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ABSTRACT

Due to their limited angular acceptance, and usspeftrally sensitive multi-junction solar cellsgth concentration
photovoltaic modules represent a challenging measent task. In collaboration with Instituto de EparSolar at the
Universidad Politecnica de Madrid, SolFocus hasgiesl and manufactured an industrialized solar kitou for
characterization of high concentration photovoltamdules. The simulator measures module peak csioveefficiency
and acceptance angle. The simulator uses a Xeash #ource with collimating optics to form a unifopne-sun
illumination covering sufficient area to measuretpanels of 1 feach, along with reference measurement cells for
spectral and power normalization. The on-sun measeint uses a normal incidence pyrheliometer angédemture
sensors to provide normalization information.

This paper presents an algorithm for normalizatbtests performed under factory conditions to 12108 standard
operating conditions (850 W/ndlirect-normal-irradiance, 20 C ambient temperatukéter normalization, tested panels
are correlated to actual on-sun performance meemsns. \We present descriptions of the normalizatapplied to both
the factory test method and on-sun test method,cantpare the results for a population of over 1Gfintes. As a
result of normalization and correlation methods, asaclude that the simulator predicts on-sun paréorce to better
than £10%, with 99% confidence. The primary souofeuncertainty is the normalization of the on-swatad The
repeatability of the flash test is better than £2%.

Keywords. High concentrator solar photovoltaic module, HCRdncentrated solar module, concentrator solar
photovoltaic, concentrator photovoltaic, CPV, sdlash test, solar simulator.

1. INTRODUCTION

In late 2007, SolFocus Inc, a manufacturer of higimcentration photovoltaic (HCPV) modules, comnaigsd a
production line for its first generation HCPV moeuthe SF1000, in Noida, India. (Figure 1) The SFLBICPV
module incorporates 16 concentrating systems, eawtprised of two reflectors and a non-imaging @tedement and
a 100 mrA multi-junction solar cell (Figure 2), which arefeged to as power units. Operating at approxinyas€i0x
concentration, the SF1000 module is rated at 208 Wdirect normal irradiation of 850 Wit ambient temperature of
20 C.

Testing of HCPV modules imposes additional requésts for the collimation and spectral qualitiestlod test light
source. The limited angular acceptance of HCPV resd(approximately +1 degree) requires that thbtllge highly
collimated with an angular subtense at or near dfidhe sun. Additionally, because concentratonsegally use very
high-efficiency 11I-V multi-junction solar cell8 whose performance is limited by the lowest perfagrjunction, the
test source spectrum must simulate the desired spégtrum. SolFocus test system was developed anct&laborative
effort with the Instituto de Energia Solar, Unividesi Politécnica de Madrid (IES-UPK)
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Figure 1. SolFocus SF1000 HCPV modules in instatedy format.
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Figure 2. Optical diagram and sample ray-traceFif0®0 power unit.

2. SYSTEM DESCRIPTION
2.1 System Overview

This layout of the simulator (Figure 3) builds aftoncept introduced by Dominguez et al. at IES-GP1 A low-cost
commercial xenon flash strobe is used as a ligltcgo Only that temporal portion of the flash wéibpropriate spectral
match to desired test conditions is used for mogoleer measurements. This light source is coupligll an array of
spherical reflectors to create a beam of colliméitgd approximately 2.7 m by 2.1 m in size. Affecal adjustment, the
divergence angle of this beam has been experinhemisasured to be approximately 0.7° (full angtehalf-power),
which is comparable to the 0.53° angle subtendethéwsun. The simulator light intensity is adjustain the range of
500 to 700 W/rh Two HCPV modules are mounted to either side eflight source on a dual axis motion frame, which
is also surrounded by reference solar cells faraigormalization.
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Figure 3. Layout of the SolFocus solar simulator.

2.2 Reference M easur ements

Four reference power units employing identical cgtio the module are mounted above and below ¢ $ource,
adjacent to the modules (Figure 4). The solar delithe four reference power units are each sewstt a differing
spectral band. One reference power unit contairgaadard multi-junction solar cell, with the sam®aul-band
sensitivity as that used in the HCPV module. THeremce solar cell generates a normalizing morptwtocurrent
(Imeniton) throughout the duration of the flash pulse (usedccount for both flash-to-flash and within-flagbtical power
variation). The remaining reference power unitstaimniso-type solar cells, of similar materials dabrication as the
standard multi-junction solar cell, but each camitag only a single active junction, closely matchedthe spectral

response of each of the junctions of the cell. §fectral characteristics of the flash pulse areito@d via the ratios of
the photocurrents from each iso-type reference powi.

The use of standardized concentrating optics inréfierence power units ensures that spectral amekipmonitoring
measurements are performed at the same spectrumposvet level as the device under test. As a cdlirastep, the
four monitor cells are exposed to sun at 850 Y/amd the reference current level for each celleisorded. The
reference solar cell value for the full-spectrurth, dgonitor ss0 Will be used to normalize all measured test tssiilhe iso-
type solar cell valued,, I,, |5 for blue-visible, near-infrared and infrared banelspectively are stored as ratios to which
the flash source is compared. At system setupsdtlece is adjusted to match the critical rdid, to that obtained
during on-sun test. The ratig/l; is less critical, as long dgl; < 0.8, indicating that the spectrum is oversaadatith
infrared, and therefore the limiting junction dgithe test is either the visible or near-infrafdthich junction sets the
limit depends on thé&/l, ratio. As an operational procedutg,l, andl; are monitored during each test, and if they fail
to be within the expected range of the set tatbettest result is invalidated, and the test systmires calibration.

The current and voltage of the module during thiecsed portion of the flash are measured with ahisigeed

oscilloscope and filtered. After normalization (delsed subsequently in Equation 4), a typical mediM curve is
shown in Figure 5.
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Figure 4. Photographic image of the SolFocus sitaulator as configured for a test.
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Figure 5. Signal normalization and compensatiohiwithe solar simulator detection electronics.
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2.3 Spatial Uniformity Control

To accurately reproduce on-sun performance, eagreipanit within the solar module under test showddeive the
same optical power. Therefore, it is important nswe that the collimated flash is spatially unificacross the module
to be tested. Internally to the SF1000 module lth@ower units are connected in series, so if @fleeceives less light
than another, it will generate less photocurrentt(will generate the same photocurrent at a lowstage), and it will
limit the performance of the module. Under non-amif illumination test conditions, the peak powertloé module
being tested will not be a good predictor of parfance under the highly uniform light of the sunc&ese all of the
light falling on the primary optic of any one powenit will be concentrated onto a single cell,sitnot necessary to
ensure uniformity across the primary optic. It ildyonecessary to enforce the uniformity of thedration level when
summed across each mirror.

To establish spatial uniformity, the SolFocus salanulator is set up with occlusions over each powvet of the solar
module under test. The amount of occlusion at @ag¥er unit is determined by measuring the integréitex across the
power unit, and then adding occlusions such thatinkegrated flux will be the same for all poweiitsnA metallic
frame is placed in between the mounting plane efsthlar modules under test and the collimatingeo#dlr, close to the
modules. Occlusions are mounted to the metalliméraUpon confirmation after mounting of occlusiothe difference
in irradiation over the area of each power uniess than 1%.

3. TEST NORMALIZATION
3.1 Concentrator Standard Test Conditions

Concentrator Standard Test Conditions (CSTC) afmete per IEC 62108 to include direct normal irradiance level
(DNI), spectrum, ambient temperature and wind. &TC, DNI is 850 W/rfy ambient temperature is 20 C, wind speed
is 4 m/s, and the spectrum matches to AM 1.5D rfass 1.5 atmosphere equivalent, direct spectrury)®niThe
nominal acceptance angle of the SF1000 module islegkee from normal, which further defines the ahtaristic
spectrum to include a small annulus of sky surringndhe solar disc. For purposes of this analysied cooling is
considered to be a small effect, which has not bmedeled due to uncertainty in thermal transfemfnrmodule and
ambiguity in the standard regarding wind directielative to irradiance.

3.2 Normalization of on-sun tests

The relationship between solar cell operating tewaipee at 850 W/MDNI and directly measured backpan temperature
beneath the solar cell was developed experimenfilig underlying assumptions are a solid thermatami between
thermocouple temperature sensor and backpan, argistent thermal transfer from solar cell to backfram module
to module.

T

cell

=T

backpan

+ y[DNI 1)

In Equation 1, temperatures are expressed in CDaMidin W/m2. Tyacpanis the measured temperature at the hottest
point on the moduleyis the experimentally derived factor relating tiedl temperature at time of test to the observed
irradiance. For SF1000 modulgsis measured to be 0.017 C / W/mlote thaty applies in this case only when tested
under no load condition, which increases cell terapee due to lack of a dissipating load. Accortingquation 1 is
not accurate for cell temperature predictions umdemal operating conditions, but is important dsrtested conditions
on sun.

I:?sunCSTC = I:?sunraw G[% [1 - a(TceII,CSTC - Tcell,test)] (2)

In Equation 2T csTcis the cell temperature at CSTG.{ cstc = 64 C),a is the experimentally derived temperature
derating factor of the module due to solar celltinga 0.0021 C. Normalization of measurements to 850 WIDNI are
performed by direct scaling of the measured powerson Py by DNI as observed on a Normal Incidence
Pyrheliometer (NIP¥. The particular NIP in use subtends an angle elinges degrees, in excess of the acceptance
angle of the module’s concentrating opti€s, cstcis developed for the expected operating conditiith the module
powering a DC-AC inverter and operating at the mmxn power transfer point. No normalization is perfed for
spectral variance of the on-sun test.
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3.3 Normalization of flash test

Module power as measured by flash testing is nozerlito CSTC according to Equations 3 and 4.

Plashcste = Prashgso [hl -a (TceII,CSTC - Tcell,test)J ®3)
I monitor,8%
I:)flash,850 =ma Vmodulei a = (4)

modulej
l monitorj

In Equations 3 and . stiS the cell temperature at time of flash testmemsured directly by backpan temperature.
There is insufficient energy dissipated in the teltause notable temperature rise during the tiesth so backpan and
cell temperature are used interchangeaBlysn sso iS the maximum power generated by the module umelsr as
normalized to 850 W/MDNI. Vimodulei @Nd Imoguie; are elements of the array (indexed ipyf measured voltage and
current values from the module under tégt,ior; iS the monitored photocurrent from a solar cellamated with the
module under test argonitorgsoiS the known photocurrent from the same monitdarseell, when tested on sun at 850
W/m? DNI. As described ir2.2, the standard spectrum during flash test isratded by comparison of isolated junction
cells for blue and red/near-infrared sensitivity.

4. GAUGE REPEATABILITY
4.1 Overview of sources of test uncertainty

Both on-sun and flash tests have sources of umaegfteFor on-sun measurements, the most importantcg of
variation is weather. CSTC describes a specifictmerasituation, with regards to DNI, ambient tengpere and
spectrum. The normalization techniques describdgumation 1 and 2 are attempts to adjust varyingtier conditions
back to the standard. Inaccuracies in backpan teatye measurements under outdoor test conditiomsa durther
source of variation.

Depending on site, many days simply bear insufficiesemblance to CSTC that no form of normalizatidl suffice,
and no tests can be performed. Within seeminglydgoanditions, the solar spectrum varies by timeda§, or by
aerosols or atmospheric water content. Additionatlgan be difficult to accurately measure tempgeon the backpan
of on-sun modules. The peak temperature is loghlizeectly underneath the central power units,eser alignment is
important. Close thermal contact must be estalliffetween sensor and module under test, which ealifficult under
outdoor conditions, due to blocked access, dirtcgetutis.

Flash test uncertainty stems from long-term doftshe flash source and measurement electronicshéenon flash
source ages, its spectral and spatial properti@sgeh The system is initially calibrated for a lamapeference target for
I./l, is established. For practical reasons, a +2.5%eanf variation inly/l, is allowed before any adjustment or
replacement is made to the lamp. Spatial variatawasharder to track, because the measuremenatidispniformity of
the 4 nf optical beam is time consuming. Aging of the refere optics and monitor cells is unlikely at nortaabratory
storage conditions.

4.2 Gaugerepeatability for on-sun testing

A series of on-sun tests was performed repeatadlg eet of SF1000 modules. The results are shogphgrally in
Figure 6. The gauge repeatability was assesseti7at\t; +30, after normalization for temperature and DNI. Mecral
normalization was performed. Due to lack of a gjraattachment mechanism, the temperature sensornags
establishing reliable thermal contact with the sk of the module under test.

4.3 Gaugerepeatability for on-sun testing

A series of flash tests was performed repeatediya et of SF1000 modules. The results are showphgaly in
Figure 7. The gauge repeatability was assessed4 &V,++3g, after normalization for temperature and reference
photocurrent. Expressed as a percentage of thenabmmodule power, the %8 gauge repeatability of the solar
simulator is less than +2%. In order to assessldhg-term drift of the calibration, a set of stardlanodules was
established, and measured repeatedly over the eafrten months. The long-term drift is shown asepeatability
measurement in Figure 8 and as a trend in FiguEh®8.drift trend appears to be consistently downaaeven after
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lamp changes and readjustments of the spatial nmitfip mask. For that reason, the possibility extetst the downward

trend is an actual reduction in power of the stashdeodules.
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Figure 6. Variability of on-sun tests normalizedB&0 W/m2 without temperature or spectral correct®auge
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Figure 7. Variability of flash tests normalized@8TC. Gauge repeatability and reproducibility ai8+ 4 W.
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Figure 8. Long-term (10 month) solar simulator gavepeatability data for a standard set of modules.
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Figure 9. Long-term solar simulator measurementadi¥idual CPV module. Approximate decrease in postandard of
510 10 W over a 10 month period.

5. CORRELATION RESULTS

Using the normalization procedures above, a dataoke350 tests was used to test correlation betweeisun
performance and test results from the solar simuldthe complete data set is shown in the cormaigpiot of Figure 10.
The test results were obtained in three sets. Aldlules were first tested in the solar simulatathatfactory of origin.
After transit, the panels were re-measured on suBRuertollano, Spain. The on-sun test system wableshed at a
receiving warehouse, and modules were tested aftéval, prior to installation into systems at ISEGsite in

Puertollané.
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As part of the third data set, the correlation eangs expanded by atrtificially reducing module podiging test. Power
was reduced by obscuring one or two power unithimift given module under test. Care was taken sruwke a
common set of power units during on-sun and flasting to guard against individual power unit vioia within a

module. Figure 11 shows the correlation resulttits reduced data set.

Figure 12 shows the spread of differences betwaesua and flash tested results for the 350 tekited as residuals of
the best-fit prediction curve derived in Figure TBe +3r spread is £24 W. Based on the gauge repeatabflion-sun
and flash testing, we would predict a spread of.31¥. The excess spread is most likely due to ekogé/ poor
weather conditions encountered during test set rarttivee. Figure 11 shows the residuals of thé fiata set 3 is
excluded, with a +8spread of £15 W.
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Figure 10. Correlation plot showing on-sun testitesompared to flash test result. The lineardiperformed with a forced
zero intercept, and has best-fit slope of 0.99 withiandard error of 0.002.
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Figure 11 Correlation results for modules tested by obscuoingower units, 39 individual tests with £15 W ditror (+30).

A correlation spread of less than that predictedjéyge repeatability is indicative either of thgpiowvements made in
on-sun testing through improved caution in tempgeaimeasurement, or simply indicates the unceytaixpected from
relatively small sample sizes used during on-swggaepeatability study.

The slope calculation based on the aggregate dats indicates a strong predictive capabilityhia flash tester. Using a
constrained linear best fit to the two independed#rived measurement values (note that flash amsua test results
are normalized to CSTC independently, with no &itgmeters), the calculated slope of the bestrii is 0.99, with a
standard error of 0.002. If we take this as ameste of the predictive capability of the flash téisere is an offset of 1%
+0.6% at £ Taking a worst-case view, we can conclude thatfidsh test measurement predicts the mean of on-su
performance of the population of modules to +1.8%+3.3 W for the nominal 205 W modules in the fggpulation,
although any individual module’s performance mayyvenore widely, in particular because of the urmiety in
establishing its true on-sun performance at CSTC.

Looking for the weaknesses in the correlation,résduals of the fit Figure 12 shows a tendencyrderestimate on-
sun performance for the lower power modules. Thisdéncy is most likely due to longer term driftstive solar
simulator power measurement. The data set useldfopower measurements was obtained almost threghsafter
the data set which forms the bulk of the corretatiReferring back to Figure 9, it is likely thaketholar simulator output
power drifted downwards during the time of thisdstu
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6. CONCLUSIONS

We have demonstrated a flash solar simulator wittuiate predictive capability for on-sun performarior HCPV
modules. The overall population mean of a set oflmes tested with flash test will differ by lesath2% from the
measured on-sun performance. Power normalizatidghads used in developing the solar simulator wedependently
derived for both on-sun and flash tests. No fitapasters were used to develop the correlation. Easthresult is
normalized according to a simple set of princip2evelopment of a tighter predictive capabilityrnihel 5 W (£7%) for

individual module tests will require improved spattnormalization for on-sun measurements, and lagmg
compensation for flash measurements.
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