method. In the 

case that the misalignment is related to an overall slope in the POE, it could be identified if the 

image of the lens at the CCD sensor is displaced when compared with the other units (which is 

not the case under study). 

Indeed, the characterization at the CPV solar simulator provides complete and detailed 

information about the performance of each optical system-cell unit in the module and in 

particular, it is able to identify misalignments and current losses. However in factory, not only 

the need for a high laboratory-degree equipment (as an appropriate solar simulator for CPV 

modules) can limit the suitability of this characterization but also the long time invested does 

not fit in with the time constraints imposed at the manufacturing process. In this sense, the 

checkerboard method has advantages regarding both low grade-laboratory equipment and 

required time restrictions.  

5.5. CONCLUSIONS 

The most significant conclusions drawn in previous discussion are recapitulated here:  

 The PMMA lenses suffer internal and external stress that can influence the electrical 

performance of the module by decreasing its efficiency. In particular, the internal stress 

(e.g., molding process of lenses) has been observed to produce curvatures at the 

entrance of the lens up to ±0.1 m
-1

, while external stress (e.g., mounting lenses into a 

frame) increases these values up to 0.18 m
-1

. The warp effect of lenses in CPV modules 

has been demonstrated to cause even more damage than misalignments between 

components in the module. 
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 The checkerboard method can be used to discard primary optical elements with a given 

entrance surface deformation as warp at production line. It does not require laboratory-

grade equipment and the measurement time is very short. The maximum permitted 

curvature value can be stated based on a previous study (e.g., in the module case-study, 

the curvatures revealed in lens 1 would be out of the range of acceptable curvatures, but 

not the ones due to internal stress in the lenses not assembled).  

 

 

 

 

 

 

 

 

 

 



 

139 

 

 

 

APPENDIX 5.A. CURVATURES CALCULATION 

 

 

 

 
Figure 5.A.1 illustrates the formation of the image by both a concave and convex spherical 

mirror for the parallel-ray method. In this figure, A and B are the objects at a distance s to the 

vertex of the mirror (with a radius of curvature Rc), while A’ and B’ are the images formed by 

the mirror at a distance s’. Due to the long radius of curvature (Rc) expected for the lens 

aperture surface, the distance of the reference target and the lens (s) is always considered shorter 

than the focal distance (F) of the mirror (Rc=2·F). Thus, the image formed by the convex mirror 

is always assumed to be a virtual image. When applying the standard spherical mirror formulas 

sign conventions of Table 5.A.1must be followed. 
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Figure 5.A.1.  Parallel-ray method for graphically locating the images formed by convex (left) and concave (right) 

mirrors 

 

Table 5.A.1. Sign conventions followed when applying standard spherical mirror formulas 

Value Convex  Concave (if  S<F)  

Rc >0 <0 

S <0 <0 

S’  >0 >0 
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From conjugate relations for a mirror, the radius of curvature of a surface separating 

two media is obtained if the object distance and the image distance are known. 

c
R

2

F

1

s'

1

s

1
  (5.A.1) 

  

In any optical system, the ratio between the transverse dimension of the final image and 

the corresponding dimension of the original object is called the lateral magnification. To 

determine this value, the relations from the geometry presented in Figure 5.A.1 are used. 

s

s'

A

A'
m   (5.A.2) 

  

From these two Equations (5A.1) and (5.A.2), the curvatures for a given checkerboard 

pattern (i.e., square) can be obtained (considering the area or side variations of the squares).For 

the case of a Fresnel lens with a convex shape, the whole checkerboard pattern becomes smaller 

while with a concave shape becomes larger (all squares suffer the same deformation if applying 

paraxial approximation).  

If the shape of the lens aperture under investigation does not have a constant curvature, 

the checkerboard pattern is not equally distorted over the entire aperture area of the lens (i.e., 

squares have different sizes in the image recorded by the CCD camera). The Equation (5.A.1) 

and Equation (5.A.2) can be used to calculate slight differences in focal distance along the lens 

aperture. 

 

 

Figure 5.A.2. Parallel-ray method for graphically locating the images formed by two convex mirrors: s1 and s2 are the 

distances from the objects A1’ and A2’ to the mirrors with focal distances F1 and F2 respectively; s1’ and s2’ are the 

distances at which images A1’ and A2’ are formed by the mirrors with focal distances F1 and F2 respectively. 
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APPENDIX 5.B. SURFACE PROFILE CALCULATION 

 

 

 

 
Once the curvatures for the local surface elements have been investigated in a particular scan 

direction (normally X or Y directions), the corresponding 1-dimensional (1D) surface profile 

can be reconstructed. Its determination involves the numerical solution of an ordinary 

differential equation for which boundary values must be specified. From the mathematical term 

for the curvature c(x) given in Cartesian coordinate system and for a 1D surface section, the 

second derivative of the surface topography function y is 

      2
32 '''  xy1xcy   (5.B.1) 

  

To obtain unique solutions to this differential equation, the initial values y(x0) and y’(x0) 

must be defined. Because there is no dependence of y(x) in the Equation (5.B.1), only the value 

of y’(x0) is needed. An analytical solution of y’ can be derived from the Equation (5.B.1) by a 

simple integration (Elster et al., 2002; Schulz, 2001). Let introduce a function denoting the 

integrated curvature: 
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A constant  determined by the initial value y’=y’(x0) can be used to finally define the 

Equation y’: 
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Thus, the surface profile can be directly reconstructed by numerical integration of the 

measured curvature, and subsequent integration of the Equation (5.B.3). For flat surfaces, the 
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calculus can be simplified and the surface coordinates can also be approximated by a twofold 

integration of the curvature. 

   1nnnn xxcxy'     with     00y'   (5.B.5) 

  

       1n1nnnn xyxxxy'xy      with     00y   (5.B.6) 

  

where Xn is related to the position in mm defined by the left side of each square evaluated in the 

mirror image, being n corresponding to a given square position (from 1 up to the numbers of 

squares in the image for the direction under investigation). To reconstruct the lens profile and 

coordinates in both X and Y directions, a set of boundary conditions are defined in such a way 

that the slope equals 0 in one edge of the lens, and there is continuity between consecutive 

elements in the reconstructed profiles. Other boundary conditions could be used, as for example, 

defining the slope of the lens at its center as 0. What is important is to keep the same boundary 

conditions between measurements of different lenses in order to be able to compare them. 

The 2-dimensional (2D) reconstruction of the surface can be performed if both set of 

curvatures (for X and Y directions) are known. In particular, the surface shape can be estimated 

from the set of discrete slope measurements based on zonal reconstruction methods to least-

squares-fit the slope measurement data to some model or function at the investigated points. It is 

also possible to perform a modal estimation using the measurement data to fit the coefficients in 

a phase expansion of orthogonal functions. (Southwell, 1980; Grédiac, 1997).  

To perform such 2D reconstruction and to compare it with a profilometer measurement 

would be convenient to validate the method. However, it has not been performed yet mainly due 

to the lack of needed instrumentation. 
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CHAPTER 6. IRRADIANCE DISTRIBUTIONS CAUSED BY 

CONCENTRATORS AND THEIR EFFECTS ON MULTI-

JUNCTION SOLAR CELLS 

 

 

6.1. INTRODUCTION 

In the design of concentrator photovoltaic (CPV) modules, the distribution of light at the 

receiver plane becomes critical regarding several aspects. For instance, it determines the 

performance of the multi-junction (MJ) cell that has to be used, and thus the concentration 

achievable to guarantee a certain energy collection by the module. The MJ solar cells must be 

chosen based on economic and technological aspects in terms of cost reduction and efficiency 

increase in the CPV module. However, the market availability regardless of the criteria of 

optimum performance of the CPV module (most MJ cell manufacturers have standardized their 

products
26

) determines the MJ cell choice. Thus, to study the actual irradiance distribution at the 

receiver is highly recommended to evaluate if the selected receiver size is cost-effective. 

Moreover, there are different mechanisms of efficiency losses in modules that have to do with 

the non-uniformity of the light over the cell (e.g., series resistance, tunnel junction breakdown 

and chromatic aberration) that should be studied. This knowledge provides valuable feedback 

for the cell manufacturer to optimize the manufacturing process to increase the performance of 

the cell under real CPV operating conditions. 

6.2. NON-UNIFORM LIGHT DISTRIBUTION ON MULTI-JUNCTION CELLS. 

We can distinguish two different kinds of possible light distributions caused by CPV optical 

systems over MJ solar cells: 

                                                      
26

 

http://www.azurspace.com/index.php/en/products/products-cpv/cpv-solar-cells 

Accessed:2014-08-27.(Archive by WebCite® at 

http://www.webcitation.org/6S96lCwMK)http://www.emcore.com/terrestrial-

photovoltaics/terrestrial-solar-cells/ 

Accessed: 2014-08-27.(Archived by WebCite® at http://www.webcitation.org/6S96p2kqM) 

http://www.sj-solar.com/products/ 

Accessed: 2014-08-27.(Archived by WebCite® at http://www.webcitation.org/6S96tTLEq) 

http://www.spectrolab.com/concentrator.htm 

Accessed: 2014-08-27.(Archived by WebCite® at http://www.webcitation.org/6S96uy458) 
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Chapter 6 

144 

 A spatial non-uniform light distribution on the MJ cell: equal (if normalized) light 

distribution for all subcells within the MJ. 

 A spatial and spectral non-uniform light distribution on the MJ cell: different (if 

normalized) light distribution for all subcells within the MJ. 

Not only the causes and effects of both kinds of light distributions on the MJ cell but 

also the measurement methods used to evaluate them during the course of this thesis are 

presented in the following two sections 6.2.1 and 6.2.2. 

6.2.1. NON-UNIFORM SPATIAL LIGHT DISTRIBUTIONS ON THE MJ CELL 

This kind of light profile is given by reflective concentrators that produce the same normalized 

light distribution for the different subcells comprising the MJ cell. The absolute level of the 

light distribution for each subcell varies depending on the optical transmittance of the 

concentrator and the light spectrum reaching its aperture. 

The effect of spatial non-uniform light distribution in MJ cells is directly related to the 

well-known effect of series resistance in single junction solar cells. This series resistance effect 

is manifested as loss in the fill factor (FF) and, at very high currents or with very high resistance 

values, also as loss in the short circuit current density (Olson et al., 2005).Since losses due to 

series resistance scales as the square of the current density at the solar cell, eventually it 

becomes a dominant factor for the cell efficiency with increasing current. There are different 

approaches to reduce the series resistance as to increase the density of front-contact grid fingers 

optimizing the front grid (García et al., 2008), or to raise the emitter conductivity in the top 

subcell by raising the emitter doping and/or the thickness.  

Spatial non-uniformities imply that some cell areas are illuminated at higher irradiances 

than others, translating into an increase in effective series resistance and, therefore, decrease in 

FF. At the same time, other cell areas are very poorly illuminated, or even dark. Hence, those 

areas will work as dark diodes, contributing only with recombination current but not with photo-

generation leading to a possible small reduction of the open circuit voltage VOC. Experimental 

results using a glass fiber to create an extremely high illumination (both uniform and 

inhomogeneous distributions) have shown a modest efficiency decrease at solar intensities of 

thousands of suns (which are unlikely to be produced by real CPV systems) (Katz et al., 2006). 

However, these optimistic results cannot be representative in general as losses in FF since non-

uniform illumination are expected to be dependent on both the cell characteristics and its light 

distribution. Some cell manufacturers include recommended maximum concentration ratios in 

their datasheets. For example, a particular manufacturer establishes that concentration ratios 

higher than 1000 (>1000X) can run into issues with cooling and series resistance
27

. 

                                                      
27

http://www.spectrolab.com/faqs-terrestrial.htm (last access: 14/10/2013) 

http://www.spectrolab.com/faqs-terrestrial.htm
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Methods for testing the efficiency losses in MJ cells (with spatial irradiance 

patterns) 

We can evaluate the electrical performance of MJ cells when illuminated by spatial non-uniform 

light distributions by the so-called “mask method”. The idea is to replicate light patterns of 

different concentrator systems by the inclusion of masks when illuminating the cell in a solar 

simulator. This method was firstly approached in the frame of the C-RATING project with the 

aim of defining methods and criteria for testing, rating and specifying PV concentration 

components and systems (Antón et al., 2001). In these experiments, the used masks produced 

the so-called pillbox profiles (with only two different transmission values: 1 and 0). 

In the experiments carried out during the course of this thesis, the mask used to 

reproduce different profiles distributions is printed on transparent film using a high-resolution 

photo plotter similar to those used in photolithography. When a masked cell is illuminated with 

uniform irradiance, the mask provides a variable shading value across the cell surface, such that 

the synthetic profile of the light transmitted is similar to that produced by a reflective CPV 

optical system on the three subcells. 

Figure 6.1 shows examples of manufactured masks along with the corresponding Peak-

to-Average Ratio
28

(PAR) of each one (for cells with area of 1 cm × 1 cm). These masks are 

made out of acetate and they have been manufactured by following the same printed techniques 

of the masks involved in printed circuit board fabrication, with a resolution of 80 dots per 

millimeter. The PAR value was obtained by measuring the light transmitted by each mask using 

a CCD camera, and the transmission of dark areas of the mask was confirmed to be lower than 

2%. 

 

Figure 6.1. Examples of masks used to reproduce non‐uniform light patterns on the solar cells (1 cm×1 cm) and their 

relative peak-to-average ratio (PAR). 

Measurement procedure: control of irradiance and spectrum 

To evaluate relative losses on efficiency and FF due to real non‐uniform light patterns, I–V 

curves of MJ solar cells (masked and uniformly illuminated) are obtained. At IES-UPM, the I-V 

curve measurements are carried out using an in-house developed pulsed solar simulator for solar 

                                                      
28

The peak to average ratio (PAR) is often used to describe the uniformity of a light distribution, and 

it.is calculated as the ratio of peak irradiance to the average irradiance level. 
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cells in multi-flash mode. The cell assemblies are attached to a temperature-controlled plate, and 

the irradiance and spectrum of the light arriving at the device are controlled by means of 

component solar cells
29

 that have been characterized under the reference spectrum AM1.5D 

standard ASTM G173. 

 

 

Figure 6.2. Image of the temperature-controlled plate of the solar cell tester with the multi-junction solar cell covered by 

a mask, and with the top and middle component solar cells (isotypes) covered by a transparent mask 

The spectral matching ratio (SMR) (measured by means of component reference cells) 

is used to define how similar the spectrum of the light reaching the cell under test is if compared 

with the reference spectrum AM1.5D (perfect similarity if SMR is 1) (see Appendix 4.B). The 

SMR calculated with top and middle subcells is often used in the case of 3-junction lattice 

matched solar cells (GaInP/GaAs/Ge) as an indicator of how blue-shifted (SMR>1) or red-

shifted (SMR<1) the light spectrum of the cell tester is with respect to the reference 

spectrumAM1.5D. 

In order to ensure the cell is measured under the same nominal irradiance (i.e., 

concentration level) for all tests (i.e., for all masks), the total irradiance is adjusted such that 

photo-generated current remains constant regardless of the mask used. In other words, for masks 

with high shading factors, the irradiance produced by the simulator is increased (maintaining 

spectral distribution) to compensate for the increased filtering in the mask. In this way, 

measurement conditions are the same in all tests with the exception of the irradiance distribution 

on the cell.  

 

                                                      
29

The component cell (also called ‘isotype’) has a similar stack of semiconductors as the multi-

junction (MJ) solar cell but all layers are optically active but electrically inactive except the one 

corresponding to the spectral range that the isotype cell represents (e.g., top, middle or bottom in 3J 

cells) 
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Results: Efficiency losses for non-uniform irradiance patterns (reproduced by 

masks) 

The I-V curves measured for a 3J cell (GaInP/GaAs/Ge) covered with different masks are 

presented in Figure 6.3. An increase in non‐uniformity produced by different masks increases 

the series resistance losses and therefore decreases the cell efficiency (Eff) as explained before.  

 

 

Figure 6.3. I–V curves related to multi‐junction (MJ) solar cell uniformly illuminated versus MJ solar cell covered with 

masks (peak to‐average ratio (PAR) of 1.95 and 4.01) under SMR=0.94 and 400 suns nominal irradiance in top subcell. 

For the case of SMR=0.94 (given by top and middle component cells) and nominal 

irradiance of 400 suns given by top subcell (1 sun equals to 1000 W·m
-2

 at AM1.5D standard 

ASTM G173) relative Eff losses are 2.8% for PAR=1.94 and 4.1% for PAR= 4.01 compared to 

uniform illumination (Figure 6.3). For the case of SMR=1 and nominal irradiance of 500 suns in 

both subcells, the relative losses in efficiency are 3.3% for PAR=1.94, and 5.6% for PAR= 4.01 

if compared to uniform illumination. These values are slightly higher than the losses obtained 

for SMR=0.94 (400 suns in top) probably because even though there is a better balance between 

the subcells currents (SMR=1), the irradiance over the MJ cell has increased from 400 to 500 

suns and thus the losses due to series resistance.  

These results illustrate the non-uniform spatial effect in the cell performance and the 

measurement procedure used to quantify them as well. However, these losses cannot be 

generalized to every kind of MJ cell as they are very dependent on the cell design.  
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6.2.2. NON-UNIFORM SPATIAL AND SPECTRAL LIGHT DISTRIBUTION ON MULTI-JUNCTION 

CELLS  

Refractive optical systems can produce not only spatial but also spectral differences in the light 

profile distributions between subcells because of the chromatic aberration.  

 

 

Figure 6.4. Photo-current distributions (measured by a CCD camera and low/high pass filters) caused by a Fresnel lens at 

top and middle subcells; Ratio of photo-currents (Top/Middle) 

Experimental analyses were carried out by several authors to determine the influence of 

non-uniform light profiles on the cell caused at different primary-to-receiver distances by either 

maintaining spectrum and irradiance conditions constant (Kurtz et al., 1996; Cotal et al., 2005; 

Andreev et al., 2007) or varying them (Victoria et al., 2013). MJ devices are usually designed to 

be current matched (i.e., the ratio between current subcells is 1) under AM1.5 direct spectrum 

(ASTM G-173-03, 2012)). Although the reference spectrum AM1.5D is likely to be a good 

estimate of the average spectrum used by a concentrator, it is not assured that this spectrum is 

observed everywhere at the receiver plane. The spectral content of the light reaching the cell is 

modified due to the optical transmittance function of the system. Also the light patterns on the 

different subcells of the MJ cell are slightly different due to the refractive index variation with 

the wavelength. These spatial and spectral non-uniformities can cause current mismatch 

between the subcells in the MJ cell decreasing the cell current. For the case of high differences 

between light profiles in the different subcells, the current spreading that depends on the lateral 

resistances of the cells (layers which make up the tunnel diode) can be the dominant factor of 

efficiency losses in high concentration systems (James et al., 1994; Kurtz et al., 1996; García et 

al., 2011; Espinet, 2012).  

If the lateral resistance for each connection layer is low enough, the current will spread 

out across the cell without adding any losses, and the cell efficiency will be determined by the 

overall current mismatch between subcells. Contrary to this, if the lateral resistance is too high 

to support the lateral current flow, at each point of the cell the current will be limited by the 

lowest generated current subcell. The actual performance of a concentrator system with high 

chromatic aberration is expected to be within these two extremes cases as already proven by 

experimental results (Domínguez et al., 2012). 
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When analyzing the I-V curves related to a non-uniform illumination caused by the 

inhomogeneous current-matching distribution, the I-V curve depends on the level of photo-

generated current that has to be spread out in the dark region (or less illuminated areas) through 

the lateral resistances (mainly the resistances that sandwiched the tunnel junction of each 

subcell). Predicting this behavior is not intuitive at all, therefore simulations by using distributed 

model are very useful to understand this phenomenon(LaRue et al., 1981; Nielsen et al., 1982; 

Araki et al. 2003; Nishioka et al., 2004; Galiana et al., 2005; García et al., 2008; García Vara, 

2010; Espinet, 2012). For instance, the lateral spreading of current in a two-junction (2J) solar 

cell and therefore, the current homogenization has been proven to be better in the back side of 

the cell. Consequently non-uniform profiles in the middle subcell are less adverse to the overall 

working of the 2J cell than non-uniform light profiles in the top subcell (Espinet, 2012). The 3J 

solar cell has also shown an asymmetric lateral current redistribution capability in the structure. 

The middle subcell has more potential to spread out the photo-generated current due to its 

placement between two tunnel diodes. Thus, the damaging effect of non-uniform illumination is 

supposed to have a greater impact in the case of top subcell performance.   

The individual subcells comprising a MJ cell are interconnected via the so-called Esaki 

interband tunnel diodes (Esaki, 1958). Tunnel diodes transitions delimit the irradiance range 

over which concentrator solar cells can operate efficiently. The tunnel junction is characterized 

by a peak current density (JP) beyond which the diode enters in a region with low-conductance 

thermal diffusion behavior that worsens the cell efficiency. Exceeding the JP without causing 

the tunnel junction to transition to thermal current state (in which a dip in the I-V curve of the 

MJ cell appears) depends on the degree of localized irradiation and also on the ability of the 

semiconductor structure to spread the current laterally. Under localized irradiation, excess 

majority carriers can spread laterally due to drift and diffusion. Then, carriers can tunnel 

through the diode but over an area greater than that of the localized irradiation (Braun et al., 

2009). This positive effect of a non-negligible lateral current in the anode of the tunnel junction 

has been demonstrated also by simulations (Espinet et al., 2010). 

6.3. CASE-STUDY: IRRADIANCE PATTERNS OF TWO OPTICAL STAGES 

CONCENTRATORS AND THEIR EFFECT ON THE MULTI-JUNCTION SOLAR CELL 

PERFORMANCE 

The aim of our work here consists of developing testing methods to reveal the degree of light 

non-uniformities (both spatial and spectral distributions) and their effect on the MJ cell. Three 

different concentrators are evaluated, as a case-study, by means of: 

 Measurement of the electrical performance of the concentrators (the optical system and 

the MJ cell) at the solar simulator for CPV modules Helios 3198. 

 Measurement of the electrical performance of the MJ cell covered by a mask that 

produces a non-uniform light distribution with a PAR value that emulates the 
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concentrator light distributions generated by these concentrators (known by 

measurement with a CCD camera). 

 

Figure 6.5. Efficiency loss measured at cell level by the mask method is compared with the loss measured at module 

level with the solar simulator for CPV modules (Helios 3198). 

The electrical characterization of a CPV optical system can be performed in an 

appropriate solar simulator for CPV modules as the Helios 3198 developed at IES-UPM. The 

efficiency losses caused by the spatial non‐uniform distribution can be determined by 

comparison analysis of the cell performance under uniform and non-uniform irradiance patterns, 

(characterization carried out in the solar cell tester using a set of masks of different PAR 

values). On the other hand, the effect of the chromatic aberration causing uneven irradiance 

profiles at the different subcells can be calculated by comparing the I-V curve of the system at 

the solar simulator (at 1000 W·cm
-2

 and SMR=1 at the aperture area of the Fresnel lenses 

(hereinafter referred to as SMRout)) and the I-V curve of the MJ cell (without concentrator) 

under uniform illumination at the cell tester. 

The objective of this study is to show the developed methods answer some critical 

questions when designing concentrators as: 

 Which degree of non-uniformity can the cell stand up without a significant decrease in 

its electrical performance? 

 How critical is the influence of series resistance on the effect of non-uniform light 

profiles? 

 Is the effect of chromatic aberration as damaging as the effect of series resistance? 
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 Is the tunnel junction limiting the electrical performance of the multi-junction solar 

cell? 

6.3.1 CONCENTRATION PHOTOVOLTAIC OPTICAL SYSTEMS UNDER STUDY 

The majority of point-focus concentrator systems that use MJ solar cells consist of an 

arrangement based on a primary optical element (POE) such as a Fresnel lens and a secondary 

optical element (SOE). The purpose of this second optical stage is to increase the angular 

tolerance of the CPV optical system, and in some cases, to homogenize the irradiance 

distribution over the solar cell.  

The optical system configurations investigated in this study consist of an acrylic Fresnel 

lens and different SOEs (Figure 6.6): a refracting dome shaped integrator made out of silicone 

(James, 1989), a dielectric truncated pyramid (homogenizer glass prism)  (Araki et al. 2003), 

and a bare cell (without SOE). The size of the lens aperture is 25 cm X 25 cm while the receiver 

is formed by a SOE bonded to a lattice matched MJ cell (GaInP/GaAs/Ge) with an active area 

of 1 cm
2
. Thus, the three CPV systems under evaluation have the same geometrical 

concentration Cgeo of 625X (i.e., ratio of active cell area to lens aperture areas).  

 

 

Figure 6.6. The systems under study comprise a Fresnel lens and (from left to right in the picture) either a refracting 

dome SOE, a dielectric truncated pyramid SOE, or a bare cell. 

All the MJ cells present in these receivers are from the same manufacturer and 

technology so similar electrical characteristics are expected. Nevertheless, a first electrical 

characterization was performed at the cell tester to gather information about the I-V curve and 

the spectral dependence of the cells. After this, the SOE was bonded to the MJ solar cells by 

means of SYLGARD 184 silicone. Spilling light beyond the cell perimeter is avoided with the 

SOE exit slightly smaller than the cell active area. The Fresnel lens and the receiver are both 

mounted in a rigid structure that allows the focal distance to be varied to adjust it to its optimum 

value regarding the maximum optical efficiency of the complete system. The receiver position 

can be modified (in x and y axis directions) in order to align it with the POE.  
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Figure 6.7. Optical system components: Top view of (a) Fresnel lens, (b) refracting dome, and (c) dielectric truncated 

pyramid 
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6.3.2. RESULTS: CAUSES AND EFFECTS OF THE NON-UNIFORM PATTERNS OF THE 

CONCENTRATORS UNDER STUDY 

The irradiance profile of each optical system was evaluated and captured over the entire CCD 

spectral range and also over both top and middle wavelengths (see Appendix 6.A for more 

information about how to measure the light distributions of a concentrator by a CCD camera). 

The PAR values for these experimental profiles are presented in Table 6.1. 

Table 6.1. PAR values obtained from the measured irradiance patterns of the three optical systems under study. The 

measurements are done by means of a CCD camera with the inclusion of filters to distinguish top and middle patterns. 

Optical System (max) 
PAR top 

(Short-pass filter)  

PAR middle  

(Long-pass filter)  

PAR  

(No filter)  

Fresnel lens (FL) + bare  10.5 7 9.9 

FL + dome 3.2 3.2 2.7 

FL + pyramid 1.2 1.2 1.2 

 

 

Figure 6.8. Percent variation of efficiency (Eff): mask‐based method (solar simulator for high concentration photovoltaic 

(HCPV) cells, 500 suns nominal irradiance and SMR=1)). PAR, peak‐to‐average ratio; MJ, multi‐junction; SMR, 

spectral matching ratio.  

Efficiency losses
30

 measured for a bare cell (same kind of cell (GaInP/GaAs/Ge) used in 

the concentrators under study) covered by masks with different PAR light distributions (around 

                                                      
30

The efficiency decrease is defined as the variation of efficiency related to a given irradiance profile 

compared with the efficiency obtained with uniform illumination.  
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the PAR values measured for dome and pyramid systems
31

 without high or low filters) are 

presented in Figure 6.8. These losses are related to series resistance effects and not to chromatic 

aberration (as the light distribution is the same for all the subcells in the MJ cell when using the 

masks to create light patterns). Losses seem to experiment a linear increase with the PAR value 

which means that the effective series resistance of these two cells does also. 

The I-V curve for each concentrator under study was measured in a solar simulator for 

CPV modules (at 1000 W·m
-2 

and SMRout=1 at the entrance of the Fresnel lenses).These curves 

are compared with the I-V curves of the MJ cells uniformly illuminated (500 suns and SMR=1) 

to calculate the efficiency losses due to the non-uniform distributions of the concentrators. The 

transmittance response of the concentrator optics can modify the spectrum impinging the cell 

leading to different electrical performance of the MJ cell than under SMR=1. Consequently, the 

following comparison analysis accounts not only for the effect of the chromatic aberration but 

also for the spectral transmission of the optics. 

In order to present the electrical losses of the concentrators for the same nominal optical 

concentration, the I-V curves of the optical systems measured at the solar simulator were 

translated from its optical concentration to 500 suns (that is the concentration used when 

measuring the cell under uniform illumination and with masks at the cell tester).  

Assuming that there is not a loss of linearity between the irradiance and the short circuit 

current, the optical concentration c can be calculated provided that the current at one sun 

(1000W·m
-2

 AM1.5D) for the different subcells is already known: 

(A/sun)I

(A)I
(sun)

subcell 

MJ SC,
C    (6.1) 

where ISC,MJ is the short circuit current of the MJ cell under the concentrator, and Isubcell the 

current of each subcell at 1 sun previously measured at the cell tester (the subscript ‘subcell’ 

stands for top, middle or bottom whichever is applicable).  

The optical concentration c must be calculated using the 1-sun Isc of the subcell that is 

limiting the photo-generated current of the device under test, and it can be studied by means of 

the so-called subcell-limitation diagram (Domínguez et al., 2012)
32

. The diagrams of both dome 

and pyramid based concentrator reveal that the top subcell limits the MJ cell photo-current 

under the spectral conditions at which the evaluation at the solar simulator is performed (at 

SMRout=1). This limitation is in line with the cell performance at the solar cell tester at SMR=1. 

Thus the optical concentration for these CPV optical systems is calculated based on top subcell 

1-sun Isc.  

                                                      
31

 The light source used at the cell tester cannot reach irradiance values high enough to maintain the 

nominal irradiance of 500 suns for large PAR values related to the Fresnel lens and bare cell system 
32

 The subcell-limitation diagram represents the ratios of the cell current and component reference 

cells concentrations in suns (1 sun equals 1000 W·m
2
 under AM1.5D) plotted against the spectral 

span in terms of SMR (see Appendix 6.B).  
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Efficiency losses calculated for these two concentrators (Fresnel lens, dome/pyramid 

and MJ cell) are presented in Figure 6.9 together with the efficiency losses obtained for the MJ 

cell covered by masks. 

 

 

Figure 6.9. Percent variation of efficiency (Eff)): mask‐based method (solar simulator for high concentration 

photovoltaic (HCPV) cells, 500 suns nominal irradiance and SMR=1) versus optical system and cell measurements (solar 

simulator for HCPV modules, 500 suns over the cell and SMR=1 at the entrance of the lens). PAR, peak‐to‐average ratio; 

MJ, multi‐junction; SMR, spectral matching ratio.  

For these two systems (dome and pyramid) the efficiency losses seem to be governed by 

the series resistance as they are coincident with the mask method results. As expected, the more 

similar the patterns generated by the CPV systems at the different subcells to the corresponding 

Gaussian distribution (the more adequate the approximation of concentrator system performance 

to masked cell performance), the better the agreement between both measurements (cell tester 

and solar simulator for modules). This is not the case for the approximation of the light 

distribution of the inverted pyramid (which has maximum values at the cell corner as it is 

presented in Figure 6.A.8 of Appendix 6.A) if compared with a Gaussian distribution (which 

has a maximum at its center).  

In the case of the Fresnel lens and the bare cell, the subcell-limitation diagram (Figure 

6.10) shows a clear top limitation for SMRout<0.85 (showed by a monotonic horizontal trend) 

but neither of the subcells limits the current independently for a gap of SMR values higher than 

0.84, and in particular for SMRout=1 (coincident with the spectral conditions at which the 

evaluation at the solar simulator is performed). In this region, the current of the MJ cell is lower 

than the minimum of the two subcell photo-currents clearly revealing a loss of current. This loss 

depends on the lateral current flow in the cell and is caused by the inhomogeneous current-

matching distribution produced by chromatic aberration (Domínguez et al., 2012). 
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Figure 6.10. Limitation graph for the top and middle subcells of the MJ cell and the optical system based on a Fresnel 

lens 

For this CPV system (Fresnel lens and bare cell), two different optical efficiency values 

can be calculated depending on which value of cell current is considered: 

- c
losses

(Equation 6.2) is calculated assuming the MJ cell is limited by the top subcell 

(because the bare cell was top limited at SMR=1, as well as in the case of the other 

concentrators under study that are based on the same Fresnel lens at SMRout=1) but 

assuming a current loss if compared with SMR<0.85  

 A/sun I

0.85)(SMRI

subcell

MJ SC,losses

C




 

(6.2) 

- c (Equation 6.3) is also calculated as if the MJ cell is limited by the top subcell but 

considering the current generated by the concentrator at SMRout=1 (assuming there are 

no loss of current due to chromatic aberration). 

  A/sun I

1)(SMRI

subcell

MJ SC,
C


  (6.3) 

The efficiency losses calculated for the Fresnel lens and bare cell considering the two 

different optical concentrations are presented in Figure 6.11. The difference between both 

values can be considered a coarse estimation of minimal losses due to chromatic aberration.  
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Figure 6.11. Percent variation of efficiency (Eff)): mask‐based method (solar simulator for high concentration 

photovoltaic (HCPV) cells, 500 suns nominal irradiance and SMR=1) versus optical system and cell measurements (solar 

simulator for HCPV modules, 500 suns over the cell and SMR=1 at the entrance of the lens). 

It can be observed that the efficiency losses calculated discounting the effect of the 

chromatic aberration coincides with the extrapolation (for the correspondent PAR value) of the 

efficiency losses vs PAR trend line (obtained with the mask measurements). If we assume that 

this linear fit is valid (there are no data to probe it for such a high PAR value), additional losses 

due to chromatic aberration can be considered to be mainly caused by the current loss and to be 

less dependent on FF variation (only current losses are considered in the performed estimation). 

The strong decrease in FF is assumed to be mainly caused by the spatial non-uniformity (losses 

are coincident with the mask method extrapolation). 

6.4. CONCLUSIONS 

Some important issues concerning the causes and effects of the non-uniform profiles on the 

solar cells have been addressed through the case-study presented in this Chapter. Note that these 

results are obtained for a particular MJ cell and cannot be generalized for the whole set of MJ 

cells as they are closely dependent on the cell design and characteristics. Nevertheless, the 

proposed methods have been confirmed to be valid in answering some important questions 

when designing concentrators (for a given solar cell technology):  

  Which degree of non-uniformity can the cell stand up without a significant decrease in 

its electrical performance? 

Relative losses on efficiency are lower than 6% for PAR values of up to 4. However, 

losses increase to more than 16% for PAR value close to 10. Adding a SOE 
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significantly improves the performance of the concentrator system by reducing the 

degree of non-uniformity. 

 How critical is the influence of series resistance on the effect of non-uniform light 

profiles? 

The effect of series resistance seems to be the dominant factor in the cell performance 

under non-uniform light distribution over tunnel diode and chromatic aberration for the 

evaluated concentration level (500 suns) and optical systems (PAR values between 1 

and 10, and cell active area of 10 mm X 10 mm). 

 Is the effect of chromatic aberration as damaging as the effect of series resistance? 

Providing that the pattern reproduced by the mask method is close to the actual light 

distribution of the optical system under study, differences between losses measured by 

the mask method and the ones measured at the solar simulator can be assumed to be due 

to chromatic aberration effects. For the CPV systems under evaluation, only significant 

losses due to chromatic aberration has been found for the case of the Fresnel lens and 

bare cell increasing the relative losses from 14% to 22%.For the other two concentrators 

under study, the losses due to non-uniform profiles are very similar to the ones 

measured by the mask method (that it does not include the chromatic aberration), as the 

current spreading is better, and there is a clear current limitation of one of the subcells. 

 Is the tunnel junction limiting the electrical performance of the multi-junction solar 

cell? 

There is not any evidence of overcoming the peak current density of the tunnel junction 

for the CPV configurations under study, even in the worst case corresponding to the 

Fresnel lens with a PAR close to 10 at 500 suns nominal irradiance occurred at top 

subcell.  
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APPENDIX 6.A. MEASUREMENT OF THE SPATIAL LIGHT 

DISTRIBUTIONS OF CONCENTRATORS  

 

 

 
This Appendix presents the developed techniques used to carry out the evaluation of light 

distribution caused by concentrators on the solar cells. 

6.A.1. LIGHT-SCATTERING CCD METHOD 

The light distribution produced by a concentrator optical system can be evaluated by a simple 

and non-invasive method called Light-Scattering-CCD (LS-CCD) method. The required 

instrumentation consists of a scientific-grade CCD camera, a Lambertian or quasi-Lambertian 

surface (in which light is scattered), both high and low wavelength pass filters, and the 

concentrator itself to be evaluated. A Lambertian surface obeys the law so-called Lambert’s 

cosine law, which states that the radiance L (W·m
-2

·sr
-1

) scattered from ideal Lambertian surface 

follows a cosine relationship with the polar angle of the scattered light with respect to the 

normal surface.  

 

Figure 6.A.1. The light scattered by a Lambertian surface is governed by the cosine relationship. 

In the LS-CCD method, a Lambertian surface is included instead of a solar cell at the 

receiver plane of the concentrator optical system. A CCD camera measures the light distribution 

reaching the Lambertian surface. Depending on the compactness of the optical system (i.e., the 

f-number that is defined as the ratio of the focal length to the aperture diameter of the optical 

system) and the space available for the installation of the camera, there are two possible 

configurations regarding the CCD location as shown in Figure 6.A.2. For large f-number, the 
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CCD can be located in front of the receiver, and thus the ideal Lambertian target reflects the 

light following the cosine law; meanwhile for low f-number, the CCD is placed behind the 

receiver, and the ideal Lambertian surface diffuses the light following the Lambert’s law. 

 

 

Figure 6.A.2. There are two kinds of configurations depending on the position of the camera with respect to the receiver: 

on the left the CCD camera measures the light reflected by the Lambertian diffuser, on the upper right corner the CCD 

camera measures the light transmitted by the Lambertian diffuser. On the lower right corner the CCD camera measures 

the light transmitted by the Lambertian diffuser using a beam-splitter. 

The LS-CCD method stands out because of its simplicity and adaptability to almost 

every optical system configuration. The LS-CCD method was firstly approached in outdoor 

conditions to evaluate the radiation distribution in large photovoltaic system as the EUCLIDES 

in Tenerife (Sala et al. 2000; Anton et al. 2003). The flux distribution of dish/Stirling systems 

were also measured by including a moveable Lambertian target and a CCD camera to evaluate 

the brightness distribution of the focal spot (Ulmer et al., 2002). Lately, because of the 

advantages associated to indoor characterization of smaller size CPV systems, the method has 

been adapted to be used under a variety of artificial light sources and for different optical 

systems. The LS-CCD method has been a useful technique in understanding some effects on the 

concentrator optical system performance such as the temperature effects in silicon-on-glass 

(SoG) Fresnel lenses (Askins et al., 2011), the investigation of the quality deviations of 

secondary optical elements from ray-tracing simulations (Schmid et al., 2012), or the evaluation 

of the electrical losses due to non-uniform profiles in concentrator optical systems (Herrero et 

al., 2011).  
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CCD camera: measurement description  

A CCD camera is composed by a charge couple device (CCD) detector that is an integrated 

circuit etched in a silicon surface forming and array of pixels. Each pixel has a photosite 

component that captures the light to be converted into digital data. This conversion depends on 

the quantum efficiency of the CCD that without going into detail, is basically influenced by the 

silicon material and its impurities and defects, the antireflection coating over the detector, and 

also by the kind of front or back sensor illumination.  The CCD camera used in the experiments 

presented in this Chapter is a Retiga Exi Fast model from Q-Imaging. The camera is based on a 

Sony ICX285 progressive-scan interline CCD sensor that gives a resolution of 1.4 million pixels 

(with a pixel size of 6.45 microns X 6.45 microns). The quantum efficiency of the camera that 

covers from 400 nm up to 1000 nm is presented in Figure 6.A.3. 

 

 

Figure 6.A.3. Quantum efficiency (QE) of the Retiga Exi Fast CCD camera used in the measurements presented in this 

Chapter. 

The photons reaching each pixel interact with valence band electrons in the silicon 

lattice generating “free” electrons by the so-called photoelectric effect. The number of generated 

conduction band electrons is proportional to the number of incoming photons. If an appropriate 

positive voltage is applied to discrete areas of the pixels, the electrons are trapped in potential 

wells. Therefore, each photosite is a potential well in which generated electrons are 

accumulated. A control circuit based on changing the applied voltage of a pixel from positive to 

negative causes the transfer of its content to its contiguous pixel. To read out the CCD image, 

electrons are shifted on the detector by cycling the voltage applied to the pixels in two 

directions that are the parallel and the serial one. The parallel shift is performed from the right to 

the left whereas the serial shift occurs from the top to the bottom at the end of the array of 
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pixels. The last pixel in the array dumps its charge into an amplifier which converts the charge 

into a voltage proportional to the amount of light that fell on the photosite. To read out the 

image faster, some CCD detectors have multiple amplifiers so the image is divided according to 

the number and position of these amplifiers. By repeating the shifting process, the entire content 

of the array of pixels is translated into a sequence of voltages with a given electronic gain. In a 

CCD camera, these voltages are then sampled and digitized to compose the CCD image. The 

voltage created by the electrons accumulated at the output of the serial register is turned into a 

digitized electronic number so-called analog to digital unit. The maximum number of generated 

electrons that a pixel can hold is called full well capacity, and depends basically on the pixel 

dimensions.  

Definition of Light profile and peak to average ratio (PAR) 

When comparing several light distributions, it is convenient to define representative figures in 

one-dimension (1D) that provide more direct information than two-dimensional (2D) maps of 

the light distribution at the receiver. Most light patterns produced by common CPV optical 

systems aligned to the source can be considered with cylindrical symmetry because they 

produce maximum of light at the center of the cell decreasing towards the edges. For this kind 

of symmetrical light distribution, we define three different figures: the average light profile 

(PAverage) the encircled power (EP) and the so-called PAR value.  

 

Figure 6.A.4. (a) Average light profile definition (PAverage), (b) encircle power (EP) definition 

The CCD image obtained by the LS-CCD method is composed of a matrix of pixel 

values Z(x,y). Each pixel is indexed by a row (y coordinate) and a column (x coordinate) that 

specify its position at the detector, and its value ranges depending on the sensor bit depth (i.e., 

number of bits used to convert the signal from analog to digital mode). To derive the PAverage, 

and the encircled power (EP) from the CCD image Z(x,y), a translation from Cartesian to polar 

coordinates has to be performed; thus, each pixel is indexed by a given radius and angle ( , 

instead of a column and a row (x,y). 

http://en.wikipedia.org/wiki/Voltage
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The encircled power (EP) or accumulated power of a monochromatic light distribution 

(in arbitrary units but representing W) is obtained based on CCD image values by the 

integration of all pixels presented in the area surrounded by a circumference of radius R as 
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where Z( , is proportional to the monochromatic irradiance under evaluation. If dealing with 

non-monochromatic light, the pixel value Z( ,is proportional to the number of photons 

incident per pixel area (as a function of the QE of the CCD sensor).  

The average profile of a monochromatic light distribution (in arbitrary units but 

representing W·m
-2

) at different values of radius R is calculated as the average value of the 

pixels that form each circumference arc as 
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where Npixels is the number of pixels within the circumference of radius R. 

A more convenient peak to average ratio (PAR) is often used to describe the uniformity 

of a light distribution. It is calculated as the ratio of irradiance to the average concentration level 

as 
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where Ncell is the number of pixels within the CCD image of the light distribution. 

 

Lambertian and quasi-Lambertian diffusers 

The radiant intensity of light diffused from a point on an ideal Lambertian surface follows a 

cosine relationship with the angle of the scattered light. Locating this kind of diffuser (in 

practice, not Lambertian but quasi-Lambertian) instead of the CPV receiver, the light 

distribution given by the whole concentrator aperture is measured equally. 

Main diffuser properties are the transmission and/or reflection factor, the spreading 

angle, and the wavelength compatibility. The transmission or reflection factor decreases as the 

spreading angle increases, thus these two properties can be adjusted tailored to the needs of the 

measurement. Thus, the properties of the diffuser needed in the LS-CCD method depend on the 
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light source, the CCD camera, and the measurement setup. The level of the CCD output signal 

has to be high enough to distinguish between focused light and noise (mainly photon noise). A 

good signal to noise ratio (SNR) is achieved by increasing the exposure time, raising the light 

source intensity, and reducing the spreading angle to have a higher reflectance/transmittance 

factor. The minimum spreading angle required for a given setup depends on the tilt angle of the 

CCD with respect to the diffuser normal, and the field of view of the CCD camera. Regarding 

the wavelength compatibility, the diffuser should scatter the light with wavelengths at least 

within the range of the CCD spectral response.  

In the experiments carried out in this thesis, a Lambertian diffuser is made out of 

magnesium oxide (MgO) powder evaporated on a 50 microns thin glass or directly on the output 

surface of the optical system under evaluation. The diffuser based on MgO was measured to be 

Lambertian in a broad range of incident angles in which the LS-CCD measurement is 

performed. Also, the transmittance along wavelengths related to top and middle subcells has 

low variations (notice that the absolute value depends on the degree of deposited MgO into the 

glass surface). Thus, the MgO diffuser is considered to have the same transmittance factor for 

all the wavelengths. 

For testing dielectric secondaries, the exit facet of the SOE itself is treated so that it acts 

as the diffuser. Special care should be taken with very compact optical systems using dielectric 

SOEs, because total internal reflection could occur at the exit facet of the SOE for oblique rays, 

when removing the coupling to the solar cell (the refractive index of the cell is higher than the 

one in the air). If these oblique rays do not exit the SOE back surface, the irradiance pattern is 

altered, and therefore the recorded image could not represent the irradiance reaching the solar 

cell. The numerical aperture (NA) at the exit of the SOE may be defined as 

 αsinnNA   (6.A.4) 

where n is the SOE index of refraction, and is the half angle of the maximum cone of light that 

reaches the SOE back surface. The condition NA<1 guarantees that all oblique rays are 

transmitted from the SOE exit facet to the air without being internally reflected. 

6.A.2. MEASUREMENT OF THE LIGHT DISTRIBUTIONS OF CONCENTRATORS ON THE SOLAR 

CELL AT THE SOLAR SIMULATOR FOR CPV MODULES 

We can measure the light profiles produced by CPV systems in each subcell of the MJ cell by 

means of the already presented LS-CCD method. Figure 6.A.5 presents the set-up for measuring 

the light distribution produced by a concentrator (POE and SOE) while it is illuminated by 

collimated light at the solar simulator for CPV modules Helios 3198 presented at IES-UPM. Its 

illumination system is based on a Xenon flash lamp and a large-area parabolic reflector (2 m in 

diameter) that converts divergent light beams coming from its focus into collimated ones. The 

irradiance and spectrum of the collimated light is controlled by means of component solar cells. 
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Figure 6.A.5. Measurement scheme of the LS-CCD method implemented in the solar simulator for CPV modules to 

study concentrators of two optical stages. 

To measure the light distributions, the CCD camera integrates the light focused at the 

receiver plane during the pulse decay of the simulator (the light pulse is faster than the CCD 

acquisition response). Hence, the used spectrum is slightly different than the equivalent 

AM1.5D spectrum attainable at the solar simulator. 

 

 

Figure 6.A.6. Setup of the LS-CCD method: The light distribution is captured experimentally with a CCD camera behind 

the concentrator, once the solar cell is removed and replaced by a quasi-Lambertian diffuser (50 microns sheet of treated 

glass with magnesium oxide powder). 

Photo-current density distribution at top and middle subcells 

The shape of the CCD camera QE (Figure 6.A.1) can be modified to be close to the ones related 

to both top and middle subcells of a MJ solar cell. If the CCD detector replicates the 

performance of top and middle subcells, the CCD image reproduces a map of the photo-current 
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density over the subcells (in arbitrary units but representing A·cm
-2

) when the concentrator is 

illuminated with a light source of a given spectrum and angular size. 

In particular, by using a cold mirror and a hot mirror as high-pass and low-pass filters 

respectively, the wavelength bands related to top and middle subcells of a conventional 3J 

lattice-matched cell can be split and measured individually.  The obtained filtered QE can be 

normalized to be similar in absolute values to those of top and middle subcells 

(GaInP/GaAs/Ge) (Figure 6.A.7 (b)). The same normalization can be performed to the CCD 

measurement to compare the light distributions between subcells (Figure 6.A.7(a)).  

 

 

Figure 6.A.7. (a) Average profile of current density Fresnel lens and measured by a CCD camera with the addition of 

filters (normalizing the CCD QE to reproduce the QE of the top and middle subcells); (b) QE of top and middle subcells 

(of 3J lattice-matched solar cell) together with the CCD response with the addition of filters (cold and hot mirrors) and 

normalized to be similar to the QE of the subcells. 

When discussing 3J solar cells, the fact that the CCD response does not cover the entire 

spectral range of the bottom sub‐cell is not important for two reasons. Firstly, dispersion for 

typical optical materials is very low for higher wavelengths. Thus, spatial light distribution on 

the cell used by the bottom subcell is almost equal to the light distribution used by the middle 

subcell. Secondly, lattice-matched MJ solar cell (the one being analyzed in this Chapter) has an 

excess of current photo-generated in the bottom (the MJ cell is limited either by the top or 

middle subcell). Thus, it is normal to focus the cell characterization on the behavior of the top 

and middle subcells.  
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Figure 6.A.8. Irradiance patterns on the cell surface caused by three different CPV systems measured with a CCD camera 

without any filter, with low-pass filter (reproducing top QE) and with high-pass filter (reproducing middle QE) 

Some examples of light profiles caused by different concentrating optics measured by a 

CCD camera at the solar simulator are presented in Figure 6.A.8. Irradiance patterns are slightly 

different when illuminating the concentrator from the sun disc or the toroidal Xenon bulb used 

in the solar simulator, even though the angular extensions of both sources are similar. It explains 

the toroidal distribution observed for the case of the Fresnel lens. 
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APPENDIX 6.B. SUBCELL-LIMITATION DIAGRAMS  

 

 
The spectral sensitivity of these concentrators for different spectral contents can be studied by 

means of  the so-called subcell-limitation diagrams (Domínguez et al., 2012). It represents the 

ratios of the cell current and component reference cells
33

 concentrations in suns (1 sun equals 

1000 W·m
2
 under AM1.5D) plotted against the spectral span in terms of SMR (Equation 

6.B.2)).  

  Suns
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Figure 6.B.1. Subcell-limitation graph for the top and middle subcells of a conventional 3-junction solar cell 

                                                      
33

The component cell (also called ‘isotype’) has a similar stack of semiconductors as the multi-

junction (MJ) solar cell but all layers are optically active but electrically inactive except the one 

corresponding to the spectral range that the isotype cell represents (e.g., top, middle or bottom in 3J 

cells) 
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With this graph, it is possible to identify if the DUT subcells are similar to the 

component reference cells (which is a necessary condition to use these component reference 

cells as spectral and irradiance sensors), and if so, which subcell is limiting at different spectral 

conditions (defined by different SMR values). In particular, the subcells spectral responses are 

confirmed to be similar to the ones of the component reference cells if the ratio between cell 

current and component reference cell current (for top and middle) remains constant for different 

SMR values (monotonic horizontal trend in the graph). Also, this monotonic horizontal trend 

reveals a clear limitation of the cell under evaluation by one of its subcells.  
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CHAPTER 7. CONCLUSIONS  

 

 

 

 
This thesis has introduced a number of original contributions to the area of instrumentation and 

characterization of concentrator photovoltaic (CPV) systems. Most of the presented 

measurement methods and tools have been developed in a laboratory environment but are 

thought to be transferred into the CPV industry, taking into account that some of them are 

complementary tools for the Helios 3198 solar simulator for CPV modules (developed at IES-

UPM, commercialized by a Spanish company and already sold to a large number of companies 

and laboratories). It is remarkable that all the presented characterization methods are based on a 

CCD camera which has become an indispensable tool for CPV characterization.  

Possibly, the main original contribution of the work presented here is the manufacturing 

and demonstration of the so-called Module Optical Analyzer (MOA), an instrument focused to 

the optical-angular characterization of CPV modules based on the also developed luminescence-

inverse (LI) method. One first unit of MOA has been installed in a company manufacturing line 

during the course of this thesis to verify its usefulness in factory, and the equipment is currently 

being commercially exploited by a Spanish company expecting sustainable marketability within 

the CPV manufacturers.  

Not only measurement methods and tools have been developed but also interesting 

results have been gathered through their implementations into several CPV technologies. Main 

contributions and achieved goals during the course of this thesis are summarized in section 7.1. 

A brief observation on the research lines that remain open after the end of this thesis, and some 

suggestions for future research possibilities are included in section 7.2. The Chapter is 

concluded by listing the papers in peer-reviewed international journals, contribution to 

international conferences, book chapters, transfers of technology and patents. 

7.1. SUMMARY OF CONTRIBUTIONS 

The definition of the Luminescence-Inverse (LI) method for the optical-angular 

characterization of CPV modules 

A new method so-called luminesce-inverse (LI) method has been developed during the course 

of this thesis to optically characterize a module by means of the light emitted by its cells when it 
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is forward biased in dark conditions. In particular, the data processing developed in this method 

can be highlighted for being an innovative and profoundly original work that has never being 

explored before.  

An extensive set of experiments were performed to prove that the LI method provide 

consistent results if compared with other methods commonly adopted for the angular 

transmittance characterization. Efforts were made to deal with several questions concerning, for 

instance, the properties of the cell emission, differences with electrical measurements, or the 

applicability to different CPV module configurations.  

Systematic review and discussion of different variations of the Luminescence-

Inverse (LI) method for CPV modules 

Two different variants of the so-called LI method have been developed and confirmed to 

provide equivalent results when optically characterizing CPV modules if compared with 

conventional measurements. Both methods (Images and Lambertian) are based on scientific-

grade cameras that bring the module emission reflected by a collimator mirror into focus. In 

simplified terms, the camera sensor reproduces the module emission at a given direction in the 

Images LI, and the Lambertian LI measures the module emission in all possible directions 

without distinguishing spatial properties.  

Design and fabrication of different prototypes for the implementation of the LI 

method in production line 

Different measurement tools were designed and fabricated to perform the LI measurement in a 

factory environment. Of these, the one referred to as the Module Optical Analyzer (MOA) is of 

particular note amongst all inspected solutions as the one based on LC shutter masking or the 

array of lenses. This equipment was chosen to be the best implementation because it provides 

precisely the misalignments and angular transmittance functions of every unit comprising the 

module with the use of neither light source nor module movement, in a cost-and-time effective 

way appropriate for production line. 

How the MOA results are influenced by the measurement procedure and its elements 

have been clarified by an extensive set of measurements and simulations.  

Identification of module manufacturing faults by misalignments evaluation 

Thanks to the LI method and the MOA equipment, new figures of merit as the misalignments 

between optical system-cell units comprising the module (which could not being measured with 

conventional methods) have been adopted by some CPV manufacturers when characterizing 

their modules, as they reflect unexpected module manufacturing faults in a clear and 

straightforward manner. 
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Effect of temperature on the optical-angular properties of the CPV modules 

The MOA equipment has been proven to be a powerful tool for the CPV characterization when 

dealing with different aspects as for example, the effect of different temperature values between 

the different parts of the CPV module. In this regard, measurements can quantify how 

misalignments and thus the optical-angular performance of the module vary depending on the 

outdoor temperature condition (due to the thermal expansion of the module materials for 

example).  

Module optical Analyzer (MOA) in production line  

The MOA (its measurement procedure and the instrument itself) is currently patent pending 

(EP13382131) with very comments and qualification in the international search report. The 

usefulness of the MOA equipment has been proven not only at the laboratory environment but 

also in production line. Due to the interest of the CPV industry in the kind of results gathered by 

the MOA, the manufacturing and commercialization of the MOA were licensed to the Spanish 

company Solar Added Value (SAV) which is exploiting it commercially. 

A novel scanning lens instrument for evaluating aged Fresnel lenses  

An equipment so-called Scanning Lens Instrument (SLI) focus on the characterization of aged 

Fresnel lenses to reveal degradation effects was developed during a short stay of 5 months at 

National Renewable Energy Laboratory (NREL) in Golden (Colorado, USA). 

The characterization system here proposed was designed to meet not only the 

requirements imposed by the CPV technology but also the ones associated with aging of lenses 

that mainly are concerned with the wavelength-dependence of the lens degradation effects. The 

major novel contribution to this kind of optical efficiency measurements are to work with lasers 

with high coherence and CCD sensors with poorly lit environment. Linking with that, the 

characterization of principal system components and the precautions to be taken while 

measuring have been addressed. For instance, microlenses in CCD detectors have been revealed 

as a large source of error together with the speckle noise in lasers with high coherence. 

Evaluation of PMMA and SoG lenses after indoor aging conditions  

Different measurement techniques have been compared to determine their characterization 

capabilities when applied to Fresnel lenses after indoor aging. Some interesting results 

concerning degradation effects were gathered even through it did not fall within the scope of 

this thesis. Some findings are the shape changed of aged PMMA detected at 85C/85%RH or the 

lack of discoloration observed for 60ºC/60%RH/2.5x UV as opposed to 1.5UV without 

moisture. 
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A method for testing warping defects of Fresnel lenses to be used as quality 

control in production line 

It is well known that CPV manufacturers have to deal with wrap or bending effects in modules 

apertures based on Fresnel lenses but at the same time there is a lack of published information 

reporting anything about neither how to measure this problem nor how significant its effect is. 

In this regard, the work here presented can be a valuable contribution for manufactures as it 

gives some guidelines of how to address this matter.  

A method so-called “checkerboard” has been developed to perform a quality control 

concerning the shape deformation of lenses in scenarios of high volume production where fast 

and low cost tests are required. A similar method was in fact adopted by the company whose 

product characterization request originated the “checkerboard” method appearance (once they 

saw the interesting results that could be gathered in a very easy way). 

The method measures curvatures that can be used to estimate the performance of the 

CPV module. In particular, it has been observed that internal stress can produce curvatures at 

the entrance of the lens up to 0.1 m
-1

, while external stress can increase these values up to 0.2 m
-

1
. The warp effect of lenses in CPV modules was demonstrated to be very significant, being 

even more damaging than the misalignments between components in the module. 

Evaluation of the irradiance distribution formed by concentrators and its effect 

on multi-junction solar cell performance 

Several testing methods that reveal the degree of light non-uniformities (both spatial and 

spectral distributions) and their effect on the MJ cell have been developed and validated.  

7.2. RECOMMENDATIONS FOR FUTURE RESEARCH 

A lot of questions have arisen during the course of this thesis, and as one would expect, some 

have been addressed but some others remain open due to the limitation of time. Below, some of 

the open issues and suggestions for them are summarized. In addition, a number of guidelines 

for future action emerging on the completion of this thesis are also proposed.  

 There is room for improvement of the MOA integration in the solar simulator Helios 

3198.  Different designs have been proposed; the idea of manufacturing the completely 

static MOA being remarkable. With this new prototype, any movement is needed to 

change from I-V curves setup to the one of MOA in the Helios 3198 solar simulator in 

exchange for data loss related to the flat part of the curve. 

 Improvements have to be made to the Scanning Lens Instruments (SLI) in terms of 

reducing the light coherence of the lasers by means of diffuser (either static or dynamic) 

to minimize the background noise in the CCD detector (mainly due to speckle noise). 
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Linking with his equipment, further analysis with more samples is also needed to define 

appropriate figures and procedures to quantify primary degradation effects, and to be 

able to compare between different kinds of lenses. 

 An open issue that is also interesting to analyze is the warping effect in CPV modules 

based on SoG Fresnel lenses. Even a single lens does not seem to be affected by 

warping, it has been found that external stress due to the module enclosure can bend the 

lens parquet. For example, the effect of pressure in hermetic modules could be 

evaluated with this method. 

 Conservative concentration ratios of 500 suns with peak-to-average ratios (PAR) of 4 

have been confirmed to produce 6% relative efficiency losses in the multi-junction (MJ) 

cell electrical performance which it can be acceptable in exchange for a cheaper optics. 

However, this result cannot be generalized for all kind of MJ cells and light non-

uniformity profiles. In connection with this, the effect of non-uniform illumination on 

MJ cells must be studied at higher concentration ratios (>1000 suns) as the effect is 

expected to be more damaging regarding not only the series resistance but also the 

tunnel junctions. 

 Linking with latest results on multi-junction (MJ) solar cells, new and important efforts 

must be made to adapt all measurement methods for being implemented into system 

formed by 4-junction (4J) solar cells. For example, new filters must be found to 

investigate the non-uniform profiles of the different 4 subcells if measuring with a Si-

based camera (looking for a new flux device could be also necessary). Measurements 

performed by the mask method and in the solar simulator for modules must be repeated 

for 4J based systems to conclude how relevant the differences in light distribution are 

between subcells due to the current spreading in the cell, or which subcell is more 

critical concerning non-uniform light profiles. 

 Throughout the different chapters, there are a large number of applications in which the 

use of a Lambertian diffuser is indispensable to measure a light distribution with the 

same intensity independent on the inspected angle. In some of these applications, the 

transmission or reflectance factor of the diffuser is not high enough to permit a CCD 

camera to measure the diffuse light properly. For such applications, the use of new 

surface with narrower diffused angles if compared with Lambertian must be 

investigated. 
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Papers in peer-reviewed international journals 

1. I. Antón, C. Domínguez; M. Victoria; R. Herrero; S. Askins; G. Sala (2012). 

“Characterization Capabilities of Solar Simulators for Concentrator Photovoltaic 

Modules”. Japanese Journal of Applied Physics. ISSN 0021-4922,51-1,10ND12-

10ND12 

2. M. Victoria, R. Herrero; C. Domínguez; I. Antón; S. Askins, G. Sala (2013). 

“Characterization of the spatial distribution of irradiance and spectrum in concentrating 

photovoltaic systems and their effect on multi-junction solar cells”. PROGRESS IN 

PHOTOVOLTAICS ISSN 1062-7995,:21-3,308-318 

3. R. Herrero, M. Victoria, C. Domínguez, S. Askins, I. Antón; G. Sala (2012). 

“Concentration photovoltaic optical system irradiance distribution measurements and its 

effect on multi-junction solar cells”. PROGRESS IN PHOTOVOLTAICS ISSN 1062-

7995, 20-4, 423 - 430 

4. M. Vivar; R. Herrero; I. Antón; F. Martinez-Moreno; R. Moretón; G. Sala; A. W. 

Blakers; J. Smeltink. (2010). “Effect of soiling in CPV systems”. SOLAR ENERGY. 

ISSN 0038-092X ,84-1,1327-1335 

5. R. Herrero, C. Domínguez, S. Askins, I. Antón, G. Sala (2010).”Two-dimensional 

angular transmission characterization of CPV modules”. OPTICS EXPRESS. ISSN 

1094-4087,18-1, 499- 505 

6. R. Herrero, C. Domínguez, S. Askins, I. Antón, G. Sala. (2013).” Luminescence inverse 

method For CPV optical characterization” OPTICS EXPRESS. ISSN 1094-4087, 21-6, 

1028- 1034 

7. R. Herrero, C. Domínguez, S. Askins, I. Antón, G. Sala. “Implementation of the 

luminescence-inverse (LI) method” (To be published in 2014) 

8. R. Herrero, C. Domínguez, S. Askins, I. Antón, G. Sala. “Testing warp defects of 

Fresnel lenses based on the Fresnel reflections at the entrance surface and its effect on 

CPV module performance” (To be published in 2014) 

Chapter in books 

1. C. Domínguez, R. Herrero, I. Antón. “Chapter 3: Characterization of CPV optics, 

receivers and modules. Handbook of Concentrator Photovoltaic Technology” John 

Wiley and Sons, Ltd (To be published in 2014) 
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Invited talk at international conferences  

1. R. Herrero, C. Domínguez, S. Askins, I. Antón, G. Sala. “Tools Development for CPV 

Characterization Based on CCD Camera Measurements”  Proceedings Optics for Solar 

Energy, OSA technical digest , Optical Society of America (2010)   

2. R. Herrero, S. Askins, M. Victoria, C. Domínguez, I. Antón, G. Sala. “Thermal Effects 

and Other Interesting Issues with CPV Lenses” Photovoltaic Module Reliability 

Workshop (PVMRW) Golden, CO, USA (2012)   

Contribution to international conferences 

1. M. Vivar, R. Herrero, F. Martinez, R. Moreton, I. Antón, G. Sala. “Effect of soiling on 

PV concentrators: mechanisms of light dispersion and real field performance of soiled 

flat modules and CPV's” 23rd European Photovoltaic Solar Energy Conference and 

Exhibition, Conference Proceedings, pp. 142 - 145. ISBN 3-9363-38-24-8, Valencia, 

España (2008) 

2. R. Herrero, G. Sala, I. Antón, “Characterization of concentrator optical surfaces based 

on CCD camera measurement” 24th European Photovoltaic Solar Energy Conference 

and Exhibition, Conference Proceedings, pp. 827 - 830. ISBN 3-936338-25-6,  

Hamburgo, Alemania,(2009) 

3. R. Herrero, C. Domínguez, S. Askins, I. Antón , G. Sala “ Angular transmission 

characterization of CPV modules based on CCD Measurements” 6th International 

Conference on Concentrating Photovoltaic Systems, AIP Conference Proceedings , pp. 

131 - 134. ISBN 0094-243X, Freiburg, Alemania (2010) 

4. R. Herrero, M. Victoria, S. Askins , C. Domínguez, I. Antón, “Indoor characterization 

of Multijunction Solar Cells under non uniform light patterns” 6th International 

Conference on Concentrating Photovoltaic Systems, AIP Conference Proceedings, .pp. 

209 - 212. ISBN 0094-243X ,Freiburg, Alemania (2010) 

5. M. Victoria, R. Herrero, C. Domínguez, S. Askins, G. Sala, Ignacio Antón .”Indoor 

characterization of non-uniform light distribution due to concentrating optics and its 

effects on solar cell performance” 25th European Photovoltaic Solar Energy Conference 

and Exhibition / 5th World Conference on Photovoltaic Energy Conversion, Conference 

Proceedings, pp. 143 - 146. ISBN3-936338-26-4,Valencia, España (2010) 

6. I. Antón, C. Domínguez, G. Sala, M. Victoria, R. Herrero, S. Askins. “Advanced in 

indoor characterization of CPV modules and components” 21st International 

Photovoltaic Science and Engineering Conference, Conference Proceedings, pp. 1 - 4. 

Fukuoka, Japan (2011) 
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7. M. Victoria, R. Herrero, C. Domínguez, I. Antón Hernández, S. Askins, G. 

Sala.”Spatial and spectral non-uniform irradiance distribution effects on multijunction 

solar cells” Photonics North, Proc. SPIE 8007 pp. 800724 - 800724. ISBN 0277786X 

Ottawa, Canadá (2011) 

8. S. Askins, M. Victoria, R. Herrero, C. Domínguez, Ignacio Antón, G. Sala.”Effects of 

Temperature on Hybrid Lens Performance” 7th International Conference on 

Concentrating Photovoltaic Systems, AIP Conference Proceedings 1407, .pp. 0 - 0. 

ISBN978-0-7354-0979-8 Las Vegas, Nevada, EEUU (2011). 

9. R. Herrero, C. Domínguez, S. Askins, Ignacio Antón, G. Sala Equipment for Static 

Characterization of Angular Transmission and Misalignments of CPV Modules” 7th 

International Conference on Concentrating Photovoltaic Systems, AIP Conference 

Proceedings 1407, . pp. 0 - 0. ISBN 978-0-7354-0979-8 Las Vegas, Nevada, EEUU 
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10. S. Askins , M. Victoria, R. Herrero , C. Domínguez , I. Antón , G. Sala , A. Coutinho; J. 

Carlos Amador .“Optimizing CPV Systems for Thermal and Spectral Tolerance” 7th 

International Conference on Concentrating Photovoltaic Systems, AIP Conference 

Proceedings 1407, Las Vegas, Nevada, EEUU (2011). 

11. J.P Ferrer, G. Sala, S. Askins, C. Domínguez, R. Herrero. “Indoor characterization at 

production scale: 200 kWp of CPV solar” 8th International Conference on 

Concentration photovoltaic Systems -CPV-8 AIP Conference Proceedings. 1477, pp. 
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Proceedings. 1556, Miyazaki, pp. 119-124., Japan (2013) 

16. M. Victoria, S. Askins, R. Nuñez, C. Domínguez, R. Herrero, I. Antón, G. Sala “Tuning 
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Transfer of technology 

The know-how on the MOA equipment designed and fabricated by IES-UPM has been licensed 

to the Spanish company Solar Added Value in 2014. From this moment, the company is 

commercializing this equipment. 
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Figure 7. 1. Datasheet with the specifications of the MOA equipment form Solar Added Value 
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