IEC 62670-3:2017-02(en-fr)

Full docu

IEC IEC 62670-3

o
®

Edition 1.0 2017-02

INTERNATIONAL
STANDARD

NORME
INTERNATIONALE

colour
inside

Photovoltaic concentrators (CPV) — Performance testing —
Part 3: Performance measurements and power rating

Concentrateurs photovoltaiques (CPV) — Essai de performances —
Partie 3: Mesurages de performances et rapport de puissance


http://avadocuments2026.com/doc/iec-62670-3-2017
http://avadocuments2026.com/doc/iec-62670-3-2017

THIS PUBLICATION IS COPYRIGHT PROTECTED
Copyright © 2017 IEC, Geneva, Switzerland

All rights reserved. Unless otherwise specified, no part of this publication may be reproduced or utilized in any form
or by any means, electronic or mechanical, including photocopying and microfilm, without permission in writing from
either IEC or IEC's member National Committee in the country of the requester. If you have any questions about IEC
copyright or have an enquiry about obtaining additional rights to this publication, please contact the address below or
your local IEC member National Committee for further information.

Droits de reproduction réservés. Sauf indication contraire, aucune partie de cette publication ne peut étre reproduite
ni utilisée sous quelque forme que ce soit et par aucun procédé, électronique ou mécanique, y compris la photocopie
et les microfilms, sans l'accord écrit de I''EC ou du Comité national de I'lEC du pays du demandeur. Si vous avez des
questions sur le copyright de I'lEC ou si vous désirez obtenir des droits supplémentaires sur cette publication, utilisez

IEC Central Office
3, rue de Varembé
CH-1211 Geneva 20

Switzerland www.iec.ch

les coordonnées ci-aprés ou contactez le Comité national de I'lEC de votre pays de résidence.

Tel.: +41 22 919 02 11
Fax: +41 22 919 03 00
info@iec.ch

About the IEC

The International Electrotechnical Commission (IEC) is the leading global organization that prepares and publishes
International Standards for all electrical, electronic and related technologies.

About IEC publications

The technical content of IEC publications is kept under constant review by the IEC. Please make sure that you have the
latest edition, a corrigenda or an amendment might have been published.

IEC Catalogue - webstore.iec.ch/catalogue

The stand-alone application for consulting the entire
bibliographical information on IEC International Standards,
Technical Specifications, Technical Reports and other
documents. Available for PC, Mac OS, Android Tablets and
iPad.

IEC publications search - www.iec.ch/searchpub

The advanced search enables to find IEC publications by a
variety of criteria (reference number, text, technical
committee,...). It also gives information on projects, replaced
and withdrawn publications.

IEC Just Published - webstore.iec.ch/justpublished

Stay up to date on all new IEC publications. Just Published
details all new publications released. Available online and
also once a month by email.

Electropedia - www.electropedia.org

The world's leading online dictionary of electronic and
electrical terms containing 20 000 terms and definitions in
English and French, with equivalent terms in 16 additional
languages. Also known as the International Electrotechnical
Vocabulary (IEV) online.

IEC Glossary - std.iec.ch/glossary

65 000 electrotechnical terminology entries in English and
French extracted from the Terms and Definitions clause of
IEC publications issued since 2002. Some entries have been
collected from earlier publications of IEC TC 37, 77, 86 and
CISPR.

IEC Customer Service Centre - webstore.iec.ch/csc

If you wish to give us your feedback on this publication or
need further assistance, please contact the Customer Service
Centre: csc@iec.ch.

A propos de I'lEC

La Commission Electrotechnique Internationale (IEC) est la premiére organisation mondiale qui élabore et publie des
Normes internationales pour tout ce qui a trait a I'électricité, a I'électronique et aux technologies apparentées.

A propos des publications IEC

Le contenu technique des publications IEC est constamment revu. Veuillez vous assurer que vous possédez I'édition la
plus récente, un corrigendum ou amendement peut avoir été publié.

Catalogue IEC - webstore.iec.ch/catalogue

Application autonome pour consulter tous les renseignements
bibliographiques sur les Normes internationales,
Spécifications techniques, Rapports techniques et autres
documents de I'lEC. Disponible pour PC, Mac OS, tablettes
Android et iPad.

Recherche de publications IEC - www.iec.ch/searchpub

La recherche avancée permet de trouver des publications IEC
en utilisant différents critéres (numéro de référence, texte,
comité d’études,...). Elle donne aussi des informations sur les
projets et les publications remplacées ou retirées.

IEC Just Published - webstore.iec.ch/justpublished

Restez informé sur les nouvelles publications IEC. Just
Published détaille les nouvelles publications parues.
Disponible en ligne et aussi une fois par mois par email.

Electropedia - www.electropedia.org

Le premier dictionnaire en ligne de termes électroniques et
électriques. Il contient 20 000 termes et définitions en anglais
et en frangais, ainsi que les termes équivalents dans 16
langues additionnelles. Egalement appelé Vocabulaire
Electrotechnique International (IEV) en ligne.

Glossaire IEC - std.iec.ch/glossary

65 000 entrées terminologiques électrotechniques, en anglais
et en frangais, extraites des articles Termes et Définitions des
publications IEC parues depuis 2002. Plus certaines entrées
antérieures extraites des publications des CE 37, 77, 86 et
CISPR de I'IEC.

Service Clients - webstore.iec.ch/csc

Si vous désirez nous donner des commentaires sur cette
publication ou si vous avez des questions contactez-nous:
csc@iec.ch.

Documents

Document Sharing Hub

Full document details: IEC 62670-3 2017


mailto:info@iec.ch
http://www.iec.ch/
http://webstore.iec.ch/catalogue
http://www.iec.ch/searchpub
http://webstore.iec.ch/justpublished
http://www.electropedia.org/
http://std.iec.ch/glossary
http://webstore.iec.ch/csc
mailto:csc@iec.ch
http://webstore.iec.ch/catalogue
http://www.iec.ch/searchpub
http://webstore.iec.ch/justpublished
http://www.electropedia.org/
http://std.iec.ch/glossary
http://webstore.iec.ch/csc
mailto:csc@iec.ch
http://avadocuments2026.com/doc/iec-62670-3-2017
http://avadocuments2026.com/doc/iec-62670-3-2017

IEC 62670-3

Edition 1.0 2017-02

INTERNATIONAL
STANDARD

NORME
INTERNATIONALE

colour
inside

Photovoltaic concentrators (CPV) — Performance testing —
Part 3: Performance measurements and power rating

Concentrateurs photovoltaiques (CPV) — Essai de performances —
Partie 3: Mesurages de performances et rapport de puissance

INTERNATIONAL
ELECTROTECHNICAL
COMMISSION

COMMISSION
ELECTROTECHNIQUE
INTERNATIONALE

ICS 27.160 ISBN 978-2-8322-3859-2

Warning! Make sure that you obtained this publication from an authorized distributor.

Attention! Veuillez vous assurer que vous avez obtenu cette publication via un diskibuteur agréé.
poctments

Document Sharing Hub

® Registered trademark of the International Electrotechnical Commission
Marque déposée de la Commission Electrotechnique Internationale

Full document details: IEC 62670-3 2017


http://avadocuments2026.com/doc/iec-62670-3-2017
http://avadocuments2026.com/doc/iec-62670-3-2017

-2- IEC 62670-3:2017 © IEC 2017

CONTENTS
FOREWORD ...ttt et et e e e et et e e et et e e e e e e e e e e e e e e e e e eanaeenns 5
1 1T o 1= S 7
P N\ (o] 4 ¢ =Y OV =T =) (= =Y g Lo = 7
G T o o Tod =Y o] £ TP 7
S ¥~ 1 141 o L1 Vo 11
5 DUT marking and information ... 11
5.1 INAEIDIE MaATKING Looeei e e et e et e e ens 11
5.2 Preliminary information indicated by manufacturer ..., 11
LIS (] T PPN 11
=Y o o o 12
Standard apparatus requIiremMents ... ... 13
8.1 Irradiance measurement eqUIPMENT ... ... 13
8.1.1 Normal incidence pyrheliometer (NIP)...... ..o 13
8.1.2 Global normal irradiance pyranometer .........c.covuiiiiiii e 13
8.1.3 Spectral measurement deViCe ... ..o 13
8.1.4 Component reference CellS . ... 14
8.1.5 Indoor reference irradianCe SENSOT .........iiiiiiiiiii e 14
8.1.6 AuXiliary irradianCe SENSON. .. ...t 15
8.2 Yo F= =TT 0 010 =1 (o PP 15
8.2.1 General reqUIreMENtS .. ... 15
8.2.2 Continuous light SIMUIAtOr ... 15
8.2.3 Single-flash pulse simulator..........oooiiiii 16
8.2.4 Multi-flash pulse simulator ... 16
8.3 Solar tracker or DUT mounting System ........ccooiiiiiiiii e 16
8.3.1 LY o= = | P 16
8.3.2 (g g} (T a Lo =15 o] g =T=T g F= o 16
8.4 Temperature measurement and control ... 16
8.4.1 DUT temperature SENSOI. . ... e e 16
8.4.2 Ambient temperature SENSOr ... 16
8.4.3 Lens or optics temperature SENSOr...... ..o 16
8.4.4 Temperature control SYStem ... 17
8.5 Current-voltage measuremMent ... ... 17
8.6 F N =T 4o T ' =Y = 17
8.7 EleCTrCAl 10AQ ... e 17
S T I = 1= o] o To =T U1 =T P 18
9.1 Measurement of DUT temperature coefficients..............coo 18
9.1.1 P U DO .. 18
9.1.2 2N o o 1= =1 {1 1< P 18
9.1.3 Data collection procedure and data requirements ... 18
9.1.4 Temperature coefficient determination.............c.coooiiiiii i 21
9.2 DUT reference V¢ at (900 W/m2 and 25 °C cell temperature) ........cooeiiiiiininn. 22
9.2.1 GBNEIAL .t 22
9.2.2 Reference Ve dark |-V procedure ... 22
9.2.3 Reference V¢ using a solar simulator..................ooooo 23
9.3 Calculating the average DUT cell temperature ............ccooiiiiiiiiiiiiie e 23
9.3.1 PUIPOSE ..o Documents

Document Sharing Hub

Full document details: IEC 62670-3 2017


http://avadocuments2026.com/doc/iec-62670-3-2017
http://avadocuments2026.com/doc/iec-62670-3-2017

IEC 62670-3:2017 © IEC 2017 -3-

9.3.2 PO C AU . 24
9.4 Reference irradiance sensor calibration and reference /gc determination.............. 24
9.4.1 P U DO .. 24
9.4.2 Data reqUIrEMENTS ..o 24
9.4.3 Determination of the calibrated and reference Ig¢, (I5c, cal and Iggr)---ooveveee 24
9.4.4 Calibration requiremMent ... ..o 26
9.5 Indoor I-V measurements of @ CPV DUT ... 26
9.5.1 P U DO .. 26
9.5.2 General measurement reqUIrEmMENtS ........oouiiiiiiiii e 26
9.5.3 DUT indoor alignment proCcedure ...........ooioiiiiiiiii e 28
9.5.4 Procedure for single-flash pulsed solar simulators...............ccocoiiiiiiiiinnnns, 28
9.5.5 Procedure for multi-flash pulsed solar simulators................ccooiin. 28
9.6 Outdoor I-V measurements of a CPV DUT ... 28
9.6.1 U oo 1= S 28
9.6.2 Y o] 0 1= = {1 1< 28
9.6.3 PrOCEAUIE .. 29
9.6.4 =Y o o ] o A 29
9.7 CSOC and CSTC POWET FatiNgS ..uovuieiiiiiiiiiee e e e 30
9.7.1 Data filtering requirements for CSOC or CSTC translation...............c..ooonii. 30
9.7.2 CSOC power determination ...... ... e 31
9.7.3 CSTC power determination ...........coouiiiiiii e 31
9.8 DUT alignment procedure and measurement of misalignment sensitivity............... 32
9.8.1 U oo 1= S 32
9.8.2 2N o o 1= =1 {1 1< 3 32
9.8.3 Recommendations for initial DUT mounting .........ccoooeiiiiiiiiiic e 33
9.8.4 General reqQUITEMENTS ... .. et 33
9.8.5 Individual off-axis sweeps and final DUT alignment ..., 33
9.8.6 Alternate ellipse plot procedure for reporting misalignment sensitivity............ 34
9.8.7 R PO NG et 34
9.9 Mounting and aligning the pointing error sensor and other alignment
SENSItIVE EQUIPMENT L. e 35
9.9.1 U oo 1= S 35
9.9.2 PO C AU . 35
9.10 Outdoor lens temperature performance test ..........cccoeiiiiiiiiiii i 35
9.10.1 General QUIAANCE ... .. 35
9.10.2 PO C AU . 36
9.10.3 L= 0T 1 o Vo PN 37
9.11 Indoor lens temperature performance test............oooi i 38
9.11.1 GeNeral QUIANCE .. ouiiiiie e 38
9.11.2 PO C AU . 38
9.11.3 RO PO I NG et 39
71 0] [ o = o 2 /278 40
Figure 1 — Collimating tube geometry. ... ..o 9
Figure 2 — Solar tracker pointing ©rror ... ..o 10
Figure 3 — Example of acceptance angle datafora CPV DUT ........cccooiiiiiiiiiiiiiee e, 10
Figure 4 — Flow chart of performance testing for the DUT ..., 12
Figure 5 — V data after an uncover event...............c.oovviiiiiiiiiiiiiiiiii Docuﬁqents

Document Sharing Hub

Full document details: IEC 62670-3 2017


http://avadocuments2026.com/doc/iec-62670-3-2017
http://avadocuments2026.com/doc/iec-62670-3-2017

-4 - IEC 62670-3:2017 © IEC 2017

Figure 6 — Figure 5 repeated after removing one data point ..o 21

Figure 7 — The derivative of dark |-V data plotted to determine Rg .............cccccvvviiiiiiiiiiiinini, 23

Figure 8 — Iterative approach to determine Igc and Vg .oooooeeeeiiiiiiiiiiin 26

Figure 9 — Raw data for extracting the impact of lens temperature ..............c.ccooiiiiiiiinnni. 37

Figure 10 — Filtered data for extracting impact of lens temperature ... 37

Table 1 — SMR requirements for indoor measurements ...........cccoviiiiiiiiiiii i 27
Documents

Document Sharing Hub

Full document details: IEC 62670-3 2017


http://avadocuments2026.com/doc/iec-62670-3-2017
http://avadocuments2026.com/doc/iec-62670-3-2017

IEC 62670-3:2017 © IEC 2017 -5-

INTERNATIONAL ELECTROTECHNICAL COMMISSION

PHOTOVOLTAIC CONCENTRATORS (CPV) -
PERFORMANCE TESTING -

Part 3: Performance measurements and power rating

FOREWORD

1) The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising
all national electrotechnical committees (IEC National Committees). The object of IEC is to promote
international co-operation on all questions concerning standardization in the electrical and electronic fields. To
this end and in addition to other activities, IEC publishes International Standards, Technical Specifications,
Technical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC
Publication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee interested
in the subject dealt with may participate in this preparatory work. International, governmental and non-
governmental organizations liaising with the IEC also participate in this preparation. IEC collaborates closely
with the International Organization for Standardization (ISO) in accordance with conditions determined by
agreement between the two organizations.

2) The formal decisions or agreements of IEC on technical matters express, as nearly as possible, an international
consensus of opinion on the relevant subjects since each technical committee has representation from all
interested IEC National Committees.

3) IEC Publications have the form of recommendations for international use and are accepted by IEC National
Committees in that sense. While all reasonable efforts are made to ensure that the technical content of IEC
Publications is accurate, IEC cannot be held responsible for the way in which they are used or for any
misinterpretation by any end user.

4) In order to promote international uniformity, IEC National Committees undertake to apply IEC Publications
transparently to the maximum extent possible in their national and regional publications. Any divergence
between any IEC Publication and the corresponding national or regional publication shall be clearly indicated in
the latter.

5) IEC itself does not provide any attestation of conformity. Independent certification bodies provide conformity
assessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible for any
services carried out by independent certification bodies.

6) All users should ensure that they have the latest edition of this publication.

7) No liability shall attach to IEC or its directors, employees, servants or agents including individual experts and
members of its technical committees and IEC National Committees for any personal injury, property damage or
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees) and
expenses arising out of the publication, use of, or reliance upon, this IEC Publication or any other IEC
Publications.

8) Attention is drawn to the Normative references cited in this publication. Use of the referenced publications is
indispensable for the correct application of this publication.

9) Attention is drawn to the possibility that some of the elements of this IEC Publication may be the subject of
patent rights. IEC shall not be held responsible for identifying any or all such patent rights.

International Standard IEC 62670-3 has been prepared by IEC technical committee 82: Solar
photovoltaic energy systems.

The text of this standard is based on the following documents:

FDIS Report on voting
82/1204/FDIS 82/1233/RVD

Full information on the voting for the approval of this International Standard can be found in
the report on voting indicated in the above table.

This document has been drafted in accordance with the ISO/IEC Directives, Part 2.

A list of all parts in the IEC 62670 series, published under the general title Rhotovoltaic
concentrators (CPV) — Performance testing, can be found on the IEC websiiz. ocuments
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The committee has decided that the contents of this document will remain unchanged until the
stability date indicated on the IEC website under "http://webstore.iec.ch" in the data related to
the specific document. At this date, the document will be

e reconfirmed,

e withdrawn,

e replaced by a revised edition, or

e amended.

IMPORTANT - The 'colour inside’' logo on the cover page of this publication indicates
that it contains colours which are considered to be useful for the correct
understanding of its contents. Users should therefore print this document using a
colour printer.
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PHOTOVOLTAIC CONCENTRATORS (CPV) -
PERFORMANCE TESTING -

Part 3: Performance measurements and power rating

1 Scope

This part of IEC 62670 defines measurement procedures and instrumentation for determining
concentrator photovoltaic performance at concentrator standard operating conditions (CSOC)
and concentrator standard test conditions (CSTC), defined in IEC 62670-1, including power
ratings.

2 Normative references

The following documents are referred to in the text in such a way that some or all of their
content constitutes requirements of this document. For dated references, only the edition
cited applies. For undated references, the latest edition of the referenced document (including
any amendments) applies.

IEC 60891, Photovoltaic devices — Procedures for temperature and irradiance corrections to
measured [-V characteristics

IEC 60904-2, Photovoltaic devices — Part 2: Requirements for photovoltaic reference devices

IEC 60904-3, Photovoltaic devices — Part 3: Measurement principles for terrestrial
photovoltaic (PV) solar devices with reference spectral irradiance data

IEC 60904-4:2009, Photovoltaic devices — Part 4: Reference solar devices — Procedures for
establishing calibration traceability

IEC 60904-10, Photovoltaic devices — Part 10 Methods of linearity measurement

IEC 62670-1, Photovoltaic concentrators (CPV) — Performance testing — Part 1: Standard
conditions

IEC 62817:2014, Photovoltaic systems — Design qualification of solar trackers

ISO/IEC 17025, General requirements for the competence of testing and calibration
laboratories

ISO 2859-1, Sampling procedures for inspection by attributes — Part 1:Sampling schemes
indexed by acceptance quality limit (AQL) for lot-by-lot inspection

ISO 9060:1990, Solar energy — Specification and classification of instruments for measuring
hemispherical solar and direct solar radiation

3 Concepts
The following concepts are used through this document.

Documents
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a) CSOC - concentrator standard operating conditions per IEC 62670-1 (direct normal
irradiance (DNI) 900 W/m2, 20 °C ambient temperature, 2 m/s wind speed, AM1.5D
spectrum per IEC 60904-3).

b) CSTC — concentrator standard test conditions per IEC 62670-1 (DNl 1 000 W/m?2, 25 °C
cell temperature, AM1.5D spectrum per IEC 60904-3).

c) SMR - spectral matching ratio,SMR(i,j):L where I; and I, are the short-circuit
Ii,ref /Ij,ref /

current or short-circuit current densities under prevailing spectral conditions per the i and

distinct subcells in the multi-junction solar cell. /; .o+ and I; ; are the associated short-
circuit currents/current densities under the AM 1.5 direct spectrum as defined by
IEC 60904-3. The subcell is assigned a number in the ordering of their band gap energy
(Eg) starting with 1 for the highest Eg and up to » for the lowest Eg. In this manner a multi-
junction solar cell with » distinct sub cells has (n?>-n)/2 unique SMR values. For example,
for n = 3 (three-junction device) there is SMR(1,2), SMR(1,3) and SMR(2,3). For a lattice
matched triple junction cell: GalnP is junction 1, GalnAs is junction 2, and Ge is junction 3.

SMR as applied to outdoor I-V curves does NOT imply that the outputs from subcells will
match the DUT but to a more generic set of subcells used by the test laboratory to
characterize deviations in the prevailing outdoor spectrum from the reference AM1.5D
spectrum. A specific DUT match is not required as precipitable water vapor, aerosols, and
airmass are the dominant variables which drive changes in the outdoor spectrum. It has
been shown that filtering based on measurements in three sub-bands of the spectrum is
sufficient to minimize CPV DUT performance variation. Component reference cells (8.1.4)
can be used to determine SMR values or the SMR can be calculated under the prevailing
spectrum. In this case Iy, I, and I3 are generally defined as the direct normal spectral
irradiance in sub-bands from 370 nm to 650 nm, 650 nm to 870 nm and 870 nm to
1 650 nm respectively. This is equivalent to assuming a set of component reference cells
which have external quantum efficiencies (EQE) of 100 % in the defined bands.

SMR as applied to indoor I-V curves DOES refer to outputs from the subcells that match
the DUT. The indoor measurements specifically refer to matching subcells as the spectrum
under simulated sunlight is known to deviate from the characteristic shape of the outdoor
spectrum. Therefore three sub-bands are not always sufficient to minimize variation in
CPV DUT performance. SMR can be determined from device specific component
reference cells or can be calculated from the measured spectrum and the spectral
responses of device specific component reference cells.

d) Separate SMR crossing — event in outdoor data measurements where the given SMR
value is within the defined boundaries around unity and the event is separated by at least
an hour from other events where the SMR value is within the defined boundaries around
unity.

e) MPP — global maximum power point of an |-V curve.

f) Vmp — the voltage at MPP.

a) Ip = the current at MPP.

h) DNI- direct normal irradiance.

i) GNI- global normal irradiance.

j) n - efficiency of the DUT at MPP for an individual I-V curve.
k) DUT — device under test.

I) Aperture — aperture area of the DUT, measured from inside edge to inside edge of the
DUT frame. If no clear transition from lens to frame is present an opaque tape can be
used to mask off the edge of lens area and define the edge of the aperture area. This shall
be completed prior to the collection of |-V curves. If this method is not applicable to the
DUT, alternate methods can be considered. The test report shall document the procedure
used for determining aperture area.

m) Opening half-angle — half-angle of a device with a collimating tube defined as the
arctan(R/L) per Figure 1.

n) Field of view or opening full-angle— two times the opening half angle. Documents
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o) Slope angle — angle of a device with a collimating tube defined as the arctan[(R-r)/L] per
Figure 1.

p) Limit angle — angle of a device with a collimating tube defined as the arctan[(R+r)/L] per
Figure 1.

q) Primary and secondary axis pointing error — measured angle between the pointing vector
of the tracker and the pointing vector of the sun (see Figure 2) [adapted from
IEC 62817:2014, 7.2]. Typically the pointing vector of the tracker is defined by the sensor
that is used for measuring pointing error. The sensor has a plane which is responsive to
the direct beam from the sun. Therefore the normal vector to this measurement plane is
representative of the pointing vector of the tracker or the pointing vector of the DUT.
Although pointing error as defined is a single angular deviation, the sensor measures this
error in two separate angles in relation to reference plane

2 2

pointing error = \/primary axis pointing error© + secondary axis pointing error
In this document, primary and secondary axis pointing error are defined by the above
equation. As it is also assumed that the plane of the DUT is aligned with the pointing error
sensor, the primary and secondary axes are also representative for the DUT.

r) Acceptance angle — minimum full angle through which the DUT can be rotated (with
respect to the sun) while continuing to produce 90 % of its DNI normalized maximum
power. Although a two dimensional plot is necessary to fully determine acceptance angle,
herein acceptance angle refers to the minimum full angle as resulting from angular
measurement sweeps limited to the primary and secondary axes of the DUT (see 9.8.5).
For example the DUT described in Figure 3. Figure 3 shows acceptance angle
measurement results of 0,75° for the primary axis and 0,7° for the secondary axis.
Therefore the acceptance angle for this DUT is reported as 0,7°. Caution should be noted
that Figure 3 shows measurement results that are symmetric around the zero point
(normal angle of incidence) but a DUT can have asymmetric results.

s) Half acceptance angle — half acceptance angle is defined as the acceptance angle defined
above divided by two. This definition is introduced as it is more relevant to filtering
restrictions placed on pointing error later in this document. Although asymmetry around
the zero angle of incidence is not consistent with this definition of half angle, the definition
is retained for simplicity.

t) 98 % acceptance angle and 98 % half acceptance angle — the definitions acceptance
angle and half acceptance angle given above apply with the exception that when preceded
by 98 % the terms now refer to full and half angles through which DUT orientation can be
rotated while continuing to produce 98 % of its DNI normalized maximum power (not the
original 90 %). For example the DUT in Figure 3 shows a 98 % acceptance angle of 0,32°
and a 98 % half angle measurement of 0,16°.

Field stop
Detector
surface
| ” Aperture stop
:\i S=a - Z4
i Erm - e e T I
== 120 Tea

| IEC

Figure 1 — Collimating tube geometry
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In Figure 1 the field stop represents the limiting entry point for light into the collimating tube
and has a radius of R. The aperture stop represents further limitation of the light which can
reach the detector and has a radius of r. L is the distance between the front of the field stop
and aperture stop. It is assumed that the distance, X, between the aperture stop and the
detector is small and negligible.

Error

IEC
Figure 2 — Solar tracker pointing error

IEC 62817 defines pointing error of a solar tracker as the measured angle between the
pointing vector of the tracker and the vector of the sun’s rays. As shown here the pointing
vector of the tracker is the vector which is normal to the plane of sensor that measures
pointing error.
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Figure 3 — Example of acceptance angle data for a CPV DUT

In Figure 3 the secondary axis acceptance angle in slightly less than the primary axis
acceptance angle and therefore the secondary axis is used in reporting. The DUT has an
acceptance angle of 0,7°(half acceptance angle of 0,35°) and a 98 % acceptance angle of
0,32° (98 % half acceptance angle of 0,16°).
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4 Sampling

For performance qualification testing three specimens shall be selected at random from a
production batch or batches in accordance with the procedure given in ISO 2859-1. For
measurements of prototype devices which are not from production, sampling shall not apply.
This shall be noted in the test report.

When the results will be used for ascribing a name-plate rating, the modules or assemblies,
hereafter referred to as device under test (DUT), shall have been manufactured from specified
materials and components in accordance with the relevant drawings and process sheets and
shall have been subjected to the manufacture’s normal inspection, quality control and
production acceptance procedures. The DUT shall be complete in every detail and shall be
accompanied by the manufacturer’s handling and final assembly instructions regarding the
recommended installation of any diodes, frames, brackets, etc.

5 DUT marking and information

5.1 Indelible marking

Each DUT shall carry the following clear and indelible markings:
e name, monogram or symbol of the manufacturer;

e type or model number;

e serial number;

e polarity of terminals or leads (colour coding is permissible);

e the date and place of manufacture shall be marked on the DUT or be traceable from the
serial number.

5.2 Preliminary information indicated by manufacturer

Indicative values shall be provided by the manufacturer to the test laboratory for the purpose
of measurement setup:

e expected maximum power point (MPP), V., and I, at CSOC;
e acceptance angle;

e installation instructions.
6 Testing

The DUT shall be subjected to the procedure for irradiance and temperature performance
measurements defined in Clause 9. In carrying out the tests, where applicable the tester shall
observe the manufacturer’s handling, mounting and connection instructions.

Testing of the DUT shall follow the test sequence as defined in Figure 4.
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NOTE The dashed boxes indicate actual measurements while solid boxes indicate calculations or decisions in the
flow chart.

Figure 4 — Flow chart of performance testing for the DUT

7 Report

Following completion of the procedure, a certified report of the performance tests, with
measured power characteristics shall be prepared by the test agency in accordance with the
procedures of ISO IEC 17025. Each certificate or test report shall include at least the
following information.

a) a title;

b) name and address of the test laboratory and location (including latitude, longitude and
altitude if outdoor measurements were included) where the calibration or tests were
carried out;

c) unique identification of the certification or report and of each page;
d) name and address of client, where appropriate;

e) description and identification of the item calibrated or tested;

f) characterization and condition of the calibration or test item;

g) date of receipt of test item, date(s) of calibration, and dates and time of outdoor testing,
where appropriate;

h) identification of calibration or test method used;
i) reference to sampling procedure, where relevant;
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j) any deviations from, additions to or exclusions from the calibration or test method, and
any other information relevant to a specific calibration or test, such as environmental
conditions;

k) measurements, examinations and derived results, include the following as a minimum: a
histogram of all CSOC data points and the mean CSOC power, the mean power at CSTC
(include a histogram of all translated data points if outdoor data is used to determine
CSTC), DUT temperature coefficients, and the reference V.. and I,, used for cell
temperature calculations;

[) a statement of the estimated uncertainty of test results;

m) a statement as to whether the measured CSOC powers agree with the manufacturer’s
indicated values within the test laboratory’s measurement uncertainty (if appropriate);

n) a signature and title, or equivalent identification of the person(s) accepting responsibility
for the content of the certificate or report, and the date of issue;

o) where relevant, a statement to the effect that the results relate only to the items calibrated
or tested;

p) a statement that the certificate or report shall not be reproduced except in full, without the
written approval of the laboratory;

q) identification of the tracker used, the tracker pointing error sensor including sensor
calibration data and date, and the documented tracker accuracy characterization per
IEC 62817:2014, Clause 7;

r) identification of the wind sensor used, the location of the wind sensor and the calibration
of the wind sensor;

s) identification of the normal incidence pyrheliometer (NIP) used and the calibration of the
pyrheliometer;

t) identification of the current and voltage sensors used and their calibration;
u) identification of the alignment method used for the DUT;
v) identification of distance between NIP and DUT;

w) identification of the component reference cells or spectroradiometer used and the
calibration;

x) identification of the cleaning dates for the DUT, the NIP, and the component reference
cells if applicable;

y) statement of determination of aperture area.

A copy of this report shall be kept by the manufacturer for reference purposes.

8 Standard apparatus requirements

8.1 Irradiance measurement equipment
8.1.1 Normal incidence pyrheliometer (NIP)
The DNI measurements shall be made using a first class normal incidence pyrheliometer in

accordance with 1SO 9060:1990. The reference device shall be linear in measurement as
defined in IEC 60904-10 over the irradiance range of interest.

8.1.2 Global normal irradiance pyranometer

GNI measurements shall be made using a PV reference device packaged and calibrated in
conformance with IEC 60904-2 or a pyranometer.

8.1.3 Spectral measurement device

For outdoor measurements, the spectral measurement device shall be capable of determining
the direct normal spectral irradiance at least in the 3 distinct ranges of wavelengthdA@€ddiNents
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for determining SMR values as defined by item c) of Clause 3. For simulator measurements,
the spectral measurement device shall be capable of determining direct normal spectral
irradiance in the separate ranges of wavelengths which correspond to subcells in the DUT.
The device shall include collimating tubes such that the opening full-angle is 5° and the slope
angle is 1°. The device shall be calibrated as a primary or secondary reference device and
show traceability per 3.3, 3.4 and 3.5 of IEC 60904-4:2009 respectively. Calibration shall be
completed at least once per year. The spectral measurement device could be a
spectroradiometer, component reference cells as defined by 8.1.4, or another suitable
instrument. The uncertainty of the SMR values that are generated shall be documented. For
indoor measurements, the designated test area of the solar simulator’s beam shall include
also the aperture area of this spectral measurement device.

8.1.4 Component reference cells
8.1.4.1 General

Component reference cells are a set of devices that together can serve as the spectral
measurement device for this document. A minimum of 3 separate cells/junctions are required
for outdoor spectral irradiance measurements.

8.1.4.2 Standard component reference cells

Standard component reference cells are a set of component reference cells that are an
acceptable outdoor spectral measurement device regardless of the DUT. The standard set of
component reference cells shall be equivalent to the individual junctions from a latticed
matched triple junction cell with bandgaps of 1,9 eV, 1,4 eV, and 0,7 eV. It is expected that
component cells from a conventional triple junction latticed matched GalnP/GalnAs/Ge cell
will meet these requirements.

NOTE This standard set of component reference cells is not intended to be a specific match to the subcells in the
DUT or to the current generated from each of the DUT subcells. While not specific to the DUT, the standard
component reference cells enable filtering of outdoor data which limit spectral variation and minimize uncertainty in
performance reported at CSOC and CSTC (derived from outdoor |-V data).

8.1.4.3 DUT matched component reference cells

Component reference cells that are specifically matched to the DUT can provide improved
information about the current matching of the subcells in the DUT and are applicable as a
spectral measurement device both indoors and outdoors. With sufficient test data, specifically
matched component reference cells can lead to SMR filtering criteria that reduce uncertainty
of ratings at CSOC and CSTC. The test laboratory is permitted to use DUT matched
component reference cells if the following are true:

a) the component cells meet all requirements of 8.1.3;

b) the component cells are of the same design, materials and manufacturer as the subcells
in the DUT.

8.1.5 Indoor reference irradiance sensor

The indoor reference irradiance sensor is a sensor used for calibrating the irradiance output
from the solar simulator for the DUT. The indoor reference irradiance sensor serves as a
secondary reference instrument per calibration against a primary reference instrument (NIP).
The indoor reference irradiance sensor shall be linear and stable as defined in IEC 60904-10
over the irradiance range of interest. (Calibration is described in 9.4). The solar simulator is
adjusted such that the indoor reference irradiance sensor produces its calibrated /g. 5 when
illuminated. The indoor reference irradiance device shall have a construction that is nearly

identical to the DUT. To be nearly identical it shall meet the following criteria:

a) the individual optical train between external collimated light and the cell (primary and
secondary if applicable) shall be of the same design, materials, focal length, and size, and
manufacturer;
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b) the cell or cells used shall be of the same design, materials, size, and from the same
manufacturer,

In other words the indoor reference irradiance sensor shall be a representative match to the
DUT but it can have fewer optical/cell pairs resulting in a fraction of the full device aperture
area. The smallest device shall have at least one optical/cell pair, hereafter called a “mono-
module”.

The above criteria are to ensure the sensor has nearly identical responsivity, measured per
I, to irradiance, to angular alignment, and to spectrum as the DUT. If for any reason the
reference irradiance sensor has suspected deviation in response compared to the DUT, an
alternate reference irradiance sensor should be chosen. If there are strong misalignments
between the performances of the cells within the DUT, the angular response of a mono-
module may differ from that of the DUT. In this case the DUT should also serve as the
reference irradiance sensor. This point shall be examined for every technology and may
change as a manufacturer changes factory controls for alignment.

NOTE 1 If only one specimen is available for a given technology, then the test specimen itself can be used as the
indoor reference irradiance sensor.

NOTE 2 For sensors which contain series connected cells, non-uniform illumination can cause an overestimation
of the ISC and thus an underestimation of the irradiance.

8.1.6 Auxiliary irradiance sensor

An auxiliary irradiance sensor is a PV device for which the I, response has been calibrated
against the Iy, response of the indoor reference irradiance sensor over the range of interest.
This sensor can be used for monitoring instantaneous changes in irradiance during the
simulator flash. If this sensor does not include concentrating optics, the sensor shall include a
collimating tube which has an opening full-angle of 5° and a slope angle of 1°. The auxiliary
irradiance sensor shall be linear and stable as defined in IEC 60904-10 over the irradiance
range of interest.

8.2 Solar simulator
8.21 General requirements

Methods for classifying collimated light solar simulators as necessary for determining if a
particular simulator is appropriate for use with a particular CPV DUT may be specified in
IEC 60904-9-11. The simulator used should be documented in the test report along with its
classification per IEC 60904-9-12,

8.2.2 Continuous light simulator

A continuous light solar simulator has a light source which is in the on or in the steady-state
illuminated state for sufficient time such that the device under test can be exposed and
measured under this steady-state light. It has been shown that CPV cells within a module and
under continuous high concentration light for more than 10 ms can heat multiple degrees
Celsius and therefore this type of simulator is often not appropriate for use with CPV devices.
As heating rate can depend on DUT design it is possible that even a few milliseconds of
continuous light could have significant influence. Note that if the simulator light source is on
continuously but that the simulator has an aperture window which prevents continuous
illumination of the DUT, such heating problems can be avoided.

1 Under consideration.

2 Under consideration.
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8.2.3 Single-flash pulse simulator

A single-flash pulse simulator is a simulator which uses a measurement system that can
measure the entire 1-V curve for the DUT in a single flash pulse of the simulator light source.
The measurement duration shall be short enough that no more than 2 °C heating occurs to
the cell(s) in the DUT. Verification is completed by performing an |-V curve sweep in both
directions. The hysteresis between the two |-V curves shall be used to determine that no more
than 2 °C heating has occurred. Heating shall be measured as the hysteresis voltage divided
by B (see 9.1.4 for determination of B).

8.2.4 Multi-flash pulse simulator

A multi-flash pulse simulator is defined as a simulator using a measurement system that only
records one or a limited range of current-voltage points for every flash pulse of the light
source. The entire I-V curve for the DUT is completed through multiple flashes and multiple
measurements.

8.3 Solar tracker or DUT mounting system
8.3.1 General

A solar tracker is required for pointing the DUT and other alignment sensitive equipment
toward the incident sunlight and shall be consistent with definitions per IEC 62817. Indoors,
the DUT mounting system is the equipment used to mount the DUT and align it with the
incident light from the solar simulator. Both the tracker and the DUT mounting system shall be
able to maintain alignment of the DUT to the incident light as specified in the corresponding
test procedure. In the case of a CPV DUT designed for single-axis tracking, a 2-axis tracker
should be used in order to avoid the rating becoming dependent on the time of year.

8.3.2 Pointing error sensor

The pointing error sensor measures the angular deviation between the normal vector of the
sensor and the vector or the sun’s direct beam (see Figure 2). The pointing error can be
broken down into components of primary and secondary axis pointing error. The device shall
be consistent with IEC 62817:2014, Clause 7.

8.4 Temperature measurement and control
8.4.1 DUT temperature sensor

Equipment for monitoring the temperature of the DUT shall have an accuracy of +1 °C and
repeatability of £0,5 °C. At least two sensors shall be used. The sensors shall be mounted on
the back of the DUT as close to the center of a cell assembly as possible, using one cell
chosen from the central part of the DUT and the second near the edge of the DUT. If
placement of DUT temperature sensors requires modification of the DUT, then the
modification shall be done by the manufacturer.

8.4.2 Ambient temperature sensor

The ambient temperature sensor shall have an accuracy of +1 °C, and a repeatability of
+0,5 °C. The temperature sensor shall be installed within a multi-plate radiation shield with
passive ventilation and within 10 m of the DUT.

8.4.3 Lens or optics temperature sensor

The optics temperature sensor shall have an accuracy of 1 °C, and a repeatability of
+0,5 °C. The response time should be on the order of 1 s or less. The temperature sensor
shall be selected to provide minimal interference to incoming light to the optics, i.e. as small
as possible including wiring to the sensor. The actual transducer shall be attached to the
surface of the optics using a method that ensures thermal conductivity. The side of the
transducer which faces the sun shall be covered with a thin reflective. fcil orhﬂiféuments
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designed to reject/reflect incoming solar irradiance. The purpose of the foil or film is to
minimize heating of the sensor due to sunlight exposure and improve the accuracy of
measuring the optical surface temperature. The sensor location and wires shall remain fixed
during measurements so that any impact on incoming irradiance to the DUT is constant
throughout the test.

8.4.4 Temperature control system
The general requirements for temperature control are as follows:

e While measuring the DUT indoors per a solar simulator, the DUT temperature sensors
shall be maintained at (25 = 2) °C. For indoor measurements temperature control can be
generally achieved per laboratory room temperature controls. It is noted that appropriate
solar simulators as described in 8.2 shall be used per indoor testing which do not heat the
cells within the DUT more than 2 °C during the flash measurement. Continuous
illumination of the DUT typically does not meet this requirement.

e DUTs, which have liquid or other temperature control systems per manufacturer designs,
shall be tested with the cooling system active where this is appropriate.

8.5 Current-voltage measurement
The general requirements for |-V measurements are as follows:

a) The I-V measurements may be done using a data acquisition package that can scan the I-
V curve, or may use separate current and voltage sensors with a variable load. The
manufacturer may require that an electrical load is used to maintain the DUT near or at
MPP between |-V sweeps outdoors. It is known that operating at V', between |-V sweeps
can elevate the lens temperature above what it would normally be at the given ambient
conditions and therefore this operation mode can bias reported results. Voltages and
currents shall be measured using instrumentation with an accuracy of 0,2 % of the open-
circuit voltage and short-circuit current using independent leads from the terminals of the
DUT and keeping them as short as possible. The measurement ranges of the data
acquisition should be carefully chosen. The 4-wire connection should start at the terminals
or connectors of the DUT.

b) The short-circuit current shall be measured at zero voltage, using a variable bias
(preferably electronic) to offset the voltage drop across the external series resistance.
Alternatively, short circuit current may be extrapolated from the current-voltage
characteristic. The curve is extrapolated to zero voltage provided that voltage drop is not
higher than 3 % of the device open-circuit voltage and that there is a linear relationship
between current and voltage.

c) The direction of the |-V sweep shall be noted in the test report.
d) The duration of a single |-V sweep shall be noted in the test report.

8.6 Anemometer

An instrument to measure wind speed (with a minimum threshold of 0,25 m/s and an accuracy
of at least +0,15 m/s at the minimum threshold) shall be installed within 3 m in the vertical
orientation in relation to the mean height of the tracker module test plane when the tracker is
in the vertical position. In the horizontal orientation the wind equipment shall be installed
within 10 m of the DUT. The wind sensor shall not be installed in a location such that wind
obstructions create a separate and different wind regime compared to the tracker to which the
DUT is mounted.

8.7 Electrical load

An electrical load is a general device which can be used to maintain the DUT near or at MPP
between |-V sweeps.
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9 Test procedures

9.1 Measurement of DUT temperature coefficients
9.1.1 Purpose

CPV DUT thermal performance has two primary contributions: (1) cell electrical output
depends on cell temperature (2) the optical focusing characteristics depend on the
temperature of the optics (where cell electrical output depends on focusing characteristics).
Subclause 9.1 herein is specific to measuring the DUT temperature coefficients that pertain to
item (1) and not item (2) This is achieved by validating that the optical temperature is stable
(as described in the data requirements) during the following testing. Item (2), performance
associated with optical temperature, is addressed in 9.10 and 9.11.

9.1.2 Apparatus
General apparatus requirements are defined in Clause 8;

a) normal incidence pyrheliometer;

b) solar tracker;

c) |-V measurement instrument (at least at a 1 min interval but 15 s or less is desired);
d) anemometer;

e) ambient temperature sensor;

f) two DUT temperature sensors;

g) spectral measurement device;

h) pointing error sensor;

i) one lens/optics temperature sensor.
9.1.3 Data collection procedure and data requirements

The following list provides recommendations and requirements for collecting various data as
needed throughout this document.

a) Mount the pointing error sensor, pyrheliometer, spectral measurement device, and other
alignment sensitive equipment per 9.9.

b) Mount the DUT per manufacturer’s instructions or per 9.8. Document the alignment
method that was used.

c) Ensure that the irradiance measurement equipment viewing windows and DUT are clean
and free from soil. Verify this throughout the duration of the test as necessary.

d) Mount the DUT temperature sensors and anemometer per standard requirements in
Clause 8.

e) Mount the lens/optics temperature sensor defined per 8.4.3. The transducer location
should be along the high side of the device’s optical array. It is ideal to attach the
transducer directly on the optics and at least 7 cm to 10 cm from the edge of the optical
array in order to minimize edge effects. An I-V curve shall be recorded both before and
after mounting the lens temperature sensor under equivalent irradiances. The |-V curves
shall be compared to validate that maximum power decreases no more than 2 % due to
the sensor interference. Note that this test data is not used to measure absolute DUT
power output and therefore a 2 % loss that is consistent for all measurements can be
tolerated. If interference is too high, the sensor can be moved to the edge of the active
optical area and |-V curve validation shall be repeated. If the optics are of a
design/material which have performance properties that are proven to be stable over a
10 °C change in temperature as applicable to the given test conditions, measurement of
the optics temperature can be considered optional.

f) It is recommended to record the following parameters at least every 15 s while the

maximum interval shall be 1 min: Documents
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e time stamp;
o |-V sweep;
e DNI (within 1 s both before and after I-V sweep);

e SMR values from standard component reference cells or as applicable from a suitable
spectral measurement device;

e wind speed;

e pointing error as related to the DUT;
e ambient temperature;

e DUT temperature (2);

e lens temperature.

g) Cover the DUT with a cloth or other cover to allow for cooling of the DUT. It is expected
that diffuse light will penetrate a cloth and V', will not be zero during the cooling but this
does not interfere with achieving accurate results. Test results have indicated that if the
cloth or cover rests on the optical surface of the DUT that the optics can cool more than
2 °C after the cloth or cover is removed (resulting in false temperature coefficients). This
issue has been resolved by elevating the cloth more than 7 cm from the optical surface
while the DUT cools. The elevation allows air at near ambient temperature to pass
between the cover and the optics, avoiding heating of the optics. Monitor the DUT
temperature sensors to ensure the DUT has cooled sufficiently from precovered conditions
(investigations of various high concentration CPV modules have shown that at least 15 °C
of cooling can be achieved). After the DUT temperature has cooled and is stable to within
2 °C over a 5 min period, the DUT is quickly uncovered (<2 s) while I-V curves and the
additional parameters are measured as the DUT heats. It is assumed that in the first few
seconds after removing the cloth the cell temperature and DUT temperature sensors are
not moving in parallel (the cell heats rapidly in ms while the DUT temperature sensors lag
behind). After the first 3 s to 5 s the cell and the DUT temperature increase at an
approximate one-to-one rate. This one-to-one rate makes it possible to use the measured
changes in DUT temperature as a proxy for changes in cell temperature.

h) The following shall be true to use the data collected after an uncover event for determining
temperature coefficients: note that the data collection period for determining a temperature
coefficient can be shorter than the time period from when the uncover occurs to the last I-
V curve. The data collection period is considered to begin at the first valid |-V curve after
the uncover event until the last valid I-V curve while the DUT heats. For example the last
valid curve might occur because a cloud passes in front of the sun, the wind speed
increases, or the rate of increase in DUT temperature is significantly less than the
previous series of I-V curves.

e Data points can be deleted at the beginning and end of a data collection period but no
data points shall be removed from within the remaining time interval.

e For the remaining time interval the DUT temperature shall show at least a 10 °C
change while 15 °C is recommended (this typically requires 5 min to 10 min of stable
DNI per requirements below).

e The remaining time interval shall span at least 5 min and contain at least 10 data
points.

e DNI immediately before and after each I-V sweep for all data points shall be within
0,5 %.

e Maximum and minimum DNI throughout the data collection period shall be within 2 %;
e DNI shall be between 700 W/m2 and 1 100 W/m?2.
e SMR(1,2), SMR(1,3) and SMR(2,3) shall be within 5 % of unity.

e Instantaneous wind speed should be under 5 m/s (Note that wind blocks can be put in
place to mitigate changes in wind speed from causing significant deviations in the
heating rate of the DUT as well as to provide for a larger increase in DUT temperature
during the test). Test results have shown improved fit results for the t i’i
coefficients when using wind blocks to decrease direct wind to the Fack g@% ments
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DUT. Note that instantaneous wind speed is applicable here while average wind speed
is used in other tests in this document. The DUT in this test is not at a steady-state
condition and therefore the average wind speed is not applicable.

e The ambient temperature shall change no more than 1 °C during the data collection
period. (The DUT manufacturer may request that this test is performed at an ambient
temperature where it is known the lens/cell alignment is relatively stable.)

e The lens temperature shall change no more than 2 °C throughout the data collection
period.

e Pointing error shall be within the limits as demonstrated by misalignment sensitivity
data, see 9.8, which indicate that normalized MPP/DNI drops by no more than 1 %.
Maintaining pointing error to be less than £0,1° is generally recommended for this test.

e The one-to-one increase for the average of DUT temperature sensors and the cell
temperature shall be validated (see i) below).

e The difference between the two DUT temperature sensors shall be constant to 1 °C
during the data collection period. Note it is typically expected that the DUT
temperature measurement near the center of the DUT will be higher than the
measurement near the edge of the DUT.

i) One-to-one increase for the average of the DUT temperature sensors and the cell
temperature shall be validated per the following: (As stated above, data points can be
deleted at the beginning and end of a data collection period and therefore this validation is
only applicable to the remaining time interval). The validation is completed by plotting DUT
Voc against DUT temperature and fitting the data with a least squares regression. The
following shall be true: (see Figure 5 and Figure 6 for an example of this procedure).

e The Root Square Error (RSE) as a percent of the least squares predicted value shall
be less than or equal to 0,25 % for each data point. The RSE as a percent is defined

/ 2
as RSE — 100 (Voc - Voc,fit)

Voc,fit

e The coefficient of determination, R squared, shall be greater than or equal to 0,98.

40 Coefficient value + one standard deviation — 0,4
a = 41,58 +0,06
) b =-0,062 +0,001
39,5
Number of pts = 33 0.3
R2 =0,988
_ 39 — 3
Z VOC 8-/
. O RSE 9% W
™ 38,56 | —— Least squares fit % 12
< 0,1
38 — o o g o ’
] ]
(o) G:%
o ]
37,5 — Yo © —0
I I I I I I I
30 35 40 45 50 55 60
Module temperature sensor (°C) IEC

Figure 5 — V. data after an uncover event

Figure 5 shows V. data from |-V curves after an uncover event which are plotted against
temperature data from the back of the DUT. The solid line is the least squares fit and the
open circles are the RSE as a percent of the predicted value. The percent RSE and the
coefficient of determination, R squared, are used to determine if relative changes in the DUT
temperature sensor sufficiently represent changes in cell temperature. The percent RSE shall
be less than or equal to 0,25 % for every data point and R squared shall be gred@oguiments
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equal to 0,98. In the graph, RSE is above 0,25 % for the first data point near 36 °C while R
squared is greater than 0,98.
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o
— 0,1
38 o oF g o
] ]
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78 | | s | |OD | —°
30 35 40 45 50 55 60
Module temperature sensor (°C) IEC

Figure 6 — Figure 5 repeated after removing one data point

Figure 6 is identical to Figure 5 other than the one data point from Figure 5 that exceeded the
RSE requirement was removed and then the least squares fit was recalculated. The remaining
data set meets the requirement of this subclause.

9.1.4 Temperature coefficient determination

The procedure described in 9.1.3 shall be repeated as many times as necessary to have
acceptable data from at least 5 different uncover events which are from at least 2 different
days. The maximum tolerable deviation between the average temperature coefficients for DUT
efficiency on the two separate days shall be within 30 % or the test shall be repeated. For
each unique uncover event create plots of the average of the 2 DUT temperature sensors
against V., I./DNI, n, and FF. Calculate the least squares fit for each plot. The slope of the
least squares fit is an individual instance of a particular coefficient for the given DUT. The “»”
coefficient in Figure 6 is an example of an individual instance of the V. coefficient for the
given device. The reported temperature coefficients shall be the average coefficient
determined from at least 5 or more acceptable uncover events. Throughout this document, ¢
is the coefficient of efficiency (absolute %/K), B is the coefficient of V. (V/K), and a the
coefficient for Iy, (A/K), (Note that the plot described above is for I,./DNI therefore to
determine a the average slope for I;./DNI shall be multiplied by the reference irradiance
which is 900 W/mZ2 as applicable to Equation (5). Note that DUT efficiency is calculated per
Equation (9).

Note that it is recommended that data from an uncover event be excluded if the associated
least squares fit for FF meets either of the following criteria:

e R2>0,7 and the slope is greater than 0 %/K,
e R2>0,7 and the slope is less than —0,1 %/K,
This recommendation is based on the assumption that the FF coefficient for multiple junction
cells is typically near -0,05 %/K. If the measured FF coefficient is over a 100 % different
relative to this typical value (as in the above recommended exclusions) it is thought that this
is likely due to lens temperature effects which the above test was not intended to include.

Test results have shown for various CPV DUTS that if the lens temperature variation is held to
less than 2 °C the FF recommend range is achieved.
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9.2 DUT reference V. at (900 W/m2 and 25 °C cell temperature)
9.21 General

The DUT reference V. is primarily used as an input to the calculation of cell temperature
when the CPV device is on-sun outdoors. The cell temperature calculation is sensitive to
uncertainty in the reference 7. and therefore high accuracy is desired in the determination of
the reference V.. Two methods are provided for determining the reference V., dark |-V and
simulator based measurements. When calculating cell temperature, it is ideal to use a
reference V. at the mean irradiance for the outdoor I-V data set for the DUT and 25 °C:
900 W/mZ2 has been prescribed here as this is the middle value in the permissible range of
irradiances (700 W/m2 to 1 100 W/m?2). (An alternate reference irradiance or temperature can
be used assuming all necessary terms are modified accordingly in the cell temperature
calculation and changes are documented in the test report.)

9.2.2 Reference V. dark |-V procedure

The following provides procedures and equations for determining the reference V. from dark
I-V curves measured for the DUT.

The reference V. shall be determined by measuring successive dark I-V curves on the DUT,
one curve beginning at zero current and ending at least 1,7 times the expected /. under
1 000 W/m2, the other curve beginning at 1,7 times the expected Is. under 1 000 W/m2 and
ending at zero current (the outdoor |-V data set and assumed linearity between I . and
irradiance can be used to determine the expected /i, under 1 000 W/m2). The manufacturer
may need to provide a DUT that has had blocking diodes removed in order to make dark I-V
measurements possible. Caution shall be taken by limiting maximum currents achieved (per
manufacturer instructions) during the dark |-V measurement so as not to damage the DUT.
The dark I-V measurements shall be conducted in a controlled environment that ensures the
DUT is at (25t 2) °C. (As stated prior, an alternate reference temperature can be used
assuming all necessary terms are modified accordingly in the cell temperature calculation and
changes are documented in the test report.) Temperature shall be verified by at least one
DUT temperature sensor. The device for conducting the dark I-V should either have sufficient
speed or be a pulsed measurement system in order to ensure that the cell(s) does not heat
sufficiently due to the injected current. The hysteresis between the two dark I-V curves shall
be used to determine that no more than 2 °C heating has occurred. Heating shall be
measured as the hysteresis voltage divided by 3 (see 9.1.4 for determination of B).

The individual voltage points of the dark |-V curve are translated to corresponding light
conditions per Equation (1) where V represents voltage, I current, and R resistance. The
subscripts light and dark represent light and dark conditions respectively and Ry represents
the series resistance of the DUT. Note that Equation (1) is not considered a valid method to
translate the entire dark |-V curve to lighted conditions, rather it is only considered valid for
determining the reference V. in lighted conditions.

Viight = Vdark — iight * Rs (1)

Equation (1) becomes Equation (2) when it is evaluated to solve for the reference V. (Vocr )

Voor = Vdark (Iser )= Iser X Rs (2)

ViarkUscr) is the voltage point on the dark |-V curve where Iy =l - Igo, iS measured per

9.4. The series resistance shall be extracted from the high current region of the dark |-V
curve. The high current region is recommended to be limited to dark |-V pairs where the
voltage is greater than (V¢ +V,)/2. Voo and Vi, can be estimated from outdoor |-V data. The
series resistance shall be considpered equal to the intercept of the linear fit of the dark |-V data
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plotted as % against % If the plot of % against % shows significant nonlinear behavior

at the lower current/voltage pairs, the nonlinear portion should be excluded from the fit (one
may exclude |-V pairs for voltages up to but not greater than 7,.). If the intercept of the fit is
negative, the series resistance shall be considered zero for the purpose of evaluating
Equation (2).

120 < O 1-V pairs > (Voo + V)2
linear fit
z 100 = intercept =Ry =4
>
~ 80—
3
2 60—
=<
8 40
20 —

| | | | | | |
5 10 15 20 25 30 35
1/Dark current (A™1)

IEC
Figure 7 — The derivative of dark |-V data plotted to determine R

Figure 7 shows the derivative of the dark |-V data in the high current region as it is used to
extract the series resistance for the DUT. The open circles in Figure 7 are the calculated
derivatives between successive dark |-V pairs for |-V pairs > ~ (V. +V,,)/2. The series
resistance is determined from the intercept of the solid line, which is the linear fit for the open
circles. Caution shall be taken to avoid including nonlinear behavior at lower currents per the
dark I-V data set.

9.2.3 Reference V. using a solar simulator
The following provide requirements for determining V.. per a solar simulator.

a) If a separate indoor reference irradiance sensor is used: The temperature control system
is used to maintain the DUT at (25 = 2) °C. The solar simulator is adjusted so the indoor
reference irradiance sensor achieves I, ., While an |-V curve is measured for the DUT.

Vocr is determined as the V., from the measured I-V curve.

b) If the DUT serves as the indoor reference irradiance sensor: The temperature control
system is used to maintain the DUT at (25 £ 2) °C. The solar simulator is adjusted so that
Isc hotooo (See Equation (4)) is achieved per the illuminated |-V curve measured for the
DUT. The ~ 7, is determined as the V. from the measured I-V curve. The average cell
temperature associated with /g po900(Se€ Equation (4) and 9.4.3) is calculated per 9.3,
where Ig; potgoo @nd ~ Voo are used as reference values. Equation (35) is then used to

correct Igg hotgoo t0 25 °C (i.e. determine Igr =Igc cq for the DUT). The simulator is now
set to achieve Igy =1Igccq for the DUT and V., is determined per the illuminated |-V
curve. (See Figure 8 for a graphical representation of this procedure.)

9.3 Calculating the average DUT cell temperature
9.3.1 Purpose

There is no accepted method available for directly measuring the temperature of cells
operating under concentrated light. DUT performance is correlated with cell temperature and
therefore it is valuable to calculate on-sun cell temperature for every outdoor power
measurement. The procedure described hereafter is consistent with IEC 60904-5900b|ment5
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to DUTs with multijunction cells. The described calculation is applicable when correcting
outdoor performance measurements to CSTC and CSOC conditions.

9.3.2 Procedure

Equation (3) is used to calculate the equilibrium mean solar cell junction temperature within a
CPV DUT for a given |-V curve measured outdoors.

NOTE Equation (3) is evaluated in Kelvin, not Celsius.

T, = Voc =Vocr + BTy 3)

Ns()in(722) +

where

Vo is the measured DUT open-circuit voltage, (V);
N,

s is the number of cells in series within the DUT;
V

ocr  is the DUT open-circuit voltage at 298,15 K and 900 W/mZ2 (see 9.2).

Note the V.. can be at an alternate temperature and irradiance but that 7

scr and T, shall be
modified to these alternate conditions.

n is the diode ideality factor for cell (dimensionless, 3 assumed for triple junction cells, 4
with four junction cells);

is the Boltzmann’s constant, 1,380 66 x 1023, (J/K);
c is the calculated average temperature of cells inside DUT, (K);

~N

q is the elementary charge, 1,602 18 x 10-19, (C);

Iy, is the measured DUT short-circuit current, (A);

I, is the DUT short-circuit current at 298,15 K and 900 W/m2 (see 9.4);
B is V,. temperature coefficient, (V/K) (see 9.1);

T, is the reference temperature for cell measurements, (298,15 K).

9.4 Reference irradiance sensor calibration and reference I, determination
9.4.1 Purpose

The indoor reference irradiance sensor and the DUT shall be measured outdoors to determine
I, at reference conditions (the actual DUT can serve as the indoor reference sensor or this
can be an alternate sensor, see 8.1.5). The indoor reference irradiance sensor is used to set
the output of the solar simulator for determining performance at CSTC while the reference I
for the DUT is also used for calculating on-sun cell temperature. The following method
describes determination of a calibration of I/, under natural sunlight against a pyrheliometer
(traceable to world radiometric reference, see 8.1.1) under a limited range of spectral
conditions per measurements of the spectrum with spectral measurement device (calibrated
as primary or secondary reference cells, see 8.1.3). The reference irradiance sensor is
calibrated per |-V data collected according to 9.6.

9.4.2 Data requirements

Data requirements are identical to 9.7.1.

9.4.3  Determination of the calibrated and reference Ig¢, (I5¢ o and Ig¢)

Note that /g .o and/g., are both determined through the following procedure where /g, . is @

calibrated short-circuit current for use as an indoor reference irradiance sensor and I, is a

reference short-circuit current for a specific DUT and is used for outdoor cell tmtsﬁtrﬁents
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calculation for that specific DUT. Iy, is specifically referenced to 900 W/m? but Iy ., can be
determined for other irradiances in the range of 700 W/m2 to 1 100 W/m? per linear scaling,
for example 1 000 W/m2 per CSTC.

For all measured |-V curves fulfilling the data requirements per 9.7.1 calculate the hot I, at
900 W/m2 per Equation (4), where N is the total number of filtered |-V curves. This is termed
hot I, because outdoor |-V measurements are typically at higher cell temperatures than the
25 °C reference temperature.

I,
Is¢hoto0o = 900[21'%}]\/ (4)

The reference or calibrated Iy, is then calculated using the temperature correction per
Equation (5), where the average cell temperature of the filtered |-V curves is given by
Equation (6), (see 9.3 for cell temperature calculation and 9.1 for temperature coefficient
determination).

Isor = Isc,hotQOO _a(TC,an -T,) (5)

Toavg = [ZTCIJ/N (6)

Note that the calculation of T ; per Equation (3) requires Iy, i.e. Equation (5), while Equation
(5) requires the result of the ceII temperature calculation. The interdependence of these two
equations is overcome by using a single iterative approach as described below. The cell
temperature, Equation (3), requires both a reference 7V, and Ig.. The first step is to use the
filtered outdoor |-V data set to determine Ig; ot900- Zsc hotgoo IS then used to determine an
approximate reference voltage (~V,,)- The ~Voer is either calculated by substituting
Iser = Isc hotooo IN Equation (2) or by measuring the DUT -V curve under the solar simulator

scr
set to / = Isc hotooo- IN either case the ~V,. is expected to be a reasonable

apprOX|nﬁgtﬁglebr?g?ncaIculatmg cell temperature. Equation (3) is evaluated using V. =~V
and Igor = I hotooo- EQuation (6) can then be determined with the approximate calculations
for cell temperature and Equation (5) can be solved for /. I ., is now used with dark I-V data
or a solar simulator to determine the V.. Further iterations can be calculated but as the I
coefficient for a triple junction cell is typically on the order of 0,07 %/K, a second iteration is
likely to have less than 0,5 °C impact on the calculation of T, significantly less than the

c,avg’
uncertainty in the cell temperature calculation.
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