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RESUMEN 

El interés por los sistemas fotovoltaicos de concentración (CPV) ha resurgido en los últimos 

años debido a las eficiencias récord que han alcanzado las células multi-unión de 

semiconductores III-V. La concentración permite reducir el área necesaria de estos carísimos 

dispositivos, a la vez que maximiza su eficiencia. La investigación actual se centra en aumentar la 

eficiencia de estos sistemas para abaratar el coste de la electricidad generada, para lo que se 

hacen necesarios procedimientos de caracterización apropiados. Sin embargo, éstos son escasos 

y están poco estandarizados. En particular, la carencia de métodos de medida en interior puede 

ser un obstáculo para el despliegue comercial de los sistemas CPV. 

Esta tesis propone métodos e instrumentos nuevos para la caracterización de sistemas 

fotovoltaicos de alta concentración, así como de los elementos de que se componen (módulos, 

óptica, células). La principal contribución ha sido el diseño y fabricación de un simulador solar 

para la medida de sistemas CPV en interior. Este equipo constituye la piedra angular sobre la 

que se han desarrollado el resto de técnicas de medida presentadas. El elemento clave del sistema 

de iluminación es un espejo colimador de gran área con una distancia focal larga, que refleja de 

forma colimada la luz proveniente de una lámpara flash colocada en su foco. Se han investigado 

las técnicas de fabricación de relativo bajo coste que permiten una calidad óptica 

suficientemente alta. El resultado ha sido un espejo de aluminio mecanizado de 6 m de distancia 

focal y 2 m de diámetro que cumple los requisitos ópticos necesarios para el simulador solar 

CPV. Para la medida de su calidad se han identificado una serie de cifras de mérito, a saber: 

exactitud del perfil de la curva, ángulo de colimación, dispersión y uniformidad espacial del haz 

reflejado, y se presenta un conjunto de técnicas de caracterización que permiten su medida. 

La caracterización de la luz producida por el simulador ha sido también objeto de esta 

investigación, puesto que se precisó desarrollar métodos de medida del espectro, la uniformidad 

espacial y el tamaño angular de la irradiancia que pudieran aplicarse a fuentes de luz pulsadas. El 

simulador desarrollado se ha caracterizado utilizando estas técnicas y los resultados se presentan 

aquí. Según las definiciones de la norma IEC 60904-9, el simulador solar presentado es de tipo 

Clase A-B-A, que se corresponden con la calidad del ajuste espectral, la uniformidad espacial y 

la estabilidad temporal de la irradiancia, respectivamente. 

Se han desarrollado también los procedimientos necesarios para obtener medidas 

relevantes con el simulador. En primer lugar se discute cuáles deben ser los sensores de luz a 
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utilizar para tener una medida significativa de irradiancia y espectro. Para tener en cuenta las no 

idealidades de la fuente de luz artificial, los sensores deben tener la misma sensibilidad a la 

intensidad, al espectro y a la distribución angular de la luz, que el dispositivo a medir. Se 

propone el uso de la mínima unidad óptico-eléctrica del módulo CPV (“mono-módulo”) como 

sensor de irradiancia. Para la medida del espectro, se propone el uso de células componentes, 

con las que se construye la magnitud “Relación de ajuste espectral”. Puesto que las células multi-

unión son muy sensibles al balance espectral de la luz, se presenta un método para estimar el 

ajuste de corrientes entre subcélulas bajo cualquier espectro. El método se ha probado con un 

concentrador particular.  

Se presenta también un método que permite convertir curvas I-V de células multi-unión 

tomadas bajo unas condiciones de medida particulares hacia otras condiciones cualesquiera. 

Esto permite predecir su comportamiento en condiciones reales de operación, o dar las medidas 

respecto de unas condiciones de referencia distintas de las que se usaron para medir el módulo. 

El método se ha aplicado a un lote de células comerciales de triple unión ajustadas en red, para 

las que se ha obtenido un error de predicción medio del 0.85%, teniendo en cuenta un rango de 

concentraciones y temperaturas desde 100X y 25 ºC hasta 700X y 75 ºC. 

Por último, se revisan de forma exhaustiva las principales magnitudes que describen la 

calidad óptica de un concentrador, y se describen técnicas adecuadas para su medida en 

laboratorio, así como las limitaciones inherentes a las mismas. Con finalidad ilustrativa, dichas 

técnicas se han aplicado a un concentrador de dos etapas compacto. 
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ABSTRACT 

OPTICAL AND ELECTRICAL CHARACTERIZATION OF HIGH-
CONCENTRATION PHOTOVOLTAIC SYSTEMS 

The record efficiencies achieved by multijunction (MJ) solar cells have renewed the interest in 

concentrator photovoltaics (CPV), as the use of high concentration is necessary to reduce the 

area of these expensive devices and to maximize their efficiency. The promise is a reduction of 

the cost of the electricity generated as compared to flat plate PV. In order to improve the 

efficiency of these systems, intensive research is being carried out regarding concentrator cells, 

optics and integration of systems. Characterization tools are also essential for the development 

and optimization of concentrators, from the development of the initial prototypes to the 

manufacturing line. However, there is a poor knowledge of appropriate characterization tools 

for CPV systems and their elements. Furthermore, the lack of indoor testing procedures may be 

a bottleneck to the large-scale production of CPV modules and a barrier to their commercial 

deployment.  

This thesis contributes to the development of instruments and methods for the indoor 

characterization of high-concentration PV systems and their constituent elements. Primarily, a 

solar simulator able to measure CPV modules has been designed and developed (probably the 

first in the world), which constitutes the cornerstone instrument for the indoor characterization 

methods developed. The key component of the illumination system of the solar simulator is a 

large-area collimator mirror with a long focal distance, which collimates the light coming from a 

small flash light source placed at its focus. An investigation of those manufacturing techniques 

that feature a relatively low cost and sufficient optical quality has been carried out. A 

mechanized aluminum mirror with 6 m of focal distance and 2 m in diameter has been 

developed to meet the optical requirements of the CPV solar simulator. The relevant figures of 

merit for the quality of the mirror have been identified: surface profile accuracy (form, waviness, 

roughness), collimation angle, scattering and spatial uniformity of the reflected light beam. A 

comprehensive range of characterization techniques have been proposed and tried out for 

evaluating said merit figures. 
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The characterization of the light produced by the simulator was a subsequent research 

topic, as it required the development of specific measurement methods of the spectrum, spatial 

uniformity and angular size of the irradiance that are suitable for pulsed light sources. The 

characterization of the solar simulator developed was carried out using said methods and the 

results are presented here. According to the definitions in the norm IEC 60904-9, the solar 

simulator presented is classified as Class A(spectral match to AM1.5D)-B(spatial uniformity of 

the irradiance)-A(temporal stability). 

Procedures for a meaningful use of the solar simulator were then developed. A 

discussion on appropriate light sensors for irradiance and spectrum is presented. In order to 

accommodate the non-idealities of the artificial light source, the light sensor has to feature 

similar current sensitivity to the intensity, spectrum and angular distribution of the light as the 

device under test. Such a CPV reference unit can be constructed as the minimum optical-

electrical unit within the module to be measured, i.e. a “mono-module”. Component cells are 

proposed as the most significant sensors of the spectrum, and the latter is given through the 

quantity “spectral matching ratio”. As MJ cells are most sensitive to the spectral balance of the 

light, a procedure for estimating the current-mismatch between their subcells under any 

spectrum is also described. This method is applied to a particular concentrator for its 

demonstration.  

A method that allows translating the measured performance of concentrator MJ cells 

into any other arbitrary conditions is presented, which enables the prediction of the energy yield 

under the ever-changing real-sun conditions or reporting performance under conditions 

different from those of the real measurement. The method was applied to a set of commercial 

lattice-matched 3J cells in order to demonstrate its validity: a mean RMS prediction error of 

0.85% over a range of concentration-temperature values from 100X-25 ºC to 700X-75 ºC was 

found. This method is the base for a methodology presented in this work for assessing the 

validity of solar simulator measurements through their comparison with outdoor tests. 

Finally, a comprehensive review of indoor methods for measuring the optical quality of 

a concentrator is presented and applied to a particular compact two-stage high-concentration 

system. 
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Chapter 1. INTRODUCTION 

1.1. BACKGROUND 

1.1.1. THE GROWTH OF THE CONCENTRATOR PHOTOVOLTAICS MARKET 

Encouraged by a growing GW-scale market and the public support through green policies, 

companies and laboratories throughout the world are doing intensive research to develop 

photovoltaic (PV) systems that produce the cheapest solar electricity. This objective is pursued 

either by increasing the electrical efficiency of the system, or by reducing costs of production, 

installation and operation. The large cumulated installed capacity of flat plate PV (39GW at the 

end of 2010, mainly through crystalline silicon -80%- and thin films) and an annual production 

of 23.5GWp in 2010 (Jäger-Waldau, 2011) have made it progress quickly through the learning 

curve and have already brought module prices down to below 1 €/Wp and $0.15/kWh even at 

the retail market1,2. On the opposite side, the intensive research which has been carried out on 

multi-junction solar cells has achieved conversion efficiencies well above 40% (Green, 2011) and 

a record efficiency of 43.5%3, at the cost of a huge price per area of device. Such record 

efficiencies have renewed the interest in concentrator photovoltaics (CPV) because the use of 

concentration implies, first, the reduction of the area of solar cell needed to collect the light on a 

                                                           
1 Retail Module Price Summary - October 2011 Update. Solarbuzz. Accessed: 2011-10-25. (Archived by WebCite® at 
http://www.webcitation.org/62hUvXNO7) 
2 Solar Energy Industry Electricity Prices - October 2011 Update. Solarbuzz. Accessed: 2011-10-25. (Archived by 
WebCite® at http://www.webcitation.org/62hUx3Jcx) 
3 Nicholas Brown. Solar Junction Breaks Concentrated Solar World Record with 43.5% Efficiency. 
CleanTechnica.com. Accessed: 2011-10-19. (Archived by WebCite® at http://www.webcitation.org/62Y7AlfYc) 
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given area and, second, an increase of the conversion efficiency (Luque, 2007). The result is a 

reduction of the cost of the device in terms of power (€/Wp) or electricity generated (€/kWh). 

CPV module efficiencies higher than 30% (25ºC cell temperature) have been already reported 

(e.g. Guascor Foton4, Abengoa5, or Everphoton6). 

Certainly, the present growth of CPV has not only to do with technological reasons, but 

with many other external factors. Conceivably the most of important of them are the strong 

clean energy policies of the last decade pursuing the reduction of greenhouse gas emissions. 

These policies tried to augment the share of renewable energy sources in the global energy 

supply, mainly through the publicly-subsidized economical incentive of private investment on 

alternative energies, basically through the so-called feed-in-tariffs (FiT). Suddenly PV power 

plants became a safe and profitable investment and a race for installing PV plants and 

connecting them to the grid began. PV production grew at incredibly rapid paces with annual 

growth rates between 40% and 90% from 2000, especially in China where the overall module 

production more than doubled every year during the last 5 years. The CPV industry, which was 

not a mature technology at the beginning of this tidal wave of investment, definitely could not 

take much advantage of it to sell systems and increase field experience, but still companies did 

manage to attract considerable venture capital to develop novel ideas or take prototypes to an 

industrial phase. Remarkably, despite its tiny production share, CPV companies have raised 

more than $1000 million of cumulative investment (Kurtz, 2011) and for the past two years have 

accounted for 10% of all the venture capital funds granted to PV7. From about 25 companies 

developing their own CPV systems in 2008, the number has more than doubled in 2011 (Kurtz, 

2011). Probably the low capital expenditure which is needed to start production of CPV systems, 

as compared to conventional flat plates because of the lower proportion of semiconductor per 

Wp, is behind this rise; this low CapEx is frequently cited as one of the appeals of CPV 

(Garboushian, 1997).  

The Instituto de Sistemas Fotovoltaicos de Concentración (ISFOC) 

One of the milestones in this history of CPV development was the creation in 2005 of the 

Institute for Concentrator Photovoltaic Systems (ISFOC) in Castile-La Mancha (Spain). The 

                                                           
4 Jose Toña GUASCOR: the main goal is to achieve grid parity in the near future. PV Insider. Accessed: 2011-10-
25. (Archived by WebCite® at http://www.webcitation.org/62hT8Boq1) 
5 Banda, Pedro. Abengoa Solar HCPV Technologies and Projects. Universidade Federal de Santa Catarina. 
URL:http://www.lepten.ufsc.br/disciplinas/emc5489/workshop/pedro.pdf. Accessed: 2011-10-25. (Archived by 
WebCite® at http://www.webcitation.org/62hU1pNJP) 
6 Everphoton’s HCPV module reaches conversion efficiency over 32%. Solar Media Limited. Accessed: 2011-10-
25. (Archived by WebCite® at http://www.webcitation.org/62hTSv0gA) 
7 Solar Funding and M&A 2010 Report. Mercom Capital Group. Accessed: 2011-10-19. (Archived by WebCite® at 
http://www.webcitation.org/62Y9HYf2B) 
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plan was to create a center for R&D on CPV systems with a €20 million budget, which would 

firstly gain knowledge by issuing an international call for installing about 3 MW of concentrator 

pilot plants in the region. One of the objectives of this call was to promote the development of 

the CPV industry by pushing manufacturers from the prototyping phase into high-volume 

manufacturing. To achieve this, tenders had to offer plants of at least 300 kW and a minimum 

concentration of 200 suns. The ISFOC idea was firstly devised at the Instituto de Energía Solar 

of the Universidad Politécnica de Madrid (IES-UPM in the following) by Prof. Antonio Luque 

and Prof. Gabriel Sala by petition of the Government of Castile-La Mancha, and they were part 

of the Scientific Committee which launched it. The influence of IES-UPM continued as 

Prof. Sala is part of the Management Board of ISFOC, and many collaboration contracts and 

projects have been signed together for provide them with training and equipments on the 

measurement of concentrator systems. 

 

Figure 1. 1. SolFocus 1-MW CPV plant for the Victor Valley College in Victorville, 

California. It may be interesting to compare the area covered by the plant to the area that 

would be spanned by 245 homes like those in the photo, which is the number of homes 

that would consume the energy yield that the CPV plant is expected to generate. Photo 

credit: copyright of Google, 2011. 

Many of the current key players of the CPV industry have bid for the two calls issued: 

SolFocus, Concentrix, Guascor Fotón (which finally withdrew), Isofotón, Arima Eco, Solg3G 

(Abengoa) or Emcore. Probably the cumulated experience and the ramp up of the production 

obtained by the manufacturers through this call for tenders have largely influenced the 

subsequent expansion plans of some of them, especially SolFocus and Concentrix. ISFOC data is 

being used by the call tenders nowadays to provide the field performance data needed for due-

diligence reports. Moreover, the ISFOC call is part of the reason for the Spanish domination of 

the global installed capacity of CPV systems at least until 2010, accounting for 70% of the global 
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cumulated base of about 23 MW8. However, more than a half of the Spanish CPV capacity has 

been created outside the ISFOC initiative by Guascor Fotón alone (about 12 MW) to compete 

for the FiT with flat-plate plants.  

The utility-scale plants market emergence 

CPV plants are expected to grow steeply in the next few years, hand in hand with the market 

emergence of utility-scale projects in the USA and the introduction of the CPV-specific Italian 

feed-in-tariff (0.31 €/kWh for installations from 2 to 200 kWp). Maybe rather optimistically, the 

CPV Consortium expects that the newly installed capacity will reach 60 MW in 2011 and 

surpass 200 MW in 2012. The main push comes from regulated public electric utilities in the 

USA, which are signing Power Purchase Agreements (PPA) for tenths and hundreds of 

megawatts generated by the systems of the most renowned CPV companies, this is Soitec 

(Concentrix), Amonix and SolFocus (GTM-Research, 2011). A PPA is a contract signed 

between an electric utility and an Independent Power Producer (IPP), for which the utility is 

bound to buy all the electricity generated by the IPP during a given period of time (15-20 years 

typ.). This is a consequence of the Obama’s American Recovery and Reinvestment Act in 2009, 

which pursues the creation of the allegedly high-quality jobs linked to the renewable energy 

sector and by which the Department of Energy will spend $1000 million in renewable energy 

projects.  

Table 1. 1. Global CPV projects in development or construction under Power Purchase Agreements or feed-in-tariff already 

signed, as of May 2011 (GTM-Research, 2011) 

CPV Manufacturer Signed capacity (MWp) Main electricity purchaser 

Soitec (Concentrix) 180 San Diego Gas & Electric  

Amonix 110 
Xcel Energy, Southern 

California Edison, Tucson 
Electric Power 

SolFocus 34 San Diego Gas & Electric 
 

In fact, the large cluster of projects for the San Diego Gas and Electricity Company is 

linked to the creation of a 200 MW/year local manufacturing line of Concentrix modules9. 

Amonix has also created a manufacturing facility with a capacity of 100 MW/year in Nevada 

                                                           
8 Companiesandmarkets.com. Concentrated Photovoltaic (CPV) - Global Installation Size, Cost Analysis, Efficiencies 
and Competitive Analysis to 2020. Companiesandmarkets.com. Accessed: 2011-10-17. (Archived by WebCite® at 
http://www.webcitation.org/62V4uScSz) 
9 SDG&E signs new contracts with Soitec for 125 megawatts of solar power in San Diego. Soitec. Accessed: 2011-10-
19. (Archived by WebCite® at http://www.webcitation.org/62YBZBUjy) 
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through Recovery Act tax credits10. Table 1. 1 summarizes the global CPV projects in operation, 

under construction or in development (with PPA or FiT already signed), of which 96% of the 

total capacity is for the Concentrix/Amonix/SolFocus triad. The 289 MW projects under 

development are about 10 times the current installed capacity.  

What is somewhat surprising is that rather than vertically integrated projects of the 

manufacturer, the hundreds-of-megawatts plants are driven by third party IPPs like Cogentrix 

(Goldman Suchs group) or Tenaska which have preferred CPV to flat plate for the generation 

technology of their plants. This probably has to do not only with the green-jobs promise, but 

with the other main theoretical advantage of CPV against flat plate: a lower levelized cost of 

electricity for locations with a high fraction of direct normal insolation (Nishikawa, 2008), 

which counterbalances its higher €/Wp cost.  

 

Figure 1. 2. Locations of CPV companies in North America and Europe (green dots; the larger ones represent clusters of 5 

companies) on a color-scale map of the yearly sum of direct normal irradiation (22-year average from the NASA Surface 

meteorology and Solar Energy 6.0 dataset, as prepared by DLR – German Aerospace Agency). More than a half of the high-

concentration CPV companies and most of the CPV plants are located either in southwest USA or in southern Europe. Source: 

prepared by the author on the basis of data from NREL (Kurtz, 2011) on DNI map with copyright from DLR 2008 (Trieb, 

2009). 

This fact explains why most of the current plants have been set up on very dry and 

sunny regions like southwest USA (California, Nevada and Arizona) or southern Spain 

(Andalusia, Castile-La Mancha, Extremadura and Murcia). Nevertheless, due to the low volume 

of the current production, the actual price of CPV is yet to be known and estimations suffer 

from a great uncertainty, but a high cost reduction is expected for a production of hundreds of 

megawatts (Swanson, 2000). Not surprisingly, the map of the sites of CPV companies follows a 

similar geographical trend, partly because the initial prototype research is obviously facilitated 

by a dry, sunny climate.  

                                                           
10 Rob Wyse. Amonix signs lease for CPV solar manufacturing facility in North Las Vegas, turning Recovery Act 
manufacturing tax credits into 278 green jobs. Amonix. Accessed: 2011-10-20. (Archived by WebCite® at 
http://www.webcitation.org/62ZatMPj4) 
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1.1.2. WEAKNESSES AND THREATS TO CPV 

Despite this positive growth, there are many concerns linked to the CPV technology. The great 

accuracy required for the sun tracking is the Achilles heel of high-concentration CPV, and a 

great fraction of the system cost derives from the production and maintenance of robust 

tracking. However, probably the greatest concern of project funders about CPV systems is the 

fact that long term reliability has not been proven yet, not even for their constituent elements 

and materials, under the very harsh conditions of concentrated light and outdoor operation: 

high heat flux, UV light, thermal cycling, moisture... This is an obstacle for the bankability of 

large CPV plants, as there is a strong perceived technology risk, which the small installed 

capacity does not help to eliminate. The falling cost of the competing flat-plate PV complicates 

the access to private investment even more.  

 Favorable Harmful 

In
te

rn
al

 

Strengths Weaknesses 
• Reported 30% module efficiency 
• Many CPV cell providers with eff. >40% 
• Already in production phase 
• Several pilot MW plants installed 
• Widely used materials (steel, glass, 

aluminum, plastics) 
• High energy yield (kWh/kWp) for high 

DNI locations 
• Low Levelized Cost of Electricity (high 

DNI locations) 
• Lower initial Capital Expenditure than 

flat plate 
• Smaller area per MW than flat plate 
• Possible dual land use / low 

environmental impact 

• Need of high accuracy tracking 
• Higher cost per Wp 
• Low production and installed capacity 

relatively to flat plate 
• Long-term reliability not proven 
• Few years of field performance data 
• Lack of strong and diverse component 

supply chains 
• Lack of standardization regarding 

power rating or system acceptance 
criteria 

• Poorly developed instrumentation 

Ex
te

rn
al

 

Opportunities Threats 
• Market emergence of utiliy-scale 

projects 
• Flat plate with lead times 
• Specific political incentives: CPV FiT, 

ISFOC, regulated utilities’ PPAs… 
• Perceived as a distinctive technology 

(chosen by universities, colleges…) 
• Green/local jobs creation policies 

• Perceived technology risk 
• Falling costs of flat plate 
• Perceived high cost 
• Bankability (due-diligence how-to) 

Figure 1. 3. SWOT diagram for the CPV technology, as compared to flat-plate PV. 

Another weakness of CPV is linked to the poor knowledge of performance metrics for 

these systems and the insufficient testing methods and equipments that are available for their 

characterization, which slows down the development and optimization of the prototypes; 

particularly, the lack of suitable indoor lab instrumentation, which places manufacturers in 
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hands of solar availability. This may keep manufacturers unaware of the real performance of 

their systems with intensity, misalignments, spectrum... until the systems are costly tested in the 

field.  

The lack of CPV-specific international standardization regarding power rating and 

acceptance criteria makes things worse. Of course, some of the methods and procedures 

contained in the existing flat-plate norms might be applied to CPV systems, but the specific and 

fundamental differences of the latter require either the adaptation or the creation of a wide set of 

new characterization methods. Nevertheless, international standards for CPV rating are being 

currently prepared under the auspices of the International Electrotechnical Commission by the 

Working Group 7, in which the Instruments and Systems Integration (ISI) group at IES-UPM is 

involved.  

All in all, the global cumulated installed capacity is expected to grow to 1GW in 2015 

according to some analysts (GTM-Research, 2011), and that figure involves a very large number 

of modules that have to be tested and sorted before its deployment in the field.  

1.2. FRAMEWORK AND AIMS OF THIS RESEARCH 

As we have said, characterization tools are essential for CPV manufacturers from the 

development of the initial prototypes to the in-line quality control at the manufacturing line. 

When a CPV design is prototyped, there is a myriad of optical and electrical reasons for which 

the device will probably underperform. Then quick and repeatable characterization methods 

will help to identify them and give feedback to optimize the design in time. Besides the 

performance under ideal conditions, a thorough characterization of the system as a function of 

irradiance, temperature, misalignments or spectrum will help to predict in-sun behavior. Also, 

the final commercialization stage will require a sorting tool for the quality control of every single 

module at the production line. For instance, the expected 200 MW/year production of Soitec 

modules in the San Diego plant will require that one module is measured approximately every 

15 seconds (assuming 100 W modules and a 24/7 measurement basis), which is quite non-viable 

if one relies on outdoor measurements. The lack of appropriate indoor characterization tools for 

CPV devices has undoubtedly been a barrier at the prototyping stage for most manufacturers, 

and it would be even more so for scaling production. For this reason, the development of CPV-

specific instrumentation may be considered as a fourth main research line, following the three 

obvious study lines of cells, optics and system integration. 
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From its origins as a separate research program, it is to this issue that the ISI group at 

IES-UPM is devoted to. The main objectives of this program are the development of 

instruments and methods for the characterization of concentrator systems and their constituent 

elements, both indoors and in the sun, and the design and integration of new CPV concepts. 

The kick-start of the group activity was the development of a reflective parabolic trough with a 

14% conversion efficiency (the EUCLIDES concentrator) and the subsequent design and 

installation of a demonstration plant of 480 kWp in Tenerife (Spain), the largest CPV plant until 

that moment. From 2000 through 2003, the ISI group led the European project C-RATING for 

the definition of standard methods for testing and rating CPV systems, as well as for the 

definition of acceptance specifications. The results were published in a collection of 7 books 

which are publicly available11 and helped put instrumentation on the CPV research agenda, but 

the conclusions did not considered yet the problem of indoor module testing. Nevertheless, the 

instrumentation methods and equipments developed by the ISI group within the framework of 

both the EUCLIDES and C-RATING projects, which were essentially contributed by the pre-

doctoral work by Dr. Ignacio Antón, constitute the foundations and a sine qua non of this 

research. Notably the “Flash IV-100” equipment for the multi-flash characterization of 

concentrator receivers was the reference instrument for the design of a solar simulator for CPV 

modules. 

The C-RATING was followed by a much more ambitious project within the sixth 

Framework Programme of the European Union, called “A new PV wave making more efficient 

use of the solar spectrum – FULLSPECTRUM” (Luque, 2005). The 5-year project brought 

together frontline research centers and universities throughout Europe with the aims of creating 

or bringing closer to commercialization advanced PV concepts that made better exploitation of 

the solar spectrum than conventional single-bandgap solar cells. Two of the main work packages 

were related specifically to CPV, through the research on III-V multijunction cells, concentrator 

optics, manufacturing technologies and methods for their qualification and instrumentation. 

The latter inherited some of the instrumentation issues opened by the C-RATING project and 

introduced others, like the development of indoor characterization methods for assessing the 

optical quality of the very-compact high-concentration optics which were being developed at 

that moment. 

At that time, the few CPV manufacturers that were devising their automated production 

lines had already realized the need of a solar simulator for the quality control of finished 

modules, but such a tool was not available in the market. Conventional solar simulators for flat 

                                                           
11 They can be found at the URL http://www.ies-def.upm.es/ies/Crating/Documents.htm 
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plate PV are not necessarily valid for CPV due to the specific requirements imposed by 

concentrator optics and multijunction cell receivers: an angular size of the light that resembles 

that of the sun, and a spectral balance such that it produces the same current ratios between the 

subcells of the MJ cell as the reference spectrum.  The lack of commercial equipments was partly 

due to the weak CPV market, but also to the variety of technical challenges to be solved. To our 

knowledge, the Ioffe Institute in San Petersburg was at that moment the only to inform about an 

optical system able to collimate light with the purpose of measuring concentrator lens-cell 

assemblies (Shvarts, 2005). However, certain technical issues might have appeared, as further 

public demonstration, spread or commercialization of such equipment has never taken place. 

Partly following this need, the FULLSPECTRUM project included specific tasks for the 

development of a solar simulator for concentrator modules, in partnership with Isofotón, a 

Spanish PV company that was part of the project consortium and that was developing a very 

innovative CPV module at that time based on the TIR-R optics (Álvarez, 2001). The ISI group at 

IES-UPM led the work on instrumentation and began the development of the solar simulator 

within the framework of this project, which was the main purpose of this thesis. A number of 

other issues covered by the project have contributed to the results of this thesis, especially the 

development of indoor optical characterization methods for concentrator optics: definition and 

measurement of optical efficiency, angular and spectral sensitivities, or spatial distribution of the 

irradiance at the optical output. 

Therefore the overall purpose of this thesis was to go more deeply into the electrical and 

optical characterization of high-concentration PV systems indoors. The design, prototyping and 

demonstration of a solar simulator for CPV modules was the primary aim, as it will ultimately 

constitute the cornerstone instrument for the indoor characterization methods developed. 

However, the development of the solar simulator will require the preparation of new tools and 

methods for the assessment of its quality and validity, and this constitutes a parallel topic of this 

research.   

To summarize, the thesis presented in the following chapters tries to answer basically 

the following questions: 

• Can CPV modules be meaningfully measured indoors? 

• How can a solar simulator for CPV modules be manufactured at reasonable cost and 

lead time? 

• How can the validity of the simulator and its components be demonstrated? 

• How can the module measurements carried out in the simulator be compared to 

others taken outdoors or in other simulators? 
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• Which are the most relevant methods and figures of merit for evaluating the 

performance of high-concentration optics? 

1.3. OUTLINE OF THE THESIS STRUCTURE 

After this chapter of general introduction to the context and significance of the research carried 

out, the thesis is divided into four technical chapters. 

Chapter 2 describes the concept devised by the ISI group at IES-UPM for a solar 

simulator able to measure CPV modules. In order to properly understand the design principles 

and technical challenges involved, the chapter introduces the fundamentals of concentrator 

photovoltaics (optics, cells and modules) relevant to this topic. Also, an overview of other 

reported CPV solar simulator concepts is given for comparison and a proper assessment of the 

originality of the IES-UPM simulator. The chapter also describes the prototypes manufactured 

and the results of their characterization.  

Then Chapter 3 is devoted to the evaluation of the light produced by the simulator. The 

development of suitable and significant methods for measuring the spectrum, spatial uniformity 

and angular size of pulsed light sources was a primary research target. Special consideration has 

been given to the measurement and adjustment of the spectrum of a flash lamp in order to 

achieve enough resemblance to the reference solar spectrum (particularly when multijunction 

cells are concerned).  The results of the characterization of the illumination system of the solar 

simulator developed are presented and discussed. 

What to measure from a CPV module and how to measure it with the solar simulator 

are the subjects of study of Chapter 4. Firstly, the chapter describes the irradiance and spectrum 

sensors that we consider that best assure that some standard testing conditions are met. As MJ 

cells are most sensitive to the spectral balance of the light, a procedure for estimating the 

current-mismatch between their subcells is described and applied to a particular concentrator 

for showing its usefulness.  

Then, methods and precautions for a thorough characterization of CPV module 

performance under some Standard Test Conditions are described. However, one may want to 

convert a STC measurement into a range of different real sun conditions in order to estimate the 

device energy yield throughout a particular time period. For this purpose, a simple diode model 

for MJ cells is introduced in which the temperature, light intensity and spectrum dependences 
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are explicitly included. Afterwards a methodology is presented for assessing the validity of solar 

simulator measurements by studying the similarity between indoor and outdoor measurements. 

Chapter 5 collects the indoor methods developed for the characterization of high-

concentration optics. The results from their application to a particular compact two-stage 

concentrator are presented and discussed.  

The chapter of conclusions summarizes the main original contributions of this work 

and a review of the goals achieved directly or enabled by this thesis. Also, the lines for future 

work that remain open or which in some way are a natural follow-up to this research are 

presented. A summary of the author’s contributions to journal articles, international congresses 

and other relevant academic merits resulting from this work is given at the end, as well as a 

description of the intellectual property generated that has been transferred to the industry for 

commercial exploitation. 
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Chapter 2. DEVELOPMENT OF A SOLAR 

SIMULATOR FOR CPV MODULES 

2.1. FUNDAMENTALS OF CONCENTRATOR PHOTOVOLTAICS 

2.1.1. HIGH-EFFICIENCY SOLAR CELLS 

A solar cell is a device that generates electrical power when it is illuminated. Typically it consists 

of a semiconductor material with electrons that can be excited from a ground energy state into a 

conduction band by the action of photons. The energy between those bands is the 

semiconductor band gap (EG). When one or more selective regions (e.g. a p-n junction diode) 

are present in the structure, the electrons promoted to the conduction band will follow a 

preferred direction and will create an electrical current through the contacts towards an external 

load (over a particular voltage). 

The current-voltage characteristic of the solar cell is deduced from the diffusion 

equations of the diode. As a circuit, the solar cell is modeled by a current generator whose 

magnitude depends directly on the illumination, in parallel with a diode that represents the 

recombination current with opposite direction; and then a resistor in series. The recombination 

current increases with operating voltage, thus lowering the overall current. The voltage losses 

due the series resistance increase with direct current. This tradeoff fixes an optimum point for 
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which the current-voltage product is maximum (known as maximum power point). The main 

figures of merit of a solar cell are the current when the voltage is zero (short-circuit current ISC), 

the voltage when no current flows (open-circuit voltage VOC), and the power at the maximum 

power point (i.e. PMPP; FF is deduced from this as the ratio of the PMPP to the product of ISC and 

VOC). All these figures are given for a very particular set of working conditions (standard 

illumination, i.e. particular irradiance level, spectrum and uniformity of the light, and standard 

temperature). 

The ratio of the current of electrons ISC to the power of incident photons at a particular 

wavelength gives the spectral response at that wavelength. The optimum spectral response is 

found for photons with energy hν equals to EG. As the photon energy is increased, electrons are 

pumped with an excess of energy that lost as heat, so the spectral response lowers as the photon 

energy increases. Besides, no spectral response is found for photons with energy below EG. These 

two effects put a limit to the maximum electrical efficiency achievable under the solar spectrum 

by solar cells with a single band gap (42.6% for optimum concentration (Martí, 1996)). 

Therefore if a device with a large number of different band gaps could be devised where every 

photon pumps electrons to a conduction band with EG close to its energy hν, this theoretical 

maximum efficiency would be largely increased (85% at maximum concentration for an infinite 

number of gaps (Martí, 1996)). The architectural challenge arises to build such a device that is 

able to absorb photons selectively at the band gap that is tuned to them, and to keep adequate 

current-voltage properties. 

 

 

Figure 2. 1. In a monolithic triple-junction cell, every subcell harnesses power from a different region of the solar spectrum. 

The so-called monolithic multi-junction (MJ) cell is to date the best technological 

approach to that concept, as it has achieved the highest efficiencies registered under reference 

solar spectrum (Guter, 2009; King, 2009; Wojtczuk, 2010 ; Green, 2011); the Californian 
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company Solar Junction holds the world record of conversion efficiency, which is 43.5% for a 

solar cell with 3 junctions under a flux of sunlight concentrated 400 times12. In this approach, 

the light is passed to a stack of different semiconductor materials with different band gaps (and 

one junction per active band gap) that are grown as a single substrate. The band gaps are 

arranged from highest to lowest EG along the light path, so as to absorb the photons with higher 

energies at the higher band gaps, and let those with energies below a band gap pass to a lower 

band gap junction.  

There are two main approaches to the very-high efficiency design of a MJ cell, both 

based on high-quality crystalline III-V semiconductor materials. First, lattice-matched designs 

grow junctions of semiconductor materials with similar lattice constants so as to make the 

hetero-epitaxial growth simpler. Second, metamorphic cells allow the use of more diverse lattice 

constants with the aim of better optimizing band gap energies for the solar spectrum, at the cost 

of more complicated growth processes and presumably less stable devices. 

The device presents only two-terminals due to the monolithic growth and the junctions 

are internally connected to hold the same the current path, i.e. they are series-connected, so the 

overall current is set by the least-generating junction. An excess of photo-generated current in 

one of the junctions will be lost as heat. Therefore, their electrical efficiency is constrained by a 

good correspondence between the currents of every junction (current-matching), which in turn 

depends on the junctions design and the light spectrum considered. The photogenerated current 

density at every junction JSC,i is calculated through the product of the spectral response 

SRi(λ)[A/W] by the incident light spectrum E(λ)[W/m2]: 

  ∫=− λdλEλSRJ ijunctioniSC )()(,  (1)  

The spectral response of the junctions can be adjusted by tuning the material band gaps 

and the thickness of the absorbing layers. In terrestrial applications, the junctions are typically 

designed to be current-matched under the reference spectrum AM1.5D (defined in the norm 

ASTM G173-03), which is a representative spectral distribution of the light coming from the 

solar disc at noon in a clear spring day of a dry rural area. Of course, the solar spectral 

distribution changes throughout the day and the year, and from a location to another, and so 

does the electrical efficiency of multi-junction cells. The large influence of the spectrum on the 

efficiency of MJ cells has been theoretically estimated (Nishioka, 2006; Kinsey, 2009) and 

experimentally measured (McMahon, 2008; Peharz, 2009). 

                                                           
12 Olson, Syanne. NREL confirms world-record 43.5% efficiency on Solar Junction’s CPV cell. PV-Tech. 
URL:http://www.pv-tech.org/news/nrel_confirms_world_record_43.5_efficiency_on_solar_junctions_cpv_cell. 
Accessed: 2011-05-26. (Archived by WebCite® at http://www.webcitation.org/5yxyJjyPx) 



Chapter 2 

 

16 

It is important to note that there is a strong dependence of the MJ cell efficiency on the 

irradiance (i.e. concentration level, defined as the ratio of the cell current to the current under 

reference one-sun conditions). Due to the high quality of present III-V MJ devices, linearity of 

the short-circuit current with the irradiance level is typically assumed (Emery, 2000). On the 

other hand, the open-circuit voltage increases logarithmically with photocurrent, and hence 

with light intensity. This means that the efficiency fundamentally grows with irradiance. 

However, this trend is limited by the rise of series-resistance losses, which grow with the square 

of the current (I2R factor). Fortunately, because of the spectral response split into different 

junctions, the overall current density of MJ cells is much lower than in single-junction devices, 

so the ohmic losses are highly reduced. This trade-off yields the concentration level at which the 

optimum efficiency is found. This optimum concentration is in the range of several hundred 

suns for the state-of-the-art terrestrial MJ cells (King, 2007). 

The open-circuit voltage of III-V MJ cells lowers as the temperature is increased, but to 

a lesser extent than in silicon devices (King, 1997; Cotal, 2006). This sensitivity is reduced as the 

concentration level raises (Cotal, 2006). The dependence of the short-circuit current on 

temperature varies with the light spectrum applied (as it comes from the shift of the spectral 

response) but it is positive in general. Measurements in the literature (Aiken, 2002; Cotal, 2006; 

Nishioka, 2006) suggest higher values for triple-junction devices than those for crystalline 

silicone devices (King, 1997). However, it has not been adequately assessed the variation of this 

sensitivity with concentration level, as both a rise (Nishioka, 2006) and a drop (Cotal, 2006) 

have been reported from one-sun to hundreds of suns, maybe due to the high difficulty of 

varying the concentration level without affecting the spectrum. 

2.1.2. CONCENTRATOR OPTICS 

There are two main motivations for concentrating sunlight over a solar cell: first, to 

reduce the area of solar cell needed to collect the light and, second, to increase the conversion 

efficiency of the solar cell (Bett, 2006). Both reasons seek the same objective: to reduce the cost 

of the PV system in terms of euro per one nominal kilowatt (€/kWp), or ultimately, to reduce 

the cost of the electrical energy generated in terms of €/kWh (usually measured as a Levelized 

Cost of Electricity LCOE in order to include all the costs throughout the system life-cycle) for 

utility-scale power plants (Swanson, 2000; Nishikawa, 2008). In high-concentration systems, an 

arrangement of optical elements (lenses, mirrors, etc.) concentrates the light striking a given 

area onto a solar cell that is hundreds of times smaller. The ratio of the collection area of the 

concentrator to the area of the receiver cell is referred to as geometrical concentration. The 
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replacement of very expensive cell material for the supposedly much cheaper optical materials 

would in principle reduce the module cost. Furthermore, concentration would enable the usage 

of the highly efficient but expensive MJ cells, which in turn perform better under concentrated 

sunlight. 

Limited angular acceptance 

The main weakness of concentration comes from the indispensability of precise tracking 

of the sunlight beam. The fundamental theorem governing optical concentration is that of the 

conservation of étendue, which states that the product of the area of a bundle of light rays times 

its solid angle cannot decrease through an optical system. This is to say, if the area has to be 

reduced at the output (concentrated light), the angular extension will be increased. The 

relationship for three-dimensional concentrators can be stated as in Eq. (2): 

 )(sin)(sin 2222 βnAαnA outoutinin ⋅⋅≤⋅⋅  (2)  

where Ain and Aout are the areas of the input and output surfaces of the concentrator, 

respectively,  α is the angular extent of the input light beam, and β is the angular size of the light 

at the output. This relationship puts a limit to the maximum concentration achievable by a 

concentrator (Eq.(3)), or conversely, establishes a maximum angular acceptance for a given 

concentration level (Eq. (4)). This theorem can be directly derived from the second law of 

thermodynamics, so any concentrator concept claiming to surpass these limits is actually losing 

light. 

 
max22

22

)(sin
)(sin C

αn
βn

A
AC

in

out

out

in =
⋅
⋅

≤=  (3)  

 
max)sin(1arcsin αβ

n
n

C
α

in

out =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
≤  (4)  

The maximum ideal concentration under the Sun (in a rough approximation, we will 

assume that the Sun shows uniform radiance throughout a field of view of α = ±0.29º) is found 

when ray angles up to β = 90º are accepted by the receiver, and it has a value of 90,000 for 

receivers immersed in a glass optic (refractive index about 1.5). In practice, the transmission 

losses for rays so much tilted are too high at the output interface, increasing steeply typically 

above 70º (Victoria, 2010), so concentrators are designed to produce narrower angular beams at 

the output. The maximum angular acceptance achievable by an ideal 1000X high-concentration 

system casting ray angles up to 65º over the receiver is ±2.5º, about ten times the angular size of 

the sun. However, the most typical concentrator systems nowadays feature angular acceptances 
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in the range of ±1º, and many are close to half a degree (Victoria, 2009), which is rather close to 

the angular size of the sun. This demonstrates the high sensitivity of concentrator systems to the 

angular size and position (alignment) of the incident light source. The difference between the 

angular acceptance and the sun’s angular size give a figure for the accuracy required in CPV 

sun-tracking. 

 

Figure 2. 2. Basic diagram of a concentrator. 

Figures of merit of a concentrator 

The figure of merit for the quality of a concentrator is the optical efficiency. Although 

many definitions exist (see Chapter 5), it can be simply stated as the ratio of the light power at 

the concentrator output (receiver cell) to the light power at its input. This quantity is dependent 

on the angular and spectral properties of the light: the optical path of a light ray varies with 

wavelength in refractive (chromatic aberration) and diffractive optics, and with the angle of 

incidence for any kind of optics. The transmission losses vary as well with wavelength as the 

absorption and reflectance of most materials are not spectrally flat.  

The optical efficiency given as a function of the wavelength is called spectral 

transmittance, which depends on the angular size of the light source. This curve will not be flat 

in general, so a change in the light spectrum will affect differently the response of each CPV 

system. Besides, the current-matching obtained for a bare MJ cell under the reference spectrum 

will be in general skewed by the concentrator optics. This effect could be counterbalanced either 
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by a redesign of the junctions’ currents, or by adjustment of the concentrator optics to benefit 

the limiting subcell (redesign of the optical surfaces, adjustment of the focal distance, or 

selection of alternative optical materials). 

Another important feature of a concentrator is the homogeneity of the light profile it 

produces on the solar cell surface. If the concentrator is not designed with specific uniformity 

prescriptions, the average concentration level can be several times exceeded at some locations of 

the cell, introducing a local overload of current density. This excess may cause efficiency losses 

due to an increase of effective series-resistance, or might affect cell reliability due to thermal 

issues or limitations of the tunnel junction. If the optics are refractive, some amount of 

chromatic aberration appears as well, which yields a different spectral distribution on every 

point of the cell surface (this is to say, a spatial variation of the current-matching in MJ cells). 

This introduces new current-limitation issues difficult to assess (Kurtz, 1996; García, 2008). The 

spatial distribution of both the intensity profile and the spectral distribution are also dependent 

on the properties of the light source. 

These figures of merit are sensitive to temperature mainly because the refractive index 

of lenses varies with temperature and because of the deformations induced by thermal 

dilatations in the optics. The coefficients of thermal expansion (CTE) are different from one 

material to another so, depending on the mechanical assembly of the concentrator, there are 

resultant compressions and elongations that deform the optical surfaces of the lenses and 

modify the optical performance (Schult, 2008). Regarding the refractive index, its dependence 

on temperature is in turn a function of the wavelength, so chromatic dispersion changes with 

temperature, too. 

2.1.3. HIGH-CONCENTRATION PV MODULES 

A concentrator PV system can be described at many levels depending on the integration stage 

that is considered. The fundamental unit of a CPV system is the minimum assembly of optics 

over a single solar cell that defines the concentrator architecture, which usually cannot be 

electrically accessed individually. In point-focus systems, an array of these elementary units is 

usually arranged over a mechanical structure confined by an environmental housing, forming a 

module. A CPV module can usually be electrically accessed individually, but it cannot work 

properly on its own as it lacks the ability to track the sun. Then a concentrator PV system is a 

collection of PV modules mounted on a single tracking structure that are connected together to 

the load with the necessary interconnection and conditioning systems to deliver electrical 
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power. The standard nomenclature for CPV systems and their constituent elements is 

established in the international norm IEC 62108. 

As in conventional flat PV systems, CPV manufacturers perform measurements and 

quality controls of their devices from the cell up to the module level. However, the quality of all 

the individual components does not ensure a good module, as the assembly process can 

introduce failures. Thus, the measurement of a CPV module is considered an unavoidable step 

to detect a bad device and to prevent its costly installation on the field. The object of the solar 

simulator presented in this chapter is the module element of a CPV system. 

Types of high-concentration PV modules 

In order to take advantage of the highest efficient MJ cells most CPV modules nowadays are 

based on the same concentrator architecture: a points-focus design with one or two optical 

stages that concentrate the light hundreds of times over the cell. The mission of the primary is to 

concentrate the light as much as possible in a cost-effective way as it extends to the whole 

aperture area of the module. The secondary element is designed with a variety of purposes in 

mind: to augment the concentration level, to improve the angular acceptance and spatial 

tolerances, or to homogenize the light over the solar cell.  

 
(a)                 (b)  

Figure 2. 3. The two main optical architectures used in high-concentration modules: (a) refractive (Fresnel lens plus receiver 

with secondary lens) and (b) reflective (Cassegrain mirrors plus receiver). 

The vast majority of the CPV systems employ a Fresnel lens as a primary element, which 

an increasing number of manufacturers are offering as readily available and customizable 

components. They are typically made of plastic (PMMA) or silicon-on-glass (SOG). Reliability, 

optical efficiency and price are the main decision factors for choosing one or another. Plastic 

lenses are supposed to be cheaper, but long-term reliability is a concern mainly due to UV 
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ageing, whitening and scratching. Current SOG parquets offer better optical efficiencies, but at 

the cost of a higher thermal sensitivity, particularly due to the variation of the effective focal 

distance with temperature. Alternatively, a primary reflective stage can be used, typically split 

into two complementary mirrors in order to reduce module thickness and keep the receiver at 

the back plane for easier heat sinking. The classical Cassegrain configuration uses a primary 

parabolic mirror and a secondary hyperbolic mirror, which is employed by Solfocus.   

The mechanical integration of the secondary optic and the solar cell on an individual 

substrate is referred to as receiver. The overall efficiency is highly dependent on the position of 

this receiver with respect to the primary. Therefore the primary-receiver distance is carefully 

adjusted at the prototyping stage and defines the positioning tolerance for the manufacturing 

line. The electrical interconnections between the receivers of the array are designed to 

compensate possible power mismatches between them (increasing parallels) and to avoid large 

currents (reducing parallels), as the series-resistance losses go with the square of the current.  

The housing of the module serves to a variety of purposes: it is a mount for the optical 

pieces, confers mechanical stiffness, protects the active elements from the environment and 

provides cooling to the solar cells and means for mechanical fixing to the sun-tracker structure.  

       
(a)             (b)      

Figure 2. 4. The two most representative module architectures for high-concentration modules nowadays, corresponding 

respectively to reflective (a) and refractive (b) primary optics. Credit: Solfocus (left) and ES Systems (right). 

One can classify concentrator modules according to a variety of characteristics: 

• Optical architecture. Many features can be used for the classification: number of stages; 

reflective or refractive; point-focus or linear. The optical architecture is typically defined a 

priori and substantially determines the decision-making for the rest of the system features, 
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as the creation of most CPV companies is motivated by a particular optical concept. The 

motivation is moving to the manufacturability of the system though.  

• Type of solar cell (lattice-matched or metamorphic III-V multi-junction, or silicon). It 

mainly determines price, efficiency and spectral sensitivity. 

• Size of the receiver. For a given concentration level, it determines the size of the primary 

lens and the number of elements in an array for a given size. It also determines the thermal 

management scheme to be used to keep the cells cool enough. In high-concentration 

systems, very small cells (1-3 mm) may not need a heat sink other than the module structure 

itself, medium cells (5 mm to a few centimetres) do need a dedicated heat sink, and large 

receivers (dozens of centimetres to metres) require an active cooling system.  

• Concentration level. It is defined typically by the geometrical concentration ratio and 

typically determines whether a secondary optical element is needed or not. 

 

CPV module performance 

The main figure of merit of a CPV module is its electrical efficiency, i.e. the magnitude of the 

maximum electrical power it provides divided by the light power incident on its aperture area. 

As it was exposed above, this efficiency actually varies with the characteristics of the light power, 

the pointing of the concentrator lenses or the operating temperature of its components, and 

hence this electrical efficiency gives information only if some particular conditions for the 

measurement are assured (referred to as Standard Test Conditions – STC, or Standard Reporting 

Conditions – SRC).  

The electrical efficiency is derived from the I-V characteristic, which gives the main 

electrical parameters of the CPV module: ISC, VOC and PMPP (through VMPP and IMPP). The 

variation of PMPP (or sometimes ISC) as a function of the misalignment angle between the light 

beam and the concentrator normal is called angular transmission curve (or angular 

transmittance). This is the main feature describing its angular tolerance. The angle for which the 

angular transmission falls to 90% of its maximum is called the acceptance angle of the 

concentrator (±AA in Figure 2. 5). 

As the ambient and operating conditions of a concentrator are constantly changing, a 

thorough description of the quality of a CPV module has to involve its dependence on these 

conditions: lens and cell temperature, angular size of the sun, alignment to direct light, 

circumsolar radiation, light spectrum and light intensity are the most important driving factors 

for making the concentrator deviate from its nominal performance. A good knowledge of these 
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sensitivities is required for estimating the power output of a concentrator under any working 

conditions or, ultimately, its energy output throughout a particular time-span.  

 

Figure 2. 5. Sample power transmission curve of a CPV module compared to a generic angular distribution of the sun. 

Alternatively, a variety of module ratings are based on the energy generated (power 

integrated over time), which already accommodate the variability of the irradiance, spectral and 

ambient conditions with time, season or site. Derived from the knowledge of both the energy 

and power ratings, the ratio of annual energy to nominal peak power (given as kWh/kWp) is a 

rating indicator typically presented to compare the performance between different technologies, 

or between systems of the same technology installed in different sites. It can be seen as the 

number of hours per year that the system has been delivering the nominal power. The 

Performance Ratio is obtained through dividing that number by the number of hours of sun in a 

year (if the whole irradiation had fallen with nominal irradiance), so the magnitude is more 

independent of the location. 

2.2. INTRODUCTION TO SOLAR SIMULATORS 

The purpose of a solar simulator is to force the device under test to produce the same 

performance as it would in real at predefined reference conditions and then allow the 

measurement of said performance. Two main approaches can be followed to build such a 

system. The ideal way would be to construct a light source that exactly reproduces the 

characteristics of the “reference” sun: a standard irradiance with less than ±1% spatial and 

temporal variation over the whole prescribed area, a standard spectrum such that produces ±1% 

spectral mismatch between reference and test cell and an angular distribution similar to the 

reference solar disc. However, such a system might be prohibitively complicated and expensive 
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to fabricate. In contrast, the practical approach tries to build a light source relatively similar to 

the sun such that makes the PV device generate the same current as under reference conditions; 

therefore reference conditions are verified by the effect they produce on a light sensor that has 

the same sensitivities as the device under test to irradiance, spectrum, temperature and angular 

size of the radiation. Thus, such a reference sensor accommodates the non-idealities of the light 

source. Only a PV device of the same type can fulfill these requirements of similarity (same 

spectral response, same angular transmittance and same thermal coefficients). Any mismatches 

between the responses of the reference sensor and the test specimen might require the 

application of further correction factors (such as the four-integral spectral mismatch correction 

factor M). For instance, the use of an amorphous silicon solar cell as a reference sensor for 

testing crystalline silicon cells can lead to errors around 10% even for the top-class simulators 

(Emery, 1988). 

The main applications of a solar simulator can be summarized into the four groups 

listed below, which demand different quality standards from the simulator. 

• General characterization of a device for the prediction of in-sun performance. 

• The rating of a device for comparison with other technologies. 

• The comparison between a series of devices of the same technology for sorting purposes, e.g. 

classification of modules out of a production line. 

• Qualification, i.e. to compare the performance of a device before and after some ageing or 

reliability tests. 

The quality requirements to the solar simulator depend on the objective of the 

measurements. Sorting or qualifying devices might only require the measurement conditions to 

be very repeatable, but not to resemble accurately those of the real sun, while module rating for 

intercomparison of technologies requires an accurate measurement with respect to some well 

defined reference conditions. 

Illumination systems 

The illumination system of a solar simulator typically comprises an optical assembly of 

one or more light bulbs and other optical elements that guide, collimate, mix or homogenize the 

light sources to create the prescribed light beam over a particular plane and area. Gas discharge 

lamps achieve the highest radiances, especially if they are pulsed. Flash lamps filled with noble 

gases can be triggered to conduct very large current densities for a short time, producing 

radiances that resemble blackbody radiation with an equivalent temperature even larger than 
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that of the sun (i.e. higher than 5800 K). Xenon-filled flash lamps produce the best similarity 

with solar white light. The maximum intensity of flash lamps can be controlled varying the 

discharge voltage, which determines the maximum current density. Continuous Xe-arc lamps 

are also used, but produce very large spectral emission lines that have to be carefully filtered. 

Moreover, their spectrum shows a red-shift with ageing, i.e. the proportion of power in the 

longer wavelengths increases with bulb use (Emery, 1986). Their intensity can be controlled 

through the current load. As a rule of thumb, for the same irradiance level and illuminated area, 

a continuous illumination system requires much more complexity and provides poorer spatial 

uniformity of the light. 

Alternatively, tungsten halogen lamp arrays are also used, but they cannot provide the 

solar spectrum alone as they feature a low color temperature (around 3000 K). Infrared light-

rejecting filters (dichroic filters, or “hot mirrors”) are used to improve the similarity with the 

solar spectrum. Thus, they are frequently used as complementary lights for multi-source solar 

simulators, in order to precisely adjust the combined spectrum or even perform spectral sweeps 

useful for the characterization of multi-junction devices (Adelhelm, 1998). However, the 

spectrum of tungsten lamps alone may be good enough for rough PV testing with low-grade 

simulators. Their intensity, as well as the spectral distribution, depends on the load current. 

Whether a simulator light is acceptable or not depends on the level of accuracy required 

for the measurement or on the objective of the testing. Main uncertainties in the indoor 

measurement of PV devices arise from the differences between artificial light sources and the 

“reference sun”. A calibration laboratory requires the highest possible quality, while poor 

simulators may be acceptable for sorting tests at the production line. An arrangement of several 

light sources, spectral filters and homogenizing lenses is usually required to create a continuous 

light beam with the necessary quality for a calibration laboratory (Emery, 2004). 

I-V measurements 

In order to measure the I-V characteristic of the PV device, solar simulators employ a variable 

load to make the device work at different working points across the I-V curve. Then the voltage 

and current across the device are measured for every working condition, simultaneously with 

the incident irradiance. If the linearity of the current with irradiance is known for the particular 

test device and reference sensor, corrections can be made to account for the variability of the 

irradiance between the measured points, translating all the current measurements to a single 

reference irradiance level. Voltage can also be corrected for light fluctuations if the effective 

ideality factor of the device is known, as the open-circuit voltage increases with the logarithm of 
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the photocurrent, but weighted by the ideality factor. The changes in the voltage losses due to 

the series resistance depend also on the photocurrent. 

The aforementioned dependence of PV devices on temperature is also taken into 

account. Algebraic methods like the one in the IEC 60891 standard use linear temperature 

coefficients to correct both current and voltage. Analytical modeling of the device (like in the 

lumped diode model) can also be used to extract translation equations for the voltage (Sala, 

1989). In order to carry out these corrections, the temperature of the device has to be measured. 

This is a quantity difficult to measure because a temperature probe can rarely be installed 

directly on the cell surface. Usually the back surface of the substrate is used for sensing it, but a 

gradient will exist between the cell and the probe. With concentrated light, this gradient can be 

very large even across the cell itself, with dozens of degrees ºC in the range of one centimeter 

(Mathur, 1984). The required uncertainty level in the performance of the device determines the 

accuracy required for the temperature measurement (this relationship can be extracted from the 

thermal coefficient of the maximum power point).  

There are many different measurement schemes that can be used to produce the 

required sweep of voltage and current across the device. The particular scheme used may be 

determined by the type of illumination used, continuous or pulsed, or by the electric 

characteristics of the test specimen. Resistive and capacitive loads are the simplest passive loads 

and are typically chosen for very high power systems or when custom measurement systems are 

required.  They cannot operate beyond the power quadrant of the I-V curve, though. Automatic 

“source meters” can actively bias the PV device to reverse or forward voltages, i.e. beyond the ISC 

and VOC, but usually the maximum current or power do not allow the measurement of large 

modules. Programmable bipolar power supplies allow the same measurement scheme, but 

equipments for much higher powers are commercially available. Capacitive loads and bipolar 

power supplies have also the advantage of very fast voltage sweeps, so they may be the only 

option for solar simulators with pulsed illumination. 

Solar simulators can be classified into 3 types according to the combination of 

illumination system and measurement scheme: continuous or steady-state simulators, 

single-pulse simulators and multi-flash simulators. Continuous and single-pulse simulators 

measure the whole I-V curve at one stroke, while multi-flash simulators measure only one I-V 

point per flash pulse. Single-pulse simulators require a light plateau while the voltage sweep is 

carried out in order to assure stable irradiance, so the energy of the pulse is much higher than in 

multi-flash testing. Moreover single-pulse measurements can be affected by transient-related 

artifacts due to the fast voltage sweep. These issues depend on the particular technology 
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measured, but they are especially important in high-efficiency silicon devices (King, 1988). 

Multi-flash and continuous simulators on the contrary can usually assume that the device is in 

electrical equilibrium. Continuous simulators are affected by thermal issues because they need 

accurate temperature sensing and active cooling of the test bed. This is especially a problem in 

concentrated light simulators due to the enormous heat flux that has to be removed from the 

receiver plate to maintain a particular temperature. Both continuous and single-pulse simulators 

require checking the temporal instability of the irradiance, or else correct the I-V curve 

proportionally. On the contrary, multi-flash measurements that are triggered by a reference 

sensor do not need any irradiance correction. 

Two major international standard organizations, ASTM International and the 

International Electrotechnical Commission, have defined standard procedures for calibrating or 

measuring the performance of PV devices outdoors and/or indoors (ASTM E948, E973, E1036, 

E1125, E1362, E2236 and E2527, the IEC 60904 series, IEC 60891 and IEC 61853).  

Norms and requirements for solar simulators 

International normative exists for classifying the quality of a solar simulator according to three 

characteristics: the spatial uniformity of the irradiance, the match to a reference spectral 

irradiance distribution and the temporal stability of the irradiance during a measurement (JIS, 

2005; IEC, 2007; ASTM, 2010). No specification is given nevertheless for the angular 

distribution of the light beam over the receiver. Although the solar simulator standards ASTM 

E927 and IEC 60904-9 do not specify a particular limitation to the technologies that are within 

their scope, the specifications are not sufficient to ensure that concentrator photovoltaic systems 

can be properly measured. On the contrary, the Japanese standard JIS C 8912 is explicitly 

limited to crystalline devices (implicitly referring to crystalline silicon cells). A summary of the 

specifications given in the IEC standard (highest international consensus) is given in Table 2. 1, 

which are very similar to those given in the other two standards. A letter is given for the class of 

every feature, being A the best class and C the minimum qualification; a simulator is then 

labeled as Class XYZ, using the letters for the three characteristics of the table from left to right. 

The similarity with the reference spectrum is measured through the percentage of the 

total irradiance which is found in different wavelength intervals (typically 100 nm wide). The 

reference percentages are calculated from the tabulated standard spectrum relevant to the PV 

device under test. The spectral match in Table 2. 1 is then calculated for every interval as the 

ratio of the simulator percentage to the reference percentage. The poorest spectral match defines 

the Class. Non-concentrating terrestrial PV devices are characterized against the reference 
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spectrum “AM1.5G”, i.e. reference spectrum of the global irradiance under an air mass of 1.5, 

which is defined in the standards ASTM G173-03(2008) or IEC 60904-3(2008). This reference 

spectrum is synthetically generated by means of the atmospheric modeling software SMARTS 

(Gueymard, 2002) assuming a representative set of atmospheric parameters. However, the 

reference percentages for comparison with the simulator spectrum defined in the standard 

specifications (ASTM, IEC or JIS) are tabulated only within the wavelength range where 

crystalline silicon has significant sensitivity (from 400 to 1100 nm). 

Table 2. 1. Classification of flat plate solar simulators according to the standard IEC 60904-9 

Classification 

Characteristic 

Spectral match to 
reference spectrum 

Spatial 
non-uniformity of 

irradiance 

Temporal instability 
of irradiance 

Class A 0.75 – 1.25 2 % 2 % 

Class B 0.6 – 1.4 5 % 5 % 

Class C 0.4 – 2.0 10 % 10 % 

 

The spatial non-uniformity of the irradiance is calculated through the maximum and 

minimum light intensities found over the defined test area. To do this, the irradiance is 

measured throughout a matrix of equally spaced test positions over the test plane. ASTM E927 

gives detailed recommendations about the minimum proportion of the area that should be 

checked and imposes the use of a light sensor with “appropriate” linearity and time response for 

the characteristics of the solar simulator. This appropriateness actually depends on the type of 

device to be tested (linearity with irradiance, spectral and angular responses…), so this 

requirement is vague. In the end, the non-uniformity is calculated as in Eq. (5). 
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where Gmax and Gmin are the maximum and minimum irradiances found at any test-point 

location (x,y). 

The temporal instability of the irradiance during a single measurement has to be 

evaluated, and it is given using Eq. (6). The characterization of this property depends on the 

type of simulator used (continuous, single-pulse or multi-flash). In the case of continuous and 

single-pulse simulators, the irradiance stability has to be checked without interruption 
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throughout the whole measurement; on the contrary, in multi-flash measurements triggered by 

an irradiance sensor, the temporal instability is checked only throughout the acquisition of the 

I-V pair and the corresponding irradiance level.  Again, the linearity and spectral response of the 

irradiance sensor can affect the results. 
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where Gmax and Gmin are the maximum and minimum irradiances found at any moment t all 

through the I-V curve measurement in steady and single-pulse simulators, or during a single 

point  acquisition in multi-flash simulators.  

Finally, it has to be emphasized that there are neither a class nor special requirements 

for the quality of the angular distribution of the simulator light. This has to do with two facts: 

first, the angular sensitivity of conventional (non-concentrating) PV is flat to a great extent 

(cosine-like), so an angularly wider light source does not change the device response 

significantly; and second, providing an angular size similar to that of the sun is technically 

burdensome and fundamentally changes the design principles and optical architecture of the 

simulator. Only in the IEC 60904-1 standard for I-V measurement of PV devices, a scope note 

specifies that the measurement of concentrators will be carried out under “direct light”, without 

describing what such a direct light is, and another note states that the measurement of MJ 

devices will fulfill that every subcell generates the same current as under the AM1.5G [sic] 

spectrum. 

Solar simulators vs. outdoor testing 

The characterization of a PV module can be carried out indoors or under real sun. Both present 

different advantages and disadvantages, which have to be taken into account in order to decide 

the appropriate characterization method in each case. In good days, outdoor measurements can 

provide very stable illumination within minutes, as well as truly spatially uniform irradiance. 

However, outdoor conditions are very dependent on the site, time and season due to weather 

variability, and they are affected by mounting and tracking errors, which hinder the repeatability 

and reproducibility of real sun measurements and increase the uncertainty. At the 

manufacturing line, this weather dependence leads to unpredictable time lags that are a 

bottleneck to the module production. Moreover, despite the best matching to the reference 

spectrum is achieved under the sun, it might be found only occasionally. On the other hand, 

outdoor measurements are the only way to be sure about how the PV devices will perform in 

real. They are required for instance for the extraction of the nominal operating cell temperature 
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NOCT, which is the result of the actual heat dissipation capacity of the device under a particular 

set of realistic ambient conditions (standard irradiance, temperature and wind speed) that can 

hardly be reproduced indoors. 

As regards indoor testing, the main drawbacks are the non-idealities of the light source, 

which increase the errors and uncertainties of the measurement: instability of the irradiance, 

spectrum different from the reference one, limitation of the test area, wide angular distribution 

of the light source... But then again, solar simulators can provide repeatable measurements 

under well-known and controlled measurement conditions, which are now independent of the 

solar resource and weather conditions. This establishes solar simulator procedures as the most 

preferable for calibration laboratories. 

2.3. PERFORMANCE REQUIREMENTS FOR A CPV SOLAR 

SIMULATOR 

The late appearance of concentrator PV systems in the market explains the lack of a complete 

international normative for their measurement and qualification. As regards solar simulators, 

the standard specifications described above were not conceived bearing in mind the special 

requirements imposed by concentrator optics, nor those derived from the use of the very 

efficient III-V multi-junction cells. Thus, the qualification of a solar simulator with present 

standards does not ensure its suitability for CPV modules. In this section we describe the 

supplementary constraints to solar simulators that are introduced by concentrators and MJ cells, 

but also the possibility of alternative or more flexible definition of current specifications. Then a 

proposal of standard specifications is presented; it is under discussion in the Working Group 7 

of the IEC Technical Committee 82 for the preparation of the standard 62670, which is 

dedicated to the performance testing of CPV modules. 

2.3.1. REQUIREMENTS IMPOSED BY CONCENTRATOR OPTICS 

The limited angular acceptance of concentrators implies a high sensitivity to the angular 

distribution of the light source. If the power transmission curve of a CPV module could be 

known for a perfectly parallel light beam (zero angular size, or δ(α)), we would get the electrical 

response of the device as a function of the incidence angle of the light rays HCPV(α) (analogous to 

the impulse-response of linear systems or Point Spread Function of imaging optics). Then the 
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electrical response of a CPV module to a particular incoming light could be calculated as the 

integral over the angular extent of the angular distribution of the light multiplied by this 

“impulse-response” angular transmittance. For a light source with rotational symmetry, this 

would be stated as in Eq. (7) 

 ααα
α

dHLresponsePower CPVsource )()(∫ ⋅=  (7)  

where Lsource(α) is the irradiance distribution of the incoming light beam as a function of the 

incidence angle α. Since the angular transmittance and the angular size of the sun have the same 

order of magnitude, slight changes in the angular size of the light can lead to significant 

variations in the CPV module response.  

Additionally, the operation of convolution Lsource(α)⊗HCPV(α) gives the angular 

transmission curve TCPV(α) for that particular light (see Section 5.4 for a deeper theoretical 

explanation of this), meaning that the angular transmission is also modified when a light 

distribution Lsource(α) different from Lsun(α) is used. Therefore a solar simulator for CPV modules 

should fulfill the fundamental requirement of reproducing the angular distribution of direct 

light, i.e. the solar disc of ±0.28º plus some amount of circumsolar radiation within a field of 

view of ±2.5º, if one wants to accurately predict in-sun behavior of a concentrator. However, 

conventional flat-plate solar simulators are far from producing the necessary parallel-rays beam 

because they do not use point sources. Moreover, the only requirement for solar simulators in 

current specification standards regarding the angular size of the light is to provide a rough 

description of it, to be included in the simulator report from the manufacturer. In ASTM E927, 

it has to be indicated the fraction of total light power that falls within a 30º field of view at any 

point of the test area.  

The collimation angle is a simple figure of merit for studying the similarity between the 

angular distributions of the solar simulator and the reference sun (although such a standard 

definition does not exist yet). We may define collimation as the maximum angle with respect to 

the beam axis in which 90% of the irradiance is contained. What is an acceptable collimation 

angle actually depends on the particular angular transmittance of the device under test (the 

wider the acceptance angle, the more tolerant is to poor collimation angles), the type of testing 

to be carried out and the uncertainty limits required, so a class cannot be defined a priori for this 

characteristic. Nevertheless, recommendations or requirements could be given for the indoor 

testing procedures of CPV modules in relation to the collimation angle. These 

recommendations could be either absolute (specific bounds for the valid collimation angle) or 

technology-dependent: either by requiring that the collimation angle is at least half of the 
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acceptance angle, or by requiring that the angular transmission curves obtained indoors and 

outdoors be close enough (and defining metrics for this similarity).  To our experience, 

nevertheless, a collimation angle in the range of ±0.4º is suitable for most contemporary high-

concentration systems. 

2.3.2. REQUIREMENTS IMPOSED BY CONCENTRATOR RECEIVERS 

Since the majority of present-day high-concentration PV modules employ monolithic 

multi-junction cells, their characterization has to take into account the balance of photocurrent 

between subcells. If some standard measurement conditions have to be reproduced, the current-

matching ratios between subcells under the simulator have to be the same as under the standard 

spectrum. Nevertheless, the spectral match requirement in current standards is defined through 

the similarity in spectral irradiance throughout several fixed wavelength intervals of 100 and 

200 nm. This requirement alone cannot assure the fulfillment of a similar current-matching, so 

this should be clarified explicitly. The relevant similarity of spectral balance can be quantified 

through the ratio of the current-matching under the simulator spectrum to that under the 

reference spectrum. We call this quantity Spectral Matching Ratio SMR and it is obtained as in 

Eq. (8). 
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where IL,i-subcell and IL,j-subcell stand for the photocurrents generated at the i- and j-subcells. 

Obviously, a different Spectral Matching Ratio magnitude exists for every pair of subcells. 

Among them, there is a main balance ratio: the one for the two subcells with the lowest currents, 

i.e. the ones that can limit the overall cell current. In concentrator systems and terrestrial multi-

junction cells, the “AM1.5D” spectral distribution defined in the ASTM G173-03 standard is 

used as reference spectrum. For customary triple-junction cells on Ge substrate, where the 

bottom subcell has an excess of current under reference spectrum, the relevant spectral balance 

is the top-to-middle SMR (AM1.5D). An SMR equals 1 indicates that the simulator spectrum is 

equivalent to AM1.5D in relative shape, throughout the spectral range in which those subcells 

have significant sensitivity. The ability of adjusting this SMR to be equals to 1 is therefore 

required for CPV solar simulators. Depending on the way that the simulator spectrum can be 

adjusted (filtering, mixture of multi-sources, flash lamp triggering voltage…), there may be only 

some types of the available multi-junction cell technologies for which the SMR can be fitted to 1 
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(for the least-generating subcells). Therefore, the information on which MJ-cell technologies the 

simulator is adjustable for should be a basic specification to appear in the simulator labeling. 

2.3.3. STANDARD TEST CONDITIONS FOR CONCENTRATOR MODULES. 
IEC 62670 DRAFT. 

In order to facilitate an impartial comparison between technologies and to prevent the 

adjustment of the measurement conditions to bias the efficiency with a particular interest, some 

standard measurement conditions are internationally defined, which consist on a particular 

irradiance level or range, a reference spectrum and a temperature either for the cell or the 

ambient. There are several sets of standard measurement conditions for terrestrial PV systems, 

which depend on the application (concentrating/non-concentrating) and type of element 

considered (cell/module/system), which are summarized in Table 2. 2. Following the NREL 

nomenclature, we will refer to these reference conditions as SRC, for Standard Reporting 

Conditions, because the actual measurement conditions can be different and then the I-V curve 

be converted into SRC through some agreed-upon translation procedure. 

Table 2. 2. Sets of Standard Reference Conditions for different applications and type of systems 

Application/ 

Type of system 

Reference conditions 

Irradiance [W/m2] Reference spectrum Temperature [ºC] 

Non-concentrating cells 1000 AM1.5G 25 (cell) 

Non-concentrating 
modules/systems 

Standard Reporting Conditions (ASTM E 1036) 
1000 AM1.5G 25 (cell) 

Nominal Operating Conditions (ASTM E 1036) 
800 Prevailing 20 (ambient) 

Concentrating 
modules/systems 

Concentrator Reporting Conditions (ASTM E 2527) 
850 Prevailing 20 (ambient) 

Concentrator Standard Test Conditions (IEC 62670*) 
900?-1000? AM1.5D 25 (cell) 

Concentrator Standard Operating Conditions (IEC 62670*) 
900?-1000? Prevailing 20 (ambient) 

Concentration cells 1000·X** AM1.5D 25 (cell) 
* Data belong to a draft version of the future IEC 62670 norm and may be changed. 
** X stands for the effective concentration, defined as the ratio of ISC under concentrated light to the ISC* under 1-
sun irradiance (1000 W/m2 or 900 W/m2, depending on the lab). 
 

The draft of the future IEC 62670 standard for power rating of CPV modules is 

considering two different rating procedures: first, under some Concentrator Standard Test 

Conditions (CSTC) based on a fixed cell temperature (25 ºC), irradiance of 900 W/m2 and 
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reference AM1.5D spectrum; second, the regression to a set of Concentrator Standard Operating 

Conditions that are based on some nominal ambient conditions (ambient temperature of 20 ºC 

and an irradiance of 900 W/m2) and the prevailing spectrum. Both the CSTC and the CSOC 

accept indoor and outdoor procedures for their measurement, but the CSTC demands a precise 

knowledge or measurement of the cell temperature, reason why it is in practice devoted to solar 

simulator measurements. 

The Instrumentation and Systems Integration group at IES-UPM is collaborating in the 

development of the standard within the Working Group 7 of the Technical Committee 82 of the 

IEC, devoted to normative on PV systems. Our contribution has been centered in the definition 

of the procedure for indoor testing under CSTC.  

2.3.4. PROPOSAL OF STANDARD SPECIFICATIONS FOR SOLAR SIMULATORS 

FOR CPV MODULES 

Within the development of the IEC 62670 standard for performance measurement of CPV 

modules, a definition of the necessary apparatus for its measurement methods is required. Thus, 

along with the indoor testing procedures, a specification for the essential features of a solar 

simulator for CPV modules is currently under discussion by the Working Group 7. The initial 

proposal originated from the IES-UPM experience with indoor testing of CPV modules from 

many different manufacturers but by using the very particular solar simulator presented in this 

thesis, so the proposal might suffer from a lack of universality that should be widened in the 

future by the experiences of other labs. Our latest thoughts for the proposal are presented below. 

Total irradiance 

The simulator shall be capable of producing the standard irradiance of 900 W·m-2 (the definitive 

value is still under discussion and may be changed to 1000 W·m-2) at the test plane, as measured 

by an appropriate reference unit matched to the technology of a relevant test specimen13 in 

linearity with irradiance, and relative spectral and angular responses. In the case that no test 

specimen has been specified by a customer, a bare secondary-standard reference cell beneath a 

collimator tube for reducing the field of view to ±2.5º shall be used as reference unit. 

                                                           
13 In Chapter 4 of this thesis, the definition and requirements for a CPV reference unit are presented. 
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Spectral distribution  

The spectral irradiance distribution of the light shall match the reference solar spectral 

irradiance distribution of direct sun light AM1.5D14, to the extent indicated for the relevant class 

of simulator in Table 2. 3. The specification for the spectral match shall be extended to 1800 nm 

to take into account current cell technologies used in high-concentration PV. 

The solar simulator manufacturer should inform also about for which types of multi-

junction cells the spectrum of the solar simulator can be balanced (especially whether the cell of 

the test specimen specified by the customer is included or not), in such a way that the Spectral 

Matching Ratio to AM1.5D (calculated as in Eq. (8)) can be fitted to be equals to one (at least for 

the least-generating subcells). This information has to be included in the specifications of the 

solar simulator. 

Angular distribution and collimation angle 

The angular distribution of the light is defined as relative amount of the total irradiance 

incident at a given point on the measurement plane from any given angle, where 0° is defined as 

the optical axis of the simulator light beam. For illumination systems with a very narrow angular 

distribution, a collimation angle may be calculated, which represents the angle within which 

90% of the light flux is contained. This collimation angle has to be given as a separate 

specification of the solar simulator. 

Spatial distribution  

The irradiance on the test plane over the full extent of the designated test area shall be uniform 

to the degree specified for the relevant class of simulator in Table 2. 3, as measured by an 

appropriate light reference unit with a narrow acceptance angle to collect only direct normal 

irradiance. The non-uniformity is calculated as in Eq. (5).  

This information is more relevantly given when a particular test specimen is considered. 

In this case, the area of the reference unit used should be no larger than the minimum aperture 

of a single optical unit of the test specimen (i.e. a primary lens, mirror or segment), and this 

reference should be matched to the test specimen in angular and spectral responses, as we are 

interested only in the light to which the test specimen is sensitive to. The designated test area 

shall be equal to or greater than the area that is spanned by the aperture area of the test 

                                                           
14 To be defined within the IEC standard to match that of ASTM G173-03. The corresponding comparison 
percentages are defined in ASTM E927-10 (column “Direct AM1.5” of table 3 of the standard). 
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specimen. In the case of pulsed solar simulators, the area shall include also the aperture area of 

the CPV reference unit, as the latter is measured simultaneously with the device under test in 

normal operation. 

Temporal instability 

During the time of data acquisition of the I-V curve, the irradiance shall be stable to the degree 

specified for the relevant class of simulator in Table 2. 3. The instability is calculated as in Eq. 

(6). For the special case of pulsed simulators, the temporal stability requirements apply only to 

the irradiance present during the actual measurement of each data point, not for the whole 

measurement time of the I-V curve. 

Table 2. 3. Simulator specifications labeling 

Characteristic Class/Value 

Spectral distribution match (ratio of the actual 
percentage of total irradiance to the required 
percentage) 

Class A Class B Class C 

0.75 – 1.25 0.6 – 1.4 0.4 – 2.0 

Non-uniformity of irradiance ≤ ±5 % ≤ ±10 % ≤ ±20 % 

Temporal instability ≤ ±2 % ≤ ±5 % ≤ ±10 % 

Collimation angle 
(provide maximum angle in which 90% of 

the irradiance is contained) 
Cell technologies for which the spectral 

balance is adjustable (the SMR of the least 
generating subcells can be fitted to 1) 

(provide cell technologies for which the 
current-matching between subcells can 
be adjusted to be that under AM1.5D) 

Standard specifications for a CPV solar simulator 

The quality and type of the solar simulator shall be given by means of three letters, one for each 

characteristic, plus the figure of the collimation angle and the cell technologies for which the 

spectral balance (SMR) can be adjusted and fitted to 1. These specifications could be given in a 

label as shown in Table 2. 3. 

Check of simulator characteristics 

The characteristics shall be checked periodically or whenever there is a change in the solar 

simulator (including aging) that could affect these characteristics beyond acceptable limits. 

Aging is a concern especially in continuous solar simulators whose lamp and optical 

components may degrade much faster than pulsed ones due to the higher energies involved. A 
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frequent checking of the spectral matching characteristics is encouraged especially when the test 

specimen uses multi-junction cells. 

2.4. THE IES-UPM CONCEPT OF A SOLAR SIMULATOR FOR 

CPV MODULES 

2.4.1. DESIGN PRINCIPLES 

The optical design of a solar simulator for CPV modules is fundamentally different from flat-

plate PV simulators because of the requirement of providing light with a very small angular size. 

Such a collimated light beam can be created by very distant sources. Allowing a great distance 

between a point source and the receiver can create a small angular size, but at the cost of a very 

low irradiance. If a module has an aperture of 1 m in side, a small source would have to be 

located almost 100 m far from it to be seen within a field of view lower than ±0.3º at every point 

of the module. The alternative is the use of a collimator element, i.e. a device that transforms a 

divergent light beam into a collimated beam or plane wavefront15. A point light source at the 

focus of an optical collimator is imaged to infinity. This can be done either in reflection with 

mirrors or by refraction with lenses. Refractive collimators suffer from chromatic aberration due 

to the wavelength dependence of refractive index, and their transmittance varies with the angle 

of incidence due to the angular dependence of Fresnel reflection losses. The result is a 

considerable non-uniformity of irradiance, spectrum and collimation angle. A mirror on the 

contrary lacks these aberrations. 

 

Figure 2. 6. The angular size of the light beam is that of the lamp seen by the mirror. 

                                                           
15 Crystal lasers produce collimated light as well, but their emission is monochromatic and hence they are 
inadequate for simulation of white light. 
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In a parabolic mirror, the rays coming from the focus of the parabola are reflected to 

infinity. Thus, if a reflective paraboloid of revolution is illuminated by small lamp located at its 

focus, it will produce in reflection a quasi-collimated light beam of the same size as the mirror 

cross-section. The angular size of this light will be that of the lamp seen by the mirror, as 

depicted in Figure 2. 6, so a small lamp and a long focal distance are needed to produce a good 

collimation. For a light bulb diameter Dlamp of 6 cm, a focal distance F longer than 6 m is 

required to produce the angular size of the sun, i.e. θsource ≈ ±0.28º (see Eq. (9)). 

 )/(tan 1 FDlampsource
−=θ  (9)  

The aperture area of most current CPV modules presents some linear dimension in the 

range of 1 meter. The cross-section of the collimator has to be large enough to accommodate 

such extensive modules, but the manufacturability and accuracy of mirrors is more difficult to 

attain as the size of the mirror raises. Most existing high-concentration modules will fit within a 

circular spot of 2 m in diameter, so this was chosen as a reasonable size for the mirror. A circular 

shape for the mirror was assumed because most manufacturing technologies involve revolution 

symmetry (see next section). 

The focal distance is a trade-off between collimation and optical quality. A long focal 

distance requires a high accuracy in the geometrical figure of the mirror because the spatial 

deviation of light rays produced by an error in the reflection angle increases with the light path, 

which can affect dramatically to the spatial uniformity of the spot irradiance. Such long focal 

distances typically involve the hard and costly manufacturing technologies of telescope mirrors. 

Therefore the design process for the lamp-mirror architecture is as follows: 

1. Take a lamp with very high radiance, appropriate spectral emission and the smallest size 

possible.  

2. Apply Eq. (9) to calculate the required focal distance. If an estimated figure for the reflection 

scattering is available (as a divergence angle which adds to the collimation angle), it shall be 

subtracted from the angular size to define the new goal figure for the collimation angle.  

3. Measure or estimate the irradiance produced by the lamp at a plane as far-away as the 

calculated focal distance. If this light intensity multiplied by the expected mirror reflectance 

does not reach the prescribed irradiance level for CSTC, a lamp with a higher radiance is 

required. 

4. For the selected lamp, measure the uniformity of the irradiance over the plane at which the 

mirror will be located, and to the extent of its aperture area. The non-uniformity thus 

measured should be at least within the Class desired for the simulator as a whole. If not, 
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either select another lamp with better radiation diagram, or increase the focal distance to 

reduce the field of view with which the lamp has to see the collimator (assuming that the 

angular uniformity will be better within a smaller emission angle); then the steps 3 and 4 are 

repeated. 

Pulsed long-arc Xenon lamps produce the highest radiances among artificial light 

sources and a white emission spectrum that reasonably resembles that of the sun. Moreover, the 

bulbs can be constructed with a wide variety of lengths and shapes. For a fixed tube length and 

radiance, a higher effective radiance can be produced by improving the spatial compactness of 

the shape. Toroidal shapes are typically used for this purpose. The details for the light source 

finally chosen are given in Chapter 3. 

2.4.2. OPERATIONAL MODEL 

The use of a pulsed lamp limits the type of I-V measurement to a single- or multi-flash system. 

The latter was chosen partly due to the cumulated experience at IES-UPM with this kind of 

systems (Antón, 2005).In multi-flash testing (Keogh, 1997), the device under test is biased to a 

different voltage Vbias,i at each light pulse (see Figure 2. 7). The number of bias points to be used 

is a trade-off between voltage resolution and measurement speed. During the irradiance sweep 

produced by the fall of the pulse, different pairs of I-V points are recorded at defined irradiance 

levels DNIref,i, which are identified through an irradiance sensor. At the end of the measurement 

sequence, a family of I-V curves at multiple irradiance levels is obtained. As it will be described 

in the next chapter, every irradiance level corresponds inherently to a different spectral 

distribution as well. 

 

(a)            (b)  
Figure 2. 7. Scheme of multi-flash I-V measurement. A single voltage bias Vbias,i is applied at each pulse to get the I-V points for 

several irradiance levels DNIref,i (a). A family of I-V curves at different irradiance levels is obtained at the end of the measurement 

(b). 
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Figure 2. 8. Elements of the CPV solar simulator devised at IES-UPM. 

Figure 2. 8 depicts the fundamental elements of the CPV solar simulator devised at 

IES-UPM. Computer software controls the whole measurement process through a data 

acquisition board (DAQ) with input and output channels. The voltage biasing is controlled by 

means of an electronic charge, which is composed of a power supply that biases the test 

specimen and an array of capacitors that soaks up the current from the device when this is 

illuminated. The steps of a measurement sequence are the following: 

• The device under test and the reference sensor are located at the receiver plane close to each 

other and normal to the collimated light beam; 

• the device under test is biased by a power supply to the desired voltage; 

• the array of capacitors is prepared to soak up the current from the device; 

• the power generator of the flash lamp is triggered; 

• the flash lamp and the collimator create a collimated light beam over the test specimen and 

the reference sensor; 

• the irradiance signal from the reference sensor and the current and voltage from the test 

specimen (in 4-wire connection) are conditioned and measured by the DAQ with a fast 

sampling rate, such that the irradiance does not change more than 1% during the 

acquisition of the three channels; currents from the device and the reference sensor are 

measured by means of precision shunt resistors; 

• the irradiance signal is used to select the I-V samples corresponding to the defined 

irradiance levels; 

• the capacitors in the electronic load are discharged and the system is prepared for the next 

pulse and bias point; 
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• when all the bias voltages have been applied, the I-V curves together with the device 

parameters (ISC, VOC, VMPP, IMPP, and the derived FF and efficiency) at the defined irradiances, 

as well as under CSTC, are stored and presented to the user. 

Utilization setups 

The illumination system described can be arranged in two different setups. When the lamp is 

exactly located in the focal point of the mirror, the layout is called on-axis (see Figure 2. 9). In 

this configuration, the central zone of the reflected light spot is shaded by the lamp itself because 

it is located in the optical axis. Nevertheless, this feature could be used to cover and measure 

more than one module at the same time. A fraction of the spot has to be saved for the light 

sensor. 

 (a)              (b)  
Figure 2. 9.  Normal on-axis setup of the IES-UPM solar simulator (a). The central zone of the spot cannot be used due to the 

shading introduced by the lamp itself. Nevertheless, one or more modules that fit within the light spot could be measured 

simultaneously, leaving also some room for the reference light sensor. 

Alternatively, an off-axis set-up can be configured for illuminating larger CPV modules. 

In this case, the lamp is slightly deviated out of the optical axis so the whole reflected light beam 

moves out of the lamp, and the spot is no longer shaded. This can be used to illuminate modules 

that fit the whole reflected light spot, except the area dedicated to the light sensor (Figure 2. 10). 

In this setup, the paraxial approximation is assumed that the collimating behavior of the 

parabola is kept for small angular deviations from the optical axis. Therefore, the limit to the tilt 

angle is imposed by the maximum divergence angle allowed. 
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 (a)              (b)  
Figure 2. 10.  Off-axis utilization setup of the solar simulator (a), where the lamp is tilted a small angle with respect to the axis of 

symmetry of the collimator. This setup allows the utilization of the whole light spot (b), provided that the angular divergence 

introduced is small. 

 

Figure 2. 11. Angular scheme of the reflections in the further half of the mirror when used off-axis. 

If the lamp is rotated around the center of the mirror with an angle αoff, the reflected rays 

at that central point are tilted with the same angle in the opposite direction. However, the rest of 

the rays will have some angular deviation with respect to the central beam, because the lamp will 

not be at the focal distance for them. That deviation angle depends on the tilting angle αoff, the 

focal distance of the mirror and the radial position of the reflection. The maximum deviation 

will be found for the edge rays, i.e. the reflections at the extremes of the mirror diameter, so we 

can calculate the increase in divergence of the collimated beam by calculating the deviation 

angle at both edges. The calculation of the deviation angle for the furthest edge ray δfar edge is 
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depicted in Figure 2. 11, which is obtained as the difference between the ideal angular direction 

and the actual one. Following the basic law of reflection, the angle of incidence equals the angle 

of reflection with respect to the tangent plane at the reflection point. In Cartesian coordinates, a 

vertical parabola with vertex (center) at (x, y) = (0, 0) and focal distance F has the equation 

y = x2/(4F). Then the slope at any radius x is calculated through its derivative 

y’ = x/(2F) = tan(β), where β is the angle of the tangent with respect to the x axis. The slope at 

the edge is then given for x = R (Eq. (11)). The incidence and reflected angles with respect to the 

horizontal are φ and (φ+2β), respectively. The latter is the one to be compared with the ideal 

direction (π/2-αoff), which is that of the ray at the center of the parabola; see Eq. (10). 
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The calculation of the deviation angle for the closest edge δnear edge is analogous. The 

deviation angles for the two edges with respect to the central ray give the figure for the increased 

divergence of the light beam. This figure is added to the angular size of the lamp seen at the 

center of the mirror to obtain the overall light beam divergence, as shown in Eq. (16). 

 
totalsourcebeamaxisoff δθθ +=−  (16)  

where θsource is the angular size of the simulator lamp seen from the center of the parabola (or 

on-axis), and δtotal is given by Eq. (17). This figure is given for the solar simulator developed in 

this thesis in Section 3.4.2. 

 )0,,min()0,,max( edgenearedgefaredgenearedgefartotal δδδδδ −=  (17)  
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provided that δnear edge and δfar edge have been chosen with the same sign convention (positive to the 

right). θoff-axis beam is now the figure that has to fulfill the angular size requirements imposed to a 

CPV solar simulator, and gives the limit for the maximum tilt angle acceptable. However, δnear edge 

and δfar edge should be calculated for the maximum radii actually used to illuminate the extremes 

of the module area rather than the real mirror edges, as these will rarely be used. 

The non-idealities of the off-axis approximation would be avoided if an asymmetric 

parabolic mirror was designed, but since the main limitations for the mirror are given by the 

cost of the manufacturing process, we are limited to a rotationally-symmetric geometry. 

2.4.3. THE CHALLENGE OF MANUFACTURING A LARGE-AREA COLLIMATOR 

MIRROR WITH A LONG FOCAL DISTANCE AT A MODERATELY LOW 

COST 

The technological development of long-focal-distance mirrors has been historically driven by 

the astronomy industry for the manufacture of large-aperture telescopes. The creation of large-

diameter mirrors involves specific materials, processes and machine tools that in many cases are 

extraordinary to other optics areas and implies also exclusive problems. Furthermore, 

astronomical applications impose very stringent requirements to the optical performance of the 

mirror (Ridgway, 1995), which need for very costly and time-consuming processes that are 

tolerated only due to the publicly subsidized nature of most recipient projects. As CPV 

simulators are meant to be a commercial characterization tool, some of the constraints to the 

optical tolerance of the mirrors have to be relaxed in the interests of reducing cost and provision 

time. Long-distance laser communication systems are employing also large parabolic apertures 

to receive collimated beams from very large distances. These mirrors require a lower surface 

quality than astronomical telescopes and are required in high quantities, reason why this 

industry is also pushing for alternative low-cost developments of large-diameter mirrors 

(Hemmati, 2006). 

The main manufacturing difficulties arise from the attempt of achieving a very high 

optical quality in form and roughness over such bulky mirror pieces. A wide variety of 

manufacturing alternatives have been proposed and demonstrated through the years (Carlin, 

2000). However, CPV simulator mirrors will only be feasible through relatively low-cost 

processes. In section 2.6 we discuss a variety of such reasonably-priced mirror fabrication 

alternatives which were investigated for the development of the solar simulator devised at 
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IES-UPM. The figures of merit required to evaluate the optical quality of the prototypes 

developed are previously presented in section 2.5. 

2.4.4. ALTERNATIVE SOLAR SIMULATOR DESIGNS 

Mainly because of a fragile target market, in general the R&D of private companies for 

developing a CPV solar simulator has been poor, small or secret, reason why very few alternative 

designs have been proposed up to now. To our knowledge, the Ioffe Institute in San Petersburg 

was the first to inform about an optical system able to collimate light through a refractive lens 

with the aim of measuring single concentrator lens-cell assemblies (Shvarts, 2005). A xenon 

flash lamp is placed at the focus of a convergent lens following the principle that all the light rays 

at the design wavelength will be collimated to infinity. The angular size of the source is reduced 

by placing a mask with a hole of appropriate diameter closely in front of the lamp. The system 

was reported to have an illumination aperture of 10 cm in diameter, an angular size of 0.5º and a 

non-uniformity of 5%. However, the spectral dependence of the refractive index makes every 

wavelength to exit the collimator with a different angular direction and to be attenuated with a 

different Fresnel reflection coefficient. Therefore, very long f-numbers have to be used to reduce 

those effects. 

 

Figure 2. 12. Optical diagram of the Fresnel-collimator solar simulator developed by the Ioffe 

Institute [adapted from (Rumyantsev, 2006)]. 

Later on, the Ioffe Institute presented a subsequent version of the simulator with extra 

elements for an increased illumination area of 50 x 50 cm2 and reported improved optical 

characteristics: spectral balance between GaInP and GaAs component cells for AM1.5d 

spectrum within 5%, spatial uniformity within ±3% and the angular divergence of the sun 
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(Rumyantsev, 2006). The convergent lens was specified as a Fresnel lens. Figure 2. 12 presents 

the diagram of this simulator. The spectrum is corrected by a glass filter in front of the lamp, 

and the flux is homogenized by a spatial filter after the Fresnel lens. 

The main drawback, nevertheless, comes from the fact that Fresnel lenses with meter-

scale sizes are not readily available, so a modular approach has been proposed in order to 

measure current-size CPV modules: the required illumination area is segmented into a set of 

adjacent collimator units, which need to be perfectly aligned and synchronized. This idea was 

presented by the Spanish company Sol3G (Vallribera, 2007) and the Philipps-University of 

Marburg (Annen, 2007). The Sol3G simulator was designed to use a continuous xenon short-arc 

lamp, so some heat dissipation strategies were needed. An ellipsoidal reflector increases the 

output of the lamp towards an f/1.3 Fresnel collimating lens. Homogenizing and AM1.5D filters 

were also included. Due to the low f-number, the flux homogeneity was expected to be low. The 

collimation angle was specified through the confusing term “acceptance half angle”, with 

anyhow a too large figure of 1º. This design was not realized in practice to our knowledge. 

Philipps-University firstly devised an XBO flash lamp with an ellipsoidal reflector that 

focused light into a kaleidoscope, after whose exit the light diverged towards the Fresnel lens. An 

arrangement of hexagonal segments of such sources was proposed. The system was finally 

commercialized in 2011 with significant modifications16: a Cassegrain reflector focuses light 

from a Xenon flash lamp into a small aperture, where some filtering or shutters can be applied. 

The collimation angle is still high: ±0.7º. The small aperture size (15 x 15 cm2) of a single unit 

yields the need of almost 50 items 7 x 7 for an illumination area of 1.1 m2. 

A notable variation of this concept was especially designed at Fraunhofer ISE for 

measuring the optical performance of Flatcon module lenses (Nitz, 2007). The flash lamp is 

substituted by an RGB LED source for illuminating with separated monochromatic colors, and 

their light is collimated by an achromatic doublet, designed for reducing the effects of chromatic 

aberration. Only the lens panel is illuminated, and the concentrated spot from a single lens is 

captured by a CCD camera. The German OSRAM Company has also contributed a different 

optical design17 able to reportedly produce continuous 130 klx light on a 8 x 8 in. area with a 

collimation angle of ±0.26º. The system uses a high-pressure mercury lamp with a color 

temperature of 5800 K, which in principle makes it suitable for this application. 

                                                           
16 Concentrator Optics GmbH. CoO-FT-21 CPV Module Flash Tester. . 2011-07-27. 
URL:http://www.concentratoroptics.com/fileadmin/downloads/Flyer_FT_21_scr.pdf. Accessed: 2011-07-27. (Archived 
by WebCite® at http://www.webcitation.org/60VEcXWMk) 
17 H. Rehn and U. Hartwig. A solar simulator design for concentrating photovoltaics, Proc. SPIE 7785, 77850F (2010), 
DOI:10.1117/12.859447. 
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2.5. TECHNIQUES FOR ASSESSING THE OPTICAL QUALITY OF A 

COLLIMATOR MIRROR 

2.5.1. ACCURACY OF THE SURFACE PROFILE 

The optical quality of a mirror surface refers to the accuracy with which the desired geometrical 

figure is reproduced. The deviations from the ideal surface profile can be divided into three 

components, depending on the length of the period between error peaks and valleys (Clarysse, 

2004):  

• Roughness refers to the irregularities of the surface that have a high spatial frequency (length 

between peaks lower than 1 mm). 

• Waviness generically refers to the profile errors larger than the roughness, with peak-to-

peak lengths ranging from millimeters to some fraction of the whole piece.  

• Form errors refer to the overall deviations from the ideal shape with the lowest spatial 

frequency, i.e. filtering out the waviness and the roughness. It can be seen as the mean 

deviation line on which the waviness and roughness errors are superimposed. Typically, the 

amplitude of this error is allowed to be higher than for roughness or waviness (Carlin, 

2000). 

 

Figure 2. 13. Breakdown of 

the total error profile into 

form error, waviness and 

roughness as a function of 

the spatial frequency of the 

peaks. 

The amplitude of the roughness deviations is measured with respect to the waviness 

profile, and in turn waviness is measured with respect to the form error so as to separately 

analyze the three types of effects (see Figure 2. 13). Although the wavelength frontier between 

the three components is not clear, each one is in practice distinguished by the causes and effects 

of the defects. Roughness produces scattering and determines the appearance of the surface 
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finish or gloss (matt or shine look). This scattering is responsible for local diffraction effects that 

increase divergence and specular reflection losses of the light beam. In machined pieces, 

roughness is mainly produced by the cutting process, but in general the finishing limit is 

imposed by the micro-structure and hardness of the material itself. In this case, the polishing 

limit for reducing roughness may only be improved by adding a coating layer or by re-forming 

the superficial micro-structure (e.g. by electroplating). 

On the contrary, waviness does not introduce diffraction scattering, but rather it 

determines the visual appearance of flatness or smoothness of a surface. It can be produced by 

the imperfections of the machining process due to vibrations, stresses or temperature variations, 

as well as by warping of the piece due to internal stresses or heat. Although under the same 

term, we can consider waviness errors with short peak-to-peak lengths (mm range, or short-

length) and with medium to long lengths (cm to m range). In the case of parabolic mirrors, 

long-length waviness is the main responsible for the light-shade ring patterns that will be 

described in the following section. Short-length waviness produces granular and speckled 

appearances that can increase the beam divergence and worsen the specular reflectance towards 

a particular direction. Waviness is also identified by the fact that it could be totally refined by a 

better grinding or polishing process provided that the polishing tool accommodates to the ideal 

overall form; on the contrary, it normally cannot be fixed by adding a coating to the surface. The 

large range of peak-to-peak lengths considered as waviness makes it probable to be caused by a 

mix of contributing causes.  

The causes for the errors in overall form can be to some extent the same as for the 

waviness, but in free-form surfaces they can only be mended by re-machining the desired 

profile. Form errors in collimator mirrors may introduce less optical anomalies than waviness of 

the same amplitude, because the errors in local slope can be much higher for the latter. 

Moreover, the custom of using a spherical shape as an approximation of the paraboloid can be 

seen as a deliberate but acceptable form error. Finally, flaws are a separate type of defect that 

should be taken into a different consideration, as they are singular defects like dents, cracks or 

scratches that cannot be blamed on systematic reasons or on the process and might be avoided. 

Therefore, flaws may not be included in the average figure of the optical quality.  

Although all these error components can be calculated for the two-dimensional surface, 

they are typically analyzed in a linear dimension, so a particular contour created by a plane 

perpendicular to the surface has to be chosen. The principal profile is typically the one 

perpendicular to the machining lay (the direction of the predominant surface pattern produced 

by the cutting/grinding/polishing processes). In machined paraboloidal mirrors, the lay usually 
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has a circular profile produced by the direction of cutting, so the principal profile is that of a 

radius. Then the error is calculated as an average of the amplitude errors yi throughout the 

length of the profile, and it is usually given as an RMS error. For a scan of n equally spaced 

measurements, the RMS error is given by Eq. (18). Typical requirements for the overall RMS 

error for telescope mirrors are in the range of 1/10 to 1/20 of the wavelength of light, but micro-

roughness is demanded to be even better than 1/200 of a wave (Carlin, 2000). 

 ∑
=

=
n

i
iy

n
errorRMS
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21  (18)  

The actual profile of a large-diameter long-focus piece can be optically investigated 

either by interferometric testing, star-test image evaluation or any of the various kinds of optical 

profilometers available: measurement of the local slope, auto-collimation or direct measurement 

of the optical curvature. These techniques allow measurement accuracies in the range of a 

hundred of a wave (Burge, 1995). However, the complexity and price per area of these optical 

instruments is usually only justified in the telescope industry or for optical manufacturing of 

small pieces. The Foucault test (see next section) allows amateurs evaluating errors in the mirror 

shape with a resolution of fractions of the wavelength by means of a very simple setup, although 

it does not yield quantitative results  without difficulty. 

The profile can also be measured mechanically through the traditional contact probing, 

which involves a simpler process. Coordinates Measurement Machines (CMMs) are 

commercially available in extremely large sizes suitable for large-area mirrors (dozens of meters 

in gantry CMMs).  However, the touch-and-move process of the probing arm through the 

bridge entails very long measurement times for a single diameter profile, and far more in the 

case that the whole revolved shape has to be studied. State-of-the-art uncertainties are in the 

range of hundreds of nanometers (Pril, 2002), so CMM may be not suitable for telescope quality. 

Swing-arm profilometers are supposed to be a fastest alternative (King, 2006) but are still under 

development. 

Instead of directly measuring the mirror profile, the piece can be evaluated through the 

quality of the resulting optical performance: collimation angle of the reflected beam or spatial 

uniformity of the irradiance over the spot. The advantage of these figures of merit is that they 

measure exactly what we are interested in, and there is no need of estimating the consequences 

of the profile errors. Moreover, there is no enough cumulated experience in CPV solar 

simulators to prescribe a particular set of a priori figures for roughness, waviness and overall 

surface accuracy. However, there is the main disadvantage that collimation angle or spatial 

uniformity can only be evaluated a posteriori and with a separate optical setup; therefore they 
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can neither be measured during the manufacturing to give feedback to the process nor be 

specified as acceptance criteria to the mirror manufacturer. 

Table 2. 4. Optical performance anomalies introduced to collimator mirrors by surface errors, together with possible solutions. 

 

Error component 
 

Roughness Waviness Form Flaws 

Possible 
effects 

− Loss of local 
specular reflectance 
− Increased light 
angular size 
 

− Variable light 
angular size (cm to 
m-length waviness) 
− Light/shade rings 
− Loss of integrated 
specular reflectance  
− Increased angular 
size (mm-length 
waviness) 

− Loss of 
collimation 
− Light 
losses 

− Light losses 
− Light hot-
spots 
− Shadows 

Solutions 

− Coating 
− Better raw 
material 
− Further 
polishing/finishing 

− Improve 
machining stability 
− Polishing 

− Adjust 
profiling 

− Re-
profiling 
− Grinding 
− Coating 

2.5.2. METHOD FOR OPTICAL ASSESSMENT OF THE MIRROR CURVATURE 

The Foucault test (Foucault, 1859) is used in astronomical mirrors to detect medium- to long-

length waviness and form errors with huge resolution, in the order of tenths of a wave. The 

Foucault test is based on the principle that every ray coming from the center of curvature of a 

sphere will be reflected back exactly to the origin, so a knife-edge placed at the optical axis can 

be used to selectively obstruct or let by only deviated rays. When observed with the naked eye, 

the missing rays will leave darkened zones on the mirror belonging to slope errors.  

A rough version of this method was used for the first time by John Hadley in order to 

qualitatively assess the parabolic figure of a telescope (Bahr, 1993). If the mirror is illuminated 

by a very small lamp from the radius of curvature (double of the focal distance for parabolic 

mirrors), a camera located alongside would only collect the rays reflected from the zones of the 

mirror with the correct slope. The image of the zones with a wrong radius of curvature will 

appear darkened. This method requires some familiarization to obtain useful images, but a few 

seconds provide inestimable information about the smoothness of the whole figure that can be 
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used for quick feedback during the polishing process. Again, it is only a qualitative method. 

Figure 2. 14 presents the operation principle of this method. 

 

Figure 2. 14. Sketch of the Hadley’s test. A form error with the shape of an annulus valley makes both over-divergence and 

over-convergence to happen, darkening some zones of the mirror to the camera’s view. 

2.5.3. MEASUREMENT OF THE COLLIMATION ANGLE 

The collimation angle of a light beam can be defined as the angle with respect to the beam 

normal in which 90% of the light flux is contained. When a divergent light source is parallelized, 

the collimation angle is the sum of the angular size of the lamp seen from the mirror plus the 

angular widening introduced by the collimator. If the latter is perfect, the angular widening is 

zero. The collimation angle can be measured by means of a simple setup consisting of a small 

constant light source and a CCD camera. The idea is to compare the angular size of the lamp 

seen from the mirror when it is placed on its focus, with respect to the reflected image 

(collimated), as depicted in Figure 2. 15. Perfect collimation implies that both images are equal. 

The angular size is measured through a spatial projection of the angular directions of the light as 

with a pinhole over a screen. A CCD camera focused to infinity projects the light coming from 

each angular direction into a different pixel of its sensor. Then every pixel reads a signal that is 

proportional to the received light intensity, creating a 2D map of the angular distribution of the 

irradiance. 

The image taken in step 1 of Figure 2. 15 is used to calibrate this correspondence, as the 

angular size θsource is precisely known by measuring the linear dimensions of the lamp diameter 

and the focal distance and then applying Eq. (9). Then in step 2, the angular size widened by the 

mirror θreflected is taken, which is the collimation angle of the light beam for that particular lamp. 

The figure of merit for the mirror collimation performance is then the angular widening 

between θsource and θreflected as in Eq. (19), which can be produced by a stretching of the global 
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image, or by a blurring of the edges of the image. Moreover, this widening can be dependent on 

the position over the receiver plane. The kind of widening is mainly defined by the type of 

surface error originating it, so this can help us to identify possible problems on the mirror. A 

global stretching of the image can only be produced by form errors and long-length waviness, 

but this stretching is highly dependent on the position. If the image edges are blurred, roughness 

and short-length waviness are the possible causes. Again, the smoothing will be position 

dependant in the case of waviness. 

 

Figure 2. 15. Summary of the CCD-based measurement of the collimation angle. Firstly, the angular size of the lamp 

seen from the focal distance is captured (1), and then this image is compared with the reflected image taken at the 

receiver plane (2). 

In the case that the widening is produced by scattering (blurring), θwidening is added to the 

angular size of any lamp seen from the focal length to estimate the real collimation angle that the 

simulator would feature when equipping it. The average of the widening angle measured at 

different positions of the receiver plane would filter out long-length waviness and form errors 

and would result in the θwidening figure due only to scattering. 

 
sourcereflectedwidening θθθ −=  (19)  

2.5.4. MEASUREMENT OF MIRROR SCATTERING 

A flat sample of the mirror would allow us to isolate the effects produced by roughness and 

short-length waviness, this is, spatially uniform widening of the angular size of the source and 

loss of specular reflectance. This can be used to asses a priori the suitability of a particular 

machining process, finish or coating. Two different methods were devised for the 

characterization of flat mirror samples, both based on the measurement of the angular widening 

of a collimated laser beam. The divergent laser beam from a laser diode subsequently collimated 



Development of a solar simulator for CPV modules 

 

53 

is used rather than a crystal laser in order to count on a wider spot, which allows higher spatial 

(angular) resolution. 

CCD camera method 

In the first experimental setup (Figure 2. 16), after widening and collimation, the laser beam is 

projected over a screen with and without the mirror (leaving the same total light path in both 

cases in order to account for the non-idealities of the laser collimation). The corresponding 

projected images are captured by means of a CCD camera, from which the spot diameters 

Φreflected and Φbeam are extracted (again, they can be defined as the circle diameter in which 90% of 

the light power is contained). Then the difference between both spot diameters divided by the 

mirror-CCD distance d gives the tangent of the widened angle, which is the figure for the mirror 

scattering (either diffractive or geometrical). The accuracy of this measurement is limited by the 

spatial homogeneity of the screen transmittance and the dynamic range of the CCD sensor, as 

the integration of the light intensity over the image area requires that peaks are not saturated 

and valleys are not masked by noise. 

 

Figure 2. 16. CCD-based measurement of the scattering in a mirror flat sample. A laser spot with diameter Φbeam and 

small angular divergence is first projected and captured without the mirror (1). Then the mirror is introduced and the 

reflected beam is projected after the same light path d (2), obtaining Φreflected. 

 

Diaphragm method 

In the second method, the screen and the CCD camera are substituted by a diaphragm and a 

solar cell in order to measure directly the encircled energy of the light beam, this is, the light 
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power contained in a circular cross-section of the light beam as a function of its diameter. The 

diaphragm aperture is used to define the diameter of the beam, and the solar cell is used to 

measure the corresponding light power transmitted (see Figure 2. 17). In order to reduce the 

interference effects of coherent light across the sharp edge of the diaphragm, the solar cell 

should be placed as close as possible to it. Linearity of the solar cell current with irradiance is 

assumed, so a proper intensity of the laser diode has to be used in order to avoid excessive series 

resistance losses, which would make the ISC be no more a measure of the photocurrent. Besides, 

the solar cell has to be large enough to collect the whole specular component of the reflected 

beam.  

 

Figure 2. 17. Measurement of the scattering through the encircled energy of the spot cross section. The laser spot is 

limited by the diaphragm diameter Φdiaphragm and then its power is measured by the solar cell. 

If we take the ratio of the power for every diaphragm diameter to the power of the spot 

before reflection, one obtains the curve for the reflectance as a function of the spot diameter 

Φdiaphragm. It this curve is rather saturated for the largest diameter considered, the diameter for 

which 90% of that saturation value is achieved is considered the spot diameter Φreflected. If no 

saturation value is obtained, either the solar cell is too small for the measurement, or the 

scattering of the mirror is too wide and it should not be used for this application. Eventually, we 

want to plot the reflectance as a function of the widening angle, so the x-axis is converted to 

θwidening using Eq. (20). 

 ( )beamdiaphragm
beamdiaphragm

wideningθ ΦΦtan
2

ΦΦ
tan2 11 −≈⎟⎟

⎠

⎞
⎜⎜
⎝

⎛ −
= −−  (20)  

2.5.5. MEASUREMENT OF THE SPATIAL UNIFORMITY 

If the mirror is illuminated from its focus with a lamp, the measurement of the spatial 

distribution of the reflected irradiance over the designated test area using a reference unit with 

narrow angular acceptance (in order to weight angles deviated from the beam normal) is also a 

measure of the quality of the mirror profile. In order to disregard the non-idealities of the light 
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source, an ideal spherical Lambertian source with the precise diameter located at the focal 

distance of the collimator mirror should be used. However, one may desire the joint 

measurement of both the mirror and the lamp to be used in the real solar simulator, so this may 

also be acceptable.  

If roughness and short-length waviness are very uniform throughout the mirror piece, 

they will be hidden for this measurement and only medium to long-length waviness and form 

errors will be discovered. A strong requirement for this characterization is the availability of a 

very flat and rigid supporting piece to be located at the receiver plane, on which the reference 

unit can be placed normal to the light beam and moved to measure the spatial uniformity. 

2.6. MANUFACTURING ALTERNATIVES FOR A LARGE-AREA 

COLLIMATOR MIRROR 

There are three basic types of large-area collimators: monolithic or one-piece mirrors, assemblies 

of several segmented mirrors, and inflated reflecting membranes (Carlin, 2000). The number of 

manufacturing processes of rigid mirrors is large, but mainly we can consider grinding, 

machining, replication and spin casting. The mirror finish can be achieved either directly on the 

substrate material (through again a very large variety of processes) or by adding or coating an 

additional reflecting layer.  

The creation of the three types of mirrors was undertaken in the framework of this 

thesis in search for the required collimation quality. The results obtained and the manufacturing 

issues linked to each fabricated piece are explained in the following.  

2.6.1. INFLATED CIRCULAR MEMBRANES 

Inflatable membranes for space telescopes were a topical issue in the late nineties, following the 

promise of dramatically reducing the launch mass and volume, and allowing aperture diameters 

of up to 100 m (Soh, 2004). These mirrors would be folded for transport and then deployed and 

inflated in orbit18. The concept is based on inflating a reflective thin elastic circular sheet that is 

clamped to a rigid ring support along its perimeter, by applying a differential (uniform) 

                                                           
18 The concept seems to be discarded due to the main reason that vacuum cannot be used in space, and inflating 
would require absolutely no pressure leakage or otherwise tons of gas would be required, neglecting the low-
weight requirement  (Shepherd, M. J. (2006). Lightweight in-plane actuated deformable mirrors for space 
telescopes, Air Force Institute of Technology. PhD.). 
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pressure. If the elastic properties of the material could be approximated to the soap-bubble film 

(constant surface tension) a spherical shape would be obtained (which for long-focus 

collimators is a good approximation to a paraboloid). The inflating of a convex reflector can be 

carried out either applying vacuum to a membrane clamped to a drum cavity, or pumping up 

two identical membranes attached together to a supporting rim. In the latter case, the reflector is 

the interior face of one of the two membranes and the other film has to be a transparent canopy; 

for space applications with a need for low weight the rim can be an inflated self-supporting torus 

(see Figure 2. 18).  

 

Figure 2. 18. Two approaches for inflating membranes. 

The prediction of the actual profile for an inflated membrane subjected to uniform 

pressure is called the Hencky’s problem19, which tries to calculate the lateral deflection w0 from 

the initially flat shape as a function of the radius a (see Figure 2. 19). Analytical solutions are 

burdensome because they are based on the nonlinear differential equations from von Kármán 

for thin plate deformations though simplified by considering a negligible resistance to bending 

(definition of a membrane) (Jenkins, 1999). This nonlinearity comes purely from geometrical 

reasons: the radial strain is proportional to the square of the slope of the deflection20. Further 

nonlinear issues can be introduced by using a non-linear constitutive model for the material 

                                                           
19 Actually the Hencky’s original analysis referred to a uniform lateral loading, rather than the differential 
pressure applied when inflating, in which the loading is always normal to the membrane surface at every point. 
The differences, nevertheless, are negligible due to the small deflection considered. 
20 The non-linearity for small deflections is introduced through the strain in the radial direction (square of the 
slope): 
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where u and w refer to displacements in the radial and lateral (height) directions, and εr and εθ are the 
corresponding strains for those directions.  
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elastic properties, e.g. rubber-like materials do not follow the linear Hooke’s law but a 

hyperelastic model. 

The validity of the solutions historically proposed depends on the amount of deflection 

compared to the radius, and on the assumptions made on the linearity of the stress-strain 

relationship (Stanford, 2008). Hencky himself proposed a power-series approach for the 

solution (Hencky, 1915). However, an empirical polynomial equation of grade 5 exists for the 

curve of a membrane with respect to the maximum deflection (Stevens, 1944), considering 

strains in the elastic range and a Poisson’s ratio around 0.3 (valid e.g. for metals or polymide); 

see Eq. (21). The 5th grade term is showing the departure from an ideal parabola. The difference 

between the forms of the Hencky’s surface and the parabola along a diameter is known as “W-

curve” (because of the typical form of this error along a diameter), from which the errors in 

slope (deviation angle of the reflected rays) can be derived. 
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where w(r) is the deflection as a function of the radial position r, C1 and C2 are constants with 

values 0.9 and 0.1, respectively, a is the total radius, and w0 is the maximum deflection (center). 

Note that, according to this equation, the relative geometrical figure is supposedly not affected 

by the membrane Young’s modulus, thickness t or pressure p (although obviously they do 

modify the maximum deflection). On the contrary, enlarging the radius makes the 5th grade 

term lower its influence and improves the resemblance to a parabola. Besides, finite element 

analysis predicts that an increase of the Poisson’s ratio is expected to reduce the departure from 

the ideal parabolic shape (Peters, 1998). 

 

Figure 2. 19. Sketch of the Hencky’s problem of the deflection of a circular clamped membrane subjected to uniform 

lateral pressure (inflating). 

Eligible materials for the membrane must meet several requirements. First, a negligible 

bending rigidity is required for membrane behavior, for which the material has to allow to be 

formed as a very narrow film (in the order of dozens to hundreds of microns). Second, it has to 

be highly reflective, or allow the addition of a reflective coating, with a good enough roughness. 
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Finally, the elasticity of the material has to be such that allows enough deflection without 

fracture, plastic deformation or wrinkling.  

Polymeric materials can be highly engineered so they are the natural candidate. Mirror 

coated polymide (Kapton®), low-density polyethylene and PET (Mylar®) films are already being 

used in thicknesses from 10 to hundreds of microns. A main drawback of plastics is 

viscoplasticity that make them deform slowly and relieve tension when a high constant tension 

is applied; this effect is known as creep. Besides, Mylar films are reported to be strongly 

orthotropic, meaning that its Young’s modulus varies significantly between orthogonal 

orientations (Meinel, 2000). Electroformed nickel is also already being used in space due to its 

high stability and low roughness figure (Stamper, 2000). The desired reflectivity is usually 

achieved by coating with aluminum. Silver has a better global reflectivity, but has a poor 

response in the UV region and is darkened by reacting with sulfur in absence of additional 

protecting layers.  

Prototype manufactured and results 

A membrane reflector of 1.3 m in diameter was prepared. The architecture used was that of the 

vacuum drum. In order to reduce wrinkles, the membrane was fixed taut onto the drum, and 

then glued to an annular batten. The tightness of the film varies inversely with temperature, so a 

warm moment of the day was chosen for the fixing in order to assure a wrinkle-free tight 

appearance at any time. A roll of aluminum-coated reflective PET film with 50 μm of thickness 

was chosen as the membrane material for its good availability and appropriate elastic properties. 

PET features a Young’s modulus of 1.2 GPa and a Poisson’s ratio of 0.37 although some level of 

asymmetry may be found because of orthotropic behavior. The reflectivity of the flat (slack) film 

was measured to be 83% by means of a red laser diode and a solar cell (without fingers for 

avoiding a variable shading factor). It went down to 77% after inflating to 2.3 cm of bow height 

(7% loss), which anyway is enough for our purposes. This loss has to do probably with the 

reduction in density of reflective particles. 

The drum was drilled to connect the cavity with a vacuum pump with low losses so that 

the adjusted differential pressure can be kept for several hours without an appreciable change of 

the membrane radius of curvature. The procedure for the adjusting the vacuum pressure was 

based on achieving collimation for the light coming from a particular focal distance. The beam 

of a laser diode located at the desired focal distance is aimed at the mirror center and at another 

radial distance (which is simply measured by a ruler), and the reflected light beams are projected 

at the receiver plane in order to measure the length between them. If both the radial and the 
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projected distances between the beams are equal, then collimation has been achieved (no 

divergence). However, the right slope has not necessarily been achieved for the rest of the 

mirror, so this procedure is only valid for setting up the right bow, not for proving overall 

collimation of the mirror. 

 

Figure 2. 20. Picture of the 

membrane mirror hung by 

the edges at half height for 

reducing the bending of the 

piece due to weight. A laser is 

placed at the focal distance to 

measure the slope along a 

diameter. 

After inflating the membrane to collimate the laser beam at r = 0.5 m from a focal 

distance of 4.6 m, a very smooth curve was achieved with only some small wrinkles at the edges. 

When illuminated with a lamp, a bright circular ring appeared at the perimeter of the light spot. 

The spatial uniformity of direct irradiance at the receiver plane was measured by means of a 

high-concentration PV system with a limited angular acceptance (+/- 0.7º) and 10 cm2 of 

aperture area, revealing a very non-uniform spot, with a very low irradiance in the inner circle 

but a high intensity in the outer part. A reasonable figure of +/- 5% could only be achieved for 

an extent of 30x60 cm2 (this area is asymmetric probably due to the orthotropic behavior of the 

film and to the deformations in the ring frame produced by its own weight). 

The laser diode was used to perform a scan of the slope angle of the membrane as a 

function of the radial position. Using the slope profile, the actual geometric figure of the curve 

was calculated. When subtracting an ideal parabolic shape with the same bow height from the 

measured curve, the typical W-shape was found (the positive half is presented in Figure 2. 21). 

The Stevens’ polynomial in Eq. (21) was used to adjust the curve, and a great accordance 

(R2 = 0.99994) was found for the coefficients C1 = 0.86 and C2 = 0.14. Probably the slight 

difference with the Stevens’ coefficients (0.9 and 0.1) arises from the non-idealities of the film 

and some deformation of the supporting drum due to weight. In any case, the difference with 

the ideal parabolic shape is far from acceptable, with a maximum error in amplitude equal to 
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4.5% given with respect to bow height (w0). And what’s worse, a variable angular deviation with 

a total spread of 1.05º. The slope angle error is negative till r = 0.5 m, meaning that the reflected 

rays within that zone diverge; for longer radii, the reflected rays converge due to the positive 

error in slope. This explains directly the observed inner darkened zone and the outer brighter 

annulus. 

 

Figure 2. 21. Differences in amplitude (relative to bow height) and slope angle as a function of the radial position for both 

the measured curve and a parabola with 4.6 m of focal distance 

We can use the adjusted curve equation to study the maximum angular error that would 

be achieved if the radius of the film were longer, i.e. leaving a larger security zone of the mirror 

that would not be used. It is interesting to see that 2.6 m of diameter would give at most 0.1º of 

maximum angle divergence (within the 1.3 m zone). 

Many other techniques have been proposed through the years to improve the natural 

curve of an inflated membrane: 

• Active control of the shape by adhesion of a piezoelectric material to back like 

polyvinylidene fluoride (PVDF) or ceramic lead zirconate titanate (PZT), whose elongation 

is proportional to the applied voltage (Maji, 2000). 

• Addition of a planar electrode to create electrostatic attraction or repulsion on metalized 

membranes (Rapp, 1996). 

• Application of a thermal gradient  (Jenkins, 1999). 

• Manipulation of the boundary conditions, displacing the supporting edge at selected angles 

(Marker, 1997). 

• Using membranes with a continuous variable thickness along the radius (Vaughan, 1980; 

Fichter, 1997). A quadratic radial variation in the membrane thickness is supposed to 
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produce a paraboloidal shape with a maximum slope error of one thousandth of a radian 

(Meinel, 2000). The variable thickness film may be manufactured by spin casting a liquid 

polymer on a flat mandrel at a particular rotation period (Borra, 1992), or by direct pouring 

on a convex master mould. 

• Pre-shaping membranes close to the desired parabolic shape before inflating. This can be 

done by forming the film by spin casting on a concave parabolic mould, or by joining 

discrete flat pie-shaped gores. The advantage is that the required pressure and deflection 

from the initial shape is much smaller. This method can be taken further by pre-shaping a 

parabolic film with a parabolic variation of the thickness along the radius. 

2.6.2. MONOLITHIC MIRRORS BY DIRECT MACHINING 

The most straightforward way of making a large-area collimator is the manufacture of a simple 

monolithic piece with the desired shape. The process for telescope quality typically entails four 

steps: 

1. Pre-machining or casting the piece to a rough approximation of the desired paraboloidal or 

spherical shape. 

2. Finish-machining (milling) or grinding the piece to the best achievable figure by Computer 

Numerical Control (CNC) machines. 

3. Polishing the surface to an accuracy of 1/10 to 1/20 RMS error of the work wavelength. 

4. Applying a thin reflective coating for providing the desired mirror properties. 

The eligibility of a material as a candidate for the mirror substrate is based mainly on 

three criteria: cost, delivery time and handleability. Therefore the preferred properties for the 

raw material are low price, low density, high specific stiffness (Young’s modulus divided by 

density), low coefficient of thermal expansion (CTE), fast machining and polishing rates, high 

quality of the achievable finish and capability of being mirror coated. 

Glass is the primary election for astronomical mirrors due to its low CTE and ease of 

polishing to very low surface roughness (Carlin, 2000). The drawbacks are derived from the 

required thickness of the piece: due to its low specific stiffness, a thickness-diameter of 1:6 is 

typically used to avoid structural deformations. The resultant thickness for a 2 m-wide mirror is 

not an industry standard so the price of a blank and the lead time are shot up. On the contrary, 
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glass can be melted to be spin cast on a rotating furnace and obtain directly a blank with a rough 

paraboloidal shape21. 

Aluminum has a higher specific stiffness, but it has been avoided in the telescope 

industry due to its high CTE. However, in less quality-demanding applications like ours, its 

notable machinability and handleability makes it a great candidate for the substrate. Price and 

availability of thick and large-area blank pieces are also persuasive. However, the best achievable 

surface finish in the polishing process may be too rough for a telescope due to the softness and 

pore density of the aluminum micro-structure. 

Polymers feature two big disadvantages: a very low specific stiffness and a very high 

CTE. However they have several appeals: very low cost, possibility of mass cheap replication, fast 

milling, possibility of creating composites with fibers of other materials for tailoring properties 

(e.g. aramid or graphite fibers for summing a zero CTE or a maximum specific stiffness) and the 

feasibility of obtaining the net shape by pouring the polymer on a rotating flat plate (spin-

casting) at room or low temperature. Composites with carbon or glass fibers also allow increased 

stiffness. 

When starting from a flat blank, profile milling is the typical machining process for 

cutting the desired curve (contouring). For diameters of several meters, this has to be carried out 

in floor-type CNC machines with 5 axes (rotation of the tool spindle, 3D positioning of the tool, 

and feed of the piece), using a round cutter like a ball nose mill as machine tool. A first pre-

machining stage of rough-hewing is used to get an approximation of the profile. Then a much 

slower finish-machining step obtains the curve with a typical precision of 10 μm in gantry-size 

CNCs. Abrasive grinding and polishing are used to produce the final optical quality on the 

machined surface; these processes consume most of the manufacturing time and require a high 

level of craftsmanship.  

Coatings are classically applied by deposition of a thin reflective layer by metal 

evaporation (aluminum or silver) in a vacuum chamber. Alternatively, one can use reflective 

films that stick to the clean finished surface. In the latter case, roughness and short-length 

waviness of the substrate are covered and substituted by those of the mirror film. A wide variety 

of reflective materials and their properties is summarized in (Harrison, 2001). 

                                                           
21 The desired focal distance F is simply obtained by applying F = g/(2ω 2) where g is the gravity acceleration and ω 
is the angular frequency of the furnace Meinel, A. B. and Meinel, M. P. (2000). "Inflatable membrane mirrors for 
optical passband imagery." Optical Engineering 39(2): 541-550. 



Development of a solar simulator for CPV modules 

 

63 

Prototypes manufactured and discussion of results 

Acrylic polymer substrate 

Due to its low weight and machinability, PMMA was chosen as the substrate material for the 

first mirror manufactured at IES-UPM with a diameter of 2 m and a 6 m focal distance. It was 

machined in a 12 m-long CNC and then mounted on a metal structure for providing enough 

rigidity. The shape of the profile across a diameter was measured at equally spaced points by 

means of a gantry-type CMM, which resulted in the desired curve within an accuracy of 10 μm 

(the accuracy limit for the meter). This good form error, and the deceptively great appearance, 

resulted in that only a basic finish polishing was carried out and therefore hidden waviness and 

roughness errors were not removed. When the reflective coating was attached, these defects 

were made obvious, as seen in Figure 2. 22. Although the CNC features a temperature-

compensation system, the observed waviness can be explained by the large coefficient of thermal 

expansion of PMMA as compared to metals, between 50 and 90 ppm/ºC. A variation of 1ºC 

degree in the piece during machining can change the thickness of a 60 cm-thick piece in at least 

30 μm. 

Adhesive aluminum-coated polyester film was used. Since the film roll can only be 

curved cylindrically without tension, its elastic properties have to allow sufficient stretching 

when stuck to a curved figure without the appearance of wrinkles or tears. For this reason, the 

film was cut into pie-shaped gores that reduced the amount of stretching and could segment the 

whole circular area. The drawback is the number of small linear defects that are produced by the 

overlapping edges. 

As a result of the visible wavy rings of the picture, when illuminated by a lamp in its 

focus, the collimated spot featured a series of concentric dark/bright rings that seemed to be 

worsening the homogeneity of the irradiance (see  

Figure 2. 23). The spatial non-uniformity was then assessed throughout a total area of 1 

square meter by means of an array of 14 light sensors that were placed coplanar and 

perpendicular to the light beam (each one being a high-concentration unit with an aperture area 

of 680 cm2, whose short-circuit current under some particular real sun conditions was already 

known). The measured figure for the spatial non-uniformity was ±6.9%, worse than expected 

but still promising. 
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Figure 2. 22. Appearance of the 2-m wide PMMA collimator after applying 

the mirror coating, when illuminated for making waviness errors clearer. The 

mirror is fixed to a stiff metal support to provide structural stability. 

  

Figure 2. 23. Photograph of the reflected spot from a 

single film gore. 

Aluminium substrate 

The high weight of the PMMA mirror due to the required supporting structure, together with 

the mediocre optical quality achieved, motivated the election of aluminum as new substrate 

material. The manufacturing process used was the same, although new polishing processes were 

introduced in order to reduce long- and medium-length waviness. The latter was assessed after 

machining and during the polishing process by means of the Hadley’s test (p. 50). 

Although aluminum can supposedly be polished to a mirror finish, the process is very 

difficult and time demanding because of the softness of the material, which leaves a poor micro-

roughness and scratches easily. Therefore the manufacturing time and cost is dramatically 

reduced by coating with a mirror film instead of improving the finishing. As with the PMMA 

reflector, aluminum-coated biaxially-oriented polyester film was used for its high tensile 

strength and reflectivity. Several segmentations have been used for coating the whole mirror. 

The final quality of the mirror was checked with a variety of optical tests described in 

the previous section. Hadley’s test was used to check medium-length profile errors, which for 

the final polishing step resulted in a practical absence of waviness, as it is shown in Figure 2. 25. 
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(a) 

 

 
(b) 

 
Figure 2. 24. Defects in the aluminum substrate after initial machining. (a) Light/shadow rings and radii are revealed when 

illuminating from the radius of curvature of the collimator (Hadley’s test). (b) A close-look picture shows the short-length 

waviness lay produced by machine tool, as well as the brightness resultant from the achieved roughness. 

The collimation angle θreflected(x, y) was measured at several locations (xi, yi) of the 

receiver plane by means of a CCD camera in order to extract the widening angle (as in Eq. (19)). 

The average among all positions yields the widening due to the scattering of the mirror, while 

the standard deviation can be seen as a figure of merit of the form errors. Figure 2. 26 shows the 

CCD photographs taken for a diffused small continuous lamp (for emphasizing mirror features) 

both before and after reflection with tools developed in our group by Rebeca Herrero. The 

average angular size for one of the latest mirrors fabricated was measured to be ±0.36º, which 

yields a mean angular widening of 0.078º. This widening varied among positions with a 

standard deviation of a 24%, meaning that some form errors are still present.  

 

Figure 2. 25. Hadley’s test for a finished mirror covered with two reflective film segments, showing the practical removal 

of waviness. The smooth grey zones reveal an absence of sphericity. 
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Figure 2. 26. CCD photograph of a small continuous lamp before (1) and after (2) reflection on the mirror. 

Finally, the quality of the mirror was assessed through the map of the spatial non-

uniformity of the irradiance, which was measured by a light sensor with a narrow angular 

acceptance and the flash lamp employed by the solar simulator. A non-uniformity of ±5% is 

achieved consistently through the mirrors already manufactured, corresponding to a Class B 

rank according to international norms. If the angular radiation diagram of the final light source 

used in the simulator is anisotropic for the field of view occupied by the mirror, the non-

uniformity figure could be higher.  

       

Figure 2. 27. Finished mirrors with two different segmentations of the reflective cover: pie-shaped gores (left) and 

semicircular halves (right). The mirrors are installed on their mounts through 4 fixing points. 

For operation, the mirror is attached to a metal mounting frame in 4 points in order to 

distribute the weight and reduce deformations. Figure 2. 27 shows two mirrors fabricated by 

means of this process, covered with two different segmentations. 

The 6 m focal-distance 2 m-diameter collimator mirror based on an aluminum substrate 

was developed in collaboration with the Spanish company Jupasa, which was licensed by the 
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UPM to manufacture the product under a trade secret. Later on, when the CPV solar simulator 

technology was completed and transferred to the company Soldaduras Avanzadas (SAV), both 

companies came to an agreement in which the mirrors would only be sold as an OEM 

equipment of SAV simulators. Future modifications or improvements of the mirror are being 

motivated by the growing size of the aperture area of CPV modules. The circular shape of the 

collimator might be abandoned in order to better fit the rectangular outline of most current 

modules and avoid wasting optical-quality area.  

Reflective coating 

Since  the reflective film was not available in 2 m diameters, some kind of segmentation of the 

circle was inevitable. Triangular gores or rectangular patches are the possibilities. Two criteria 

define the shape and size of the segments: the acceptable density of overlaps (defects) and the 

ease of lamination. A large patch avoids having too many overlaps, but it will suffer from strong 

elongation and compressive forces that might produce wrinkling, detaching, tears or necking. 

The acceptable density of overlaps is in turn dependent on the primary lens area of the target 

CPV module: as a general rule, the smaller the lens, the higher the effect of an overlap on the 

measured maximum power point. 

The diaphragm method described in section 2.5.4 was applied to the Al-coated reflective 

polyester film to assess its sole contribution to the angular size of the simulator (Figure 2. 28). A 

photographic objective was used to collimate the beam coming from a laser diode whose small 

collimating lens had been previously removed. 

Figure 2. 28. Setup for the measurement of the increased divergence produced by a flat mirror sample: laser diode with 

collimating optics (1), flat laminated mirror (2) and diaphragm plus light sensor (3). 

The results are shown in Figure 2. 29. A peak saturation reflectivity of 84% was 

measured within the specular field of view of the mirror. This value may depend on the 

lamination quality, as defects like scratches or bubbles may appear (the solar weighted global 
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reflectance is reported to be around 87%). The widening angle θwidening can be defined as the angle 

where 90% of the peak reflectivity is achieved, which is found here at around 0.08º, quite the 

same figure as the collimator mirror scattering. This means that the roughness and short-length 

waviness of the mirror are being imposed by the coating film, and that further improvements of 

the latter would have an appreciable benefit also in the optical quality of the collimator. 

Additionally, the spectral reflectance of the mirror was also measured by means of a 

broadband spectrometer at Fraunhofer ISE (Freiburg). A polyester silver-coated film was 

measured together for comparison. The silver film has a higher and flatter global reflectivity and 

smaller interferential effects, but it blocks very much the high-energy violet light. Furthermore, 

aluminum response falls off a 10% in a range around 800 nm, which is beneficial for reducing 

the weight of the large Xenon emission peaks located in that region. 

 

Figure 2. 29. Encircled energy of the flat mirror sample as reflectance versus widening angle of the laser beam 

 

Figure 2. 30. Global spectral reflectance of a flat sample of the coating film used, together with that of another 

polyester candidate that uses silver as reflecting element. Measured by courtesy of Fraunhofer ISE. 
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2.6.3. MIRROR REPLICATION FROM A MASTER MOLD 

With the aim of lowering the cost and weight of such bulky machined mirrors, a mirror 

replication method was investigated. In replication, the highest cost and efforts are put on the 

machining and finishing of a negative (convex) master mold, from which a large series of 

mirrors replicas can be produced (through a number of processes like slumping, molding or 

casting). The election of the material for the copies is based on the replication process available, 

and on the stiffness and optical precision required. Polymer materials have the main advantages 

of easy molding and low weight, and they can be reinforced by compositing with glass or carbon 

fibers.  

A stainless-steel master mold was machined and polished as a convex master, and then a 

set of polyester-fibre replicas were molded on top. A reinforced frame was also shaped as a part 

of the replica for increased stiffness. The reflective layer was also created by laminating a flexible 

Al-coated film, which was cut into pie-shaped gores for segmenting the paraboloid with low 

tension.  

           
(a)              (b) 

Figure 2. 31. Machined master mold (a) and one of the glass-fiber replicas (b) . 

 
Figure 2. 32.  Light spot produced by one of the replicas after lamination with the reflective film. 
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Although the appearance of the master mold to the naked eye was immaculate, the 

mirror replicas showed a myriad of irregular shadows and hot spots at the receiver plane (when 

illuminated with a constant light source at the focal distance). A preliminary measurement 

indicated a figure for the spatial non-uniformity in the range of ±50%, which is quite 

unacceptable. A further polishing of the mold reduced the randomness of these spatial non-

uniformities, but introduced a new pattern of large transverse fringes which did not improve the 

uniformity (Figure 2. 31b and Figure 2. 32). A good impression was made nevertheless by the 

replication process, which reproduced the mold with very good fidelity and without fiber 

through-prints. 

2.6.4. ARRAY OF SEGMENTED MIRRORS 

In order to avoid the limitations of monolithic fabrication, large-diameter mirrors can be built 

from smaller segments that fit together to cover the required collimator area. The typical shape 

for segmenting the plane is the hexagon, but also squares or other shapes are possible. Each 

segment has to be perfectly supported and aligned with respect to the others and, compared with 

telescopes, there is the additional requirement that a segment can neither overlap the others as 

seen from the lamp nor leave void gaps between them, or else shadowed regions will appear on 

the collimated spot, ruining the spatial uniformity. This is a difficult task because mirror pieces 

have to be trimmed and placed on the supporting structure with a very high precision. A way to 

increase tolerance is the use of position actuators for allowing the segments to slightly rotate and 

displace from the original installed position to achieve the desired parabolic curve. Kinematic 

stages for tip, tilt and piston are generally used, although an actuator for the radius of curvature 

may also be applied. The actuators are in turn attached to a rigid reaction structure, which 

provides stability to the base plane. 

 

Figure 2. 33. A triad of linear actuators can confer tip, tilt and piston movements on a segment. 

The problem with void gaps between segments is that they can produce variable 

irradiance between the primary lenses of a CPV module. If the usage of a collimator were 

limited to a single form and arrangement of primary optics, the silhouette of the segments could 
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be adapted to that of the primaries and hence the stringent requirement of no void gaps between 

segments might be relaxed, on condition that every primary is receiving the same light power. 

This enables the construction of a low cost version of a segmented mirror. 

Such a grooved version of a segmented mirror was manufactured and tested for a 

particular high-concentration module that uses 16 paraboloidal reflectors with hexagonal cross 

section as primary optics, for a total aperture area of just about 1 m2. Therefore the shape of the 

segment was chosen to be a hexagon with slightly shorter edge than that of the concentrator. A 

third party provided the mirror pieces, which were made up of thick silver-coated glass. The 

pieces had very low roughness but the reflected light beams showed significant waviness and 

form errors (variable focal distance), as it can be seen in Figure 2. 34. Three screw linear 

actuators hold each segment, providing the tip/tilt and piston movements (see Figure 2. 33). The 

actuators are attached to a methacrylate plate with transverse stiffeners for augmented rigidity 

and low weight. Figure 2. 35 shows the finished prototype: 16 mirrors in a honeycomb structure, 

attached to the web-stiffened reaction structure. 

 

Figure 2. 34. Waviness 

and form errors in the 

segments were made 

clear through the non-

uniformity of the 

reflected beams. The 

dimensional layout of 

the mirrors is 

overprinted. 

Nonetheless, the overall spatial non-uniformity was measured by means of the target 

CPV module itself. The manufacturer modified the electrical interconnections in such a way 

that every single reflector-cell unit could be contacted independently. As every unit had been 

previously calibrated in the sun, the short-circuit current of every unit under the simulator 

could be normalized and compared to the others to obtain the figure of uniformity. The spatial 

non-uniformity resulted in ±4.2%. However, the observed hot spots and fringes will introduce 

uncertainties in the module measurements as some areas are over-illuminated at the expense of 

darkening others. Moreover, waviness and form errors lead to a variable angular size of the 

source that probably rules out the measurement of the angular transmission curve.  
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Figure 2. 35. Picture of the finished prototype: 16 segments attached to a web-stiffened reaction structure 

through triads of linear actuators. 
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Chapter 3. PULSED LIGHT SOURCES FOR 

CPV SOLAR SIMULATORS 

3.1. SOLAR SPECTRUM USING A XENON FLASH LAMP 

The creation of a collimated light beam for the CPV solar simulator has to be combined with a 

high power density on the receiver plane and a spectral distribution similar to that of the sun. 

This implies the use of a lamp with a very high radiance (emitted power per unit solid angle per 

unit projected area) with an appropriate white-light spectral emission. Only gas-discharge lamps 

feature both properties simultaneously, among which Xenon flash lamps have the greatest 

resemblance to the solar spectrum and are the customary choice for conventional solar 

simulators. These are built as a glass tube with two electrodes that is filled with Xenon gas. The 

gas is ionized by means of a high-voltage triggering contact in order to conduct an electrical arc 

between the two electrodes. This arc features a very high current density during a very short 

time, thus emitting incoherent, white light with an extremely high radiance. 

The spectrum emitted by a Xenon flash lamp depends primarily on the current density 

circulating through the gas after its triggering, mainly for two reasons: first, photon emission is 

generated by different types of electron transitions, the probability of each one being a function 

of the current density (see below); second, the emissivity at low temperature is poorer for the 

shorter wavelengths, but conversely, it grows faster for these shorter wavelengths when the 
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Xenon temperature (related to current density) is augmented, thus increasing their weight on 

the total spectrum.  

 

 Figure 3. 1. Diagram of a Xenon flash lamp (left) and its current-voltage characteristic (right).  Adapted from (PerkinElmer, 2006). 

The current density depends in turn on the type of pulse-driving circuit, the discharge 

voltage or the gas cold fill pressure within the bulb. When the lamp is triggered, a high external 

voltage ionizes the gas, which forms a spark between the electrodes and a discharge current 

begins to circulate. If there is enough energy available, the thin streamer grows until it fills the 

whole tube. The high current heats up the ionized gas, which becomes a very hot plasma with 

effective temperatures up to 10000 K at the center of the lamp axis, falling to a much lower 

temperature near the tube envelope (PerkinElmer, 2006). When the plasma is formed, the 

electrical resistance falls down dramatically and the phase of main discharge occurs, where the 

current rises to a peak and falls exponentially (in simple LC driving circuits). This variation of 

current density means that the emitted light spectrum varies as well throughout the flash pulse, 

so it only makes sense to talk about the spectrum of a flash lamp for a particular moment. 

Therefore when it comes to characterizing the lamp spectrum, it is necessary to measure it as a 

function of the light intensity. Assuming reasonable repeatability between flash pulses, the 

spectrum can be also given as a function of time from peak as well as of the power or energy 

setting used in the pulse generator. This characterization is technically complicated; particularly 

if a high wavelength resolution is desired. Besides, because in general one wants to measure the 

I-V curve of a PV device under a particular spectrum, we must study the maximum time 

interval within which the spectrum keeps constant (i.e. it does not change more than an 

acceptable range). 
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Figure 3. 2. Electric current sparks (purple) 

during the initial phase of the flash discharge. 

The glass envelope appears blue due to UV 

fluorescence. Reproduced with permission of 

Shannon Weinhold - Klasdja Eclectic Imagery ©. 

The light spectrum from a Xenon flash lamp is produced by the electron transitions 

occurring within the plasma due to the induced current. When the electrons are bound to an 

atom or ion (bound-bound transitions) a spectrum of emission lines typical of that gas element 

is produced (spikes of spectral radiance). When transitions occur as a result of free electron 

accelerations or decelerations (free-free transitions) or by recombination or generation from an 

ion or atom (free-bound transitions) a spectral continuum is produced. The continuum 

provides the similarity with the solar spectrum, which is close to a blackbody emission at the 

temperature of the plasma. The emission lines on the contrary can introduce large deviations 

with respect to the solar spectrum, and their influence is especially distorting when clashing with 

the band gap energy of one of the cells or subcells to be measured.  

 

Figure 3. 3. Spectrum emitted by a 

Xenon lamp for two different 

current densities. Note that while 

the spectral irradiance for the 

lower-current pulse is half of the 

other throughout most of the 

spectrum, the intensity for the 

Xenon emission lines is almost the 

same. 

For Xenon, their power is especially high in the band between 800 nm and 1000 nm, 

where the single-junction GaAs and the Ga(In)As subcell of double- or triple-junction cells have 

their band gap energies. The power ratio of the emission lines to the continuum is reduced as 

the current density increases because the density of free electrons and the probability of free 

transitions increase. In Figure 3. 3, two spectra from the same lamp but under two different 

current densities are presented. The pulse with the higher current almost doubles the spectral 

irradiance of the lower-current pulse throughout most of the spectrum; by contrast, the 

emission peaks at the NIR region are only slightly higher, meaning that their contribution to the 

overall irradiance is lower and the effective temperature of the spectrum is higher. In effect, the 

closest resemblance to the solar spectrum is found for the range of very-high current densities 
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from 4000 to 10000 A/cm2, according to manufacturers (PerkinElmer, 2006). However, the 

spectrum will have an equivalent blackbody temperature much larger than the desired 5800 K of 

the Sun, and an excess of UV light will be emitted if no further filtering is carried out. 

3.2. METHODS FOR ADJUSTING THE SPECTRUM OF XENON 

FLASH LAMPS 

The resemblance of the artificial light to the solar spectrum can be improved in two ways: first, 

tuning the equivalent effective temperature to bring it closer to the 5800 K of the Sun; and 

second, suppressing spectral oddities like the Xenon emission lines and the UV excess. 

Regarding the techniques that can be used to improve the similarity with the solar spectrum, we 

can think of two different approaches: on the one hand, to vary the lamp features that have an 

effect on the spectrum, this is, materials, dimensions, driving circuit or utilization conditions; on 

the other hand, to modify the generated spectrum by means of additional optical elements (e.g. 

filters). Both strategies are explained in detail below.  

3.2.1. FLASH LIGHT FEATURES BEARING ON SPECTRUM 

Flash lamp characteristics 

Almost every flash light feature that has an influence on the emitted spectrum has to do with the 

modification of the working current density Jlamp, on which the spectrum depends: 

 
2

4
dπ

I
J lamp

lamp =  (22)  

where d is the internal diameter of the bulb envelope (bore) and Ilamp is the current between the 

two electrodes. As the resistivity of the plasma depends on the current density, the relationship 

between voltage and current for the main discharge region is not linear, as described by the 

Goncz relationship (Goncz, 1965): 

 
lamplamp ItKV ⋅= )(0  (23)  

where K0(t) corresponds to the impedance of the Xenon plasma, which in turn varies with time 

through the pulse because it depends on the diameter of the electrical arc. When the plasma fills 

the bore of the lamp, the arc is said to be wall-stabilized and the impedance roughly stabilizes to 
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the value of Eq. (24) for high current densities (400-10000 A/cm2), which only depends on the 

lamp dimensions (arc length l and bore diameter d) and on the gas fill pressure p (Koechner, 

2006): 

 2.0
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N
p

d
lK  (24)  

where p is given in Torr and N is a constant that depends on the type of gas, which for Xenon is 

equal to 450. 

One can use these relationships to modify the lamp impedance so as to adjust the maximum 

current density through the device: for a fixed voltage, the current decreases with the square of 

the impedance. 

• Increasing the gas cold fill pressure improves the radiation efficiency (from electrical 

power), so it increases the radiance as well (Heraeus, 2005). The disadvantage is that the 

electrical impedance slightly increases and a higher voltage will be required for triggering 

the lamp. 

• The plasma impedance increases linearly with the length of the arc length, so for a given 

voltage, the maximum current is reduced as the tube length is increased. 

• Increasing the bore diameter reduces the lamp impedance linearly but this is not beneficial 

because the current density keeps constant, as demonstrated introducing Eq. (23) into Eq. 

(22). 

The lamp glass envelope itself is used for the primary filtering of the excessive UV emission of 

the plasma under a high-current density. Fused silica is the most common envelope material 

due to its outstanding strength, thermal stability and transparency (high transmittance from 

200 nm to 4 μm). To reduce its UV transmittance, fused silica is doped with titanium oxide to 

absorb wavelengths below 250 nm, preventing mostly ozone formation. Cerium-oxide doping is 

also typically used, but it totally removes the UV region so it is no useful for solar applications. 

Finally, borosilicate glasses are also highly transparent and filter totally the wavelengths below 

300 nm, so they are a possible choice, too. 

Operation conditions 

Flash lamps are typically driven by a pulse forming network, like a single-mesh LC circuit. The 

capacitor stores the necessary energy for the pulse, and the L-C values form the pulse to a 

particular shape and duration, which determines the peak current (peak emitted power). The 

initial energy E0 stored by a capacitor charged to a voltage V0 is: 
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If we define some new magnitudes: 
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Then in a critically dumped system (αdamp = 0.8), the time to deliver 97% of the energy 

tpulse and the peak current ipeak are obtained as follows (Markiewicz, 1966): 

 CLTt pulse 33 ==  (27)  

 ;5.0
0

0

Z
Vipeak =  (28)  

Therefore, lowering the network impedance Z0 and increasing the capacitor voltage 

result in a higher peak current. The overall pulse energy is also increased. For a given pulse 

energy, decreasing the inductance value yields a shorter pulse width, which raises the peak 

radiated power. 

 

Figure 3. 4. Single-mesh LC pulse forming network 

Since the current density through the lamp varies throughout the pulse, so does the 

radiated spectrum. If the PV measurement system is able to measure the I-V curve at any 

moment of the pulse, one can take measurements under different spectra. This spectral variation 

has to be previously characterized, and then the best spectrum for PV tests is chosen and bound 

to a particular light intensity (current density) for identifying it through the measurements. 

Once the system elements (flash lamp and load) are chosen, this is the simplest method for 

tuning the desired spectrum. However, every spectrum is linked to a different radiance. If these 

spectral variations have to be applied without a change in the irradiance level, additional 

filtering elements have to be applied: either some kind of neutral filtering (flat spectral 

transmittance) or a variation of the lamp-receiver distance (if the rest of the simulator elements 

allow it, which is not the case in our simulator).  
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3.2.2. SPECTRAL FILTERING 

If an optical filter with any arbitrary spectral transmittance curve Tfilter (λ) could be fabricated, 

one would be able to transform the emitted spectrum by a Xenon lamp Elamp (λ) into that of 

direct sun light Edirect solar light (λ) by passing the light through it. Equation (29) gives the formula 

for the calculation of the required spectral transmittance, which is defined as the fraction of light 

power at its input that is found at its output as a function of the wavelength.  

 )()()( λλλ filterlamplightsolardirect TEE ⋅=  (29)  

There are basically two types of spectral filters: absorptive and dichroic or interferential. 

Besides, the so-called neutral filters dim the light without modifying the spectrum. Optical filters 

are typically used by their insertion directly into the light path between lamp and receiver. 

Alternatively, a given set of filters can be combined to create an extremely large collection of 

different spectra if the light coming from the lamp is divided into a number of beams, each one 

being filtered by a different filter and its intensity modified by a diaphragm. Then, all the light 

beams are summed up on the receiver to synthesize the desired spectrum (Jungwirth, 2008).  

Absorption filters 

Absorption filters use the optical properties inherent on different organic or inorganic 

compounds that are added to a substrate like glass or plastic, in order to selectively absorb some 

wavelengths more than others. They typically allow spectral transmission curves with a smooth 

response and hence are used mainly for changing the equivalent color temperature. Colored 

glasses are the most common, of which Schott and Hoya are the main manufacturers; color gel 

films are widely used also in photography or visual shows and are mainly used for changing the 

stage color balance. A drawback is that they are mass-produced and do not allow custom 

designs. The Schott BG26, one of the most appropriate for our application, has been recently 

discontinued.  

Despite their smooth response, there is a variety of absorption glasses with rather abrupt 

UV-filtering capabilities, either because of the substrate properties or due to a coating layer. The 

envelope or the protecting cover glass of Xenon bulbs usually employ some kind of UV-filtering 

glass like Pyrex® (borosilicate) to shape a color temperature more similar to solar light and avoid 

ozone formation.  
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Interferential filters 

Interferential filters add a series of thin layers (thickness in the range of the light wavelength) 

with different refractive indexes to a glass substrate for producing constructive or destructive 

interferences as a function of the wavelength. They allow a much higher freedom of design 

simply by increasing the number of layers and are especially useful for creating sharp responses. 

The most difficult requirement for filtering Xenon light is the removal of the emission peaks in 

the 800 nm-1000 nm region, which have to be suppressed with a very sharp rejection response 

(notch filters). Dichroic filters can be designed to fulfill such requirements. However, 

interferential filters are extremely expensive due to the manufacturing processes involved 

(vapor-phase deposition or sputtering of nanometer-thickness layers) , and their transmittance 

is dependent on the angle of incidence of the light, so some angular non-uniformity of the 

spectrum might be created when using divergent light beams.  

Many solar simulator manufacturers create their own proprietary spectral filters (mainly 

interferential), which have to be incorporated at the end of the light path to approximate the 

desired standard spectrum. A set of the so-called “AM filters” is usually provided for a particular 

Xenon lamp, each one being labeled after the standard spectrum it nominally obtains at its 

output, e.g. “AM0”, “AM1.5G”, “AM1.5D”… 

 

Figure 3. 5. Transmittance of an 

interferential filter designed for a 

baseline modification of the flash 

spectrum. A dual-notch filtering is 

present in the 800-1000 nm region 

for reducing the large Xenon 

emission spikes, as well as a 

moderate cutoff for the excess of 

UV light. 

Neutral filters 

Once the desired spectral distribution is achieved, one might need to vary the irradiance level 

without affecting the spectrum. This is achieved by means of the so-called neutral filters, which 

can dim the light either by a homogeneous absorption through a glass or plastic substrate or by 
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creating a pattern of opaque/transparent elements (mesh filters). An absorption filter is a resin 

or glass window whose optical density is quasi-constant throughout the useful spectrum and can 

achieve a very wide scale of broadband transmittances ranging from 1% to 99%. However, its 

spectral response is never completely flat from UV to IR. On the other hand, mesh filters are 

usually fabricated as metallic clothes, whose fabric leaves holes for the light to pass through it 

with variable attenuation. This type of filter does not modify the spectrum (depending on the 

mesh dimensions and projection distance, slit diffraction interferences may be important or 

not), but they can only be used in the case that the hole diameter is significantly smaller than the 

smallest dimension of the device to be measured (so as not to produce non-uniformities). Mesh 

filters are much cheaper than the absorptive type and are provided in a huge range of 

dimensions, so they can be very useful in a solar simulator for adjusting the spatial irregularities 

of the irradiance over a large illumination area. 

3.3. SPECTRAL CHARACTERIZATION OF PULSED LIGHT SOURCES 

Once the spectrum of a flash lamp has been adjusted, it has to be properly characterized through 

some radiometric instrument in order to assess its similarity with the solar spectrum. This 

pursues typically any of the following objectives: to determine the spectral class of the solar 

simulator according to some standard (e.g. IEC60904-9), to calculate the spectral mismatch 

correction factor between a test specimen and a reference cell (e.g. IEC 60904-7), or to detect 

spectral changes due to lamp ageing. Each purpose imposes different requirements of 

wavelength resolution and uncertainty level to the measurement of the spectral irradiance.  

In any case, the eventual aim of measuring the simulator spectrum is to compare it to a 

reference solar spectral distribution defined in some standard, and how this similarity has to be 

evaluated is a topic of discussion that is discussed below. Unfortunately, measuring the spectral 

irradiance of a pulsed light source involves many instrumentation issues and hurdles, especially 

linked to the very short exposure time that has to be used (low signal and precise 

synchronization). An overview of the issues, techniques and instruments involved in such fast 

measurements is also exposed in this section. 

3.3.1. QUANTIFYING THE SIMILARITY BETWEEN TWO SPECTRA 

The similarity between two spectra can be measured in different ways, the most simple being a 

wavelength-by-wavelength comparison of the spectral irradiance distributions. The width of the 
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comparison interval defines the required wavelength resolution for the measurement of the 

spectrum. For the qualification of a solar simulator, the comparison is made through intervals 

no narrower than 100 nm (see Chapter 2). On the contrary, the calculation of the spectral 

mismatch factor requires that the sharp features of the spectrum (like Xenon spikes) are profiled 

with much higher resolution to reduce the uncertainty (in the range of 1 nm), especially when 

they coincide with the bandgap of the solar cell under test or other sharp zones of the spectral 

response (Hohl-Ebinger, 2011). In every case, the weight of the spectral resolution on the overall 

uncertainty of the figure of similarity should be assessed a priori in order to choose the proper 

wavelength resolution. 

Not the whole spectrum needs to be studied. In general, the comparisons have to be 

carried out only within the spectral range in which the cell has some sensitivity (300-900 nm for 

GaAs, 300-1100 nm for Silicon, 300-1800 nm for customary 3J cells…). For this reason, solar 

simulators are characterized taking into account the variety of PV technologies that may be 

tested in them. That said, safety or thermal issues may recommend the UV or IR zones outside 

the range of interest to be characterized as well, e.g. high UV light may degrade test specimens, 

or an excess of IR may introduce unusual thermal behavior. 

The similarity according to the international standards for solar simulators is called 

spectral match, and it is evaluated through the fraction of the total irradiance which is found in 

different (wide) wavelength intervals. Since the definition of the intervals is fixed (and implicitly 

given for the dominant crystalline Silicon technology), the resulting figure of similarity has a 

different weight on the measurement uncertainty depending on the spectral response of the test 

specimen. As the range of commercial PV technologies diversify, the definition of spectral class 

for a generic solar simulator should be revised to be more flexible. For instance, a simulator with 

strong Xenon spikes that featured a Class C-spectrum might have a very good resemblance to 

solar spectrum for CdTe solar cells, whose spectral response spreads only from 500 to 850 nm. 

When considering multi-junction cells, many laboratories extend the evaluation of the 

spectral similarity also to the spectral balance, this is, the relationship between the photocurrents 

generated in every subcell with respect to those under reference solar spectrum (see notes about 

matching the spectral balance through the Spectral Matching Ratio in page 32 – Chapter 2). This 

figure of similarity weighs heavily on the accuracy of the I-V measurements because the 

differences in the current mismatch between subcells produce small FF and VOC distortions in 

the best case, and strong photocurrent and power distortions in the worst case where a reference 

cell of a different technology is used (i.e. the error cannot be fixed through the simple four-

integrals M mismatch correction factor). 
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Although numerical, the effective temperature of a light source allows for our purposes 

only a rather qualitative comparison between spectra. This figure is calculated as the required 

temperature of a blackbody radiator of the same size as the lamp to emit the same total 

radiometric power.  This emitted power is given by the Stefan-Boltzmann law, and its spectral 

distribution is given by the Planck’s distribution. However, most artificial sources do not follow 

a smooth distribution similar to Planck’s and present local voids and peaks as well, so often it 

may be little useful to compare spectra using this effective temperature.  

3.3.2. ISSUES ABOUT SPECTRORADIOMETRY OF VERY SHORT LIGHT 

PULSES 

Spectral irradiance measurements are much more difficult in pulsed sources compared to 

continuous simulators due to the very short acquisition time required and the consequent little 

amount of photons available (low signal). As a result, most commercial spectroradiometers are 

not capable of performing such measurements, and laboratories often build their own 

instruments (Cannon, 1998). In a broad sense, a spectrometer is an instrument capable of 

transforming the intensity of the light within a specific wavelength range into an electrical 

signal. If there is an unambiguous relationship between the electrical signal and the incident 

radiometric power in that spectral range, the instrument is radiometric and is called a 

spectroradiometer.  

Some non-radiometric measurements can be also significant, though. For instance, the 

photocurrent of a set of solar cells with variable spectral responses do not offer a radiometric 

measurement (as variations of the spectrum within the spectral response of a solar cell can be 

found such that they not change the cell current), but they can provide a measurement of the 

spectral balance of the light between the ranges of said cells. This is the case when adjusting a 

simulator spectrum for the measurement of a particular multi-junction cell, where a set of its 

component cells is used to measure the spectral balance or SMR (see section 3.3.3). 

Spectroradiometers are principally classified according to their optical architecture, 

which greatly determines their features. We can identify three main architectures: 

• A fixed monochromator spatially separates wavelengths of light and these are measured 

simultaneously through an array of detectors. 

• A moving monochromator selects only one wavelength at a time, and this is measured 

through a single sensor. 
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• An array of fixed monochromators are used, each one tuned to select a different wavelength. 

The output of every monochromator is measured by a different sensor. 

Each one is further detailed below, but first we need to introduce and describe the main 

figures of merit and relevant features of a spectroradiometer.  

 

 

Figure 3. 6. Main types of optical architectures of a spectroradiometer: diffracting monochromator (A), scanning monochromator 

(B) and array of monochromators (C). 

• The spectral range is defined as the span between the minimum and maximum wavelengths 

that can be measured. If there is a gap within the so-defined range, two or more spectral 

ranges without gaps are specified. The spectral range significant for conventional PV is 300-

1100 nm, but it extends to 1800 nm when considering III-V 3J cells. 
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• The minimum width of the spectrum that is averaged for providing a single-wavelength 

measurement is called the spectral resolution, which is usually different to the spectral 

distance between two adjacent measurements. A high spectral resolution is required for 

characterizing the emission spikes produced by Xenon flash lamps. However this may be 

only important when calculating the spectral mismatch factor of cells whose bandgap is 

located at that zone (800-1000 nm), or when some temperature-variation studies are going 

to be carried out for such cells (which moves the bandgap energy).  

• The dynamic range of the instrument is the maximum variation of intensity allowed in order 

to keep a certain level of signal to noise ratio (e.g. 10:1). The upper limit of the dynamic 

range is given by the saturation of the detector (or the damage of some optical part). The 

lower limit is given by the noise level found at the detector. A very high dynamic range is 

required for the measurement of artificial sources like Xenon flash because the peak power 

of the emission spikes is much higher than the rest of the spectrum. This means that a great 

part of the dynamic range is wasted for the most powerful part of the spectrum (the visible 

range, where no great spikes are present) and hence the signal to noise ratio is worse. 

• Some detectors, especially detector arrays, actually perform energy measurements, this is, 

once the measurement window is opened, the light produces a response on the detector that 

cumulates over time until the measurement window is closed. Then the resulting power is 

calculated as the quotient between the energy and the time interval. The width of the 

measurement interval is called integration time. The variation of the integration time allows 

varying the sensitivity of the instrument (but not the dynamic range) of the spectrometer in 

several orders of magnitude. The measurement of pulsed light sources imposes a trade off 

for the integration time, since a very short time is needed as measurement window, which 

highly reduces the sensitivity of the instrument. 

• When a series of spectra can be carried out during a single measurement round (for 

instance, several moments within the same flash pulse), the time resolution is defined as the 

minimum period between consecutive spectra. 

• The linearity of the instrument refers to the change in the proportionality between the 

physical quantity to be measured (radiometric power) and the produced electrical signal. It 

is usually given through the non-linearity, or maximum percentage change of said 

proportionality constant. 

• The stray-light is the amount of power outside the desired wavelength range that is mixed 

up with it due to the imperfections of the optical system. 

• Some features of the instrument may be dependent on the temperature, and hence one or 

more temperature coefficients may be defined. The dark current or thermal noise of the 
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detector is very much affected by the working temperature. Active cooling may be needed 

for low light or long integration time measurements. 

• Uncertainty of the measurements: The accuracy of a spectral irradiance measurement has to 

do not only with the radiometric power linked to a wavelength (or with the relative power 

throughout the spectrum), but also with the wavelength accuracy (distance between the 

nominal wavelength for which the measurement is given and the actual wavelength 

measured) and the uncertainty of the time window which is actually measured within the 

pulse. The latter is given by the jitter between the flash pulse and the measurement window, 

or the random variation of the synchronization across different measurements. Since 

spectrometers usually involve very fast low-power electronics, the mean jitter is mostly 

produced by the triggering of the flash pulse (with high-power passive circuitry). However, 

there is also a systematic error introduced by the fact there may be a delay between 

consecutive wavelength measurements. This is especially an issue in detector array 

spectrometers. 

• The spectral response of the detector defines the limits to the achievable spectral range. 

Silicon detectors are used for measuring conventional PV simulators, but they have to be 

often improved through some boost of their UV response. If the spectral range to be 

achieved is too broad, two or more detectors with complementary spectral responses are 

used. InGaAs or Ge detectors are often used to extend the sensitivity of the spectrometer to 

the Near Infrared range (mostly until 1700-2000 nm). 

Monochromator with detector array 

In this type of spectrometer, an irradiance probe collects the light and the resulting beam is 

collimated towards a diffracting optics that spatially separates every color. This is usually carried 

out in reflection through collimator mirrors and diffraction gratings to avoid additional 

dispersion from refractive optics. The diffracted beam is projected on an array of light sensors 

(optoelectronic devices like a photodiode array or a CCD). Each pixel of the array is linked to a 

different wavelength, so the larger the number of pixels, the better the wavelength resolution. 

However, increasing the resolution leads to a lower signal (number of photons) per pixel and 

therefore a worse signal to noise ratio. Linear arrays exist in the range of hundreds or thousands 

of pixels, so very high spectral resolutions can be achieved (in the order of 0.1 nm or better) even 

when a very broad spectrum is considered. A limitation arises, nevertheless, from the fact that 

gratings produce diffraction in several orders, and the upper orders from short wavelengths can 

overlap the principal order of long wavelengths. For correcting this, order-sorting filters are 

used. When the whole UV-visible-NIR spectral range has to be measured, usually more than 
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one diffraction grating is used (with separate detector arrays, made of different semiconductors), 

which further increases the resolution. CCD and photodiode array detectors usually allow 

variable integration times that can improve the effective sensitivity, but this feature cannot be 

used in the case of pulsed sources because a very short time window has to be used for not 

mixing spectra. The shortest integration times of most detector arrays are in the range of 

1-10 ms, which may be too long for most flash pulses without plateau (i.e. the irradiance-

spectrum will vary significantly in that time). Scanning or multi-monochromator spectrometers 

are the best options for an accurate characterization in this case. Yet, detector arrays with 

integration times down to 10 us exist like the Toshiba TCD1304AP, which is the one used in the 

spectral characterization of the solar simulator presented in the next section. 

For the measurement of pulsed light sources, the detector array has to allow external 

triggering of the measurement. Thus, a logic signal, coming either from the control software or 

from a light sensor that responds to the light pulse, opens the measurement window. Depending 

on the kind of readout electronics, the integration time of every pixel occurs in parallel 

(simultaneously) or in series (delayed by the time of reading one pixel). If the latter is the case, 

the total delay between the first and the last pixels should be much shorter than the integration 

time in order to have the same snapshot of the spectrum on every pixel. This point has to be 

carefully studied looking at the manufacturer’s datasheet of the detector (something which is 

not readily available in many cases). Moreover, if several grating/detector units are used in the 

same spectrometer, each one will have its own readout electronics with distinct ADC features so 

things will get even more complicated. Some of the issues related to the measurement of pulse 

simulators by means of diode array spectrometers have been already published (Myers, 1997; 

Hohl-Ebinger, 2007). 

Scanning monochromator 

This type of spectrometer measures only one wavelength interval at a time, usually by 

mechanically changing the position or alignment of the monochromator elements (filter wheel, 

mirrors, grating…) to vary the passband that is projected on a single detector. The main 

drawback of this instrument is that it requires the spectrum to be maintained throughout the 

mechanical switching of passbands, which for pulsed light is not possible and consequently a 

different pulse has to be triggered for measuring every wavelength (provided that there is 

enough repeatability between pulses). This may lead to measurements of several hours when 

slow-recharging high-energy flash pulses have to be tested (Cannon, 1998). Moreover, the 

spectral resolution is often poorer (1-20 nm) than in detector arrays in order to reduce the 
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number of passbands to be scanned. Conversely, it has the benefit of allowing the measurement 

of time-resolved spectra, since the whole A/D conversion rate is dedicated to the measurement 

of a single wavelength. Thus, very fast (“video”) sampling of the spectral irradiance is possible 

(Andreas, 2008). Besides, this type of instrument practically eliminates stray-light. As in the case 

of detector arrays, two or more sensors made of different semiconductors may be combined to 

extend the spectral range to the overall UV-visible-NIR spectrum22. 

Array of monochromators 

If an array of multiple monochromators tuned to different wavelengths is created such that each 

one is linked to a different sensor and a different ADC channel, a true simultaneous and very 

fast measurement of the whole spectrum is possible. For this, either every monochromator uses 

its own light probe (maximum signal), or the light from a single collector is split and guided 

towards them (e.g. by means of fiber optics bundle). If single photodiodes are used as sensors, 

the number of monochromators directly defines the spectral resolution, which cannot be high. 

Alternatively, detector arrays can be used in order to improve the spectral resolution or to 

reduce the number of monochromators required.  

The Spectracube system at the ESTI center features 64 independent modules with Si 

detectors, which cover from 400 to 1100 nm (Zaaiman, 1994). Each passband is simply created 

by means of a direct-light collimator and a band-pass filter instead of a grating monochromator 

(the spectral widths vary from 10 to 15 nm). There are only two physical ADC channels with a 

sampling rate of 0.2 MHz each, so the measurement is pseudo-simultaneous. Still, the system 

allows acquiring time-resolved spectra with a period of 160 μs. 

3.3.3. MEASUREMENT OF SIGNIFICANT SPECTRAL BANDS BY MEANS OF 

COMPONENT CELLS 

The spectrum of a simulator considering MJ cells has to be ultimately adjusted to provide the 

same current-matching as under the desired reference spectrum in order to reduce spectral 

mismatch errors. This is assessed through the measurement of the spectral balance between the 

significant wavelength bands (those defined by the spectral response of the subcells). The 

measurement can be carried out indirectly by measuring the spectrum with high resolution and 

estimating the photocurrents that may be obtained for each subcell, provided their spectral 

                                                           
22 SPECTRO 320. Scanning spectrometer.. Instrument Systems.  
URL:http://www.instrumentsystems.com/fileadmin/editors/downloads/Products/Spectro320_e.pdf. Accessed: 2011-
11-02. (Archived by WebCite® at http://www.webcitation.org/62tgFCSpg) 
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responses are known. However, a more straightforward measurement can be used that involves 

the direct measurement of a set of component cells, i.e. single-junction cells with the same 

relative spectral response as the subcells in a MJ cell. 

A component cell is often grown using a similar stack of semiconductors as the multi-

junction cell, but where only one junction is a diode (the others are left electrically inactive by 

growing isotype heterojunctions, reason why these cells are often known as ‘isotype’ cells). The 

inactive layers work optically, nevertheless, leaving the active diode with the same spectral 

response as the subcell in the MJ cell. If the photocurrent of these component cells is known 

under a reference spectrum, the spectrum of a simulator has to produce the same current 

balance between them as under said the reference. In the end, the collection of photocurrents is 

equivalent to a pseudo-radiometric measurement of the spectrum. Each component cell behaves 

as a sensor proportional to the irradiance within a particular spectral interval (with some biasing 

due to the unevenness of the spectral response). Despite the very low spectral resolution, the 

spectral bands measured are the most significant. Finally, another advantage of the use of 

component cells is their fast light response, which allows a time-resolved measurement of the 

spectrum (limited by the ADC rate rather than the cells).  

However, in principle this measurement should be singled out for every kind of cell to 

be tested, as the subcell bands will vary depending on the technology. This in practice may be 

relaxed provided that there is enough correlation between the photocurrent of the test specimen 

and the spectral balance defined by the component cells. 

3.4. CHARACTERIZATION OF THE ILLUMINATION SYSTEM OF 

THE IES-UPM CPV SOLAR SIMULATOR 

As it was explained in Chapter 2, the focal distance chosen for the collimator mirror is deduced 

from the size of the lamp and the desired collimation angle. A market survey for the smallest 

size of high-power flash bulbs on hand yielded a diameter of 6 cm, which resulted in a focal 

distance of 6 m for the collimator mirror.  Since the lamp has to illuminate homogeneously the 

2 m-aperture of the mirror, the angular radiation diagram of the candidates had to be checked. 

The search was reduced to rather compact bulb shapes like the toroid because they assure the 

highest effective radiance (i.e. considering that the emitting surface is everything within the 

outer edges of the lamp, rather than the bulb surface only, because the former is more consistent 

with the definition of angular size of the source).  
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A commercial flash equipment was finally chosen, which features a toroidal bulb with a 

external diameter of 6 cm. The flash tube is able to accept 3200 J of energy from the power unit. 

The pulse forming network achieves a pulse width of 7 ms (time with more than 10% of the peak 

radiance). The equipment also includes the lamp base and a cover glass that filters out some of 

the UV and shifts the spectrum to the red (in photographic terms, the manufacturer states that it 

yields a color temperature of 5900 K, which is different from the radiometric effective 

temperature so it is used here only as a label). The lamp base also includes a modeling halogen 

lamp (low-power constant source), which is useful for alignment purposes because it is placed in 

the middle of the flash lamp (see Figure 3. 7). 

 

Figure 3. 7. Picture 

of the lamp torch 

with the flash bulb, 

the halogen lamp 

and the cover glass 

The radiation diagram of the flash lamp was measured by vertical and horizontal 

scanning of the irradiance within the field of view with which the collimator is seen. The non-

uniformity was well within ±3%, which was considered a reasonable figure. 

A thorough characterization of the illumination system had to be carried out in order to 

assess its validity as a solar simulator for CPV modules. The existing flat-plate simulator 

standards (mainly the IEC 60904-9 and ASTM E927-10 norms) are insufficient for the 

classification of a CPV solar simulator (for the reasons already put forward in Chapter 2), so 

some of the characterization methods were adapted and new ones were created. A description of 

said methods and the results obtained for the final prototype of the solar simulator are presented 

in the following sections. 

3.4.1. IRRADIANCE LEVEL AND SPATIAL UNIFORMITY 

The irradiance at the test plane had to be measured with a reference unit able to respond 

to the very fast fall in irradiance of the flash light. This cannot be carried out with a radiometric 
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thermal sensor (pyranometer or pyrheliometer) due to their slow response, so photodiodes or 

solar cells have to be used. Since we are interested only in direct light, a high-concentration PV 

unit with a narrow acceptance angle (in the range of 1º) is appropriate. The short-circuit current 

of a single optics-cell unit is preferred to avoid biases due to interconnection or mismatch losses. 

This measurement of the irradiance is only strictly valid for test specimens with the same 

linearity, spectral and angular responses, so it should be repeated for every particular CPV 

technology, but nevertheless it offers a necessary reference level. Every solar simulator that is set 

up for a new customer is characterized through a reference unit with similar properties as the 

CPV modules that predictably will be measured in that simulator. In other words, it is not quite 

feasible to perform a radiometric measurement of the irradiance under a pulsed simulator, but a 

device-dependent measurement of the effective irradiance. The latter is calculated as the ratio of 

the solar cell’s short-circuit current to the calibrated current under reference conditions23.  

 

Figure 3. 8. CPV solar simulator 

setup installed at IES-UPM. The 

receiver plane (4) is seen at the 

end of the tunnel, at which the 

light source (1), the reference 

sensors (2) and the device under 

test (3) are located. A white 

circle represents approximately 

the area illuminated by the 

collimated light beam. 

The irradiance is measured by placing the light sensor at the test plane and measuring 

the cell short-circuit current under a light pulse. The reference unit has to be aligned 

perpendicular to the light wavefront (e.g. the centroid of the sensor angular transmission is 

placed parallel to the mean direction of the incoming light beam). The measurement presented 

in Figure 3. 9 was taken for a pulse with about 3000 J of energy. Two different types of sensors 

were used, which had been previously calibrated under reference conditions: on the one hand, a 

high-concentration unit with a narrow acceptance angle (±0.8º) equipped with a customary 

                                                           
23 This number is multiplied by the nominal irradiance of these reference conditions in order to give the result in 
the appropriate W/m2 units. 
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III-V triple-junction cell; on the other hand, a component cell equivalent to the middle subcell 

in said 3J cell (GaInAs diode with a bandgap energy of 1.4 eV), installed beneath a collimator 

tube for reducing its field of view to roughly ±2.5º (opening angle for sensing direct light only). 

Since the simulator does not feature exactly the same angular and spectral properties as the 

reference light, every device with a different spectral and angular response will produce a 

different fraction of its calibrated current. Therefore, the two devices will measure a different 

absolute level and relative shape of the ‘effective’ irradiance of the pulse. Actually, the spectral 

response of the high-concentration unit changes at a given moment (just after 1 ms), when the 

spectrum is so red-shifted that the top-subcell begins to limit, and so does the trend of the 

irradiance versus time. Nevertheless, for any conventional device the effective direct normal 

irradiance surpasses the standard level of 1000 W/m2. 

 

Figure 3. 9. Irradiance as a 

function of time measured by 

means of a CPV reference unit 

consisting of a high-concentration 

optics and a single-junction GaAs 

solar cell. 

The temporal instability derives also from the measurement of the irradiance versus 

time. In the case of multi-flash testing, the instability is not evaluated throughout the whole 

pulse, but for the time that the data acquisition system takes to measure the irradiance from the 

reference sensor and the I-V pair from the test specimen. For this purpose, one needs to obtain 

the time between samples from the data acquisition card (inverse of the sampling rate), and then 

calculate the time for the acquisition of the three channels. Then the curve of irradiance vs. time 

is interpolated to obtain the variation of irradiance during that time and get the maximum and 

minimum values. Thus, the temporal instability is calculated as described in section Norms and 

requirements for solar simulators in page 27. As the light pulse has different slopes all through its 

tail, it shall be used the part of the pulse corresponding to the reference irradiance. The temporal 

instability of the simulator is lower than 2%, so it is classified as Class A. 

The non-uniformity of the irradiance was evaluated by repeating the measurement of 

the irradiance at different points of the receiver plane. In order to ensure that the reference unit 

was always normal to the light beam (or, at least, that it had the same alignment for all the 
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measurements), a very rigid metallic flat plane was assembled specially for this purpose. The 

prescribed test area was divided in a matrix of equally spaced positions. An area larger than 50% 

of the receiver plane was covered. An auxiliary light sensor has to be used to account for the 

non-repeatability between pulses. Figure 3. 10 presents the deviations of the irradiance from the 

mean for a 1 x 1.6 m2 test area (presented as the ratio of the deviation to the average irradiance). 

This map was measured by means of a 10 cm2-aperture square concentrator unit with an 

acceptance angle of 0.7º. The overall non-uniformity resulted in a ±4.4%, although the standard 

deviation is much lower: ±1.9%. This complies with the Class B specification for the irradiance 

uniformity in the international standards. 

Figure 3. 10 Non-uniformity map as measured by a 10 cm2-aperture high-concentration unit. Mesh crossings are the actual 

measurement points. 

The uncertainty of the I-V measurements carried out in the simulator is indeed affected 

by the non-uniformity of the irradiance. However, as most CPV modules will not fill the whole 

illuminated area, the area for the analysis of the non-uniformity may be reduced to the module 

size in order to have a better estimation of the corresponding uncertainty (which in general will 

get better). 

It is important to note that the spatial uniformity of the irradiance is not only related to 

the absolute level of irradiance at every point, but to the uniformity of the collimation angle 

(angular size and mean direction) throughout the test plane. Certainly, if a beam with the 
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correct reference irradiance impinges on the test specimen with an excessive deviation angle, it 

will appear as a lower effective irradiance if measured with a limited angular acceptance. For this 

reason, the use of bare cells with a flat wide field of view as uniformity sensors may give an 

optimistic figure for the spatial uniformity. Moreover, uniformity will vary as a function of the 

angular transmission of the reference unit used. In fact, the effects of the non-uniformity on the 

accuracy of the I-V measurement of CPV modules depend on the relationship between their 

angular transmission and the collimation angle of the simulator, as it has been recently 

demonstrated (Askins, 2011).  

The non-uniformity figure can also vary as a function of the aperture area of the 

reference unit, as small-length changes may be hidden by the averaging effect of a large-area 

primary lens. As an illustration, the non-uniformity map for the mirror was again measured 

using a concentrator with a larger primary lens (500 cm2, 50 times larger) but approximately the 

same acceptance angle. The overall non-uniformity resulted in a value of ±3.8%, much lower 

than that for the small-lens concentrator. The standard deviation was similar, though. 

3.4.2. ANGULAR SIZE OF THE LIGHT SOURCE 

The angular size of the source was directly measured as explained in section 2.5.3 

(page 51): a CCD camera with the focus at infinity was placed at 10 different positions of the 

receiver plane, perpendicular to the collimated wavefront. The exposure time was adjusted so as 

to accept the whole duration of the flash pulse. This way, there is no need for a very accurate 

synchronization between the triggers of the lamp and the camera. It was measured a mean 

angular size of ±0.36º with 0.02º (5%) of standard deviation, which implies an angular 

divergence in excess of 0.08º as compared to the Sun (see Figure 3. 11). 

Figure 3. 11. CCD picture of the angular 

distribution of the solar simulator light 

beam. Green dashed line marks the 

angular size with respect to the mean 

direction that includes 90% of the total 

irradiance. Note that the annulus shape is 

derived from the toroidal shape of the 

flash bulb. 
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Whether this quality is acceptable or not depends on the type of measurement to be 

carried out and the angular tolerance properties of the CPV module to be tested. In general, 

nevertheless, this angular size may be narrow enough for characterizing most existing high-

concentration modules, which feature acceptance angles around 1º. According to our 

classification procedure of Chapter 2, the collimation quality of the simulator would be classified 

as Class B for such modules because the angular size is smaller than 0.4 times their acceptance 

angle. This validity is also assessed in section 4.3.2 of next chapter by comparing the angular 

transmission curves obtained indoor and outdoors for a particular CPV technology. 

Off-axis operation 

A large-area CPV module may require the solar simulator to be used in the off-axis 

setup. In the very extreme case where the whole circular spot has to be used, the mirror would 

have to be rotated as much as 5º (the light spot is moved aside more than 1 m). According to the 

geometrical calculation in section Utilization setups (page 41), this would lead to a new 

maximum angular size of ±0.43º, which is still reasonable.  

However, this figure is still pessimistic, as real world modules are either rectangular or 

square. The worst case would result from the measurement of a large square module of 1.4 m by 

1.4 m, for which the maximum divergence would result in ±0.4º. Rectangular modules fitting in 

the 2-m light spot would always have one dimension shorter than 1.4 m, and the required 

off-axis angle would be smaller. 

3.4.3. SPECTRAL DISTRIBUTION 

Due to the fast variation of the flash spectrum with irradiance, a time window as short as 100 μs 

has to be used for getting a real snapshot of the spectrum. If the whole pulse was integrated, 

several different spectra would be mixed up in the measurement. However, such a short 

integration time requires an effective irradiance of tens or hundreds of suns in order to receive 

enough photons on the sensor (for an acceptable signal to noise ratio). To this end, the 

irradiance probe of the spectrometer has to be put roughly 20 cm far from the lamp.  

A setup based on a detector array spectrometer is used for the measurement of the high-

resolution spectral irradiance emitted by the Xenon lamp. The spectrometer is a HR4000 from 

Ocean Optics, which features single grating monochromator and a Toshiba TCD1304AP linear 

CCD array as sensor. This sensor has 3648 pixels and a spectral response between 300 and 

1100 nm (Si). That is in fact the spectral range of the instrument for the diffraction grating 
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included. This particular spectrometer was mainly chosen because it allows integration times as 

short as 10 μs through an electronic shutter function, fast enough for the pulse characterization 

in 100 μs slices. It also features a spectral resolution of 0.02 nm, far narrower than required. The 

instrument was calibrated side-by-side against another spectrometer already calibrated at the 

Instituto Nacional de Técnica Aeroespacial (INTA) in Torrejón de Ardoz (Spain).  

In our setup, a computer program generates two TTL pulses with a controlled delay 

between them: the first one triggers the flash generator, which creates the light pulse, and the 

delayed signal triggers the measurement of the spectrometer. Depending on the programmed 

delay, a different portion of the flash pulse will be measured (see Figure 3. 12). The integration 

time is not controlled by the TTL pulse width, but it has to be previously configured. 

 

Figure 3. 12. Timing chart of the spectral measurement of a portion of the flash pulse. 

Spectrum variation throughout the light pulse 

There is always some change in the shape and peak power between pulses, so the variation of the 

spectrum throughout the pulse is more precisely studied as a function of the irradiance. 

However, as there are many issues in the measurement linked to time, it is still interesting to 

have an idea of the average dependence of the spectrum on time. 

The HR4000 is not fast enough to perform more than one measurement within the 

flash, so a different flash pulse is required for every time slice to be measured. For the most 

powerful part of the pulse, the delay between measurements is the same as the integration time 

(100 μs) so as to slice the pulse without gaps. The result is a time-resolved plot of the flash 
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spectrum, which is presented in Figure 3. 13. A very different behavior is found between the UV 

and NIR regions. The spectral irradiance has the fastest decay at the UV region. On the contrary, 

the large emission peaks at the NIR region fall much slower from the peak and, therefore, they 

increase their relative contribution to the overall irradiance. This means that the light spectrum 

is red-shifted as the light intensity weakens. This fast variation of the spectral distribution with 

time has the main drawback that at most only a small interval of the pulse will exhibit the 

reference spectrum. Measuring every I-V curve point at that very moment requires very 

accurate synchronization. However, this spectral shift is also good news in the sense that it 

allows the study of CPV systems under a wide range of spectral conditions, which is the case in 

real outdoor conditions. 

 

Figure 3. 13. Spectral irradiance of the flash lamp as a function of time from the beginning of the pulse. Every spectrum is 

measured using an integration time of 100 μs, but for the three last spectra. 

The spectral shift with time can be made more explicit if we calculate the contribution of 

every wavelength E(λi) to the overall irradiance G as a function of time t. If we normalize it by 

the initial value at t0 (here, the spectrum at 0.5 ms from the pulse start) we obviate the absolute 

level and the trends are clearer.  
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This is presented in Figure 3. 14 for a representative set of wavelengths from UV to NIR. 

Again, the contribution of UV and very blue wavelengths (350 and 450 nm) decay quickly with 

time to a 50% of the initial value in about 2 ms. Conversely, the NIR  wavelengths (830 and 

890 nm) linked to the Xenon emission spikes almost double their contribution in that time. 

However, the weight of visible light on the mixture keeps mostly constant throughout this part 

of the pulse. These results are consistent with similar measurements published in the past for 

Xenon-lamp pulsed simulators (Galleano, 2004; Kiehl, 2004). It can also be noticed that the 

velocity of the spectral shift is faster during the first millisecond measured, which corresponds to 

the peak irradiance.  

 

Figure 3. 14. Variation of the 

contribution of some wavelengths 

to the overall irradiance, 

normalized to the initial value for 

better showing trends. 

The effect of this spectral shift on the electrical response of a typical triple junction cell 

was studied by means of the spectral balance for a customary 3J cell (lattice-matched 

GaInP/Ga(In)As/Ge). To do so, the spectral irradiance at every time was multiplied by the 

spectral response of the top- and middle-component cells of said cell from Spectrolab in order 

to estimate their photocurrents. The ratio of both photocurrents divided by that ratio under 

AM1.5D (G173-03 standard) gives the spectral matching ratio SMR. When the SMR is equal to 1, 

the spectrum is effectively equivalent to the AM1.5D. An SMR higher than 1 is obtained for blue-

shifted spectrum, and conversely red-shifted spectra yield SMR values lower than 1. Since the 

spectra just presented correspond to a direct measurement of the flash lamp emission, they have 

to be previously multiplied by the spectral transmittance of the mirror (page 68) in order to use 

the spectra that actually impinge on the receiver plane. Figure 3. 15 presents the results. One can 

see that the effective reference spectrum is achieved at about 0.7 ms from the beginning of the 

pulse. Previously, the light is blue-shifted (the part with the highest irradiance), and then the 

SMR keeps falling as the spectrum is red-shifted more and more. Nevertheless, the spectrum can 
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be considered very close to AM1.5D (e.g. SMR = 1 ± 5%) during the 0.5 – 1.2 ms interval, which 

relaxes the synchronization requirements while measuring the I-V curve. 

 

Figure 3. 15. Spectral 

balance matching (or SMR) 

to AM1.5D as a function of 

time, calculated through the 

multiplication of every 

spectrum by the spectral 

response of the top- and 

middle-component cells of a 

GaInP/Ga(In)As/Ge 3J cell. 

 

Figure 3. 16. Solar simulator spectrum under effective AM1.5D conditions (in the sense of producing the same 

current-matching for the top and middle subcells of a lattice-matched triple junction cell), along with the direct 

plus circumsolar irradiance spectrum defined in the ASTM G173-03 standard. 

The spectrum under the 0.6 ms-reference conditions is plot in Figure 3. 16. Another fast 

spectrometer with an InGaAs photodiode-array sensor was used to extend the measurable 

spectrum range in the Near Infrared up to 1700 nm (to cover most of the light power that a 

Germanium bottom cell is sensitive to).  Unfortunately, the NIR spectrometer allows neither 

integration times shorter than 1 ms nor wavelength resolutions narrower than 10 nm. 

Therefore, the measured spectrum will be a mixture of different distributions and the sharp 

features of the spectrum (Xenon spikes) will be smoothed. On the other hand, this smoothing 
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makes the measured shape of the spectrum to change much less than in the visible part, and the 

differences are rather in the absolute level. This absolute level is then adjusted by matching its 

continuum component to that of the CCD-spectrometer measurement.  

 

Figure 3. 17. Contribution of each spectral band defined in IEC 60904-9 to the overall irradiance, for both the 

simulator and the reference AM1.5D spectra. The ratio between them gives the spectral match to the reference 

spectrum, which is found to fit within the Class A limits defined in said standard. 

Following present standards, the quality of this spectrum has to be evaluated through 

the spectral match: the comparison of the contribution of every spectral band to the overall 

irradiance with respect to the reference spectrum. In Figure 3. 17  this comparison is presented 

for every band defined in the IEC 60904-9 standard, as long as their corresponding ratio 

(spectral match), which is within the limit values for  the best grade: Class A (between 1.25 and 

0.75). 
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Chapter 4. INDOOR MEASUREMENT OF 

CPV MODULES 

4.1. INTRODUCTION 

This chapter presents some key aspects of the characterization of a CPV device in a solar 

simulator. The indoor measurements may try to answer different questions: how the module 

will perform outdoors, how does the module perform as compared to others of the same 

technology, how does it perform as compared to other technologies, does the module meet 

recipient specifications? Depending on this, the measurement precautions and procedures 

change. The key measure of the performance of a module is its IV curve at some reference 

conditions. If these conditions are standard, the comparison of the module with other 

technologies and the creation of fair acceptance criteria by the recipients of the system are 

possible. We describe here irradiance and spectrum sensors that allow ensuring that some 

standard conditions are met. 

When the characterization tries to answer how the module will perform outdoors, the 

measurement procedures have to be also predictive. For this purpose, a method for correlating 

indoor and outdoor measurement conditions is required. We present a calibration method for 

the irradiance sensor that allows this correlation. Furthermore, a way of translating an I-V curve 

measured indoors into any other real sun working condition would be most useful for 
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predicting real sun behavior. A simple method that uses component cells for performing such 

translations is presented and applied to a set of concentrator cells for its demonstration. 

The characterization is completed by the measurement of the angular transmission 

curve of the module, which defines its tolerance to misalignments of the module (for instance 

due to the tracking system). A procedure for measuring this curve in the simulator is presented, 

as well as more fundamental guidelines and precautions for the measurement of the I-V curve.   

4.2. REFERENCE LIGHT SENSORS 

Although the characteristics of the illumination system are stable to a large extent in the solar 

simulator, the irradiance and the spectrum vary with time throughout every light pulse. 

Therefore a way of identifying the desired light conditions during every flash is required, which 

is done through light sensors. However, as long as the angular size and spectrum of the 

synthesized light is not exactly similar to the ‘reference sun’, it does not make sense to perform 

radiometric measurements. On the contrary, we are interested in identifying the realistic 

illumination conditions that make the PV device perform the same as if it were illuminated by 

those ideal reference conditions. For instance, an artificial light with a radiometric irradiance of 

1100 W/m2 and a non-ideal spectrum might produce exactly the same photocurrent on a test 

specimen as if it were illuminated under 1000 W/m2 and the AM1.5D spectrum.  

In this section we describe the light sensors that allow the identification of the 

“effective” reference conditions, this is to say, the irradiance and spectrum that make the device 

under test generate the same photocurrent and the same current-matching (at least between the 

least generating subcells) as it would under ideal reference conditions. See Chapter 2 for the 

discussion about which should be those standard reference conditions. 

Although the presented sensors are not radiometric, calibration methods are described 

that endow them with traceability to primary standards and allow repeatability of the 

measurements and comparisons between labs.  

4.2.1. IRRADIANCE SENSOR: ‘MONOMODULE’ 

The reference irradiance is identified through the effect it produces in the photocurrent of the 

device under test. For this purpose, a light sensor with similar current sensitivity to the light has 

to be used in order to accommodate the non-idealities of the artificial source. This is the idea 
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behind the classical usage of reference cells in the indoor measurement of flat PV, for which it is 

demanded that the monitor cell has similar spectral response and linearity with irradiance as the 

test specimen. When the light characteristics change, a sensor that is not matched to the device 

varies its response inconsequently with it and provides biased estimations of the irradiance level. 

This might be corrected to some extent through the calculation of mismatch factors, but 

nevertheless the uncertainty of the measurement is increased (Hohl-Ebinger, 2011). 

International standards do not specify that the test specimen and the reference cell 

should have a similar sensitivity to the angular distribution of the light source. This is obviated 

because flat PV devices typically feature very wide angular responses. At most, the norms 

demand to specify the fraction of the light that is falling within a reasonable field of view (30º in 

ASTM E927). However, the narrow angular response of concentrators implies a high sensitivity 

to the angular distribution of the light source, and therefore the reference sensor has also to 

accommodate the non-idealities of the collimation. A temptation here is the use of monitor cells 

beneath collimator tubes for reducing their field of view; however, this does not make a matched 

sensor for two reasons: first, the angular transmission curve of a concentrator has not a flat-top 

shape as that of the collimator, and second, the concentrator optics do change the effective 

spectral response of the cell.  

Thus, the natural choice for a CPV reference unit is a module of the same technology as 

the test specimen. However, in order to reduce the area that has to be illuminated by the 

simulator and for the sake of simplicity, the reference module may be constructed including 

only the minimum optical-electrical unit within the module that produces the same spectral and 

angular sensitivities. This minimum unit of a particular technology is referred to as “mono-

module” (see Figure 4. 1). Such sensors can be fabricated out of existing components available to 

all CPV manufacturers. When a mono-module is not available, another module of the same 

technology can be used as CPV reference unit, after proper outdoor calibration. 

To prepare a mono-module for use as a light sensor, an outdoor calibration is 

performed, whereby we obtain its short-circuit current under reference conditions ISC* (see 

below). When measuring the I-V curve of a test specimen, the short-circuit current of the 

mono-module is measured simultaneously. Reference irradiance is achieved within a flash pulse 

when the short-circuit current of the monomodule equals ISC*, thus marking the I-V values of 

the module to be recorded as part of the I-V curve. 
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Figure 4. 1. A monomodule is the minimum optical-electrical unit of a CPV module that features the same 

spectral and angular responses as the whole module. Credit: Stephen Askins. 

Procedure for outdoor calibration of monomodules 

The objective of the calibration is to obtain the short-circuit current of the monomodule under 

SRC (the relevant IEC standard has not been published yet, but typical standard conditions for 

CPV are 900 W/m2, AM1.5D spectrum and 25 ºC cell temperature). Our method is based on the 

outdoor measurement of the monomodule during several clear-sky days, in which air mass 

values close to 1.5 should be encountered. The occurrence of the AM1.5D spectrum is detected 

through the Spectral Matching Ratio for the relevant subcells of the MJ cell used as receiver in 

the monomodule (how to do this is explained in next section). 

The monomodule is placed on a solar tracker, and properly aligned to the sun (this 

alignment has to be repeated with great precision for its usage in the simulator). If the angular 

transmission curve is known to have an absolute maximum at the center of the transmission 

curve, the unit is simply aligned by maximizing the short-circuit current. The temperature of the 

cell is kept close to 25 ºC by shading the monomodule before the measurement. Due to the low 

thermal coefficient of the photocurrent, the temperature has to be only approximately close to 

25 ºC. However, if the short-circuit current of the monomodule is expected to change 

significantly from 25 ºC to the actual temperature, the thermal coefficient of the short-circuit 

current has to be known and the corrections of the current with temperature described in 

IEC 60891 have to be performed for every measurement. The temperature of the cell can be 

assumed to be that of the back plate if it is stabilized after the shading. 
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Every measurement is carried out by removing the shade and immediately recording the 

monomodule ISC simultaneously with the DNI (through a pyrheliometer) and the spectral 

matching ratio to AM1.5D (calculated for the least generating subcells of the receiver cell). 

When the cell temperature rises too much, the shade is installed again and the monomodule is 

cooled down for the next measurement. When enough data is available, the current normalized 

by the DNI is calculated for every sample as: 
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which varies as a function of the SMR, as shown in Figure 4. 2. A linear regression can be used 

to interpolate the IN for the sensor at SMR = 1 (effective AM1.5D), which will be the calibrated 

constant ISC* [A/(W·m-2)] used for the sensor when it is placed in the solar simulator. The 

effective standard irradiance of 900 W/m2 will be achieved indoors when the monomodule is 

generating a current equals to 900 times ISC*. 

 

Figure 4. 2. Sample calibration 

plot for a CPV reference 

monomodule. Note that since 

two different IN trends vs. SMR 

were found, only the black dots 

were used for interpolating the 

ISC* calibration value. 

The traceability of this calibration to primary standards comes through the calibration 

of the instruments in which this procedure is based: the pyrheliometer is traceable to the 

primary standard defined by the World Radiometric Standard24, and the component cells are 

traceable to balloon-flight calibrated solar cells.  

4.2.2. USAGE OF COMPONENT CELLS FOR MONITORING SPECTRAL 

CONDITIONS 

As it was said in the previous chapter, if multi-junction cells are used as receivers in the module 

to be tested, the most relevant measurement of the spectrum is the balance between the spectral 

                                                           
24 The world reference for the [W/m2] unit, given by a group of 15 absolute cavity radiometers from different 
technologies (the World Standard Group) that are maintained by the World Radiometric Center at Davos. 
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bands of every subcell. A mismatch in this balance is translated into an error in the current-

matching of the cells. However, since the current level is controlled by the monomodule, 

current-matching errors will only affect the voltage, which fortunately varies only with the 

logarithm of the concentration.  

Calibrated component cells can be used to monitor the effective irradiance at each 

spectral band (weighted average). If the short-circuit current under reference conditions ISC* is 

known25 for each component cell, the effective irradiance at the corresponding spectral band is:  
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which is expressed in units of suns, where a value of 1 sun corresponds to any light conditions 

that produce the same current on the cell as it does an irradiance of 1000 W/m2 with an AM1.5D 

relative spectral distribution26 when the cell has a temperature of 25 ºC. As it is stated above, 

absolute irradiance available for CPV modules cannot be accurately obtained from collimation 

tubes, so this sensor is only intended for assessing the relative spectral content. Now the spectral 

balance can be calculated as the ratio of every two subcell-DNIs: 
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It is evident that this method can produce an SMR of unity for spectra that do not 

exactly match AM1.5D when integrated at higher resolutions, and that such spectra, when 

passing through the optical systems of CPV systems, may produce photo-current ratios in the 

cell of the module under test that are slightly different than those produced by the AM1.5D 

spectrum. For this reason, it is imperative that, when using component cells for spectral 

matching purposes, a reference monomodule be used as the absolute irradiance sensor. In this 

way, small differences in the spectrum of the concentrated light incident on the cell itself are, in 

effect, normalized out by the irradiance reference measurement. 

For their use in the simulator, the component cells have to be installed beneath 

collimator tubes with an opening angle of about ±2.5º and aligned towards the light beam in 

order to collect only direct normal irradiance. Figure 4. 3 presents the latest assembly designed 

by our group, of which many units have been already manufactured in order to distribute them 

                                                           
25 Note that the reference conditions for a bare concentrator cell are different from those defined for the 
monomodule: an irradiance of 1000 W/m2, an AM1.5D relative spectral distribution and a cell temperature of 
25 ºC. 
26 Only the relative shape of the AM1.5D spectrum is used, as it integrates to a value of 900.1 W/m2. In fact, 
Spectrolab provides a calibration for their component cells based on this irradiance instead of 1000 W/m2. 
Confusingly, both values are referred to as 1-sun in the literature. 
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to other labs and spread its usage as a spectrometric instrument. A set of three 5.5-mm-square 

component cells from Spectrolab is used, corresponding to the top, middle and bottom subcells 

of a state-of-the-art lattice-matched triple-junction cell. Their spectral response curves are also 

shown in Figure 4. 3. 

   

 Figure 4. 3. Left: Triple collimator package developed in-house for the measurement of the effective direct normal irradiance 

linked to the top, middle and bottom junctions of a lattice-matched 3J cell, by means of their component cells. Right: External 

spectral response curves of the component cells used for monitoring the spectrum at IES-UPM. 

The current of the monomodule and the component-cells DNI are measured 

simultaneously throughout the flash pulse. Then the SMR can be calculated and plotted as a 

function of the monomodule DNI. With these data we can identify the irradiance ranges for 

which the simulator produces a spectrum sufficiently matched to reference spectrum (see Figure 

4. 4).  Although this range varies by technology, for most well-performing CPV modules the 

standard irradiance of 900 W/m2 is within the region with SMR = 1±0.05. The use of different 

UV-filtering covers can be used to tune the spectrum if necessary or, alternatively, neutral filters 

(metallic mesh clothes typically) to modify the absolute level of irradiance. 

 

 Figure 4. 4. Spectral matching 

ratio as a function of the effective 

DNI measured by the 

monomodule of a particular 

CPV technology. The range of 

irradiance featuring the 

reference spectrum is indicated. 
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4.2.3. ESTIMATING THE CURRENT-MATCHING OF MJ CELLS WITHIN A CPV 

MODULE 

The spectrum of the simulator usually produces a different current-matching when passing 

through the concentrator optics than on the bare cell. This occurs under the real sun as well but, 

as long as the simulator and the solar spectra are not exactly the same, the modification of the 

current-matching might be different. Therefore, if we want to assure that the module performs 

electrically the same as under SRC, a means of estimating the current-matching of MJ cells 

beneath a concentrator is desirable. 

The fill factor has been proposed as an indicator of optimal current-matching ratio in 

bare cells under varying spectral conditions (McMahon, 2008), but cannot be used for 

quantifying its magnitude. We introduce a method of quantifying the current ratio between sub-

cells through the measurement of the cell current under a large sweep of spectral conditions, for 

which we take advantage of the large spectral shift that is inherently produced by the simulator 

throughout every flash pulse. The method provides the effective irradiance incident on each 

subcell as a function of the spectral distribution of the light and thus allows the calculation of the 

internal current-matching. An advantage of this method is that it does not require the 

measurement of the concentrator’s spectral response, for which no feasible measurement 

method has been reported. Component cells have been used previously to assess the impact of 

the spectrum on CPV modules (Peharz, 2009), but a method for providing the current 

mismatch under arbitrary spectral conditions through the extraction of the calibrated 

photocurrents of the subcells had not yet been reported. 

Influence of the spatial uniformity of the current-matching 

When an MJ cell is homogenously illuminated, it can be modeled using the lumped diode model 

of the solar cell. In this model, the current flowing through the two-terminal device is limited by 

the least generating subcell and the current-matching ratio between the two least generating 

subcells accounts for all of the efficiency losses. This approach is commonly used when 

measuring the spectral sensitivity of concentrators (particularly when predicting annual energy 

outputs) (Nishioka, 2006; Kinsey, 2009). 

However, most concentrators produce an inhomogeneous light profile on the cell. 

Moreover, if the optic is refractive, some amount of chromatic aberration will also be present, 

resulting in a different spectral distribution on each point of the cell surface, i.e., the current-

matching ratio is not constant across the active area. In this case, the electrical behavior of the 
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solar cell can only be modeled by means of an equivalent circuit of at least two dimensions 

(Mahan, 1980). In the distributed model of the solar cell, this can be considered a matrix of 

multiple cell elements in parallel, with only a small current flowing laterally between them 

through the sheet resistance. This implies that a different current-matching ratio should be 

defined at each point on the cell and that the sum of the local current mismatches gives the total 

ISC loss, which can be larger than the overall current mismatch (James, 1994). Real ISC losses will 

have a value that falls between these two limits, depending on the intensity of the lateral current 

flows, which partially compensate the local current mismatch (Araki, 2003). These lateral flows, 

however, are difficult to predict without an exhaustive characterization of the solar cell (Kurtz, 

1996; Minuto, 2010). The difference between the real current losses and the overall current 

mismatch will be defined here as additional losses. These are current losses produced mainly by 

the fact that the effective spectrum is not uniform across the cell. Chromatic aberration is 

primarily responsible for the spatial non-uniformity of the spectrum of the incident light, but 

the overall current mismatch is also produced when the spectral transmittance of the 

concentrator is not flat (which is often the case). 

With this in mind, the MJ cell current is no longer, as a general rule, the photocurrent of 

the least generating subcell. Even in the case of concentrators employing homogenizing stages, 

refraction will necessarily produce different light profiles for each spectral band because of 

chromatic aberration; thus, this is an issue that should be characterized for any refractive 

concentrator. 

Measuring the spectral sensitivity of subcells 

If a MJ cell is completely limited by one of its subcells, any change in the irradiance produces 

similar variations of the photocurrent in both the MJ cell and one of the component cells (that 

which corresponds to the limiting subcell). If the spectral distribution changes as well, the 

current of the other component cells will most likely vary with a different trend. We can use this 

fact to identify the limiting subcell when a noticeable variation of the spectrum occurs. For this 

purpose, the short-circuit current of the MJ cell is recorded simultaneously with the effective 

DNI given by the component cells while the spectrum of the light is intentionally varied so as to 

produce a large range of different spectral balance matching (SMR) values. Next, the cell’s ISC is 

normalized by the DNI of each component cell as follows: 
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where IN,i-component indicates the MJ cell current normalized to the DNI as measured by the 

i-component cell. If one of the subcells is limiting the current for a range of different spectra, 

IN,i-component will be constant throughout this spectral sweep. However, if the spectral range is 

chosen such that the limitation condition shifts from one sub-cell to the next, this value will be 

constant for only that portion of the spectral sweep that the corresponding cell is limiting. 

Subcell-limitation diagrams 

In order to illustrate this dependence, these ratios are plotted against the spectral span in terms 

of SMR. If there is an SMR range in which one of the normalized currents remains constant, 

then the corresponding subcell is limiting the MJ cell current. Figure 4. 5 is a sample subcell-

limitation diagram for a conventional 3J cell. Here, the MJ cell current has been normalized by 

the DNI measured by the top and middle component cells to obtain IN,top and IN,middle, 

respectively. 

 

 Figure 4. 5. Sample subcell-

limitation graph for the top and 

middle subcells of a 

conventional 3J cell. 

In the spectral zone labeled A, the MJ current normalized to the top-cell DNI remains 

constant (the MJ cell is said to follow the top component cell), so in this zone ISC,MJ ≈ IL,top-subcell. 

This knowledge is used to ‘calibrate’ the top-subcell current sensitivity IL,top* as a function of the 

top-component DNI, as in Eq. (35). Analogously, in zone B, the middle subcell is limiting the 

MJ stack, and its calibration constant IL,mid* can be determined. 
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These two calibration values can be used to determine the overall current-matching CM 

under the reference spectrum EAM1.5D(λ). 

 ( ) ( )
( ))(

)(
)(

5.1
*

,

5.1
*

,
5.1 λ

λ
λ

DAMmidL

DAMtopL
DAM

top
middle EI

EI
ECM =  (37)  

Moreover, the current photogenerated at each subcell can be estimated for any arbitrary 

irradiance-spectrum condition by means of the component-cells DNI. 

 ][*
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Therefore, if it is assumed that there are no local current limitations, the overall MJ cell 

short-circuit current can be calculated as the minimum of the subcell currents: 
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The current-matching ratio under any particular illumination spectrum Ei(λ) can be 

directly obtained through the value of SMR, as shown in Eq. (40).  
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In principle, this allows the prediction of the MJ cell current under varying working 

conditions, e.g., throughout a day, as long as the DNI of the component cells is available. 

However, the subcell-limitation graph may be obscured and deviate from this ideal analysis for 

two primary reasons. First, even in the case in which perfect component cells are available, 

concentrator optical systems alter the spectrum according to their spectral transmittance 

TCPV(λ). Thus, the external spectral responses of the subcells under the concentrator become 

somewhat mismatched to those of the component cells, and they may not continue to have the 

same proportionality with the illumination spectrum. However, because the spectral response 

bounds do not change, it can be expected that the proportionality would be maintained for 

conventional concentrators, although with some amount of mismatch. This spectral mismatch 

error, MM, in the ratio of photocurrents can be estimated for two different spectra E1(λ) and 

E2(λ) as shown in Eq. (41). This is analogous to the standard formula for the error in the 

measured ISC of a test specimen under a solar simulator when the reference cell used has a 

spectral response that is mismatched to the device under test. 
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This concern is also applicable in the case in which the spectral responses of the 

component cells do not match the subcells in the MJ device. The mismatch errors will be small 

as long as the bounds of the spectral responses are kept similar and the spectral sweep is carried 

out by broad deformations of the spectrum (e.g., a change in color temperature) rather than by 

narrow-band changes of shape. Nevertheless, habitually, this mismatch is found to be a 

monotonic trend of the normalized ISC, so its bias can be estimated and removed.  

A second possible reason for not finding a subcell-limitation zone that is flat arises from 

the aforementioned fact that the non-homogeneity of the current mismatch over the cell can 

increase current losses due to local limitation. Chromatic aberration of refractive concentrators 

typically produces an inhomogeneous current-matching distribution. Under a particular 

incident spectrum, both the magnitude of the current mismatch and the identity of the subcell 

can be responsible for the limitation that changes across the cell surface. Throughout the 

spectral span, this situation is represented by a non-flat zone in the normalized current, typically 

found as a transition between the zones of perfect subcell limitation. 

  

 

 Figure 4. 6. Sample subcell 

limitation graph for the top 

and middle subcells of a 

customary 3J cell when the 

current-matching is not 

uniform throughout the cell 

surface and there is some 

spectral mismatch between 

the middle subcell and the 

middle component cell. 

Figure 4. 6 illustrates a general subcell-limitation graph that includes all of the situations 

described above, which may be found in a real, refractive CPV system. In zone A, the MJ cell 

current perfectly follows the top-component DNI, indicating that the CM is lower than 1 for 

most of the cell area. In zone B, the SMR and the overall CM increase, but the spatial non-

uniformity of the spectrum over the cell causes the top and middle subcells to limit the current 
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simultaneously in different parts of the cell. In this case, the ISC of the MJ cell will be a linear 

combination of the photocurrents of the limiting subcells (Eq. (42)) so that none of the subcells 

appears to limit the current independently. 

 { } middleLtopLMJSC IaIaIBZone ,2,1,: +=  (42)  

where the coefficients a1 and a2 are related to the proportion of the cell area across which the 

corresponding subcells are current limiting. However, the actual relationship largely depends on 

the internal electrical properties of the cell and the shape of the current-matching map, as has 

been indicated by classic (Kurtz, 1996) and recent simulations (Garcia, 2011). In zone C, a 

quasi-horizontal monotonic trend was found for IN,middle, meaning that some amount of spectral 

mismatch caused by the optics was found between the middle subcell and the middle 

component cell. The calculation of the current-matching ratio under this situation requires a 

linear extrapolation of this monotonic trend to the point of SMR = 1 in order to subtract the 

mismatch error bias and obtain IL,middle*. 

Application to a particular concentrator 

For the purpose of illustration, the characterization method described previously was applied 

indoors to a real refractive concentrator: a f/1.2 Fresnel lens over a square lattice-matched 

GaInP/Ga(In)As/Ge 3J cell 1 cm on a side, comprising a 300X concentrator. The kind of lens is 

silicone-on-glass. 

From the resulting subcell-limitation graphs, an optimization of the concentrator can be 

carried out in order to maximize its optical efficiency and to adjust the current-matching ratio 

of the MJ cells underneath. The method has also been used to investigate the irregularities from 

perfect subcell limitations that are found in real concentrators under varying operating 

conditions. 

First, the suitability of the available component cells for the bare 3J cell used in the 

concentrator (i.e. equivalence of their spectral responses) was empirically tested through the 

measurement of their subcell-limitation graphs without the concentrator because their EQE 

curves were not known. Figure 4. 7 presents the results of this test, which was carried out across 

the bare cells under uniform concentrated light to avoid the effects related to the non-

uniformity of irradiance and spectrum over the cell. The clear subcell-limitation trends for both 

the top and the middle subcells demonstrate sufficient similarity with the spectral response of 

the component cells, and this fact also confirms that the bottom cell is producing an excess of 

current for all the spectral sweep as expected.  
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 Figure 4. 7. Subcell-

limitation graph for 

the top and middle 

subcells of the 

concentrator cell in 

the experimental 

study. 

Results and discussion 

Because of the dispersion of the refractive index of the optical materials used, Fresnel lenses 

produce different spots of concentrated light over the cell, depending on the wavelength. If the 

focal distance is varied, some colors (wavelengths) are better focused at the expense of 

dispersing others. This feature is commonly used to tune the current-matching ratio of MJ cells 

within refractive systems (James, 1994). Subcell-limitation diagrams help to evaluate the actual 

current-matching ratio that is found in the cell for a particular focal distance and also help to 

quantify the current losses related to a strong spectral non-uniformity over the cell. For this 

reason, the experimental method presented has been applied to a variety of focal distances 

between the lens and the cell. 

Figure 4. 8 presents the subcell-limitation diagrams corresponding to two different focal 

distances (center of Fresnel grooves to cell). The diagram on the left-hand side (a) corresponds 

to the optimal focal distance (highest cell current under the reference spectrum), and the one on 

the right-hand side (b) corresponds to a longer focal length, which favored the light for the 

middle subcell. In the graphs, the solar cell photocurrent normalized to both the top and 

middle-component DNIs is shown (IN,top and IN,middle, with one point per measurement), from 

which the calibrated IL,top* and IL,middle* are extracted. Using the latter, the subcell photocurrents 

for every SMR value are calculated using Eq. (38). Then, the overall MJ short-circuit current is 

estimated as the minimum of the two values. This estimated ISC,MJ is considered ‘ideal’ in the 

sense that it implies that current losses come only from the overall current mismatch between 

subcells. In the graphs, the normalized ideal IN,top and IN,middle are plotted as continuous lines 
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along with the real measurements to show the decay of the current when the actual current-

limitation effects are occurring. It should be noted that the normalized currents measured for 

low SMR values are noisier because they correspond to a lower intensity light of the flash pulse, 

causing the electrical signals to be weaker (see Figure 4. 8). 

In graph a, two quasi-horizontal monotonic trends of the normalized current can be 

clearly seen across the whole SMR range, indicating that either the top or the middle subcell 

alone is limiting the overall MJ cell current at any moment. For this reason, ideal normalized 

currents perfectly fit the actual measurements. The limitation trends have almost the same 

amplitude at SMR = 1, meaning that the receiver cell is also almost perfectly current matched 

under the reference spectrum. 

  

a. Optimal focal distance (F = 288 mm): maximum ISC,MJ and perfect 

current-matching ratio under reference spectrum. 

b. Long focal distance (F = 293 mm) favoring middle subcell 

(CM* under reference spectrum equals 0.94) 

Figure 4. 8. Subcell-limitation diagrams for two different focal distances of the 300X Fresnel lens concentrator. Real measurements 

are compared with the ideal case in which the current limitation is uniform throughout the cell. 

Graph b shows the results that correspond to a longer focal distance. Because of the 

better focusing of near infrared light, the middle-subcell photocurrent is increased while the top 

cell’s response is lowered. Applying a linear extrapolation of the monotonic trends to SMR = 1, a 

current-matching ratio of 0.94 (top over middle) was found under the reference spectrum using 

Eq. (37). The SMR required for the subcells to be current matched was calculated to be 1.07 

using Eq. (40). In other words, a very high content of blue light was needed to counteract the 

better focusing of the red light and produce a middle-limited condition. This is seen as a quasi-

horizontal trend of IN,middle for SMR > 1.15. This zone was linearly extrapolated to SMR = 1 to 

obtain IL,middle*. The top cell limited the current at the lower SMR range, but only until 

SMR = 0.95. Therefore, a gap in SMR values (range from 0.95 to 1.15) appeared in the range in 

which neither of the subcells limited the current independently. In this region, the current of the 
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MJ cell was lower than the minimum of the two overall subcell photocurrents (the continuous 

lines of the ideal IN,top and IN,middle stand higher than the measured points) because of the local 

current limitation effects already described. Thus, these losses of current are beyond the global 

current mismatch between the subcells and are linked to that type of concentrator with that 

focal distance and to the particular resistive properties of the cell. They were calculated using Eq. 

(43), and the Ideal ISC,MJ was calculated using Eq. (39). The maximum losses (2.5%) were 

observed when the concentrator operated under a blue-rich spectrum, for which the subcells 

were current matched but the effects of the non-uniformity of the spectrum on the cell 

performance were at a maximum. All current losses linked to the overall current mismatch and 

the additional losses due to extra limitations are plotted in Figure 4. 9 as a function of the 

spectrum. 

100(%)
,

,, ⋅
−

=
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MJSCMJSC
SC IIdeal

IIIdeal
CMtoadditionallossesI  (43)  

 

   

Figure 4. 9. Current losses 

due to the overall current 

mismatch (line) and due to 

extra current limitations 

(dots). 

A summary of all the calibrated subcell photocurrents derived for all the focal distances 

analyzed is presented in Figure 4. 10, along with the resulting current-matching ratio under the 

AM1.5D reference spectrum. A trend in which lower focal lengths favor the light for the top 

subcell and, conversely, longer focal distances increase the middle-subcell photocurrent can be 

observed. 
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Figure 4. 10. Calibrated 

IL,top* and IL,middle* 

under SMR = 1 and the 

resulting current-

matching ratio for every 

focal distance studied. 

 

These current-matching values are converted into ISC losses and depicted as a function 

of the focal distance along with the maximum additional losses that can be found at every focal 

distance under any SMR in Figure 4. 11. It can be observed that the maximum additional losses 

increased with the current mismatch, but with a lower gradient. The system designer can, 

therefore, draw the conclusion that the concentrator is well designed in the sense that it 

produces the lowest losses linked to the spatial non-uniformity of the spectrum at the point of 

current-matching ratio under reference conditions. 

   

Figure 4. 11. Overall 

current-mismatch losses 

and maximum additional 

current losses as a 

function of the focal 

distance. 
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4.3. CHARACTERIZATION OF A CONCENTRATOR 

4.3.1. I-V CURVE MEASUREMENT PRECAUTIONS 

Once the validity of the reference sensors is demonstrated for the particular CPV technology to 

be tested, the modules of that technology can be tested in the simulator following the procedure 

described on pages 39 ff. Every module has to be installed in a rigid metallic structure at the 

receiver plane. This structure can be rotated mechanically with respect to the light path in order 

to align the module. The alignment can be made visually if the light spot can be seen on the 

receiver surface (the input of any secondary optics or the solar cell). The spot is produced by a 

continuous modeling lamp located at the same position as the flash lamp. This visual precision 

is usually enough for the alignment, but it requires expertise. More generally, the alignment 

should be carried out by finding the centroid of the 2D angular transmission. This point can be 

found by performing an angular sweep across two orthogonal axes while monitoring maximum 

power. The alignment is then defined by the mean of the edge angles for which the power falls to 

some percentage of the maximum. Two possibilities arise here: either one reference alignment is 

carried out for a single module and is conserved throughout the measurement of the whole 

series, or the alignment is repeated for every module. This depends on the objective of the 

measurement: for instance the modules out of a production line will be ultimately mounted on 

the fixed structure of a solar tracker in the field, so it makes more sense to align the 

measurements against a fixed datum plane.  

To perform the measurements, the electronic charge and data acquisition channels are 

configured to meet the module electrical characteristics. Also, the values for the bias voltages to 

be applied have to be programmed in the software. The number of bias points depends on the 

insight one wants to get into the module. Probably 4 or 5 points may be enough at the 

production line for improving the yield (one for the ISC, one for the VOC, and 2 or 3 for the 

maximum power point), but this may be only possible when the maturity of the technology is 

such that the modules fabricated are very similar to each other. On the contrary, when 

performing a thorough characterization of a module at the lab, one would like to reveal any 

mismatch between the constitutive lens-cell units. For this purpose, one might like to have one 

voltage point per cell. If there is one bypass diode per cell, said mismatches will appear as 

current steps at the flat zone of the I-V curve. 

Regarding the installation of the reference sensor (mono-module), there are two main 

precautions. First, the monomodule has to be installed to the same alignment as the one used for 
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its calibration outdoors in order to receive light with the same overall response. This is especially 

important when performing ratings. Second, as the distribution of the irradiance at the test 

plane is not completely uniform, a bias error should be avoided by assuring that the same 

average irradiance is received by both the monomodule and the test specimen. For this purpose, 

the reference unit could be measured at different equidistant locations within the area spanned 

by the test specimen and the mean value is calculated. Then a correction factor is calculated 

between that average and the irradiance at the position that will be actually used for the 

monomodule. This process requires an auxiliary light sensor to account for the non-

repeatability between flashes. 

Although this is an issue especially in single-flash simulators, the measurement of some 

CPV technologies may be distorted by the very fast current sweep of the flash lamp due to 

effective capacitances or inductances in the module and the wiring. Care should be taken to 

discard the presence of such transient effects, whose influence is especially strong on the fill 

factor (Ossenbrink, 1993). 

4.3.2. MEASUREMENT OF THE ANGULAR TRANSMISSION CURVE 

The tolerance of a module to angular misalignments is described through its angular 

transmission curve, i.e. the variation of the maximum power or the short-circuit current as a 

function of the angle of incidence of the light with respect to the module’s normal. This figure is 

obtained through the measurement of multiple I-V curves under different misalignment angles. 

For this purpose, the holding structure at the receiver plane has to allow angular rotations across 

two orthogonal axes (e.g. azimuth and elevation), and in steps shorter than a tenth of a degree 

typically (an angle at least an order of magnitude smaller than the acceptance angle). The 

monomodule, however, has to be mounted on a fixed structure so as not to be affected by this 

rotation. 



Chapter 4 

 

126 

 

 Figure 4. 12. Indoor setup for direct measurement of the angular transmittance of a concentrator. Unlike for the 

measurement of the on-axis optical efficiency, the reference sensor has not to be coplanar to the concentrator 

anymore, but kept perpendicular to the light beam. 

Since the shape of the angular transmission curve TCPV(α) depends on the particular 

angular distribution of the incident light27 Lsource(α), the comparison between the angular 

transmittance curves taken both indoors and outdoors provides an assessment of the 

resemblance of the simulator light’s collimation to that of the sun. Such a comparison is 

nevertheless a little challenging because it may be difficult to pass through the same meridian of 

the 2D misalignment-angle map in both setups and, most specially, because the measurement 

conditions can hardly be kept throughout the whole outdoors measurement process. Figure 4. 

13 shows the power angular transmission curves measured for a 500X concentration module 

both in the simulator and under the sun. The acceptance angle is 0.80º when measured indoors 

and 0.83º under the sun, i.e. a difference of a 3.6%, which together with a reasonable similarity 

in both curve shapes, seems to demonstrate the validity of the collimation angle of the simulator 

light at least for this CPV technology. The lower acceptance measured in the simulator may be 

explained by the wider angular size of the source. Nevertheless, both measurements might not 

be crossing the same meridian of the 2D misalignment map, because the low-transmittance tails 

are skewed from one curve to the other. Moreover, it can also be suspected a change in the 

measurement conditions that was not visible to the pyrheliometer28 in the range from -2º to -1º. 

                                                           
27 Through the impulse-response angular transmittance HCPV(α) (i.e. that obtained for a perfectly parallel light 
beam), calculated as: TCPV(α) = Lsource(α)⊗HCPV(α) 
28 For instance, a significant change in the spectrum or in the amount of circumsolar radiation, since outdoor 
measurements were only corrected here for the absolute level of direct normal irradiance. 
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Figure 4. 13. Indoor setup 

for direct measurement of 

the angular transmittance of 

a concentrator. Unlike for 

the measurement of the on-

axis optical efficiency, the 

reference sensor has not to 

be coplanar to the 

concentrator anymore, but 

kept perpendicular to the 

light beam. 

4.4. TRANSLATING THE I-V CHARACTERISTICS OF MULTI-
JUNCTION CELLS 

Translations of the I-V curve of a PV device into working conditions different from those of the 

measurement are customarily carried out. For instance, one may need to translate a curve taken 

at arbitrary conditions into some standard conditions (SRC) in order to make comparisons 

between devices. Otherwise, one may want to convert a measurement taken e.g. under SRC into 

a range of different real sun conditions in order to estimate the device energy yield throughout a 

particular time period (e.g. annual energy yield). Moreover, the comparison between the 

measurements taken under the sun with those taken in the solar simulator constitutes the 

ultimate demonstration of the validity of indoor measurements. 

To translate an I-V curve into any operating conditions, several algebraic or analytical 

methods have been developed (Emery, 2004). Algebraic methods apply simple equations 

(usually linear) to correct the I-V curve points to account for their dependences on temperature 

and irradiance. Parametric equations can be derived either from the simple diode model 

(Sandstrom, 1967) or from empirical analysis (King, 1997). The equations proposed for I-V 

curve translation in the international standard use an algebraic model with linear temperature 

coefficients for current and voltage, plus a curve-shaping factor (like the IEC 60891 standard). 

Other methods that are based on linear interpolations have also been published (Tsuno, 2006). 



Chapter 4 

 

128 

Analytical methods are based on the study of semiconductor physics, which involves 

modeling the device behavior for moderate changes in temperature and irradiance. A lumped 

diode model of the solar cell is usually proposed to predict I-V curve changes with temperature 

and irradiance (Sala, 1989). An application of such a model to real multijunction cells has been 

already presented in the literature for both energy rating (Nishioka, 2006) and solar cell 

characterization purposes (Kinsey, 2008). 

The lumped diode model has also been investigated to assess I-V dependence on light 

spectrum variations; the high spectral sensitivity of tandem solar cells has merited special focus. 

In these studies, the light spectrum and the spectral response of the subcells have to be either 

measured (Adelhelm, 1998) or assumed (Araki, 2003), which, unfortunately, may be not 

possible especially because of the short duration of the light pulse in flash simulators. 

A simple diode model for monolithic series-connected multijunction (MJ) solar cells is 

described in which the temperature, light intensity and spectrum dependences are explicitly 

included. Furthermore, intensity and spectrum are considered in a simple way, because their 

influence is evaluated by means of component solar cells. Following this model, an experimental 

method for predicting the I-V curve under any irradiance-spectrum-temperature conditions is 

proposed and applied to a particular solar cell technology in order to demonstrate its validity. 

4.4.1. MULTIJUNCTION-CELL MODEL FOR COMPLETE I-V CURVE 

TRANSLATION 

Lumped diode model of a single-junction cell 

The generic electrical model of a solar cell consists of a current source that depends on 

illumination in parallel with a diode. For concentrator cells, this model is often extended to 

include voltage drops due to high current flows by means of a series resistance, as shown in 

Eqs. (24) and (45): 

 
DL III −=  (44)  

 
SD IRVV −=  (45)  

where I is the current of the solar cell, V is the voltage, IL is the photogenerated current, VD and 

ID are the voltage and current of the diode, respectively, and RS is the series resistance. The 

current through the diode follows the Shockley equation (46): 
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where I0 is the diode saturation current, q is the electron charge, k is Boltzmann’s constant, T is 

the temperature, and n is the diode ideality factor, which typically ranges between 1 and 2. Thus, 

the I-V characteristic of the solar cell, including the series resistance effect, is essentially defined 

by equation (47): 

 
⎥
⎦

⎤
⎢
⎣

⎡
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛ +
−= 1

)(
exp0 nkT

RIVq
III S

L  (47)  

The implicit dependence of I0 on temperature has the following form (Fan, 1986): 
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where Eg(T) is the width of the semiconductor bandgap at temperature T, γ is the third order 

dependence of the square of the intrinsic carrier concentration on temperature, and A is a 

constant that depends on the semiconductor material and the quality of the device. 

 Once the model is stated, temperature and irradiance dependences can be extracted. 

Because we want to use the model to correct an I-V characteristic from one set of measurement 

conditions to another, we will define corrections according to the input (measurement) and 

output (corrected) conditions. Measurement conditions are defined by the light intensity G, 

which has a particular spectral distribution E, and the cell temperature T. Thus, input conditions 

may be univocally defined by the triplet {Gin, Ein, Tin} and output conditions are defined by the 

triplet {Gout, Eout, Tout}. However, because linearity between the photogenerated current and the 

light intensity at constant spectrum is usually assumed, IL will be used to define the effective 

irradiance and thus the relative concentration ratio in a simpler way: 
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Note that a large variety of intensity-spectrum combinations may produce the same 

photogenerated current and therefore the same relative concentration ratio X. In our method, 

component cells are used to monitor and account for these spectral variations when multi-

junction cells are used as receivers. 

The method tries to convert the measurement from some actual (input) conditions into 

other (output) conditions through the following relationships: 
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inout IXI ⋅=  (50)  

 ),( XTVVV inout ΔΔ+=  (51)  

Dependences on concentration and temperature 

Photocurrents do vary with temperature because of the shift it produces on the spectral 

response. There is no analytic expression for such dependence because it is a function of the 

spectrum over which the shift occurs. Therefore, we will redefine the relative concentration ratio 

as a ratio that depends on the temperature of the cell to take this dependence into account 

implicitly: 
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A light sensor that measures the concentration ratio defined this way has to be heated to 

the same temperature as the device to be tested. Moreover, reference cells used as light sensors 

have to provide not only the same linearity with irradiance but also the same photocurrent 

thermal sensitivity as the device. If these conditions are assured, Eq. (52) accounts for both 

irradiance and temperature variations of the current.  

The dependence of the voltage on concentration (i.e., the photocurrent variation), can 

be extracted from Eq. (47). For junction voltages higher than 3mkT, we can write: 
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The voltage variation between two different irradiance conditions (defined by the cell 

photocurrents IL,out and IL,in) will be: 
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 (54)  

which leads to the classical form, which describes how the open-circuit voltage (I equals zero) 

depends on concentration: 
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The dependence of the voltage on temperature is mainly described by combining Eq. 

(47) and Eq. (48). By differentiating the resulting expression with respect to T, Eq. (56) is 

obtained: 
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To evaluate the voltage change for large variations of temperature, an approximated 

solution for the above differential equation has been proposed in (Sala, 1989). The solution 

assumes that the bandgap does not vary with temperature, which is a good approximation 

through the temperature range of interest (the bandgap of GaAs varies 3% from 300 K to 400 K) 

and allows a simple analytic expression of the voltage variation for a given temperature step to 

be obtained. The development of the solution also states that the derivative of the current at any 

voltage and the derivative of the photogenerated current are approximately the same because 

they are both mainly dependent on carrier generation and recombination. Equations (57) and 

(58) summarize these conditions: 
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In this expression, the bandgap energy has been used as a constant value, which actually 

refers to the value of Eg(T = 300 K). The validity of this solution is evaluated through its 

experimental application below. 

Extension of the diode model for tandem cells 

We will consider the features of a state-of-the-art III-V MJ cell, whose subcells are connected in 

series to each other. Therefore, the device has only two terminals, and the subcell with the least 

photocurrent limits the current of the whole cell. The voltage of the stack is the sum of the 

internal diode voltage of the subcells, lowered by the voltage drop in the series resistance (Olson, 

2004). For instance, if we consider a triple-junction cell, its voltage and current are defined by 

Eqs. (60) and (61): 

  ),,min( botLmidLtopLL IIII =  (60)  
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Sbotmidtop RIVVVV −++=  (61)  

where IL top, IL mid, IL bot are the photogenerated currents at every subcell, and Vtop, Vmid, Vbot are 

their internal diode voltages; top, mid and bot sub-indices refer to the top, middle and bottom 

junctions, respectively. Figure 4. 14 represents the electrical model considered here. 

 

Figure 4. 14. Lumped diode model for a triple junction cell. 

Thus, the model of the complete cell arises as a simple electrical association of the 

individual models of every subcell and, therefore, of their irradiance and temperature 

dependences. This model is too simple for some modeling purposes because it does not take into 

account tunnel junctions, shunt resistances or distributed effects in the cell (like the effects of 

chromatic aberration), which are required for structure optimization, for instance. However, the 

model may be able to account for changes in irradiance, spectrum and temperature conditions 

to a very large extent and, therefore, to predict the performance of solar cells at different 

conditions, as investigated in the experimental section. 

Dependence of the current on concentration and temperature 

If we again consider two different irradiance-spectrum-temperature measurement conditions 

(input and output), the current variation between them is obtained by applying: 

 )(),()( inininoutoutout TITTXTI ⋅=  (62)  

As stated for single-bandgap cells, the relative concentration factor X for the MJ cell is 

measured using a reference cell with the same sensitivity to irradiance and temperature. 
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However, the same current matching sensitivity between subcells is also required. Alternatively, 

and to relax this latter condition, one component cell per subcell can be used as a reference 

sensor. A different relative concentration factor is calculated for every subcell, and the overall 

output photocurrent is calculated as in Eq. (60). For a triple-junction cell: 
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where the temperature dependences are now implicit. The overall relative concentration ratio 

needed for the current translation in Eq. (62) is thus obtained: 
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It must be emphasized that two output conditions with the same irradiance and 

temperature but different spectra will produce two different relative concentration ratios. Thus, 

a single concentration ratio does not define the measurement conditions uniquely if the 

spectrum varies: the n-tuplet {X1,X2,…,Xn} must be defined to describe the irradiance-spectrum 

conditions, where n is the number of cell junctions. 

Voltage dependence on irradiance and spectrum 

The voltage variation due to the photocurrent is a function of the voltage variations at every 

subcell; thus, it cannot be accurately estimated without taking the current at every subcell into 

account. Therefore, in this case, component cells for estimating individual concentration ratios 

should be used. The current through any subcell is: 
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Again, for junction voltages higher than 3mkT, we can assume that the exponential term 

is much greater than one, and then we can write: 
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However, we only need to analyze the voltage of the whole cell because there are no 

individual terminals for the subcells. This is calculated using Eq. (18): 
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where Itop=Imid=Ibot=I.  

Now if we again consider two different irradiance-spectrum measurement conditions, 

but maintain the same temperature T, the voltage variation between them for a triple-junction 

cell is: 
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(71)  

It is interesting to construct a new magnitude that accounts for the spectral changes 

between input and output conditions and makes them more explicit than in Eq. (71). We create 

the ratio between the individual concentration ratios at each subcell and the overall 

concentration ratio: 
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We may see this ratio as a figure for the shift in the spectral balance due to 

concentration. If the Ki ratio is different from one, the output spectrum changes its relative 

weight on subcell i. For instance, if Ktop is greater than one, the spectrum at the output 

concentration has been blue-shifted. One could use this triplet to compare any spectral 

distribution against a reference spectrum, e.g., the AM1.5D. Introducing this new magnitude 

into Eq. (71), we get an expression where the contribution of these spectral variations is made 

explicit: 
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(75)  

In the latter expression, the contributions from global concentration, spectral shift and 

series resistance are considered separately. Now it is obvious that a change of concentration with 
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no spectral variation (i.e., Ki = 1) produces a voltage variation similar to the one calculated for 

single-bandgap solar cells: 
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where an effective MJ cell ideality factor (nMJ = ntop+nmid+nbot) is used and is expected to be 

between 3 and 6. 

Additionally, we may consider a change in the spectrum with no overall concentration 

variation (X). In this case, a simplified single-diode model would not be able to predict the 

voltage variations introduced and, thus, would present errors, especially at the maximum power 

point. In our model, Eq. (75) is again simplified: 
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Voltage dependence on temperature 

If there is no change in the concentration and spectrum, the variation produced by the 

temperature at each subcell is derived from the single-junction model, as in Eq. (59). When 

there is no change in the irradiance or the spectrum, there can still be a change in the 

concentration level because temperature variations modify the bandgap energy and, therefore, 

displace the spectral response of the subcells. For reference spectrum and conventional 

operation temperature ranges, a rise in the temperature of the cell increases the photogenerated 

current of III-V multijunction cells (Nishioka, 2006). In this case, Eq. (75) still has to be applied: 
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Again, the voltage variation of the MJ cell is the sum of the variations in the individual 

subcell voltages. The temperature is assumed to be uniform across the whole cell, so the overall 

voltage variation can be written using Eq. (61): 
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4.4.2. APPLICATION OF THE TRANSLATION MODEL BY MEANS OF 

COMPONENT CELLS  

The expressions above can be used in principle to translate any I-V curve between two different 

working conditions. However, three sets of data are required: some parameters inherent in the 

device, the measurement conditions and the output conditions for which the translated I-V 

curve is predicted. Table 4. 1 summarizes all the data used in the model proposed. 

Extraction of the model parameters 

Because the purpose of the model is to predict solar cell performance, some of the inherent 

parameters (RS, ni and γi) have to be considered fitting factors that have to be optimized for 

every technology rather than strictly inherent parameters with a deep physical meaning. This is, 

they are valid as long as they help the model to make accurate predictions. In the presented 

experimental study, RS and ni are found by multivariable minimization of the translation error, 

but γ is assumed to have the typical value of 3 for every junction (Sala, 1989). Eg bandgap values 

used are 1.85 eV, 1.42 eV and 0.67 eV for the GaInP, GaAs and Ge subcells, respectively, which 

are taken from publications by the manufacturer in the literature (Karam, 1999). The ni 

parameter is also assumed to be the same among junctions to simplify the fitting process; this is 

a fairly valid approximation, as demonstrated in the experimental results. The values obtained 

this way can be reasonably used for similar devices without significant technological changes. 

The optimization process has the following steps: 

• The translation model is applied to convert the I-V curve for some input conditions into a 

variety of temperature-irradiance-spectrum output conditions, under which the cell is also 

measured. 

• An error function between the predicted I-V curves and the measurements is defined. 
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• The minimization of the error function for the whole set of translations is used to run a 

multivariable optimization of RS and n. 

Table 4. 1. Relations of parameters and variables used in the translation model 

Parameters inherent in the device 

igE  Energy of the forbidden band at 300 K for subcelli (eV) 

in  Ideality factor of subcelli 

iγ  Power-law exponent of the temperature dependence of the square of the 
intrinsic carrier concentration at the subcelli 

SR  Overall-cell series resistance 

Measurement conditions (input) 

iniLI ,  Input photogenerated current of subcelli 

inT  Cell temperature at input conditions 

)( , inin IV  Measured I-V curve 

Translation conditions (output) 

outiLI ,  Photogenerated current of 
subcelli at translated conditions 

Derived parameters 

)(
)(

,

,

ininL

outoutL

TI
TI

X =  MJ cell- relative 
concentration ratio 

)(
)(

,

,

ininiL

outoutiL
i TI

TI
X =  Subcelli relative 

concentration ratio 

  
X
XK i

i=  Concentration spectral 
shift for subcelli 

outT  Cell temperature at translated conditions 

)( , outout IV  Translated I-V curve 
 

The similarity between I-V curves is calculated through the root mean square of the 

deviations at every I-V point as in Eq.(80). The current is used to calculate differences in the flat 

zone of the I-V curve and voltage is used after its knee.  
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where NI is the number of current levels at which the voltage difference is evaluated, and NV is 

the number of voltage points needed to evaluate differences in the current. Points from 0 to NV 

cover the I-V curve zone from the short-circuit current to the maximum power point, and the 
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points from 0 to NI cover the zone from the maximum power point to the open-circuit voltage. 

The circumflex symbol (^) indicates the estimated values. 

The overall prediction error can be defined as the quadratic mean of the individual 

translation errors for every irradiance-spectrum-temperature output condition. However, any 

other significant metric may be defined, like the maximum of the individual translation errors. 

If this overall error is obtained for a large number of samples of a particular technology, 

then their standard deviation gives an idea of the error due to assuming that every device has the 

same inherent parameters. 

Monitoring measurement conditions 

As stated previously, the irradiance-spectrum conditions are measured through the 

photocurrents at every subcell to obtain their corresponding concentration levels. Component 

cells allow a feasible mean for measuring (actually, estimating) these photocurrents, provided 

they have a strict likeness with the corresponding subcell in the following ways: 

• The same relative spectral response 

• The same photocurrent linearity with irradiance 

• The same photocurrent dependence on temperature 

It should be noted that similarity in the absolute value of the current density is not 

required, and it should not be expected for every cell of the same technology. The component 

cells have to be re-calibrated to make up ‘equivalent’ component cells. A simple side-by-side 

calibration process can be followed to establish the adjustment constant between the 

photocurrents of both a subcell and its respective component cell. For this purpose, the MJ cell 

has to be illuminated in such a way that the subcell under calibration is limiting the overall 

current; thus, the subcell current can be measured. From this, a calibration constant Ci is 

obtained as in Eq. (81), which is independent of temperature (by definition of a component 

cell). 

 )()( TICTI cellcomponentiLisubcelliL −− ⋅=  (81)  

where the calibration constant Ci has no units. If the photocurrent of the component cells is 

known for Standard Reporting Conditions, they can be used as reference sensors to give an idea 

of the effective irradiance Gi at which the subcells are operating. The estimated photocurrent of 

the subcells can now be written as a linear function of these nominal concentrations:  
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where Gi stands for the effective irradiance at the i-component cell and is expressed in suns, and 

ILi-component cell is its photocurrent at SRC in amperes. Note that now the calibration constant has 

units of A/sun. This relationship was used in the experimental application of the model for all 

the expressions proposed above in which the subcell photocurrents have to be provided.  

The temperature should be monitored by thermistors or thermocouples installed close 

to the solar cell, provided that the cell has reached a thermal steady state and there is a negligible 

gradient from the cell to the temperature probe. 

4.4.3. VALIDATION OF THE MODEL 

To assess the validity of the proposed translation model, it was applied to a set of commercial 

concentrator cell receivers consisting in high-efficiency lattice-matched GaInP2/Ga(In)As/Ge 

triple-junction solar cells. Their I-V curves were measured indoors under a large range of light 

intensities, spectra and temperatures, and then the real curves were compared with those 

estimated through application of the model. 

 Three different analyses were carried out on the experimental data in order to evaluate 

the model. Firstly, optimal inherent parameters were fitted for every cell using the whole 

measurements matrix as training data, and then the IV curve at the lowest temperature and 

concentration is translated to every measurement condition already measured. The mean 

translation error will be an assessment of the method’s ability to actually fit the solar cell 

behavior.  

Sparing the extraction of individual parameters for every cell would be of great interest 

for instance in a solar cell production line, where one could assume that the cells’ inherent 

parameters are similar for a whole set. The second analysis deals with this assumption, by 

extracting those parameters for only one cell and then applying them forward to translate the IV 

curves of all the cells in the set. The mean translation error will now be an evaluation of said 

assumption, i.e. whether such predictions are within the scope of the model or not. 

Thirdly, the applicability of the model to predict IV curves beyond the measurement 

matrix (extrapolation) has been explored, in order to test the ability of the model to make 

predictions and not only to fit the empirical data. This is considered to be a more severe 

evaluation of the validity of the model. 
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Experimental 

Indoor measurements were carried out using a pulsed solar simulator for concentrator cells 

developed in-house, which is able to produce irradiances from one to more than one thousand 

suns at its receiver plane (Antón, 2005). It uses a flash lamp similar to that in the module 

simulator and, likewise, the drop of the flash pulse is used to produce a sweep of light intensities 

and spectra. But conversely, the irradiance here can also be changed by varying the distance 

from the lamp to the receiver plane and therefore keeping the same spectrum. The cell 

assemblies are thermally attached to a thermoelectric plate whose temperature is monitored by a 

Pt-1000 resistance thermometer. The temperature can range from less than 0ºC to more than 

100ºC by means of a Peltier-cell array. Figure 4. 15 presents a scheme of the setup used.  

 

 Figure 4. 15. Elements of the flash solar simulator for concentrator cells at IES-UPM, which has been used 

for the experimental validation of the translation model. 

The three component cells of the Spectrolab 3J cell have been used as reference light 

sensors. In the following, the nominal concentration given for every measurement is that of the 

top component (Gtop in suns). The same magnitude can be calculated for the middle and bottom 

component cells, which allows the spectral matching ratio to be calculated. Like in the module 

simulator, the spectrum of the flash simulator varies from SMR > 1 (blue-rich) to SMR < 1 (red-

rich) throughout the drop of the flash pulse, allowing a wide variety of spectral conditions to be 

studied. Figure 4. 16 presents the spectral-irradiance conditions obtained at the receiver plane at 

25ºC for the setup configuration used in the experiments. The effective AM1.5D spectrum is 

found to be around a concentration of 500X. 
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 Figure 4. 16. Nominal concentration and spectral matching ratio of a flash pulse of 

the solar simulator. 

The set of solar cells used in this experiment is installed on small DCB boards with 

bypass diodes and the appropriate high-current terminals, which are a commercially available as 

receivers for high-concentration PV modules. The solar cell has a square aperture area of 1 cm2 

and a metal grid optimized for homogeneous concentrated light of hundreds of suns. Its peak 

efficiency is typically around 37% for a cell temperature of 25ºC. 

Every cell was calibrated preliminarily by simultaneous measurement of the 3J cell 

photocurrent and that of the component cells to obtain the calibration constants C’
i in Eq. (82). 

The measured photocurrent of the 3J cell while the top cell is limiting the current is plotted 

against the nominal concentration calculated for the reference top component cell. The resulting 

slope of the linear trend is the calibrated current at a nominal concentration of ‘1 sun’ in the top 

cell. The same process is repeated for the middle and bottom junctions. The bottom subcell is 

forced to limit the overall current by applying additional IR filters to the simulator setup. The 

results for one of the cells in the set are presented in Figure 4. 17. 

The mean square error is very close to one in every case, which verifies that the ‘isotype’ 

cells used actually behave as component cells of the subcells in the 3J stack. After this 

preliminary calibration, the I-V characteristic of every cell has been measured in the simulator 

under conditions of 100 to 700 suns in 100X steps (again, hereafter the nominal concentration 

refers to the top ‘isotype’) and for temperatures of 25ºC, 50ºC and 75ºC. The multi-flash testing 

setup allows achieving those high concentrations with minimum warming of the device under 

test because a light plateau or constant light are not required (low energy). 
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 Figure 4. 17. Calibration curves for the three subcells of cell #2. 

Translation error when fitting empirical data 

The optimization process for the n-Rs parameters attempts to find the values producing the 

minimum overall RMS error of the translated I-V curves for the whole concentration-

temperature range. In the case of cell #1, optimal values have been calculated to be ni = 1.1 (i.e., 

an overall nMJ of 3.3) and RS = 14 mΩ, which produce an overall quadratic mean of the RMS 

errors of 0.35%. By contrast, if the single-junction model described at the beginning is used, 

where only the overall MJ current is taken into account and hence one only irradiance 

correction is applied, the overall prediction error rises to 1.6%. Figure 4. 18 plots the translation 

RMS error as a function of the concentration and temperature of the output conditions for both 

methods. 

For the furthermost translation, from 100X-25ºC to 700X-75ºC conditions, an RMS 

error of 0.39% is found, which makes a fairly good prediction, whereas a 2.71% error is found 

for the simple irradiance correction method (see Figure 4. 19). However, for the latter method, 

the differences are much higher in the knee of the I-V curve, where the variations in the current 

matching among sub-cells produce the largest effects in the voltage, i.e., the single-junction 
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method is not able to account for the spectral changes in the voltage that especially affect the fill 

factor. If a single subcell is strongly limiting the current of the whole cell at the input conditions 

and the I-V curve is translated to a different spectrum that produces better current matching, 

then the FF will be overestimated. 

 Figure 4. 18. Translation error maps of cell #1 for the output concentration–temperature conditions considered in the 

experiment, for both translation models (with and without the spectral corrections given by the component cells). 

A summary of the fitted optimum n-Rs values and the resultant overall RMS error for 

every cell in the set is given in Figure 4. 20.  The standard deviation of the ideality factor is 0.044, 

or 4% of the mean value. This is much lower than the variability of the series resistance, which 

has a standard deviation of 2.1 mΩ, that is, 12.2% of a mean of 17.3 mΩ. This is quite reasonable 

because the series resistance depends on more technological features (e.g., encapsulation or 

assembly) than the ideality factor. Nevertheless, the variation in the series resistance seems to 

define the trend in the prediction error, which is quite low: the average RMS error is 0.53%, with 

a standard deviation of 0.16%. 
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 Figure 4. 19. Input and output 

(translated) I-V curves for  cell #2. 

 

 Figure 4. 20. Optimized n-RS values for all 

the cells in the study and resultant overall 

RMS error. For comparison purposes, the 

overall RMS error for each cell is 

presented when only the optimal values of 

cell #1 are used. 

Translation error when assuming the same inherent parameters for 
every cell in a set 

A cell manufacturer or tester might be interested in performing parameter extraction for only 

one cell and applying the parameters to the remaining similar cells. The question that arises is 

how much error is generated by this assumption. To test it, the parameters extracted for cell #1 

in the set were applied to the other 6 cells. The mean RMS error calculated for each cell is also 

presented in Figure 4. 20 for comparison. The average of the errors of all cells grows to 0.85%, 

and the standard deviation increases as well (0.36%); however, these are still quite low values 

and prove that the same set of model parameters could be used for a whole batch of cells of the 

same technology. It can be noted that the trend of the prediction error seems to follow now the 

differences in the ideality factor of the cells, i.e. the validity of the assumption used is more 
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sensitive to variations in the ideality factor rather than in the series resistance. Figure 4. 21 

summarizes the RMS error produced for every translation and for all cells.  

 

 Figure 4. 21. Histogram of the RMS error for every translation when assuming that 

all cells have the same inherent parameters as cell #1 

Translation error when extrapolating I-V points (training data and 
verification data are different) 

The analysis of the model has been extended to the case where the dataset used for training the 

model (parameter extraction) is different from the verification data, i.e. for extrapolation. For 

this purpose, only half of the measurement matrix is used to fit the model parameters of a given 

cell. Then the model is used to predict the I-V curves beyond said half of the matrix for the same 

given cell, i.e. to extrapolate I-V curves for a new temperature-irradiance-spectrum conditions 

map. This study tests the model as a predictor of the cell performance under variable real sun 

conditions that are outside the simulator measurement range. This may be critical for instance 

when estimating the annual energy yield of a MJ cell-based device.  

Thus, the optimization process of the n-Rs values has been repeated for every cell, but 

taking only half the measurement matrix into account, i.e. concentrations from 100X to 300X, 

and temperatures from 25ºC to 50ºC. Once the model parameters are fitted, the error prediction 

map for the whole range of working conditions is extracted for every cell. That is, the RMS error 

of the whole IV curve shape when translating the measurement at 100X-25ºC IV curve into 

every other working condition from 25ºC to 75ºC, and from 100 suns to 700 suns.  
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Again, the prediction errors keep very low, with an average RMS error for all cells of 

0.67%, with a standard deviation of 0.31%, demonstrating the ability of the model to predict cell 

performance outside the measurement range used for the model fitting. Table 4. 2 summarizes 

the average of the overall RMS errors obtained in the three scenarios of application of the 

method proposed.  

Table 4. 2. Average and standard deviation of the translation RMS errors for the three scenarios analyzed 

Overall RMS error 
Optimum 

parameter fitting 
for each cell 

Same parameters 
for every cell in 

the set 

Extrapolation (parameter 
fitting for half the 

measurement matrix) 

Average 0.53% 0.85% 0.67% 

Standard deviation 0.16% 0.36% 0.31% 

 

Regarding the calculation of the yearly energy generated by a device following our 

model, one would estimate the power delivered by the cell at any moment by applying the 

correction equations to the working conditions (output conditions) at that time. These working 

conditions might be either directly measured (through component ells and a temperature 

sensor) or, more complicated, estimated (by convolving the spectral response of the component 

cells with the spectrum measured at that time, and estimating the temperature of the cell 

through a thermal model using the ambient temperature and the wind speed). Yearly energy 

generated would be the integration of these instant power values over the whole year. 

4.5. ASSESSING THE VALIDITY OF INDOOR MEASUREMENTS OF 

A CPV MODULE 

The similarity between indoor and outdoor measurements can be used to demonstrate the 

validity of the solar simulator. However, many difficulties arise when trying to compare I-V 

curves that are taken under such different working conditions, especially because the monitor 

sensors and cell temperature are not the same. A procedure for performing these comparisons 

was designed in our group; it is summarized in Figure 4. 22. It basically consists on the 

application of an I-V curve translation model to the outdoor measurement to give it in terms of 

the Standard Reporting Conditions, and compare the main I-V parameters with those obtained 

indoors. The translation method applied is the same as the one described in the previous 

section. Now, the module is modeled as a single cell whose voltage is the sum of the individual 
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cell voltages, and a lumped series resistance. This assumption works well for modeling the ISC, 

VOC and the knee of the curve (which is shaped by a single cell); however, the features of the flat 

part of the curve may be deformed (e.g. the width of the steps due to current mismatches). 

Fortunately, the latter do not define any performance parameter. Moreover, the spectral 

corrections are avoided, reason why the outdoor measurements are taken as close as possible to 

the AM1.5D effective relative spectrum. The translation model requires the model parameters to 

be previously known or characterized, which may be extracted for a reference module (or a 

reference set) and then applied to all the modules of that technology. Since the operating cell 

temperature is very difficult to measure, it may be calculated using the open-circuit voltage, 

provided that the thermal coefficient of the VOC and the ideality factor are known (e.g. 

IEC 60904-5). 

 

Figure 4. 22.Diagram of the procedure for indoor/outdoor comparison of I-V curve measurements. 
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In the graph it is emphasized that the sensors for both indoor and outdoor 

measurements are traceable to primary standards; to the World Radiometric Reference (WRR) 

in the case of the irradiance sensor (pyrheliometer), and to ballon flight reference cells in the 

case of the spectral sensors (component cells).  

Since the creation of the first prototype of the simulator, our group has characterized 

indoors CPV modules from about 12 different manufacturers from Europe, America and Asia. 

Depending on the needs of the client, some were also measured outdoors, especially for 

assessing the predictive capabilities of the simulator. Here we present the results of the 

indoor/outdoor comparisons for 6 of those technologies. Since the manufacturers did not know 

or provide the temperature coefficient of the VOC for their modules, the cell temperature could 

not be estimated a priori; on the contrary, it is used as a fitting parameter of the translation 

model. Nevertheless, this allows a less noisy insight on the effects of the irradiance and the 

spectrum alone.  

  

Figure 4. 23. Measured I-V curves (left) and their translation into SRC conditions (right) for a module of technology #6. 

Figure 4. 23 presents the indoor and outdoor measurements carried out for the module 

of technology #6, and the resulting irradiance and temperature corrections carried out through 

the translation model for the input/output conditions values given by the pyrheliometer 

(outdoors) and the monomodule (SRC indoors). The extracted performance parameters are 

very similar in the three cases, with a maximum PMPP error of 0.2% and a maximum ISC error of 

1.2%, much lower than the overall uncertainty of the measurement itself. Moreover, as the 

module presents a low current mismatch between its cells, in this case the global shape of the 

translated curves have a very good match to the indoor curve, even in the flat zone. 

Table 4. 3 summarizes the prediction errors found for this and the other five 

technologies studied. An average PMPP prediction error of less than 2% has been calculated, with 

a maximum error of 3.5% for a particular technology. It should be mentioned that this figure is 
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affected by the non-reproducibility of the outdoor measurements due to pointing errors. 

Besides, not surprisingly, the worst predictions occur for the worst performing modules. For 

technologies #3 and #4 no monomodule was available, so the test specimen itself was calibrated 

outdoors to be used a reference sensor. Then the calibration was transferred indoors to an 

auxiliary light sensor for measuring the I-V curve of the module. In these cases, the error in the 

ISC is not calculated, as it is used to identify the reference irradiance.  

Table 4. 3. Prediction errors for the main electrical parameters of the 6 technologies studied. 

Technology ISC VOC PMPP 
#1 2.4% 0.1% 0.3% 
#2 0.5% 0.0% 0.8% 
#3 - 0.1% 3.3% 
#4 - 0.6% 2.2% 
#5 0.4% 0.1% 3.5% 
#6 1.2% 0.0% 0.2% 

Average 1.1% 0.2% 1.7% 
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Chapter 5. INDOOR CHARACTERIZATION 

OF HIGH-CONCENTRATION OPTICS 

5.1. OPTICAL EFFICIENCY 

Quality measurement of PV concentrators is very different from that involved in classical 

imaging optics, where one must investigate a variety of aberrations and image forming 

conditions. In power optics, e.g. solar concentrators, the objective is a good energy transfer no 

matter the imaging, so the most important feature is which fraction of the power of an incoming 

light ray is transmitted to the receiver. This magnitude defines the transmission function T, 

which ranges from zero to one, and it is dependent on every light ray, i.e. it is described by five 

variables: two coordinates for the position of the light ray at the entrance aperture, two angles 

describing its initial direction, and the wavelength of the photons. This is illustrated in Figure 

5.1: a light ray with power Pin and wavelength λ impinges on the concentrator input surface on 

a particular point (xin, yin), in a particular direction (ϕin, θin), and reaches the exit surface with a 

different power Pout (with the same wavelength if no re-emission effects take place29) on another 

point (xout, yout) and in another direction (ϕout, θ out).  

 
                                                           

29 As in fluorescence concentrators (Goldschmidt, 2009) . Due to their particularities, the figures of merit used for 
characterizing them are not the same as in conventional concentrator optics (i.e. refractive/reflexive), so they are 
not considered in this work. 
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Some measurement setups have been proposed for extracting the ray-level transmission 

function (Harper, 1976; Timinger, 2000) however, due to practical issues, this function is often 

compacted by integrating the transmission function over the angular, spatial and spectral 

extents of the radiation, leading to the most common figure of merit for concentrator optics: the 

optical efficiency. This means that the optical efficiency is actually dependent on the angular, 

spatial and spectral features of the light, and therefore it has to be given for the significant light 

source in concentrators: the standard solar disc. The question arising here is whether this figure 

can be measured by means of other artificial light sources (those achievable at the laboratory), or 

how much this figure changes when a ‘non-standard’ sun is used for the measurement.  

 

Figure 5.1. Basic diagram of a concentrator. A light ray that strikes the input 

surface with arbitrary power, wavelength and angle of incidence emerges at 

the exit with a power and an angle given by the transmission function T. 

Furthermore, this figure is dependent on the receiver used, since the type of 

encapsulation on the solar cell does change the light transmission through the output surface of 

the optics. When the optical efficiency is said to be given for the lens alone, irrespective of any 

receiver, the figure is indeed given for a specific receiver: the air. Moreover, the size and shape of 

the receiver can be different from the output surface of the optic, which changes the 

concentration factor and the optical efficiency by definition. 

A slightly different definition of optical efficiency may be introduced if we consider that 

not every photon being transferred to the receiver is equally useful for the generation of current, 

i.e. spectral responsivity of the solar cell may vary with wavelength, angle or position, and 

therefore it may be more important to think of ‘effective’ radiation rather than light power 

alone. Thus, another possible figure of merit for the concentrator might be given by the amount 
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of electrical response (i.e. photocurrent) produced by the light transferred to the cell, in 

comparison to that produced by the receiver if it were exposed to the same light flux as the 

concentrator’s input. This actually implies the chimera that the whole input light beam is 

stretched to fall onto the bare solar cell without changing its properties. However, allowing some 

assumptions, this magnitude may be more meaningful than the classical definition of optical 

efficiency. This can be easily seen in the case of receivers that are very sensitive to spectrum, like 

the monolithic multijunction devices, where the light power has to be not only transferred, but 

color-balanced.  

The above concerns are often overlooked when developing optical characterization 

methods, so in this section we try to give a systematic and comprehensive description of the 

concept of optical efficiency for concentrator devices, introducing the associated 

instrumentation issues and fundamental hurdles. 

5.1.1. OPTICAL EFFICIENCY AS A TRANSFER OF POWER TO THE OPTICS 

OUTPUT 

Although the performance of a concentrator actually depends on the receiver used, it may be 

interesting to define methods for the characterization of optical elements alone. In the currently 

developing CPV market, many companies are basing their business on providing single 

components of the concentrator, instead of developing their own whole system. This modular 

concept of the CPV system makes it easy for the newcomers, because a system designer may just 

choose off-the-shelf components and custom solutions from other vendors for building up their 

own concentrator. For that reason there is a need for well-established definitions of the features 

and performance characteristics of every element in the system. Ideally, they could be 

considered as black boxes, of which only their interface with the other parts of the system is 

known. In this sense, a definition of optical efficiency independent of the receiver would be 

useful, despite the fact that the resulting figure should be corrected when considering a 

particular receiver (since the optical coupling at the output will depend on it). Thus, we define 

here the overall optical efficiency of a concentrator as the fraction of power at its entrance 

aperture Ain which reaches its output surface (on the inner side) Aout, regardless of the final 

transmission outwards from the interface (Eq. (84)). 
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Pin and Pout stand for the light power impinging on the entrance and output surfaces of 

the concentrator, respectively; Gin and Gout are the corresponding average irradiances, and Ain 

and Aout are their areas. The ratio of the aperture area to the output area is called geometrical 

concentration, Xg. As it has been said, this overall efficiency depends on the spectral and angular 

distributions of the incident light (Ein(λ) and Lin(α), respectively), as it is actually an integration 

of the ray-level transmission function over its angular and spectral extents. The dependence on 

the spatial distribution of the light has not been stressed because real-sun radiation is perfectly 

uniform over any flat surface. Figure 5.2 illustrates the basic diagram of a concentrator, showing 

the magnitudes relevant to the optical efficiency as defined here. The angular distribution of the 

source should be actually defined as a function of the two direction angles φ and θ (Figure 5.1) 

but in the following sections they will be simplified to the angle α between the normal to the 

input surface and the direction of the light rays, assuming a rotational symmetry in the behavior 

of the concentrator. 

 

Figure 5.2. Basic diagram of a concentrator and the fundamental quantities that determine the optical efficiency. 

Instrumentation issues 

Irradiances Gin and Gout can only be measured directly through thermal sensors (i.e. with a flat 

spectral response, like a pyranometer). However, the linearity and thermal noise of such sensors 

does not allow measuring the large range of irradiances found between the input and output of a 

concentrator. A possible avoidance to this problem is the use of neutral density filters (flat 

spectral transmission) for reducing the irradiance at the lens input, so that the light power at the 

concentrator output is in the same range as the reference light. However, there is the additional 
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problem that the electrical response of a thermal sensor is too slow for any flash-light source, 

such as the one in the Helios 3198 Solar Simulator.  

An alternative for the measurement of the absolute irradiance is the measurement of 

light power in narrow bands of wavelength, or spectral irradiance E(λ) [W/m2nm]. This is done 

by means of a spectroradiometer, which can use light sensors with an arbitrary spectral 

response, provided said response is known, and it is sensitive enough in the wavelengths of 

interest. Measurement in narrow bands is achieved by the use of band-pass filtering or splitting 

(e.g. diffraction gratings). By a simple adjustment of the time of sensing (integration time), this 

instrument can measure very wide ranges of irradiance. However, the spectral splitting it 

performs, which highly reduces the light power over each sensor, makes hardly feasible to 

measure the spectral irradiance of 1-sun-intensity light during a short flash. Therefore, this 

method may only be applied for constant-light sources30 (outdoors or constant simulators). 

State-of-the-art spectrometers can measure the spectral irradiance with resolution better than 

1 nm, narrow enough to distinguish any features in both the light spectrum and the 

concentrator transmittance.  

Total irradiance is then obtained by integrating E(λ) over the spectrum. 

 ∫=
λ

inin λdλEG )(  (85)  
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If the spectrometer probe cannot be immersed within the concentrator output (i.e. if 

Aout is not an imaginary surface in air or any other liquid), light power will be dimmed by the 

optical coupling between optic and probe. In general, there will be a spatial gap in that interface 

(filled by air or a coupling liquid), which changes intensity and direction of the light, as 

illustrated in Figure 5.3. One can get an estimation of the error introduced if the reflectance at 

this interface is known for every wavelength and direction Rout(λ,α). The spectral irradiance on 

the probe is related to the irradiance of interest as in Eq. (87): 

 )),(1(),(),( αλRαλEβλE outoutprobe −⋅=  (87)  

                                                           
30 A few commercial spectrometers are able to measure the spectrum of a flash pulse with a long plateau of 
irradiance (e.g. 1 ms) 
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Figure 5.3. Light transfer at the interface between concentrator and spectrometer probe. 

If only dispersive effects are considered at the output-gap interface, the reflectance is 

given by the Fresnel equations (Hecht, 2002) and the Snell’s law31. The spectrometer 

measurement gives the value of Eprobe(λ) directly, which is an integration over its angular extent. 

 αdαλRαλEλE
α

outoutprobe ∫ −= )),(1(),()(  (88)  

There is not only one single solution to extract Eout from this equation. Hence one would 

like to establish the global reflectance taking into account the typical angular distribution at the 

concentrator output, which is possible to estimate a priori for instance by simulation. The 

relative distribution eout(λ,α) help us separate the angular distribution and the integrated 

absolute value: 

 ),()(),( αλeλEαλE outoutout =  (89)  

so that, 

 1),( =∫ αdαλe
α

out  (90)  

Introducing it in Eq. (88) we get, 

 αdαλRαλeλEλE
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outoutoutprobe ∫ −= )),(1(),()()(  (91)  

                                                           
31 Reflectance is dependent on the polarization of the light: perpendicular (RS) or parallel (RP) to the interface 
plane. If Snell’s law is used, reflectance can be given as a function of just the angle of incidence and the refractive 
indices of the concentrator and the gap fluid: 
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In conventional CPV, the light may typically be considered unpolarized and therefore total reflectance is obtained 
as R = (RS+RP)/2. Transmittance is simply obtained as T = 1-R 
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Thus, the global transmittance 1-Rout(λ) for wavelength λ and a particular angular 

distribution eout(λ,α) is defined as in Eq. (92), and can be estimated by simulation or analytic 

methods: 
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Once the global reflectance is known, the irradiance reaching the probe Eprobe(λ) allows 

calculating the actual irradiance on the inner surface of the lens output as in Eq. (93): 
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When the interface gap is air, transmittance through the interface for tangential angles 

may be actually zero, as long as the critical angle of the Snell’s law is surpassed and TIR happens 

(for α lower than 40º if the optic’s output material is glass). In this case, the calculation of Eout 

cannot be carried out. A coupling liquid with a refractive index similar to or higher than that of 

the lens will avoid this problem. 

Given that the irradiance will not necessarily be uniform throughout the whole output 

surface, the probe has to be large enough to receive all the light flux and make an averaged 

measurement. The spectral irradiance provided by the spectrometer in this way Espectrometer will be 

the total power collected by the probe at a given wavelength, divided by the area of the probe, 

which is not the desired magnitude. Therefore the irradiance has to be re-calculated as in Eq. 

(94) so as to use it in previous equations: 
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The use of thermal sensors would require analogous corrections for the global 

reflectance and the probe area. 

5.1.2. OPTICAL EFFICIENCY AS A TRANSFER OF POWER TO THE RECEIVER 

CPV manufacturers will be interested in studying the optical efficiency of their 

concentrators for the particular solar cell that will be used as receiver because optical coupling 

depends on the actual dimensions and composition of the outer layers of the cell (i.e. its optical 

properties at the input interface), as well as the encapsulating material. In this case, optical 

efficiency of a concentrator will be defined as the fraction of power at its entrance aperture Ain 
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which is transferred to the receiver surface Acell inwards (see Eq. (95)). This magnitude again 

depends on the angular and spectral properties of the incoming light, Lin and Ein.  
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Figure 5.4. Magnitudes related to the optical efficiency as a transfer of power to the receiver. 

Pin once more stands for the light power impinging on the entrance aperture of the 

concentrator, but Pcell is the power entering the electrically active volume of the solar cell, i.e. the 

power coming from the concentrator output that has not been lost or rejected by the optical 

layers of the solar cell and the encapsulant (if it exists). It has to be emphasized that Pcell refers to 

the power after the anti-reflective coating and any other window layers of the solar cell, so the 

optical efficiency includes the whole optical path until the active cell layers, not only the 

concentrator’s optical stages.  The significant output area is now that of the solar cell, which may 

be larger or smaller than the concentrator output, so geometrical concentration Xg is re-defined 

as the ratio of the primary lens input area to the cell area (that defined by the perimeter of the 

active area). Magnitudes described are illustrated in Figure 5.4. 

Solar cell as irradiance sensor 

The solar cell itself can be used for measuring the irradiance received, because photogenerated 

current typically depends linearly on the light intensity. If the internal spectral response SRint of 

the solar cell is known, the photocurrent is related to the irradiance on the inside of the cell 

(after the optical layers) as in Eq. (96): 

 λdλSRλEAI
λ

tincellcellL ∫= )()(  (96)  

from which it is derived that a change in the irradiance produces the same relative variation in 

the photocurrent, provided that the spectrum does not change. 
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Therefore, if the cell photocurrent is known for some reference irradiance conditions 

Gcell
*(Ecell

*) (a particular intensity and spectral distribution), one can calculate the irradiance 

entering the active volume of the solar cell by measuring its photocurrent. 
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The calculation would give the level of irradiance that had a reference spectrum Ecell
*, 

which easily might not be the case. If we consider a different spectrum with the same integrated 

irradiance Gcell, it will probably not produce the same photocurrent IL. The spectrum within the 

cell depends on the transmittance of every previous optical layer, which also depends on the 

angular distribution of the light.  If the reference conditions are those obtained for the bare solar 

cell, where the light is uniform over the cell, it has not a wide angular distribution, and the 

spectrum has not been modified by the concentrator, the spectrum within the cell for reference 

conditions would be quite different from that under the concentrator.  

Furthermore, it has to be pointed out that the spectral response of the solar cell depends 

on its working temperature. The above relation will be true as long as both the concentrator and 

reference cells maintain the same temperature. If a continuous solar simulator is used for the 

measurements, some means of active temperature control will be necessary.  

Regarding the measurement of the photocurrent, this is in practice assumed to be given 

by the short-circuit current of the device ISC, provided the current of the solar cell does not vary 

along the low voltage part of the IV curve (e.g. less than 1% of ISC for the lower tenth of the 

voltage). However, there may be no flat zone of current at high concentration levels due to the 

voltage drops on account of the series resistance. In this case, a negative bias of the solar cell may 

unveil a flat zone indicating the photogenerated current. 

 
LSC II ≈  (99)   

Measurement of optical efficiency by means of solar cell photocurrent 

Let two solar cells be identical in spectral response, so that their short-circuit current density is 

the same under any particular illumination conditions. One of them is encapsulated under the 

concentrator to be measured, which is aligned perpendicular to the light beam. The other cell is 

located on the same plane, so as to work as irradiance sensor. This reference cell can be 
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encapsulated under flat samples of the concentrator stages’ materials, in such a way that any 

sharp spectral features introduced by the latter can be approximately counterbalanced 

(interfaces between stages have to be included, e.g. air between primary and secondary lenses in 

the customary refractive two-stage concentrator). Anyhow, the measurement includes a 

correction factor for this spectral skew, which depends on the transmittance of the whole flat 

encapsulant and the optical layers of the bare solar cell. Therefore, only flat covers whose optical 

properties are perfectly known or can be measured should be used. This overall transmittance 

Tflat is calculated through the reflectance at the interfaces and the transmittance due to 

absorption at every layer (see Figure 5.5). These actually depend on the angle of incidence of the 

light, but since the reference cell is receiving collimated light we can assume a constant angular 

response: 

))(1()())(1()())(1()())(1()( 2211 λRλTλRλTλRλTλRλT ARCnnflat −⋅⋅−⋅⋅⋅−⋅⋅−= K  (100)   
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Figure 5.5. Diagram of reference sensor and concentrator assembly under illumination. 

When the light source illuminates the receiver plane, the irradiance Gin is the same for 

the concentrator assembly and the reference sensor. The light will be concentrated and 

attenuated in a different way through them both, so the reference sensor and the concentrator 

cell will produce different photocurrents (IL,ref and IL,conc, respectively). In order to make 

expressions less complicated, we will use current density J and irradiance instead of integrated 

current and power. Besides, we will break spectral irradiance into a global absolute factor and 

the normalized spectral irradiance, as in Eq. (102). Please note that the integral should be 

performed throughout the spectral range of interest. If the receiver is a GaAs solar cell, the 

interval of integration should not go further than 300 and 900 nm. 
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The optical efficiency is calculated using Eq. (95), and some treatment is used to show 

dependence on photocurrents: 
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 (103)  

Thus, the optical efficiency is shown to be directly the ratio of the concentrator 

photocurrent to that of the reference cell, multiplied by a correction factor related to the spectral 

mismatch between the light at both cells and the losses at the reference cell input (by its 

complementary Tflat). The latter accounts for the fact that the photocurrent of the reference cell 

does not measure the input light, Gin, but Gref, this is, the light dimmed by the encapsulation and 

input layers of the bare cell. In order to show explicitly these two correction factors, we will 

assume for a moment that the transmittance of the input layers of the reference cell is spectrally 

flat, so we can extract it from the numerator integral, as in Eq. (104). 
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where kSMM accounts only for the spectral mismatch corrections. If the concentrator optics does 

not change the spectrum, the relative shape of ein(λ) will be the same as ecell(λ) and, as they are 

normalized functions, their absolute values will be similar as well, making kSMM be equal to 1. So, 

the optical efficiency becomes simply the ratio of the photocurrents multiplied by Tflat.  

Again back in Eq. (103), in the more probable case where Tflat varies with λ, if the 

relative shape of the spectrum within both cells is the same, the mismatch factor is a constant 

through the spectrum and the spectral response of the cells has not be known. When the 

reference cell is encapsulated under the same materials (and optical depths) as the concentrator, 

said similarity is more likely to be found.  
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where k is a constant independent of the wavelength.  

If this similarity in the spectra received cannot be assumed, we have to know SRint. 

Unfortunately, usually the external spectral response is available instead; in that case some 

calculation is needed again. Because SRext is implicitly given for normal light, SRint is obtained 

through the reflectance of the AR coating (including any other electrically-inactive optical layers 

at the input of the cell) for normal incidence. Usually, more than one thin film layer is applied as 

ARC, so the transfer-matrix method (Born, 1964) has to be used to calculate its global 

reflectance RARC.  
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As a last resort, if the external response is not known either, the relative shape of a typical SR 

curve from the same cell technology can be used to estimate it, because only its absolute level is 

critical32.  

Issues linked to the measurement with multi-junction solar cells 

A solar cell is able to measure light power in the spectral range to which it is sensitive. This is 

partly an advantage since we are not interested in the performance of the concentrator at 

ineffective wavelengths. So it is enough to measure with a solar cell that ‘sees’ the same spectral 

range as the final receiver to be used under the concentrator. When considering monolithically 

series-connected multi-junction (MJ) solar cells, every subcell is sensitive to a different spectral 

band, so a different optical efficiency exists for every subcell. However, for some given 

illumination conditions, the short-circuit current of the MJ cell corresponds to the subcell with 

the least current exclusively, i.e. only the light power at the spectral band to which that subcell is 

                                                           
32 The estimated SR curve will be assumed to have the same relative values as the ‘reference’ one srext(λ), but its 
absolute level will be calibrated. We take the bare cell before encapsulation under any flat cover, and expose it 
to a collimated light with a known spectral irradiance Ecal(λ); the resulting photogenerated current IL,cal allows us 
to calculate a calibration factor K for the absolute spectral response SRext(λ), as follows: 
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Thus we build the absolute spectral response by using this calculated factor, 
 )()( λsrKλSR extext ⋅=    
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sensitive is being measured. Therefore the optical efficiency thus measured corresponds to the 

spectral band of the subcell that is limiting the electrical efficiency of the concentrator, which we 

may think as the most significant one. However, given that concentrator optics do change the 

light spectrum, both the receiver and the reference cells might be limited by different subcells, 

thus blocking this measurement method. Consequently, additional means for extracting every 

subcell response are required in order to measure the optical efficiency values linked to them. 

The most straightforward possibility is the use of component cells (single-junction cells 

with the same relative spectral response as the subcells in the tandem stack, thus allowing direct 

measurement of every subcell) provided that these have exactly the same size, shape and AR 

coating as the MJ cell (so they can be encapsulated under the concentrator under test). However, 

their manufacturing is complicated so they are not readily available from all MJ cell vendors, or 

they are available just for some reference design. 

Another option is revealing the current of every subcell within the MJ cell, artificially 

forcing them to limit one-by-one. For this purpose, the subcell of interest has to receive an 

amount of light power sufficiently lower than those on every other subcell. This has to be done 

without altering the light spectrum in the spectral range of interest, because we are interested in 

the optical efficiency linked to a particular reference spectrum.  For that reason, supplementary 

light will be added to the other subcells rather than filtering out light for the cell of interest. The 

simplest method, nevertheless, is to slightly vary the spectrum so as to change the cell that is 

limiting. Conventional MJ cells are designed to perform nearly current-matched under standard 

spectrum, so minor spectral modifications will make the least generating subcells visible (those 

significant, because they are the ones closer to limit the overall efficiency).  

Despite the possibility of measuring the optical efficiency at every spectral zone, the 

CPV system designer is interested mainly in the one linked to the subcell that limits the current 

most time throughout the year. Improving the optical efficiency of the other spectral zones 

would not necessarily increase the concentrator electrical efficiency. 

5.1.3. OPTICAL EFFICIENCY AS A TRANSFER OF EFFECTIVE POWER 

The previous definitions of optical efficiency were based on the absolute radiometric light 

power. However, the electrical sensitivity of the receiver, and therefore the efficiency of the 

energy conversion, is not equal at every wavelength. Thus, we might imagine a different 

definition of optical efficiency as the ability of the concentrator to transfer the effectiveness of the 

light available at its input. This is, how much electrical response is the concentrated light able to 
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generate in the receiver, compared to the one that the light before the concentrator would? We 

can explain it like this: let a bundle of light rays with particular light intensity, spectral 

distribution and spatial and angular extents be impinging on a concentrator equipped with a 

certain solar cell, and let the same bundle of rays be impinging directly on the bare solar cell 

(without the concentrator optics). Optical efficiency of said concentrator is now the ratio of the 

cell’s photocurrent under the concentrator, to that under bare illumination, taking into account 

the relation of areas between the concentrator aperture area and the bare cell (this is, we 

compare them as if both devices had the same reception areas). So we measure the short-circuit 

current of the bare solar cell and the concentrator’s under the same illumination, and calculate 

their relation of reception areas (geometrical concentration) in order to estimate the current 

under the same total power.  

So, we define here the effective optical efficiency of a concentrator as the ratio of the 

photocurrent of the solar cell under the concentrator, to the current of the bare cell if this 

received the same input power (i.e., the same irradiance multiplied by the geometrical 

concentration Xg): 
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The magnitudes involved are depicted in Figure 5.6. Note that Xg refers here to the ratio of the 

concentrator aperture area Ain, to the cell area Acell, not to the concentrator output Aout. 

A consequence of this definition of effective optical efficiency is that results higher than 

one are possible. For instance, if the reflectance of the AR coating of the solar cell is higher for 

normal rays than under oblique illumination (i.e. optimized for concentrator optics), a 

concentrator with high transmittance could make the light generate more current in the cell 

than the lossless light beam itself as it was before the concentrator. Therefore, the result of the 

effective optical efficiency will be higher than one. Leaving the odd cases aside, this definition 

tries to better compare concentrators from the point of view of the system integrator. Out of two 

different concentrators, the preferred one is that producing the highest current for a given 

receiver, rather than the most optically efficient. This definition might be extended to the 

measure of the power instead of the photocurrent in order to consider series resistance effects 

like the losses produced by the non-uniformity of the light (which is usually seen only as a 

voltage loss).  
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Figure 5.6.  Diagram of sensor and concentrator under test with the magnitudes relevant to the effective optical efficiency 

It has to be emphasized that this is an approach fundamentally dependent on the 

technology of the cell used, and it does not allow absolute assessments of the optics alone, but 

relative comparisons. If the cell efficiency were known for every angular, spatial and spectral 

distributions of the light, this measure would be superfluous, because the overall efficiency could 

be calculated through the multiplication of the conventional optical efficiency and the cell 

efficiency linked to the particular light spot produced by the concentrator. However, this is 

never the case because the optical efficiency is given only for even and quasi-normal light rays 

with a specific standard spectrum.  

Correction for light-coupling bias 

For the bare cell, the photocurrent is a result of a quasi-normal illumination Gin(Ein, Lin) dimmed 

by the reflectance of the AR coating RARC. In the case of the concentrator, the input light beam is 

modified (supposedly dimmed and angularly widened) to have a different angular and spectral 

distribution Gout(Eout, Lout) at the optics output, which again is altered by the coupling with the 

solar cell Tcoupling(λ,α). Formula (107) can be rewritten so as to show the implicit dependence of 

the efficiency on the reflectance of the AR coating at bare conditions, compared to the 

reflectance under the concentrator:  
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(108)  

If the AR coating is strongly optimized for the concentrator’s encapsulating media, its 

reflectance under no encapsulation will be higher, yielding a value for the effective optical 
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efficiency artificially high (less light power enters the reference cell and thus IL,ref is reduced). 

This can be taken into account introducing a reference level of reflectance at bare conditions, i.e. 

the reflectance of an optimum AR coating for that technology under air and a parallel light 

beam RreferenceARC, and correcting for it: 
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This arbitrary nature of a reference reflectance does not give credit to this magnitude as an 

absolute one; rather, it is useful for comparison between rival designs, which is no unimportant 

when trying to optimize the total system electrical efficiency. Moreover, this kind of 

measurement has the advantage of its plainness. 

Conceivably less subjective is the encapsulation of the bare cell under the refractive 

indices for which the AR coating is optimized. Concentrator cell’s AR coatings are typically 

optimized for glass refractive index; in this case, if the sensor cell is just encapsulated under a 

very transparent (from UV to NIR) flat cover glass, one can assume that the correction factor in 

Eq. (109) becomes equal to one. This is probably the most straightforward measurement of 

optical efficiency of all when the spectral information for the AR coating, optics and cells is not 

perfectly known. 

Measurement for triple junction solar cells 

As it was described before, the short-circuit current of the MJ cell is given by the subcell 

generating the least current, i.e. only the effect of the light at a single spectral band is taken into 

account. Because the definition of effective optical efficiency is based on the electrical response 

of the device, there is no need to reveal the individual photocurrents at every subcell: the overall 

current is the one to be used in the calculation of the magnitude just described. In fact, different 

subcells can be limiting the current in the bare reference cell and in the concentrator, because 

the concentrator optics will usually affect the spectral balance. 

5.2. SPECTRAL OPTICAL EFFICIENCY 

The optical efficiency measurements just described give information about the light power 

transmission of a concentrator, but the results are constrained to the particular light spectrum 

used and represent a weighted average of the response at every wavelength. Because 
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concentrators operate under the real-sun spectrum (ever-changing throughout the day and the 

year), the system designer may find interesting to know the concentrator’s optical efficiency for 

a representative variety of the spectral distributions found outdoors, not only for a reference 

one. Furthermore, when evaluating optics, there may be some issues associated to a particular 

spectral zone that are indiscernible to the optical efficiency measurement, thus not allowing the 

designer to undertake the appropriate improvement actions. Consequently, an alternative 

optical metrics providing information on how concentrator lenses modify the input spectrum is 

most interesting; especially when multijunction cells are used as receivers, which are very 

sensitive to spectral changes. 

If the optical efficiency of a concentrator is measured at each wavelength separately, 

then the spectral features of the optics are revealed, and what’s more, the overall optical 

efficiency corresponding to any arbitrary spectrum can be calculated. This quantity is referred to 

as spectral optical efficiency, or spectral transmittance, and it is implicitly given for a particular 

angular distribution of the even illumination over the concentrator, i.e. it is an integration of the 

ray-level transmission function (Eq. (1)) now over its angular extent only. Its magnitude can be 

measured using any arbitrary spectrum, on condition that it provides power at every wavelength 

to be evaluated. 

Two different techniques are presented, each one allowing the measurement of only a 

part of the quantities defined as optical efficiency in the previous section. Firstly, a method 

based on a radiometric spectrometer is described and, second, another one based on band-pass 

filtering the light source into a discrete set of spectral zones. 

5.2.1. SPECTROMETER-BASED METHOD 

We will first consider the definition of optical efficiency as the fraction of light power at its 

entrance aperture Ain that reaches its output surface (inwards) Aout; its magnitude at every 

wavelength is calculated as follows: 
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where the symbol ηop λ(λ) is introduced to denote its dependence on a particular wavelength.  

Pin(λ) and Pout(λ) stand for the total power over the concentrator’s input and output surfaces at a 

particular wavelength, respectively. Spectral irradiance E can be used instead for the calculation, 

along with the geometrical concentration ratio Xg. 
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A straightforward technique for measuring this quantity is based on the measurement of 

the spectral irradiance at both the concentrator’s input and output light beams, and then 

calculating their ratio. For this purpose, a radiometric spectrometer capable of discriminating 

light in the wavelengths of interest is necessary. Typically, the range between the UV and the 

near IR is desired (300-1800 nm for a complete study of 3J cell-based concentrators). A light 

source producing a wide spectral continuum is also required so as to expose the performance at 

every wavelength. Light is coupled to the spectrometer by means of either a dome-shaped 

diffuser probe or an integrating sphere, which show a cosine-like angular response. For the 

input light, which is homogeneous, a probe in any size can be used for sensing the irradiance. 

However, the entire output beam has to be collected in order to take the inhomogeneity of the 

irradiance into account. The input surface of the probe should be masked to match up with the 

stretch of the concentrator’s output. Another issue is related to the reflectance at the 

concentrator-probe interface, which has to be carefully taken into account (problem already 

described in section Instrumentation issues, page 156). 

A fundamental limitation of this method is the aforementioned fact that the coupling of 

the light to the receiver is not considered by the measurement. The extension of this 

measurement to a particular receiver requires estimation techniques. Another drawback, yet 

technical, is the difficulty of measuring the spectrum of very-short pulsed light, as the one 

employed by the Helios 3198 Solar Simulator; again, this method might only be applied for 

continuous light sources (outdoors or steady-state simulators).  

5.2.2. BAND-PASS FILTERS METHOD 

This method is conceived for the receiver-dependent definitions of optical efficiency. When the 

concentrator is illuminated by a narrow-band spectrum, the transfer of power to the receiver 

depends only on the optical properties at those wavelengths. . Thus, in this measurement 

method the light source is filtered into an array of discrete spectral bands, and the concentrator 

is illuminated with one band at a time. The light is filtered by means of a set of band-pass filters, 

each one centered at a different wavelength λ and transmitting light in a band of width W 

[λ-W/2, λ+W/2], often described through the Full Width Half Maximum, i.e. the spectral 

interval between the wavelengths at which the transmittance falls to 50% of the peak. The filter 

bandwidth has to be narrower than the features of the spectral transmittance of the optics and 

the spectral response of the cell in order not to hide information (by averaging) or introduce a 

spectral mismatch error in the calculation of the optical efficiency. Low width allows high 

resolution but also requires a high number of filters. Additionally, too narrow filters may 
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transmit very low light to the optical system, complicating the measurement. So, width W is 

chosen as a trade-off between spectral resolution and ease of measure. As a result we get a 

collection of filtered spectra {Efilter-1(λ), Efilter-2(λ), …, Efilter-n(λ)} centered at different wavelengths 

{λ1, λ2, …, λn}.  

Figure 5.7. The spectrum of the light source (a) is band-pass filtered into a discrete array of separate narrow spectra (b). 

Then, any of the measurements methods of the optical efficiency described in the 

previous section can be applied using one filter at a time. Nevertheless, because now the spectral 

response and the optics transmittance can be considered constant along each pass-band, they 

can be taken out of the integral, thus simplifying the calculations. If we assume as usual two 

solar cells with identical spectral responses, one used as reference sensor and the other as 

receiver in the concentrator, then their photocurrents for the i-th spectrum are: 
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(112)  

The magnitudes used correspond to the scheme in Figure 5.5. Tflat(λ) stands for the 

transmittance of the encapsulation layers of the reference cell as described in expression (100). 

We can now apply these expressions to the definition of optical efficiency as a transfer of power 

to the receiver: 
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which has been greatly simplified, especially by the fact that the spectral response of the cell has 

not to be known (in principle).  

The alternative definition of effective optical efficiency can be calculated applying Eqs. 

(111) and (112), which yields: 
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As it has been already commented, biasing due to optical coupling is reduced if the 

reference cell is encapsulated under a flat cover made of the material for which the AR coating is 

optimized. 

The full spectral optical efficiency curve is constructed by interpolation through the set 

of optical efficiency points measured at every passband. Two drawbacks are that, first, any 

spectral features between passbands will be hidden, and second, any sharp trait in the efficiency 

within the passband will be averaged by the surroundings’ behavior.  

5.2.3. ESTIMATING THE OVERALL OPTICAL EFFICIENCY FOR AN ARBITRARY 

INPUT SPECTRUM 

The spectral optical efficiency curve can be used to determine the overall optical efficiency 

linked to any arbitrary spectrum (with the same angular distribution Lin), by averaging the 

spectral transmittance with the weighting of a particular spectrum.   

 
∫

∫=
λdλLE

λdλLηλLE
ELη

inin

inλopinin
ininop ),(

),(),(
),(  (115)  

Thus, the variations of the integrated optical efficiency throughout the day and the seasons give 

an idea of the spectral sensitivity of the concentrator’s outdoor performance.  
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5.3. SPATIAL DISTRIBUTION OF THE IRRADIANCE ON THE 

RECEIVER 

Another key characteristic of a concentrator is the spatial distribution of light intensity that it 

creates over the receiver plane. Concentrators are designed for creating a specific irradiance 

magnitude on the receiver at some reference conditions, which is stated as the concentration 

level but, and if not further design prescriptions are added, the light intensity will actually be 

distributed unevenly on the cell. Peak concentration levels several times higher than the average 

usually appear (around 10 times for a customary refractive Fresnel lens (James, 1994)). This 

introduces a strong excess of current density in certain zones of the cell that may cause 

efficiency losses due to increased effective series-resistance (Cuevas, 1984; Katz, 2006), or 

generate reliability issues due to thermal stability or tunnel junctions’ limitations (Gordon, 2005; 

García, 2008). The effects of the non-uniformity of the light will have different effects on 

different kinds of receivers, so they should be known a priori in order to incorporate appropriate 

homogenization conditions to the optical design. E.g. Spectrolab urges customers of their III-V 

MJ cells to consider a final homogenizing stage, such as a kaleidoscope (Chen, 1963; Ries, 1997), 

and not to allow concentration levels higher than 1000X33 on the cell. Other homogenization 

schemes have been proposed, as a dome-shaped secondary lens (James, 1989) or the more 

sophisticated Köhler integrator (Álvarez, 2001; Miñano, 2005; Hernández, 2008). This 

homogenization is especially encouraged in the case of refractive optics due to the possible 

adverse effects of chromatic aberration on multijunction cells. If the light profiles corresponding 

to the various subcell spectral bands are distributed differently, current-limitation between 

subcells may bring in new losses (James, 1994; Kurtz, 1996). 

Additionally, the irradiance distribution at the concentrator’s output gives information 

about its deviations from the ideal behavior. Imperfections in the optical surfaces (roughness 

and shape) as well as in the assembly process (alignment) affect the concentrator performance. 

These errors can be detected by capturing the spatial distribution at the receiver plane, and 

comparing it with the theoretical one. Strong differences in shape with the expected profile 

probably indicate badly formed pieces or misalignment between optical stages. Furthermore, if 

the irradiance distribution is captured beyond the receiver cell’s extent, one can quantify how 

much light is being lost due to unwanted optical paths. 

                                                           
33  Concentrator photovoltaics (CPV): Frequently asked questions. Spectrolab Inc. 
URL: http://www.spectrolab.com/faqs-terrestrial.htm. Accessed: 2010-10-07. (Archived by WebCite® at 
http://www.webcitation.org/5tIW6Q110) 
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5.3.1. LIGHT-SCATTERING CCD METHOD 

A simple method for determining the intensity distribution employs the projection of the 

concentrated spot onto a receiver plane, which scatters the light and creates an image that can be 

captured by a digital camera. The plane surface must be a Lambertian scatterer (i.e. whose 

emission follows the angular cosine law) for not altering the intensity map. Ground glass is 

typically used as a transmission diffuser. White materials like Spectralon (sintered PTFE) or 

Teflon have very good Lambertian responses in a wide spectral range (Jackson, 1992), and are 

used both in reflection and transmission (additionally very suitably for outdoor operation 

because of their high temperature resistance and hydrophobic behaviour). The Lambertian 

emission is more easily obtained in reflection, but most optical configurations would require 

measuring off-axis, thus introducing perspective distortions. This image deformation can be 

corrected by taking a reference photo of the plane with a coordinate mesh (usually Cartesian) 

printed on it (Antón, 2003), or by computing graphical corrections of the image according to 

the position of the camera (Parretta, 2006). The method has been already described and applied 

to photovoltaic concentrators in the past.  

Scientific-grade digital cameras usually comprise a silicon CCD array, due to its better 

signal to noise ratio and dynamic range.  The silicon sensor features a spectral range suitable for 

photovoltaics, going typically from 300 to 1100 nm. However, no radiometric measurements 

can be made in a wide spectral band due to the non-flat shape of the spectral response. For this 

reason, bandpass filters are applied to investigate one narrow passband at a time, thus 

approximating the measurement at a single wavelength. Moreover, the measurements do not 

provide absolute intensity, because most of the light is lost in the scattering of the projection. 

Linearity of the sensor on the contrary is typically assured for a wide dynamic range, so that one 

can rely on the peak and valley readings, which are critical for the significance of this 

measurement. Thus, the photography provides a two-dimensional map of signal intensity 

I(i, j, E(λ)) at the different pixels (i, j) of the CCD array; it is emphasized its dependence on the 

passband E(λ) considered. These points have a one-to-one correspondence with a matrix of 

positions P on the projection plane, through the appropriate perspective corrections; e.g. if 

Cartesian coordinates X-Y are chosen, P(x, y) ↔ (i, j). Additionally, the intensity may have to be 

corrected for the imperfections of the Lambertian scattering. If different wavelengths are to be 

studied, relative comparisons between them can only be made by scaling the intensity measured 

through the spectral response of the CCD sensor34: 

                                                           
34 Rather, the sensitivity of a CCD sensor is usually given through the quantum efficiency QE(λ), so a previous 
conversion from photon flux to radiometric power units is required in order to get the spectral response: 
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where it is stated that the irradiance G corresponding to the i-th passband can be approximately 

considered the spectral irradiance E at the center wavelength λi of the passband, provided it is 

narrow enough. 

If the intensity map is integrated throughout the receiver extent, one can normalize the 

intensity against the average concentration level. So, the uniformity map can be presented 

through the more convenient peak-to-average ratio PAR(i, j, λ), which is dimensionless (thus 

avoiding the use of arbitrary units for irradiance): 
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where S is the cell surface, over which the integration is performed, and Acell is its area. 

 

Figure 5.8. Map of the peak-to-average ratio created by a typical Fresnel lens over a 1-cm side solar cell. 

Regarding concentrators with a refractive secondary optic, it should be borne in mind 

that the light path depends on the refractive index of the receiver to which it is attached. 

Therefore, the projection surface has to be optically coupled to the lens output, preferably 

through the same means used to encapsulate the cell (for instance by a soaking attachment with 

silicone). 

                                                                                                                                                                          
[ ] )()( λQE
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where q is the electron charge, h is the Planck’s constant, c is the speed of light and λ is the photon’s wavelength. 



Chapter 5 

 

176 

Investigating chromatic aberration relevant to multijunction cells 

If multijunction cells are considered as receivers, it is more convenient to characterize separately 

the light spots created by the spectral bands corresponding to every subcell. Cell efficiency is not 

only affected by the peak-to-average ratio, but also by the mismatch between the spatial 

distributions of the photogeneration at every subcell. This difference can be studied by 

comparing the intensity maps at the most significant wavelengths for every subcell (e.g. the one 

with the highest photogeneration, or the longest at which the subcell is sensitive to). These 

spectral intensity maps have to be converted into the photogeneration pattern through dividing 

by the spectral response of the subcell at the corresponding wavelength. The data obtained can 

be introduced into a distributed model of the concentrator cell in order to quantitatively assess 

consequences on its performance (James, 1994; García, 2008). 

Alternatively, one would like to study the whole spectral band rather than a single 

wavelength, so the error of measuring the intensity of a broad band, which will be distorted by 

the spectral response of the CCD camera, has to be overlooked. As a result, the weighted average 

of the intensity map at every wavelength is obtained. This may be easily achieved by using high-

pass and low-pass filters whose cut-off wavelengths match those corresponding to the bandgaps 

of the subcells. For instance, if a middle cell of the typical 3J cell is to be measured, a high-pass 

filter with a cut-off of 680 nm and a low-pass filter with a cut-off of 900 nm have to be 

interposed between the projection plane and the camera. 

  

            (a)                                              (b) 

Figure 5.9. Simulated photogeneration maps at top (a) and middle (b) subcells in a typical triple junction cell when illuminated 

by a Fresnel primary lens plus a refractive kaleidoscope. 
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5.3.2. MEASUREMENT THROUGH RECEIVERS OF DIFFERENT SIZES: 
ENCIRCLED ENERGY 

The fraction of enclosed energy, or encircled energy, is an indirect measurement of the 

irradiance profile on a plane. It gives the fraction of the total energy enclosed within circles of 

increasing radius at the centroid of the receiver, i.e. the cumulative power as a function of the 

distance from the centroid, normalized to the total power Ptotal. 
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where G is the irradiance at a point given by the polar coordinates ρ and θ from the center of the 

receiver, and r is the radius of the circle considered. Since the quantity involves spatial 

integration of the light on circular crowns, the spatial information along the circular axis is lost, 

i.e. spatial mapping of the irradiance cannot be reconstructed. In the case of square solar cells, a 

more convenient “ensquared” energy function can be defined as the fraction of power in a square 

of semi-side r. In a lossless concentrator, the ensquared energy at the edge of a square cell comes 

to 100%.  

If one wants to know where most of the energy is, the peak-to-average ratio may give a 

misleading impression of the spot size, especially when a very high peak is present. Furthermore, 

if the irradiance spot is falling slightly outside the cell extent, it is desired to know accurately the 

fraction of power lost. The encircled energy function allows a rapid evaluation of the amount of 

energy outside the cell. However, in CCD images this low energy falling outside the cell is mixed 

up with the noise level, which has a very large area, so it is difficult to gauge the total power of 

the light spot (Ptotal). Besides, very small spot sizes may be difficult to project or photography 

with enough resolution. Hence, an alternative technique for measuring EE is presented, in which 

a set of solar cells of successively higher radii work as light sensors. Each cell is encapsulated 

under the optics to be studied and the cell’s short-circuit current is measured while illuminated 

by the reference irradiance in order to estimate the power it receives. Eq. (98) is used to calculate 

the irradiance, so the method assumes the linearity of the short-circuit current with the 

irradiance, and also that the short-circuit current of the entire family of cells is known for the 

same reference irradiance. All the discussion presented in section Solar cell as irradiance sensor 

(page 160) applies here. The irradiance is multiplied by the cell area to obtain the power and this 

magnitude is normalized with respect to the power measured on the largest cell. Figure 5.10 

shows a sample encircled energy function for a highly uniform spot with some light-path losses, 

measured by means of four cells of different sizes. 
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Figure 5.10. Sample encircled energy curve of a concentrator as if it was measured through cells in four different diameters. The 

value corresponding to the design size shows the amount of light not collected by the receiver. 

The figure directly tells the designer that some light is being lost outside the cell. It can 

be simply recovered by increasing the cell size, what conversely increases its cost. The designer 

has to solve this tradeoff by finding the diameter of the cell that minimizes the cost to power 

ratio (€/W). For this it is necessary to know, first, the price of the cell as a function of its size 

and, second, the weight of the cell prize on the final cost of the system. In the example of the 

figure, collecting the remaining 5% of energy requires doubling the cell radius, that is to say, 

increasing 4 times the area of cell, what is an economic nonsense.  

As in the case of the CCD, the light power estimated through the short-circuit current is 

an average of the spectrum weighted by the spectral response of the cells. Although this affects 

an accurate radiometric measurement, ultimately the photo-response is what it is desired to 

measure in order to evaluate the concentrator. In the case of MJ cells, it may be difficult to 

measure the encircled energy linked to every subcell separately, because at every point of the cell 

the current limitation may easily be imposed by a different subcell; on the contrary, it is 

obtained the photo-response of the MJ cell as a whole. This is nevertheless still useful for the 

system designer. 

Still, the main disadvantage of this method is the difficulty to obtain receivers of as 

many sizes as desired, and what is more, of the same kind as the concentrator cell to be used. A 

possible solution to this problem is the use photolithographic masks that are only transparent in 

a circle of the radius of interest. Another inconvenience comes from the metallization grid of the 

receiver, whether a family of different receivers is used or only one cell with different masks. If 

the metal grid is not modified for every cell size, the shading factor seen by the light will vary 

with the radius, and therefore, the measurement of the power will be biased. This error is larger 

when the metal grid is optimized for a highly non-uniform light beam.  A way to solve this is 
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simply removing the front grid. Certainly, a solar cell without front grid will suffer from a very 

high series resistance, so the short-circuit current may not be proportional to the 

photogenerated current (and therefore it is not an irradiance sensor anymore). In this case a 

special solar cell architecture with very low sheet resistance should be created (by increasing the 

doping or the width of the emitter) in order to reduce series resistance.  

5.4. ANGULAR TRANSMITTANCE 

A comprehensive description of a concentrator has to be complemented by a significant 

description of its angular tolerance, i.e. how the optical performance varies as the concentrator 

is deviated from its optimal alignment. Assembly tolerances or sun-tracking errors can make the 

concentrator work under significant misalignments, thus reducing the optical efficiency. The 

angular tolerance of a concentrator is given by the angular transmission curve, or angular 

transmittance. It is classically defined as the variation of the optical efficiency as a function of 

the direction with which the light rays impinge on the primary lens (which is the direction 

vector of the optics opens another discussion). Often this function is condensed into a single 

figure of merit: the acceptance angle, which is defined as the angle for which the efficiency falls 

to 90% of the maximum. This measurement can be carried out directly by simply measuring the 

optical efficiency for different misalignment angles (the angle α between the normal to the input 

surface and the light beam), along a single preferred axis (that is to say, the misalignment angle 

follows a path contained in a plane). If there is no rotational symmetry in the angular behavior 

of the concentrator, an exhaustive characterization of its angular properties requires the 

measurement of the two-dimensional angular transmission curve. This can be carried out by 

repeating the measurement with respect to different significant axis, or through more 

sophisticated means (Herrero, 2010). The angular transmission represents an integration of the 

ray-level transmission function (Eq. (1)) over the angular, spatial and spectral extents, weighted 

by the spectral distribution of the light Ein(λ) and also by its angular distribution at every 

particular angle of misalignment  Lin(θ-α).  

 ( ))(,)( αθLEηαT ininop −=  (119)  

where it is explicitly shown that the transmittance at an angle α is given by the optical efficiency 

when the light beam is bent that angle α with respect to the concentrator’s input normal.  
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Dependence of the transmission curve on the angular size of the source 

In an analogy with linear systems in signal processing, the angular tolerance of a concentrator 

can be described independently of the input light beam through the impulse-response angular 

transmission function H(α).  It corresponds to the angular transmittance when a perfectly 

parallel light beam is applied at the input, i.e. Ldelta(α) = Gin·δ(α). Another analogy of H(α) is the 

Point Spread Function of imaging systems. The angular transmittance for a particular light 

source (output of the linear system) is obtained through the convolution of H(α) with the 

angular distribution of the light (system input), as in Eq. (120). The process is illustrated for a 

sample concentrator in Figure 5.11. 
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This analogy is useful to clarify the effects of widening the light source on the angular 

tolerance of CPV systems, as it may occur outdoors when the circumsolar radiation increases, or 

under the artificial light of a solar simulator.  

 

Figure 5.11.The angular transmittance of a concentrator depends on the particular light source, and it results from the 

convolution of the impulse-response angular transmittance with the angular distribution of the light source.  

A concern exists that the angular transmission curve obtained for a CPV system in the 

solar simulator may deviate too much from the ‘actual’ curve corresponding to real sun. This 

method can be used to assess a priori the validity of the indoor measurements for a particular 

concentrator: once the H function is known, it can be convoluted with whatever angular 

distribution to estimate the angular transmittance under that light. What is acceptable or not is 

under discussion in the IEC working group for the international norm on CPV module 

measurements. In Figure 5.12 the transmittance that would be obtained for a sample 

concentrator both under a toroidal bulb-based simulator and under the sun are plotted together 

for comparison. 
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Figure 5.12.The convolution of the H function with a light source wider than the sun (e.g. a solar simulator) in general produces a 

narrowing of the acceptance angle. The blue dashed curve corresponds to the transmittance under the sun.  

One technique for extracting this impulse-response function consists in performing an 

inverse convolution, or deconvolution, of the angular transmittance of a particular light source. 

Deconvolution is an estimating algorithmic process very sensitive to noisy or inaccurate 

measurements, and also very dependent on a very good knowledge of the angular distribution of 

the light source. ‘Blind deconvolution’ algorithms are the most robust under noisy or poorly 

defined curves. Because the convolution process mixes the original signals, the deconvolution 

cannot univocally recover the true H function, particularly when its shape contains very sharp 

features. If the angular transmission curve of a CPV system has been measured in a solar 

simulator, and the angular size and shape of its illumination system is very well known, the H 

function is then extracted by deconvolution. The impulse-response can now be convoluted with 

the angular distribution of the sun to estimate the angular transmittance of the CPV system 

under real sun. The more similar the simulator light and the sun are in angular size, the more 

accurate this estimation will be. 

Another technique for extracting this function is the so-called ‘inverse-method’ or 

‘reverse optical path method’ (Grilikhes, 1996; Parretta, 2008), which is based on the emission of 

light backwards from the receiver to the input aperture. The exiting light is then projected on a 

screen, where the intensity of the light as a function of the position is a spatially-resolved 

measurement of the impulse-response angular transmittance. The cell itself can be used to 

generate the lambertian light beam required at the receiver though electroluminescence, with 

very good results even for concentrators with multiple optical stages (Herrero, 2010). 

Indoor measurement of the angular transmittance 

The direct measurement of the angular transmittance of a concentrator consists in measuring its 

optical efficiency (whatever definition of those above is used) for different angles of 

misalignment to the light beam. The angular steps define the resolution of the measurement. 

Steps lower than one tenth of the acceptance angle yield a proper resolution.  The best resolution 

has to be applied near the maximum efficiency, so as not to miss the peak efficiency (on which 

the acceptance angle definition depends).  
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An indoor method may be preferred for this measurement because of solar resource 

availability and repeatability of the measurement conditions (especially critical are spectrum and 

cell temperature). If a solar simulator with a collimated light beam is not available, with certain 

constraints a simpler illumination setup can be used consisting simply of a light bulb located at 

the optical axis of the concentrator lens. The angular size of the light is defined by the lamp 

diameter and the distance between the latter and the concentrator. The distance desired is that 

matching the angular size of the sun (see Figure 5.13). The main limitation to the application of 

this method comes from the fact that the lens is extensive, so the angular size of the lamp seen 

from by the lens changes from its centre to the edges (see Eqs. (121) and (122)). This setup can 

be used as long as the spatial variation of angular size is small. 

 

Figure 5.13. Simple setup for evaluation of concentrators. A small angular size is assured by placing a lamp far away enough from 

the lens. The center and edges of the lens will see the light with different angular size, so the method is limited to small lenses. 

A technological restriction for the lamp comes from the radiant intensity required: as 

the lamp-lens distance will be in the range of 10 m, Xenon flash lights will probably be required 

for producing a light intensity at the receiver plane in the range of 1 sun. As an advantage with 

this setup, the angle of misalignment can be very precisely fixed by a spatial movement of the 

lamp along the direction perpendicular to the lamp-lens axis, instead of rotating the 

concentrator. 

 
separation

center L
Dα 2/tan 1−=  (121)  

 
separation
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edge L

LDα 2/2/tan 1 +
= −  (122)  

The alignment of the module to the simulator light is usually not known a priori, as it 

can be rather complicated to assess, and eventually the angles will be deduced from the angular 

transmittance curve itself after the measurement. This is to say, perfect alignment is a matter of 

optical and electrical performance, rather than something defined by any mechanical or 

dimensional feature. The latter can be the case, though, when a datum for fixed alignment is 
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provided for the concentrator (for instance a set of flanges for holding a module to the tracker 

without posterior alignment). 

 

Figure 5.14. Not-to-scale outline of the RESET concentrator. When operated on-axis, most rays are refracted twice and then 

reflected by TIR onto the cell. The secondary optic’s output is coupled to the cell by means of transparent silicone rubber. 

5.5. CASE-STUDY: OPTICAL CHARACTERIZATION OF THE RESET 

CONCENTRATOR 

5.5.1. DESCRIPTION OF THE RESET CONCENTRATOR 

A comprehensive characterization based on the techniques presented in this chapter has been 

carried out on a particular high-concentration optical system: the RESET concentrator. It is a 

non-imaging concentrator consisting of two refractive optical stages with a total geometrical 

concentration ratio of 920X. The primary lens is an f/1.4 converging aspheric lens with a flat 

aperture of 3 x 3 cm2. The secondary optic is a solid TIR reflector that increases the 

concentration ratio and couples the light onto the receiver cell, to which it is optically attached 

by means of transparent silicone rubber. Its design corresponds to a ‘dielectric totally internally 

reflecting concentrator’ or DTIRC (Ning, 1987), which is a pseudo-CPC whose input surface has 

been curved to reduce the height of the lens (because of the extra refractive bending of the light). 

It has a circular output of 1.2 mm in diameter, where light rays come out at a maximum angle of 

70º from normal because of the TIR limit. Both pieces are made of poly-methyl meth-acrylate 
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(PMMA), a highly transparent plastic appropriate for mass production due to its moulding 

capabilities and low cost.  

5.5.2. EXPERIMENTAL 

Illumination setup 

A very simple illumination setup was used to carry out the measurements (Figure 5.13). The 

light source was basically the same as that of the Helios 3198 Solar Simulator, so all the 

comments already given in the past chapters about its light intensity and spectral features apply 

here. The toroidal Xenon flash lamp of 6 cm in diameter is set up at 8 m distance from the lens 

to assure an angular size similar to that of the sun. Due to the small size of the RESET primary 

lens, this size varies sufficiently little from the center to the edge of the primary lens (see Figure 

5.15). When a flash pulse is triggered, the photocurrents of the receiver and the reference cell are 

registered simultaneously by means of a DAQ system with a 1 MHz sampling rate. The currents 

were measured by means of the voltage in the corresponding shunt resistors, adjusted to bias the 

cells only close to the short-circuit current. 

 

Figure 5.15. Angular size and 

position of the source as a 

function of the position on the 

RESET primary lens (diagonal). 

For accurate alignment of the RESET optics to the light beam, the assembly shown in Figure 

5.16 has been prepared. It consists of a metallic plate with X-Y-Z micrometric positioning stages 

for optics with one or two stages and screws for angular variation of the primary lens, in order to 

optimize the optical alignment of the concentrator. 

Also, a solar cell beneath a collimator tube for limiting its angle of vision (so as to 

measure only direct beam light and avoid wall or floor reflections) is installed aside as a sensor 

for the irradiance at the aperture plane. The cell is a single-junction GaAs device similar in 
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spectral response (relative shape) to the receivers used in the concentrator in order to avoid 

great spectral mismatches. Cell’s ISC is measured through a shunt resistor. 

 

Figure 5.16. Mechanical setup with XYZ positioning stages for the measurement of compact high-concentration optics. 

The measurement of the angular transmittance was carried out by performing the 

optical efficiency measurement at varying misalignment angles between the light beam and the 

optics. If the receiver is to be rotated to do this, a very rigid structure and very precise rotation 

controls are needed. To avoid this, the light source was moved instead. A movement of 1 cm 

perpendicularly to the lamp-concentrator axis produces less than 0.1º angular misalignment of 

the light reaching the concentrator, what gives enough angular resolution. 

 For the measurement of the spectral transmittance of the optics, a set of narrow band-

pass filters with a FWHM around 50 nm was applied on the same illumination setup in order to 

produce quasi-monochromatic light in different spectral bands throughout the range of 

wavelengths in which the cell’s spectral response is not negligible. The passbands are centered in 

the wavelengths: 416 nm, 469 nm, 508 nm, 550 nm, 613 nm, 650 nm, 715 nm, 750 nm, 800 nm, 

850 nm and 900 nm. 

Receiver cells 

In this experimental part, the definition of optical efficiency as a transfer of power to the receiver 

has been applied in order to assess the concentrator performance including the losses entering 

the solar cell. Single-gap GaAs cells were used as receivers so as to simplify the characterization, 
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as well as for the fact that the technology is available and well known at IES-UPM by the III-V 

group.  

For the optical efficiency measurements, real concentrator cells with front metal grids 

optimized for concentrated light spots were used.  The samples were provided by the Fraunhofer 

Institute for Solar Energy Systems, but in sizes not fitting the concentrator output diameter, 

reason why the cells were masked to reduce the diameter of their active area (to the 1.2 mm of 

the RESET output). Their AR coating is optimized for air (90 nm-thick MgF2 and 53 nm-thick 

TiO2 layers on a GaInP window before the GaAs substrate), so its reflectance under the 

encapsulating silicone-secondary optic is higher. These losses are avoidable and make the 

resulting measurement of the optical efficiency a very worst case.   

 

Figure 5.17. Left: Semiconductor structure of the solar cells without front grid devised and grown by the III-V group at IES-UPM 

for the encircled energy characterization of the RESET optics; t is for thickness and d is for doping. Right: picture of a 1.9 mm-

diameter bare cell soldered to a PCB, together with another similar cell encapsulated under a RESET secondary optic for the 

characterization (right). 

The spatial distribution of the irradiance over the receiver was studied through the 

measurement of the encircled energy, by means of a set of solar cells with increasing diameters 

ranging from 1 to 2 mm, which are values around the 1.2 mm size of the RESET output. The 

III-V group at IES-UPM fabricated the bunch of cells with different diameters in the same wafer 

so as to keep their properties as similar as possible. However, partly because of the costly design 

and manufacturing of the corresponding grid masks, partly because of the possible distortion in 

the measurements introduced by a variable effective shading factor, it was decided not include 

the front grid in the samples fabricated. Per contra, the absence of metal fingers increases too 

much the series resistance of the current path, making the ISC not to be a measure of the 

photocurrent anymore, and therefore making it cumbersome to measure the optical efficiency. 

To prevent this problem, a special epitaxy was devised by the III-V group where the doping and 
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thickness of the emitter was increased so that its sheet resistance was lowered, avoiding the need 

for metal fingers. Anyhow, the linearity of their short-circuit current with concentration was 

studied in order to check their validity as light sensors. As a counterpart, the cell’s current 

density under 1-sun was highly reduced, but this does not affect the optical efficiency 

measurement because the cell is only used as a light sensor. Figure 5.17 shows the copper 

substrate over which the cells where soldered together with a scheme of the semiconductor 

structure finally grown. For every size at least one cell was not encapsulated, in order to act as a 

reference cell. 

5.5.3. RESULTS AND DISCUSSION 

By means of the micrometric positioning stages, the RESET optics were aligned in order to 

maximize the short-circuit current of the receiver under illumination, what gives the optimum 

optical efficiency. It was considered the definition of optical efficiency as a transfer of light 

power to the active part of the receiver, so the correction factor in Eq. (103) had to be estimated. 

The variables needed for this factor were obtained in a variety of ways. The transmittance of the 

input layers of the reference cell Tflat was obtained by calculation through the transfer-matrix 

method (Born, 1964), as the manufacturer (Fraunhofer ISE) provided us with the data of the 

materials and thicknesses of every cell layer.  The external spectral response of the cell was also 

available, so the internal spectral response was obtained by dividing the former by Tflat. Finally, 

the relative spectrum within the concentrator cell ecell was obtained by a ray-tracing simulation 

of the RESET concentrator, including the input layers of the receiver cell. The simulation 

needed the transmittance of the AR coating of the cell under silicone (instead of air) as a 

function of the incidence angle, which was again calculated through the transfer-matrix method. 

In order to accurately simulate the effects of chromatic dispersion and absorption, information 

of the complex refractive index (i.e. including the extinction coefficient k for calculating 

absorption losses) as a function of the wavelength was obtained from the literature (Cooper, 

1982; Kasarova, 2007) and the Horiba and SOPRA ellipsometry databases35 for all the materials. 

All in all, it was obtained a correction factor of 0.92 for reference spectrum AM1.5D 

mainly due to the losses of the input layers of the reference cell. Thus, the optical efficiency 

calculated as in Eq. (103) has a value of 73%. If we take the correction factor off the calculation, 

we obtain the figure for the effective optical efficiency, which becomes 79.6%. This number is 

around 90% of the theoretical limit given by the Fresnel-reflection losses for a concentrator with 

                                                           
35 N&K database. SOPRALAB. URL:http://www.sopra-sa.com/index2.php?goto=dl&rub=4. Accessed: 2011-05-
05. (Archived by WebCite® at http://www.webcitation.org/5yS5DV7pw) 
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3 air-lens interfaces, so it can be considered a high optical efficiency. Nevertheless, this value is a 

bit pessimistic because the aforementioned fact that the cell’s AR coating is optimized for 

operation under air. When encapsulated under the silicone that couples the secondary to the 

cell, the reflectance approximately doubles (taking a weighted average with the reference 

spectrum). Both calculated curves are plotted in Figure 5.18. 

 

Figure 5.18. Calculated reflectance of the AR coating for perpendicular rays under air (red) and silicone (black). 

 

Figure 5.19. Spectral transmittance of the RESET optics for two different definitions of the optical efficiency: as a transfer of 

power to the receiver (red) and as a transfer of the effectiveness of the light (black). 

The spectral optical efficiency was measured from 400 to 900 nm because of the 

practical sensitivity of the GaAs cell (see Figure 5.19). It can be seen that transmittance in the 

UV and IR zones is poor mainly due to two reasons: first, the poor response of the AR coating at 
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these zones. Second, the refraction of the concentrator introduces chromatic aberration, so the 

best focusing have to be adapted to the wavelengths where most of the power is, i.e. visible light. 

Consequently, the spectral extremes are defocused. The high absorption of the PMMA in the 

UV range is also responsible for the very low values near 400 nm. The isolated high value for the 

850 nm passband is probably a measurement artifact produced by the low light power available 

in the Xenon lamp at these wavelengths. The curve for the optical efficiency was calculated from 

the effective optical efficiency using Eq. (113) and the values of Tflat at the center wavelengths of 

every passband. 

Figure 5.20 presents the encircled energy curve of RESET concentrator, which was 

obtained by measuring the optical efficiency with receivers in different diameters. The most 

important feature revealed by the curve is the large increase in efficiency that is obtained for 

receiver radii larger than 0.6 mm. Moreover, further enlargements of the cell size do not 

significantly raise the efficiency. This is indicating that most light collection losses are occurring 

in the final stage of the secondary, probably due to a loss of the TIR condition at the walls. Two 

explanations are suggested: either the shape of the secondary optic differs from design, or the 

encapsulation silicone is overflowing onto the secondary walls (forming a meniscus) and thus 

altering the appropriate index-air shape. Therefore, if a larger receiver is considered, optical 

efficiency would increase. However, this would be done at the expense of larger cell costs. 

Consequently this tradeoff must be assessed with the sensitivity of the total system cost on cell 

size and optical efficiency. 

 

Figure 5.20. Encircled energy 

curve of the RESET optics 

obtained through its 

encapsulation on cells in 

different diameters. 

The angular transmittance along a principal axis was also measured for the RESET 

concentrator (again over the 1.2 mm-diameter cell). The curve is presented in Figure 5.21 

normalized to the maximum to better show its trends. An acceptance angle of ±0.7 º is obtained 

for 90% of the optimum response, and there is ±0.5 º tolerance for 95% of the maximum, which 

is reasonably high within the state-of-the-art concentrators to our experience. 
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Figure 5.21. Normalized 

angular transmittance 

curve obtained varying 

the light position across 

the azimuth axis. 
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Chapter 6. CONCLUSIONS 

6.1. SUMMARY OF CONTRIBUTIONS 

The main original contribution of the work presented in this thesis has been the design, 

manufacturing and demonstration of a solar simulator for CPV modules, which fills a critical 

gap in the instrumentation of such systems and meets an essential need for the commercial 

deployment of the CPV industry. The technology of the solar simulator was licensed to a private 

company and became the first commercial solar simulator for the measurement of CPV 

modules in the world. The simulator is currently being exploited commercially by a Spanish 

company and six of these equipments have been sold in three different continents.  

This thesis has introduced a number of other original contributions to the area of 

instrumentation on CPV systems, which are summarized next. For the most part, the research 

findings have resulted from the development, characterization, demonstration and usage of the 

solar simulator as an indoor tester at IES-UPM. Moreover, the research by the ISI group is more 

and more supported by this equipment; in fact, it can be said that the solar simulator itself has 

opened some new research lines in our group, related to a better understanding of its 

characteristics and its usage, the development of new characterization methods for CPV 

modules and concentrator optics based on the simulator, and the participation in the IEC’s 

Working Group 7 for the preparation of the new norm IEC 62670 on CPV systems rating and 

CPV solar simulator requirements. 



Chapter 6 

 

194 

6.1.1. DEVELOPMENT OF A SOLAR SIMULATOR FOR CPV MODULES 

A novel indoor equipment able to measure the I-V curve of a CPV module by multi-flash testing 

under some known standard test conditions (irradiance, spectrum, temperature) has been 

designed and developed. The key component of the illumination system of the solar simulator is 

a large-area parabolic mirror with a long focal distance, which collimates the light coming from 

a small flash light source placed at its focus. Alternatively, the optical setup can be arranged 

off-axis when a very large module aperture area has to be illuminated. The limitations to such 

paraxial approximation were theoretically calculated. 

The presentation of the solar simulator alone has generated one journal publication and 

a large number of communications to the most relevant international conferences on PV and 

CPV (the IEEE Photovoltaic Specialists Conference, the European Photovoltaic Solar Energy 

Conference and the International Conference on Concentrating Photovoltaic Systems), most of 

which have been granted oral presentations.  

In 2008, the manufacturing and commercialization of the solar simulator for CPV 

modules were licensed to the Spanish company Soldaduras Avanzadas, S.L., which is still 

exploiting it commercially. 

6.1.2. PROTOTYPING AND DEMONSTRATION OF A LONG-FOCAL DISTANCE 

COLLIMATOR MIRROR FOR THE SOLAR SIMULATOR 

The main technical challenge for the creation of the solar simulator was the manufacturing of an 

optical-quality mirror with a large area and a long focal distance at the same time. The 

development of such mirrors was historically linked to the astronomy industry for the creation 

of large-aperture telescopes with an extremely high optical quality, thus involving specific 

materials, processes and tools that are very expensive and time-consuming. A contribution of 

this work has been the investigation of those manufacturing alternatives that feature a relatively 

low cost through the relaxation of the optical constraints. A prototype of each main 

manufacturing technique (mechanization, replication, inflation and segmentation) was actually 

manufactured, and the main advantages and drawbacks of each one is given in Chapter 2, as well 

as the relevant results of their characterization. 

As a result, a collimator mirror with 6 m of focal-distance and 2 m in diameter was 

successfully developed to meet the optical requirements imposed by the CPV solar simulator. 

The piece is mechanized and polished from an aluminum substrate, which is later covered with 
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a reflective film. It was developed in collaboration with the Spanish company JUPASA, which 

was licensed by the Universidad Politécnica de Madrid to manufacture the product under a 

trade secret. Two of the prototypes have been presented at international conferences. 

6.1.3. METHODS FOR A COMPREHENSIVE ASSESSMENT OF THE QUALITY 

OF A LONG-FOCAL DISTANCE COLLIMATOR MIRROR  

A contribution of this work has been the identification of the figures of merit for the quality of 

the mirror that are relevant to a CPV solar simulator: surface profile accuracy (form, waviness, 

roughness), curvature, collimation angle, scattering or spatial uniformity. A systematic approach 

for the identification of the causes of poor mirror quality has been synthesized, as well as the 

corresponding possible corrective measures.  

A comprehensive range of characterization techniques have been proposed for 

evaluating said merit figures of the mirror quality and its suitability for the solar simulator. They 

have been applied throughout the whole process of mirror prototyping for giving feedback to 

the manufacturing processes.  

6.1.4. PROCEDURE FOR A THOROUGH EVALUATION OF THE ILLUMINATION 

SYSTEM OF A CPV SOLAR SIMULATOR 

In Chapter 3 the characteristics of the light produced by the simulator have been presented. 

Methods for a significant measurement of the spectrum, spatial uniformity and angular size of 

the irradiance were developed that are suitable for pulsed light sources. Special consideration 

has been given to the measurement and adjustment of the spectrum of a flash lamp in order to 

achieve enough resemblance to the reference solar spectrum (particularly when multijunction 

cells are concerned). 

Using these methods, the characterization of the illumination system of the solar 

simulator was carried out and the results were presented and discussed. According to the 

definitions in the current IEC norm for flat-plate solar simulator standards (IEC 60904-9), it is 

classified as a Class A (spectral match to AM1.5D) – Class B (irradiance spatial uniformity) – 

Class A (irradiance temporal stability) simulator. 
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6.1.5. PROPOSAL OF REQUIREMENTS FOR AN INTERNATIONAL NORM ON 

THE CLASSIFICATION OF CPV SOLAR SIMULATORS 

During the development of this work, the ISI group has been participating in the IEC’s Working 

Group 7 for the development of the future norm for testing the performance of CPV modules 

and assemblies (to be called IEC 62670). As a result of the experience gained through the 

development and usage of our CPV solar simulator, our group has contributed especially to the 

indoor rating procedure and to the definition of the quality classes for a solar simulator able to 

measure CPV modules. Our initial proposal has been described in Chapter 2. 

6.1.6. DEFINITION AND USAGE OF APPROPRIATE REFERENCE LIGHT 

SENSORS FOR THE SIMULATOR 

A discussion on the appropriate light sensors that should be used for a significant measurement 

of the irradiance and the spectrum of the simulator was presented. In order to accommodate the 

non-idealities of the artificial source, the light sensor has to feature similar current sensitivity to 

the intensity, spectrum and angular distribution of the light as the device under test. Such a CPV 

reference unit can be constructed as the minimum optical-electrical unit within the module to 

be measured, i.e. the so-called “mono-module”. A procedure for its calibration outdoors is 

presented that enables traceability to primary standards. It is also described how its usage 

indoors allows the identification of some standard test conditions and a fair comparison 

between different CPV systems or labs. 

As for the testing of CPV modules employing MJ cells, it is introduced the “Spectral 

Matching Ratio” as a significant figure of the resemblance to a reference spectrum. Component 

cells beneath collimator tubes are proposed as the most suitable sensors for monitoring spectral 

conditions (through the SMR), and their usage is described and applied to our solar simulator.  

6.1.7. A METHOD FOR ESTIMATING THE CURRENT-MATCHING OF 

MULTIJUNCTION CELLS WITHIN A CPV MODULE 

An indoor method was presented for the quantification of the current-matching ratio of a multi-

junction cell within a concentrator under arbitrary spectral irradiance conditions. The cell 

current is measured across a very large spectral sweep to force the relevant sub-cells into a 

limiting condition. Thus the subcell-limitation diagrams are obtained, from which the current of 

the subcells can be calibrated and the current-mismatch under any SMR can be estimated. The 
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light spectrum is monitored using component cells to avoid the need for a spectroradiometer 

and spectral response measurements. 

This method provides a basic tool for the analysis and optimization of the optics and/or 

solar cell of a concentrator at the prototyping stage, as it shows quantitatively how well the 

current-matching between subcells is achieved within the concentrator. 

The method was applied to a simple concentrator system for illustration purposes and 

the results are discussed mainly to illustrate which kind of diagnostics and optimizations of a 

concentrator can be made using this technique. 

6.1.8. GUIDELINES FOR THE INDOOR TESTING OF CPV MODULES AT STC. 

The experience drawn from the usage of the solar simulator has been embodied in a series of 

guidelines for a proper and careful measurement of the I-V curve of a CPV module. A 

procedure for the indoor measurement of the angular transmission curve of a module was 

described, too. Its resemblance to the one measured under the sun is presented as an indication 

of the validity of the light collimation of the simulator. 

6.1.9. A MULTI-JUNCTION CELL MODEL FOR THE TRANSLATION OF I-V 

CURVES WITH IRRADIANCE, TEMPERATURE AND SPECTRUM 

A method for translating the I-V curve measured under some input conditions into any 

different output irradiance-spectrum-temperature conditions was presented. It is based on a 

lumped diode model for concentrator MJ cells, in which the temperature, irradiance and 

spectrum dependences are explicitly included. Component cells are again used as effective 

irradiance and spectrum sensors. 

The method may be used to estimate the performance of MJ cells under realistic 

conditions and hence to enable the prediction of the energy yield. Also, it can be used to report 

measurements under some standard reference conditions to better compare different systems or 

the measurements from different labs.  

The method was applied to a set of commercial lattice-matched 3J cells in order to 

demonstrate its validity, i.e. its ability to model the I-V curves measured at a matrix of different 

irradiances, cell temperatures and spectra and to make extrapolations (predictions outside the 

measurement range). A mean RMS prediction error of 0.85% over a range of 100X-25ºC to 
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700X-75ºC is reported for the whole set when the model parameters inherent in the cell are 

assumed to be the same for every sample. The results have been already published in an 

international journal. 

6.1.10. A METHODOLOGY FOR ASSESSING THE VALIDITY OF THE 

SIMULATOR MEASUREMENTS 

A methodology was presented for assessing the validity of solar simulator measurements by 

studying the similarity between indoor and outdoor measurements. It consists on the 

application of an I-V curve translation model to the outdoor measurement to give it in terms of 

the Standard Reporting Conditions used indoors and then the comparison of the main I-V 

parameters with those obtained indoors. The translation model requires that the parameters are 

previously known, which may be fitted for a reference module and then applied to all the 

modules of that technology. The process includes a traceability path to primary standards of 

irradiance (in the measurement of the direct normal irradiance and the spectrum by the 

pyrheliometer and the component cells, respectively). The prediction errors obtained for 6 

different CPV module technologies that were characterized both outdoors and in our solar 

simulator were summarized, and an average PMPP error of 1.7% was calculated. 

6.1.11. SYSTEMATIC REVIEW AND DISCUSSION OF INDOOR 

CHARACTERIZATION METHODS OF HIGH-CONCENTRATION OPTICS 

A series of indoor measurement methods for evaluating the optical quality of a concentrator 

were reviewed. They constitute a systematic and comprehensive analysis of the optical 

performance according to different figures of merit: optical efficiency, spectral optical efficiency, 

angular transmittance and spatial distribution of the irradiance at the receiver. The fundamental 

and experimental issues related to each measurement were presented, and strong emphasis was 

put on the limitations to each type of measurement, either because of the particular 

experimental method or due to the definition of optical efficiency chosen.  

The techniques presented have been applied to a compact high-concentration two-stage 

optical system. The analysis carried out revealed the main sources of light loss and optimization 

tradeoffs, and hence showed some paths for improving its optical efficiency.  
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6.2. RECOMMENDATIONS FOR FUTURE RESEARCH 

The work presented in this thesis finds its natural follow-up in developing further 

improvements to the features, procedures of usage and validity assessment of the CPV solar 

simulator, as well as the development of new characterization techniques based on this 

equipment.  

• There is room for improvement in the illumination system of the simulator, especially by 

reducing the angular size of the source and improving the spatial uniformity of the 

irradiance to make it compliant with the A class of the current IEC 60904-9 standard. 

There are two possible areas of work to achieve this: first, to improve the collimation 

uniformity of the mirror and second, to reduce the angular size of the flash lamp seen 

from the mirror. 

• As CPV manufacturers are increasing the size of their modules, a larger illuminated area 

in the simulator might be required. Therefore, further research on collimator mirrors 

with a larger diameter (or a rectangular shape fitting that of the module) is needed. The 

quality of the collimator may be improved by reducing the surface roughness and 

waviness and improving the collimation uniformity. 

• The simulator should be prepared to CPV systems using novel cell concepts with 

different and lesser-known spectral responses, by better shaping the reference solar 

spectrum more accurately, especially in the NIR region. This has to be done by a better 

suppression of the Xenon spikes and a proper balance of the overall NIR power. As many 

triple junction cell technologies different from the lattice-matched version are currently 

available, the experiments presented in this thesis should be extended to module 

prototypes that equip them in order to assess the validity and limitations of the 

characterization methods presented. 

• New features may be added to the solar simulator in order to meet some demands of the 

CPV industry, namely the measurement of the I-V curve using the single-flash scheme, 

or an automated measurement of the angular transmittance. The development of the 

single-flash is already being undertaken in collaboration with the Spanish company 

Soldaduras Avanzadas. 

• The measurement of the angular transmittance of a CPV module by the inverse method 

(especially part of the predoctoral research by R. Herrero) should be implemented as a 
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part of the solar simulator for providing a static and very fast tool suitable for production 

lines. 

• The sensitivity of the performance of a concentrator to other magnitudes would be also 

useful as a capability of the simulator, notably the dependence of the I-V curve on cell 

temperature. Our group has prepared a setup for this, whose preliminary results have 

been already published. Also, the effects of the spatial non-uniformity of the light 

produced by real concentrators on MJ cells have been investigated using the simulator. 

• Deeper experience has to be gained with the measurement of different types of CPV 

systems in order to assess the validity and significance of the performance ratings carried 

out indoors following the future IEC norm. Special consideration should be given to the 

comparison with the rating obtained through outdoor measurements. 

• The assumption of a better repeatability and reproducibility of indoor measurement as 

compared with outdoor ones should be evaluated through round-robin tests in the 

framework of an international network of excellence laboratories. To the author’s 

knowledge, the capacity for measuring CPV modules indoors has been implemented in 

at least 4 PV laboratories worldwide (Fraunhofer ISE, ISFOC, INER, IES-UPM), so this 

round-robin is currently possible. 
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6.3.4. TRANSFERS OF TECHNOLOGY 

Part of the work presented in this thesis has resulted in technological intellectual property 

worthy of being commercially exploited. Two different transfers of technology have been carried 

out towards private companies for their commercial exploitation, which are still being 

successfully commercialized. Due to the particular characteristics of these technologies, the 

knowledge has not been protected via patents but through industrial trade secret, as the 

publication of the detailed manufacturing processes and system components would facilitate 

other companies to easily apprehend the licensed knowledge. These trade secrets are 

appropriately protected by Non-Disclosure Agreements with the companies that have been 

licensed and other third parties (like the company’s customers). 

A large-area collimator mirror 

The processes for the manufacturing of the 6 m focal-distance 2 m-diameter collimator mirrors 

suitable for CPV solar simulators were developed in collaboration with the Spanish company 

JUPA,S.A, which was licensed for the manufacturing of such mirrors in 2007. Later on, this 

company came to an agreement with Soldaduras Avanzadas for exclusively providing them with 

the mirrors as an OEM component of their solar simulators. The mirror was valued at 40 

thousand Euros.  

Solar simulator for concentrator photovoltaic modules 

The know-how on the CPV solar simulator designed and prototyped at IES-UPM (concept, 

design and manufacturing issues and procedures of usage), was licensed to the Spanish 

company Soldaduras Avanzadas S.L. in 2008 for the commercialization of this equipment, 

which was valued at around 300 thousand Euros. Since then, this company has successfully 

commercialized this equipment under the trade name ‘Helios 3198’ and has already sold 6 of 

these equipments to CPV manufacturers and research labs throughout the world: 

• Spain: 2 CPV manufacturers and 1 research lab (ISFOC) 

• Japan: 1 CPV manufacturer 

• Taiwan: 1 research lab (INER) 

• USA: 1 CPV manufacturer 
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Figure 6. 1. Datasheets with the specifications of the Helios 3198 Solar Simulator from Soldaduras Avanzadas. 

Nevertheless, the technology was initially developed in the framework of a collaboration 

between the Spanish company Isofotón and the ISI group at IES-UPM, and the very initial 

prototype was deployed at their manufacturing facilities in Málaga (Spain) for the 

characterization of their TIR-R innovative concentrator. In 2008, on year after the presentation 

of the prototype at the international conference of El Escorial, the Californian company 

SolFocus Inc. also got interested on acquiring this technology, and a specific agreement was held 

between IES-UPM and this company for the transfer of part of the know-how related to the 

simulator. This collaboration led to the installation of a simulator following the IES-UPM 

concept at the manufacturing facilities of SolFocus in Asia later that year, which is still being 

used as the final quality control and sorting tool for the manufacturing of their MW-scale 

production. 

There is an ongoing collaboration framework between IES-UPM and Soldaduras 

Avanzadas for further development of the equipment, especially regarding the customization of 

the simulator to the specific needs of each lab or manufacturer, and the inclusion of some of the 

possible improvements described earlier in this chapter. 

 


