IEC 60904-4:2019-11 RLV(en)

IEC IEC 60904-4

o
®

Edition 2.0 2019-11
REDLINE VERSION

INTERNATIONAL
STANDARD

&
N
P
b"b" [ P Rr
Q)Q
Q
©
O
N
o

Phgtovoltaic devices — (<
Part 4: Reference-solar Photovoltaic refere@ devices — Procedures
for pstablishing calibration traceability s\\§\



https://iecnorm.com/api/?name=dece5e6e51c712f2c54a5ab12b386c03

THIS PUBLICATION IS COPYRIGHT PROTECTED
Copyright © 2019 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

IEC

Central Office

3, rue de Varembé info@iec.ch
CH-1211 Geneva 20 www.iec.ch
Switzerland

your local IEC member National Committee for further information.

Tel.: +41 22 919 02 11

About|the IEC

The I

Intern

About
The t¢

latest

IEC publications

IEC pyblications search - webstore.iec.ch/advsearchform

The a
variety|
commi
and wi

IEC Jyst Published - webstore.iec.ch/justpublished
Stay t}a to date on all new IEC publications. Just Published IEC Glossary--std.iec.ch/glossary
details| all new publications released. Available online and 67 000 electrotechnical terminology entries in Engli

once 3

vanced search enables to find IEC publications by a

of criteria (reference number, text, technical
tee,...). It also gives information on projects, replaced
hdrawn publications.

month by email.

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

If you
need f
Centre

wish to give us your feedback on this publication or
irther assistance, please contact the Customer Service
[ sales@iec.ch.

ternational Electrotechnical Commission (IEC) is the leading global organization that prepares and.pu
tional Standards for all electrical, electronic and related technologies.

ichnical content of IEC publications is kept under constant review by the IEC. Please make Sure that you hg
pdition, a corrigendum or an amendment might have been published.

Electropedia - www.electropedia.org

The world's leading onlineg~dictionary on electrotech
containing more than 22 000-terminological entries in
and French, with equivalént terms in 16 additional lang
Also known as the (International Electrotechnical Voc
(IEV) online.

French-extracted from the Terms and Definitions clg
IEC publications issued since 2002. Some entries hav
collected from earlier publications of IEC TC 37, 77,
CISPR.



https://iecnorm.com/api/?name=dece5e6e51c712f2c54a5ab12b386c03

IEC 60904-4

Edition 2.0 2019-11
REDLINE VERSION

INTERNATIONAL
STANDARD

“colour
inside

Phatovoltaic devices —
Part 4: Reference-solar Photovoltaic referencé devices — Procedures
for pstablishing calibration traceability

INTERNATIONAL
ELECTROTECHNICAL
COMMISSION

ICS 27.160 ISBN 978-2-8322-7608-2

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

® Registered trademark of the International Electrotechnical Commission


https://iecnorm.com/api/?name=dece5e6e51c712f2c54a5ab12b386c03

-2- IEC 60904-4:2019 RLV © IEC 2019

CONTENTS

FOREWORD ... e 4
1 S COPE-aRE- OB OO, .. e 6
2 NOIrMALIVE FEIEIENCES . oeiiiiie e e e e e aas 6
3 Terms and definitioNs ... 7
4 Requirements for traceable calibration procedures of PV reference-selar devices............ 9
5 Uncertainty analySis ..o oo 10
6 L aliDration FEPOI ... e ...10
7 172121 PP = L1
Annex A (informative) Examples of validated calibration procedures...................(Ch ... .12
A GBNEIAl. e A D .12
A.1.1 OVEIVIBW ..o D 12
N.1.2 Examples of validated methods ............cooooiiiiii .12
N\.1.3 List of common symbols ... B .12
\.1.4 Common formulae ........ooooeeiiiiii e .13
N\.1.5 Reference documents.........ccoooviiiiiiiiin s, ...15

AR Global sunlight method (GSM) ... e .15
N.2.1 General oo ...15
N.2.2 EQUIPMENt L e ...16
N.2.3 Y =T E UL =Y o Y=Y o) £ P ...16
N.2.4 Data analySis ..o R A7
N.2.5 Uncertainty estimates ......... 0 ...19
N.2.6 Reference doCUMENTS ... ..ot i ...19

AR Differential spectral responsijvity calibration (DSR-calibration)...........c.coeeiennini. ...20
A.3.1 (T U= - | e P ...20
N.3.2 EQUIPMENT L e e ...20
N.3.3 B I A o] e T =Y [ 2= R .21
N.3.4 Data @nalySiS oo .22
N.3.5 Uncertainty estimate ... ... .24
N.3.6 Refefefite dOCUMENTS ... ..o .27

Al Solar simulator Method(SSM) ... ...28
A.4.1 (ST g L=T = 1 PP ...28
N\.4.2 B QUIPM N L e ...28
\.4,3 Calibration proCeAUIe . ..o ...28

A A4 Data an:ulycic .29
A.4.5 Uncertainty estimate ... ... 29
A.4.6 Reference doCUMENES ... ..o 30

A.5 Direct sunlight method (DSM) ... 30
A.5.1 (=Y 1Y = | PP 30
A.5.2 B QUIPM N L 31
A.5.3 Y =T ET U T =Y o =Y o) £ S 31
A.5.4 Data ANAIY SIS . it 31
A.5.5 Uncertainty estimate ... ... 32
A.5.6 Reference doCUMENES ... ..ot 32

(271 o] 1Yo | £=T o] 0 2 PPN 34


https://iecnorm.com/api/?name=dece5e6e51c712f2c54a5ab12b386c03

IEC 60904-4:2019 RLV © IEC 2019 -3-

Figure 1 — Schematic of most common reference instruments and transfer methods
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FOREWORD

The International Electrotechnical Commission (IEC) is a worldwide organization for standardizatieh cem

rnational co-operation on all questions concerning standardization in the electrical and elgctronic fiel
end and in addition to other activities, IEC publishes International Standards, Technical Specific

rising

national electrotechnical committees (IEC National Committees). The object of IEC_is“to prpmote

fis. To
tions,

Technical Reports, Publicly Available Specifications (PAS) and Guides (hereafter ‘referred to as| “IEC

rested

in|the subject dealt with may participate in this preparatory work. International_cgovernmental and non-

ernmental organizations liaising with the IEC also participate in this preparation” IEC collaborates glosely

with the International Organization for Standardization (ISO) in accordance.with” conditions determined by

htional
bm all

htional
bf IEC

Pdblications is accurate, IEC cannot be held responsible~fer/the way in which they are used or fgr any

latter.

itself does not provide any attestation ef ¢onformity. Independent certification bodies provide conf]
essment services and, in some areas, \access to IEC marks of conformity. IEC is not responsible f
sefvices carried out by independent certification bodies.

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

Nq liability shall attach to IEC or:its’ directors, employees, servants or agents including individual exper
mg¢mbers of its technical committees and IEC National Committees for any personal injury, property dam
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fee{
expenses arising out of.the publication, use of, or reliance upon, this IEC Publication or any othe
Pyblications.

Atjention is drawn to_the Normative references cited in this publication. Use of the referenced publicati
indispensable for_the:correct application of this publication.

Atiention is drawn to the possibility that some of the elements of this IEC Publication may be the sub
paftent rights. |EC shall not be held responsible for identifying any or all such patent rights.

ations
lgence
ted in

ormity

br any

s and
hge or
) and
r I[EC

bns is

ect of

hges

made to the previous edition. A vertical bar appears in the margin wherever a change
has been made. Additions are in green text, deletions are in strikethrough red text.
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International Standard IEC 60904-4 has been prepared by IEC technical committee 82: Solar
photovoltaic energy systems.

This second edition cancels and replaces the first edition published in 2009. This edition
constitutes a technical revision.

This edition includes the following significant technical changes with respect to the previous
edition:

a) modification of standard title;

b) inclusion-of-workingreference-in-traceabiitvchain:
SR WoKiRg+eietreh H—H3a66abhy-GRaH,
c) update of WRR with respect to Sl;

d) revision of all methods and their uncertainties in Annex A;
e) hprmonization of symbols and formulae with other IEC standards.

The {ext of this International Standard is based on the following documents:

FDIS Report on voting
82/1618/FDIS 82/1638/RVD

Full information on the voting for the approval of this International Standard can be foupd 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 60904 series, published under the general title Photovoltaic
deviges, can be found on the IEC website.

The ¢committee has decided that the contents of this document will remain unchanged unfil the
stability date indicated on the IEC website under "http://webstore.iec.ch” in the data related to
the specific document. At this datethe document will be
e rgconfirmed,

e withdrawn,

e rgplaced by a revised edition, or

e amended.

The ¢ontents-a@f.the corrigendum of September 2020 have been included in this copy.

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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Part 4: Reference-solar Photovoltaic reference devices —
Procedures for establishing calibration traceability

1 Scope-and-objeet
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devices. The use of a PV reference-selar device is required in-the‘application—of
ards concerning PV (e.g. IEC 60904-1 and IEC 60904-3).

ologies.

ologies-
I

part of IEC 60904 sets the requirements for calibration procedures intended to estdblish
raceability of photovoltaic (PV) reference—seclar devices to Sl units as required by

document applies to photeveltaic{PV) reference-selar devices that are~used to measure
radiance of natural or simulated sunlight for the purpose of quantifying.the performance

many

document has been written with single-junction PV reference-selar devices in mird, in
ular crystalline silicon, but it is suff|0|ently general to mclude other smglejunction

oG

techy

jologies.

2 Normative references

The following documents are referred to jncthe text in such a way that some or all of|their
contgnt constitutes requirements of thisidocument. For dated references, only the edition
cited|applies. For undated references, the latest edition of the referenced document (inclyiding
any gmendments) applies.

IEC §0904-1, Photovoltaic dewviees — Part 1: Measurement of photovoltaic current-voltage
chargcteristics

IEC 60904-2, Photovoltaic devices — Part 2: Requirements for—reference—solar photovpltaic
referpnce devices

IEC $0904-3,~¥hotovoltaic devices — Part 3: Measurement principles for terrestrial
photovoltaic\(PV) solar devices with reference spectral irradiance data

IECT

S%©1836, Solar photovoltaic energy systems — Terms, definitions and symbols

ISO/I
uncertainty in measurement (GUM: 1995)

EC Guide 98-3: 2008, Uncertainty of measurement — Part 3: Guide to the expressi

on of
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3 Terms and definitions

For the purposes of this document, the terms and definitions given in IEC TS 61836 and the
following apply.

NOTE The different reference mstruments for the traceabrlrty charn of solar irradiance are defined in this clause

; Typrcal examples for each category are Irsted in
Table 1, which also refers to relevant standards (where available) Figure 1 then shows schematically the most
common traceability chains linking these instruments and the relevant standards (where available). Methods for the
implementation of this document are described in Annex A.

ISO §nd TEC maintain terminological databases for use in standardization at the folldwing
addré¢sses:

BEC Electropedia: available at http://www.electropedia.org/

]
0.

$0 Online browsing platform: available at http://www.iso.org/obp

3.1
primary standard
a—denfd

standard that is designated or widely acknowledged as haging the highest metrolqgical
qualifies and whose value is accepted without reference {e ,other standards of the $ame
quanfity

Note 1 to entry: The concept of a primary standard is equally valid for base quantities and derived quantitied.

Note 4 to entry: A primary standard is never used directly for, measurement other than for comparison with other
primalfy standards or secondary standards.

Note § to entry: Primary standards are usually maintained by national metrology institutes (NMls) or gimilar
organizations entrusted with maintenance of standards for physical quantities. Often referred to also just @as the
«primary», the physical implementation is selected such that long-term stability,—presision accuracy and
repeafability of measurement of the quantity (it“represents are guaranteed to the maximum extent possible by
current technology.

Note 4 to entry: The World Radiometric. Reference (WRR) as realized by the World Standard Group (W$G) of
cavity|radiometers is the accepted primary standard for the measurement of solar irradiance.

3.2
secolndary standard
devide which, by periadical comparison with a primary standard, serves to maintain confofrmity
to Sljunits at other places than that of the primary standard

Note 1 to entryy~A secondary standard does not necessarily use the same technical principles as the pfimary
standard, but strives to achieve similar long-term stability,-preeision accuracy and repeatability.

Note 3 to,entry: Typical secondary standards for solar irradiance are cavity radiometers which participate
periodically (normally every 5 years) in the International Pyrheliometer Comparison (IPC) with the WSG, thereby
giving traceability to WRR. Direct traceability to ST radiometric scale can also be available for these instruments.

3.3

primary reference

the—reference instrument which a laboratory uses to calibrate secondary references—ltis,
compared at periodic intervals to a secondary standard

Note 1 to entry: Often primary references can be realized at much lower costs than secondary standards.

Note 2 to entry: Typically, a-selar PV cell is used as a reference-selar device for the measurement of natural or
simulated solar irradiance. Primary references are normally used by calibration and testing laboratories.

3.4

secondary reference

measurement device in use for daily routine measurements or to calibrate working references,
calibrated at periodic intervals-te against a primary reference
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Note 1 to entry: The most common secondary references for the measurement of natural or simulated solar
irradiance are-solar PV cells and-selar PV modules. Secondary references are normally used by calibration and
testing laboratories, but sometimes also in industrial production.

3.5

working reference

measurement device in use for daily routine measurements, calibrated at periodic intervals
against a secondary reference

Note 1 to entry: The most common working references for the measurement of natural or simulated solar
irradiance are PV cells and PV modules.

Note Z2-to-entr— \orking references-—are-normalhused-inindustrial-nroduction
Y T J ™

N\
3.6
tracgability Q}/

<of @ PV reference device> requirement for any PV reference—solar dev;i@ to tiE its
calibfation value to Sl units in an unbroken and documented chain of cay&hon tranjsfers

-

inclugling stated uncertainties b‘
/

Note 1 to entry:—Fhe-WRR-hasbe 4 shown—to—be hif_their
mutual-uncertaintylevels—Therefo b o-Shunits—Hoyvever;
the—ucertainty—o he ratio\WRR/S d—Radiation-Cente )NRG)
reco ends 3 rectanagular uncertaint arison-isecurrenthy undernwayv
recomfmends-a rectangular uncertaint arison-is-currently-underway
J-Ror]

The WRR has been compared several times to the Sl rad ic scale. While in previous comparisons thje two
scaleqd were found to be indistinguishable within the uncergai of the comparison, the latest comparison of gcales
establjshed that there is a systematic shift between the_scales, with WRR reading 0,34 % higher irradianc¢ than
the Sllscale. The uncertainty of this shift was given a 8 % (k = 2). Therefore, traceability to WRR automdtically
provides traceability to S| units. However, the shift een the scales may be corrected for those measuregments
tracegble to the WRR. The uncertainty of the scale comparison shall be included into the uncertainty budget.
Essenfially there are two possibilities for tho @measurements traceable to S| units via the WRR. Firsfly, no
corredtion is applied for the scale difference~§d a larger uncertainty of 0,3 % (rectangular distribution) sHall be
used. [Secondly an explicit correction of tt@ scale difference amounting to 0,34 %. In this case the unceftainty
contripution is 0,18 % (k = 2). The \@E%vof 0,34 % for the scale difference is the latest available at time of

publichtion of this document. The scie literature should be checked for possible updates of this differen¢e and
its ungertainty. In particular, it is BQ( e that in the future the WRR is adapted to take account of this diff¢rence
and biling it into line with Sl units.’a:)his case no further correction shall be applied.

[SOURCE: A Fehlma@& Kopp, W Schmutz, R Winkler, W Finsterle, N Fox, metrologfa 49
(2012) S34] C)

O s
D
\<</C)
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Table 1 — Examples of reference instruments used
in a traceability chain of-time-and solar irradiance

Reference Fime Solar irradiance
instrument

Primary standard Cesium-atemicclockat | Group of cavity radiometers constituting the World Standard
National Metrology Group (WSG) of the World Radiometric Reference (WRR)

Cryogenic trap detector

Standard lamp

Secondary Cesium-atomic clock Commercially available cavity radiometers compared regularly
standfard e = (normally every b years) at the International Pyrneliometer,
Positioning-System) Comparison (IPC)
e

Standard detector calibrated against a trap detector
Spectroradiometer calibrated against a standard jlamp

Primpry reference | GPS-receiver,setto Normal incidence pyrheliometer (NIP) (1ISO 90%9)

Sl .
Reference-selar PV reference device (IEC 60904-2 and
IEC 60904-4)
Secdndary o ee Pyranometer (ISO 9846)
reference \
Reference-solar PV reference_delice (IEC 60904-2)
WorHing reference Pyranometer (ISO 9847)

PV reference device (IEE _60904-2)

Primary WSG ‘ Trap detector ‘ ‘ Standard lamp
standard

v \ 4
Secondary ‘ Absoluté.radiometer { ‘Standard detector ‘ ‘ Spectroradiometer ‘
standard N
Primary ‘ Normal incidence pyrheliometer ‘ ‘ PV reference device ‘
reference
IEC 60904-2
Secondary ‘ PV reference device‘
reference

IEC 60904-2
Working

Pyranometer ‘ PV reference device ‘
reference

IEC

Figure 1 — Schematic of most common reference instruments and transfer methods
used in the traceability chains for solar irradiance detectors

4 Requirements for traceable calibration procedures of PV reference-selar
devices

A traceable calibration procedure is necessary to transfer calibration from a standard or
reference measuring solar irradiance and based on a physical principle other than PV effect
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(such as cavity radiometer, pyrheliometer and pyranometer) to a PV reference-selar device.
The requirements for such procedures are as follows:

a) Any measurement instrument required and used in the transfer procedure shall be an
instrument with an unbroken traceability chain.
b) A documented uncertainty analysis.

c) Documented repeatability, such as measurement results of laboratory intercomparison, or
documents of laboratory quality control.

d) Inherent absolute-presision accuracy, given by a limited number of intermediate transfers.

devide constituting a primary reference.

NoTEl2 The transfer from one PV reference—selar device to another isCecovered by
IEC $0904-2.

5 Uncertainty analysis

An [uncertainty estimate according to—MSC—UNCERT{~—~—ED—4+0—(199]
ISO/IEC Guide 98-3: 2008 shall be provided for each tracealile calibration procedure.| This
estinjate shall provide information on the uncertainty of&the calibration procedure| and
quantitative data on the following uncertainty factors for each instrument used in perfofming
the cplibration procedure. In particular:

a) {omponent of uncertainty arising from random effects (Type A).

b) Component of uncertainty arising from systematic effects (Type B).
Neveartheless A full uncertainty analysis has\to be performed for the implementation gf the
calibration method by a particular laboratory. Annex A provides examples of the [main
unceftainty components in some partictifar implementations. Due to the variety of metfhods

availgble, it is impossible to give a defailed guidance on how a particular uncertainty anglysis
shou|d be made. However, the folloWing components shall be considered:

hcertainty of all measurement instruments involved;

u
— offset and drift of all meastrement instruments;
uhcertainty of all references used,;

uhcertainty of mgasured device temperature;
hcertainty intfroduced of deviations between actual and nominal device temperature;
hcertainfy\of irradiance measurement (total and spectral irradiance);

hcertajnty introduced by deviations between actual and reference spectral irradiancej

I
O c c C

brtfibutions due to repeatability and reproducibility;

— uncertainty due to instability of conditions and instruments.
6 Calibration report

The calibration report shall-cenform-to-therequirements of fISOHEC 17025-and-shall-normally

include at least the following information:

a) title (e.g. "Calibration Certificate”);

b) name and address of laboratory, and location where the-tests—and/er calibrations were
carried out, if different from the address of the laboratory;

c) unique identification of the report (such as serial number) and of each page, the total
number of pages and the date of issue;

d) name and address of the client placing the order;
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e) description and unambiguous identification of the item(s)-tested-or calibrated;

f) date of receipt of calibration item(s) and date(s) of performance of-test-or calibration, as
appropriate;

g) calibration results and their uncertainties, including the temperature of the device at which
the calibration was performed;

h) reference to sampling procedures used by the laboratory where these are relevant to the
validity or application of the results;

i) the name(s), title(s) and signature(s) or equivalent identification of person(s) authorizing
the report;

calibrated;

k) where relevant the spectral responsivity of the PV reference device;
) here relevant the temperature coefficient of the PV reference device.

7 arking

The ¢alibrated PV reference-selar device shall be marked with a serial number or reference
number and the following information attached or provided on an accompanying certificate:

a) dpte of (actual or present) calibration;

b) calibration value and its-temperature-coefficient-{if appligable} uncertainty;

c) identification of laboratory having performed the catibration.



https://iecnorm.com/api/?name=dece5e6e51c712f2c54a5ab12b386c03

-12 - IEC 60904-4:2019 RLV © IEC 2019

Annex A
(informative)

Examples of validated calibration procedures

A.1 General

A.1.1 Overview

Annex A de ibes examples o alibration procedure or P eference-solar ¢ alls devices as
primary reference devices, together with their stated uncertainties. These procedures serve to
estaljlish the traceability of PV reference-selar devices to Sl units as required by IEC609D4-2.
Primary reference devices calibrated in accordance with these procedures serve to estgblish
the {raceability of further PV reference—selar devices, which then constitute’ seconfdary
refergnce devices.

As already mentioned in Clause 1, the methods in this annex are limitedyto PV single junction
techijology. Moreover, they have currently only been validatedy-for crystalline sjlicon
technology, although they-sheuld could be applicable to other technologies.

The methods have been implemented in various laboratoriesi.around the world and validated
in international intercomparisons, most notably the Warld Photovoltaic Scale (WRVS).
Howegver, the description in this document is more generalized. For details of the vafious
implgmentations, the references in peer-reviewed publications are given at the end of [each
proce¢dure.

The lincertainty estimates are based on Ugg (coverage factor £ = 2) for all single components.
The ¢ombined expanded uncertainty is calcutated as the square root of the sum of squares of
all cpmponents. The uncertainties provided are simplified versions (restricted to the jmain
compgonents) as provided by the laberatories having implemented the procedure. These
unceftainty calculations only serve as.guidelines and will have to be adapted to the particular
implgmentation of each procedure.(in a given laboratory. The uncertainties achieved by any
implgmentation of these methods_might be considerably different. Uncertainties quoted|by a
giver| laboratory have to be tased on an explicit specific analysis and cannot be takgn by
refergnce to the uncertainty ‘estimates in this document.

A.1.2 Examples of validated methods

A.2 Global sunlight method (GSM)

A.3 Differential spectral responsivity calibration (DSR)

A.4 Seofar simulator method (SSM)

A.5 Direct sunlight method (DSM)

A.1.3 List of common symbols

Isc short-circuit current of PV reference-cell device

TJ- temperature of PV reference-cel device

Mg irradiance correction factor (see below)

Mt temperature correction factor (see below)

Tooef temperature coefficient a of the short-circuit current (IEC 60891) normalized to the

short-circuit current at 25 °C and expressed in 1/=2C K
MME—— mismatch factor {see-below)
SMM spectral mismatch factor (IEC 60904-7)

A wavelength

Sy spectral response of reference cell


https://iecnorm.com/api/?name=dece5e6e51c712f2c54a5ab12b386c03

IEC 60904-4:2019 RLV © IEC 2019 -13 -

” il | vitof rof

s(4) spectral responsivity of PV reference device as a function of wavelength 1

S(4,Ty) spectral responsivity of PV reference device as a function of wavelength 1 and
temperature TJ

as(;T’T’) partial derivative of spectral responsivity with respect to temperature as a function
of wavelength 4

3(4) differential spectral responsivity of PV reference device

E, Efpoasth—spectratirradiancedistribtutionof maturat-or-simutated-suntight

E¢ ELf(1) standard or reference spectral irradiance distribution according to IEC 6090438

Ggir direct irradiance

Gif diffuse in-plane irradiance

Gt total in-plane irradiance

£¢1¢|Gg1c irradiance at STC (= 1 000 Wm-2)

cv calibration value, i.e. Ig¢ at STC

AM air mass

STC standard test conditions (1 000 Wm=2, 25 °C and~-Eo) E ¢(1))

P local air pressure

Py 101 300 Pa

o solar elevation angle

A.1.4 Common formulae

The methods described in Clauses A.2, A\d“and A.5 have some common calculations, Wwhich
are dletailed in A.1.4. Details of the. various implementations are then described in |each
subclause.

%%WMWLWWM%GH%QQQAM*%WWW&M%%M
Und . - . . o . ,
‘ _tlne assumption tlnalt:tlei of-the-reierence-cel-variestinearly-with-irradiancq

100072
-2
ISC(1OOOWm )=[SCMG =ISC (A1}
Gt

STClimandate a-device-temperature of 25 °C- but measurements—wil-notalwavys-be-takbnat
ahgatea—aevicetemperatdre oo —o;pdtReasuremeSWHRotaWaySbetawph—at

hic {amdfearature The deviations in teamnerature should be seccounted for in the ynceriainty
tHS{ermperature e—CGeVHaHeRS temperatdire—SnoutiG—/oe accoudhtea+o tHe—dhRcerat

Isc(T))
1-Tooef (25°C -7

I5c(25°C) = Isc(T))M 1 =
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4000 nm 4000 nm
IS(A)~ES(1) -d _[Em (1)-dA
300 nm 300 nm
— ({ )
MMF = 4000 nm 4000 nm tA=3)
IS(A)-Em(/l) -d jES(A)-dz
300 nm 300 nm

CV = IscMgM1MMF

N

sc is normally not measured at exactly 1 000 Wm~=2, but at an irradianc‘a%vel close

The | to it.
Undqr the assumption that the /5 of the PV reference device varies linearly with irradjance
accofding to IEC 60904-10, the following correction is made: Q
P
G,
Isc (Gstc) = IscMg = Isc — 1< (A.1)

e’

irradiance measurement is traceable to the W IQ then the irradiance reading ma
cted for the scale difference to Sl units. Q

mandate a device temperature of 25 °C, ﬁ\@ measurements will not always be tak
emperature. The deviations in temperatye should be accounted for in the uncert
et. It is also possible to correct Ig¢ f the measurement temperature 7; to 25 f
blying with the temperature correctie.Q\factor M7 defined by:
K\
O

-
13Cé§@b=ISC(Tj)MT

If the
corre

y be

STC

this
budg
multi

en at
ainty
C by

_ ISC(TJ)
1= Tooqt (25 °C— T

(A.2)

correction for th ifference in spectral responsivity of the PV reference device {o be
ated and the vaice used to measure the irradiance can be calculated as a sp¢ctral
atch SMM: @

O
D
\<</C)

calib
misn

J.OEref (}“)d}“ _[()Emeas(ﬂ)s(}“)d}L
:’Oﬁmeasu)ﬂM .i.:ﬂref (Z)s(74)ax

SMM = (A.3)

f

NOTE Formula A.3 is the same formula as in IEC 60904-7 for the case of a thermopile detector where the
spectral responsivity of the device under test is now the spectral responsivity of the PV reference device to be
calibrated.

The integration range is over all wavelengths. For E (1) the irradiance is zero below 280 nm.
This also holds normally for £, .,5(4) in particular under natural sunlight. For practical reasons
the explicit integral cannot be calculated above 4 000 nm, as E (1) is not defined explicitly
but only the integral irradiance between 4 000 nm and infinity. £ .,5(4) is typically only
measured for an even smaller wavelength range, for example up to 2 500 nm. In order to
calculate the integrals, suitable approximation (truncation of the integrals) or extension of
measured spectral irradiance data by extrapolation or modelling can be used, but has to be
accounted for in the uncertainty calculation. For example, the truncation of the integrals at
4 000 nm for the DSM will lead to an error of 0,025 %, whereas truncation at 2 500 nm to an
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error of 0,116 %. These values have been determined from the direct and global spectral
irradiance as defined in IEC 60904-3.

Cavity radiometers used for irradiance measurement are assumed to detect irradiance at all
wavelengths perfectly. Possible deviations from such a perfect characteristic should be
corrected or accounted for in the measurement uncertainty.

The calibration value (CV) of the PV reference device is then calculated as:

MM+
SMM

L1 L

C7—— 150

(A.4)

A.1.5 Reference documents

— IHEC 60891: Photovoltaic devices — Procedures for temperature and irradignce corredtions
tq measured I-V characteristics

— |BEC 60904-7: Photovoltaic devices — Part 7: Computation of the’ spectral mismatch
cprrection for measurements of photovoltaic devices

— |EC 60904-10: Photovoltaic devices — Part 10: Methods of linegrity measurements

R. Osterwald et al., “The results of the PEP’93 intercomparison of referencq cell
plibrations and newer technology performance , mieasurements: Final Report”,
REL/TP-520-23477, 1998, 209 pages

R. Osterwald et al., “The world photovoltaic~Scale: an international referencq cell
blibration program”, Progress in Photovoltaics, 4} 1999, 287-297

Emery, “The results of the First, World Photovoltaic Scale Recalibration”,
REL/TP-520-27942, 2000, 14 pages

inter el al., “The results of the Second.World Photovoltaic Scale Recalibration”, Prgc. of
e 318t [IEEE PVSC , 3-7 January 2005, Orlando, Florida, USA, pp. 1011-1014

IS X 00 =290

A.2 | Global sunlight method (GSM)

A.2.1 General

The pstablishment of traceability is based on the calibration using the continuous suniand-
shadp method as deseribed in ISO 9846. The PV reference-selarcell device to be calibrated
is compared underatural sunlight with two reference radiometers, namely a pyrheliometer
meaguring direct ‘solar irradiance and a pyranometer measuring diffuse solar irradiange by
applifation of @_continuous-shade shading device under normal incidence conditions| The
total [solar irfradiance is determined by the sum of direct irradiance and diffuse in-plane
irradJance As a pyrheliometer, a secondary standard is used in the form of an absolute gavity

radiometer’ regularly compared—at-5-year—intervals with the World Standard Group (WSG)
estaljlishing the World Radiometric Reference (WRR). The calibration factor for the
photoveltaic PV reference-cell device is determined from the measured short-circuit current,
scaled-to1-000-W/m?2-and-correctedfor spectral-mismatch(}EC 60904-7) corrected according
to Formula (A.4) based on the measured spectral irradiance of the global sunlight and the
relative spectral-response responsivity of the PV reference-selarcell device to be calibrated.

Under certain conditions the simplified global sunlight method is applicable. The short-circuit
current of the PV reference-cell device is-scaled-te1-000-W/m? corrected by Formulae (A.1)
and (A.2) and then plotted versus pressure corrected geometric air mass (4M). The calibration
value is determined from a linear least square fit at AM = 1,5. A-speectral-mismateh correction
according to Formula (A.3) is not required and hence the measurements of the spectral
irradiance of the natural sunlight and the spectral-respense responsivity of the PV reference
device are not necessary. In the simplified verS|on of the global sunlight method-ne—explicit

the explicit correction according to Formula
(A.3) is replaced by conditions which should ensure that the spectral irradiance of the natural
sunlight is sufficiently close to the defined standard spectral irradiance (IEC 60904-3) that the
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uncertainty component is smaller than quoted in Table A.1. Although this should be ensured
by the conditions listed in the description of the method below, it should be explicitly verified
(preferentially by using the full global sunlight method). After this validation the simplified
version can be applied as long as the boundary conditions are the same as during the
validation.

NoTE4 The verification and validation will produce numerical values for both methods. If the
agreement between these numerical values is within the uncertainty budget of the methods,
the simplified method shall be deemed validated.

NoTE2 The simplified procedure gives accurate results for devices with a spectral-respense
respgnsivity over a broad range of the solar spectrum for example crystalline silicon deVices-
but sjgnificant errors may be introduced for narrow spectral-respense responsivity devices.

A.2.2 Equipment

a) A mounting platform, which can be oriented normal to the sun within an @ccuracy of #0,5°
throughout the calibration run.

b)
c)
d)

cavity radiometer, traceable to the WRR.
pyranometer, traceable to the WRR.

A

A

Al shading device to provide shade to item c). The field angte, Viewing angle and apqgrture
ahgle provided by the shade shall compensate the respéctive descriptive angles df the
cqvity radiometer of item b).
A

m

td

d

T

e) Altemperature controlled mounting block for the PV 4eférence device under test capable of
aintaining the-cell device temperature at (25 £ 2) °C throughout all calibration rgns if
mperature corrections are not applied. The temperature should be stable within 0{5 °C

Liring the data collection interval.

raceable means to measure the short-circuit current of the-selarcell PV reference dgvice
tq an accuracy of £0,1 % or better.

g) Traceable means to measure the sighal of the pyranometer to an accuracy of +£0,5(% or
better.

h) Not required in simplified version: A spectroradiometer capable of measuring the spectral
irradiance of the total in-plane natural sunlight-in-the-wavelength-range of 350 —2 500-nm
{grlarger).

i) Npt required in simplified version: Apparatus to determine the relative spectral-resgense
reésponsivity of the' PV reference-selarcell device according to IEC 60904-8.

NOTEN2 W i sirmolii o

j) Qnly required in simplified version: Means to measure the sun’s elevation to-aprecisig¢n an

apcuyracy of £2°. Alternatively, the elevation of the sun during the data sampling cgn be
takefi’from almanacs or computed, as long as the-precision accuracy requirement ig met
forthemstantof data sampting- T he tatter normatty Tequites traceabte means to measure
time for the computation of air mass.

TE3 ¢ lred in_slmplifl lon.

k) Only required in simplified version: A manometer to measure the local air pressure P to an
accuracy of +250 Pa or better.

NTE4 C lred in_slmplifl lon.

A.2.3 Measurements

A calibration according to this document shall be performed only on clear, sunny days with no
visible cloud cover within 30° of the sun.

a) Not required in simplified version: Determine the relative spectral-respense responsivity of
the PV reference-cell device to be calibrated according to IEC 60904-8.
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NTE 41 rod in simolif on.
b) Select the site and/or the season of the year to ensure that the sun’s elevation reaches an

c)

d)

NOTEI2 1 irod in simolifi ion.

NoTEl3 | irod in_simplif N

NoTEl4 o e D eirnpli o

NoTEls o icod in_simplif o

angle during the course of the day which corresponds to AM = 1,5 (41,8° at Py).

Mount the cavity radiometer on the sun-pointing device (item A.2.2.a). Commercially
available radiometers have their own electronic unit which shall be connected to the
instrument following the manufacturer’s recommendations. Allow sufficient time to stabilize

the electronic unit.

Mount the PV reference—solar—cell device to be calibrated coplanar on the mou
platform, attaching it to the mounting block and maintain the-cell device temperatu

nting
re at

(25 + 2) °C throughout all calibration runs if temperature corrections are not applied. The

=<

nmounting platform. Ensure that within the field of view of the pyranometer no/refle

that the sensitive area of the pyranometer is pointed to the centre of the shade.

Not required in simplified version: Mount the spectroradiometer coplanar-'on the mou
platform.

Thke simultaneous readings according to the following steps:

1) Ensure the alignment of all instruments with respéct to the sun and the p
alignment of the shading device.

2) Ensure that the temperature of the PV reference-selar—eell device is within the
given in d).

3) Record G, the direct normal irradiance as.indicated by the cavity radiometer.
Record Gy, the diffuse in-plane irradiance as indicated by the pyranometer.

5) Record Igc, the short-circuit current of the PV reference—solar—celt device t
calibrated.

6) Not required in simplified versian: Record—G4) E.45(4), the spectral irradiance ¢
global natural sunlight.

7) Only required in .simiplified version: Measure 0, the solar elevation angld
alternatively, record the hour, minute and second of the data sampling and calc
the sun’s elevation.

8) Only reguired in simplified version: Record P, the local air pressure.

9) Notrequired in simplified version: Repeat Steps 1 to 6 several times.

tewmmmwmwmm—efﬁdmm—mw—cmmm.—l
ount the pyranometer intended to measure diffuse solar irradiance coplanar ,on the

ctive

stirfaces—may influence the measurement result. Mount the shading devigeZand ensure

nting

foper

imits

o be

f the

b, or
ulate

YTES 1 rod I ool or
10) Only required in simplified version: Repeat steps 1 to 5, 7 and 8 at least every 5 min

for several hours before and after solar noon, spanning the range of air mass
AM < 1,5 to AM > 3,0 in both time periods.

NTE7Z irod insimplif on.
h) Repeat the whole measurement procedure on at least two other days.

A.2.4 Data analysis

For all data points taken, apply in sequence the following steps:

from

a) Reject data points where G;,, Gy or I, deviate by more than +3 % when compared to the

previous data point.
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Calculate the total irradiance Gt = Gg;, + Gy;s-

Scale the measured short-circuit current I, of the PV reference-selareel device to be
calibrated to-1000-W/m? G4 according to Formula (A.1).

Correct for temperature according to Formula (A.2).

NoTE4 This is normally not required as the temperature is maintained as described in A.2.3.d)

e)

f)

g)
h)

and the allowed temperature deviation is accounted for in the uncertainty budget.

Correct for differences in spectral-mismateh responsivity according to Formula (A.3),
where-£,, E,,c,5(4) is the measured spectral irradiance of the global natural sunlight.

Calculate the calibration value according to Formula (A.4).

verage all calibration values for one day to obtain CVy.

epeat steps a) to g) for the other days of measurement runs to obtain CV,, CI, .| CV,
accordingly.

etermine the arithmetic average of all n CV; values analysed according to the gbove
steps which yields the final calibration value for the PV reference device:

+ CYy et CH,

Cl = (1 \/n (A 5\
A= & = \RARA

1-

ez

cy=2=i=1__ (A.5)
n

i the simplified version steps e) to g) are replaced-ds follows:

1)) Reject data points for which the ratio Gy;;/\G¥ is either smaller than 0,1 or larger|than
0,3. Also reject data points where G is outside the range-800—1-200-W/m? [Gg1c
20 %.

NoTe2 This is to ensure that data used for the analysis are taken during atmospheric
conditions close to the standard reference spectrum.

2) Using the sun’s elevation angleand the atmospheric pressure, calculate the air nass
(4M) at the moment of measUrement according to:

P
Pysing

AM (A.6)

3) Reject all data'samples where AM > 3.

4) Plot the value of I, obtained after step d) versus the air mass value 4M; of [each
corresponding measurement sample.

5) By using a linear-least-square-technigue least-squares fit, calculate the slope (m) and
offset (b) of the best fit straight line of the data set. In order to balance the fit, all g§hort-

circuit current readings should be averaged for AM bins of 0,01 before performing the
i i V€ bute € 5 he A er of

NoTE3 For a good straight line fit, 10 data points shall be considered as minimum. The
more data points in the least-squares fit are close to A4M = 1,5, the smaller the
uncertainty of the procedure.

NOTE4 It is permissible to use only data from half a day (morning or afternoon). However,
in the final average, at least data from three different days with at least two mornings
and two afternoons have to be included.

6) Calculate the calibration value of the PV reference device by the formula:

CVy=mxAM +b with AM =15 (A.7)

7) Perform steps h) and i).
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A.2.5 Uncertainty estimates

In Table A.1, typical values of the uncertainty components for the global sunlight method (left
column) and its simplified version (right column) are listed, resulting in combined expanded
uncertainties Ugg (with coverage factor £ = 2) of0:89%—and—44+% 0,7 % and 0,8 %
respectively.

Table A.1 — Typical uncertainty components (k = 2) of global sunlight method

u - . £ s} . 0.1.%
Uncertainty due-to-unstable cell temperature (+ 2 K) 0,1 %
:  di : : 0.40
)  diff ) ) 60
Liaeelioineofioal beenclinmes (00 0) clivoct apel D0 0f clidfuican B
u L . .
irrad tamtlels d. ue-to slpeetlal nnsmatelll_es_||eet|9||| (IIEG sfggg| F)-or 5|seslt| 2
irrad{ance of AM-1,5 (EC 60904-3) 0,3-% 0,4-%
L B 0,8 % 11%
Uncdrtainty in measurement of short-circuit current <0,1%
Uncgrtainty due to unstable device temperature (+2 K) <0,1 %
Uncdrtainty of direct irradiance <0,25 %
Uncdrtainty of diffuse irradiance <1,6 %
Uncqrtainty of total irradiance (80 % direct and 20 % diffuse) <0,5%
Uncdrtainty of scale difference WRR versus SI 0,18 %
Uncgrtainties due to correction with Formula A.3 or spectral irradiance deviations 0,4 % 0,5 %
betwgen test conditions and the reference spectralirradiance of AM1.5G
(IEC|60904-3)
Compined expanded uncertainty <0,7 % <0,8%
A.2.6 Reference documents
— |IEC 60904-8: Photoygltaic devices — Part 8: Measurement of spectral responsivity|of a
photovoltaic (PV).device
— KLA. Emery, CtR."Osterwald, L.L. Kazmerski, and R.E. Hart, 1988c, "Calibration of Primary
Terrestrial /Reference Cells When Compared With Primary AMO Reference Cells",
Proceedings of the 8th PV Solar Energy Conference, Florence, pp. 64-68
— Kl A.Emery, C.R. Osterwald, S. Rummel, D.R. Myers, T.L. Stoffel, and D. Waddingtgn, “A
Clomparison of Photovoltaic Calibration Methods,” Proc. 9th European Photovoltaic Solar
= ergy f‘nnf’ I:rnihllrg, AL Qnrmnny, anfomhnr 25 ’)Q’ 1QRQ, pp 6848-651

K.A. Emery, D. Waddington, S. Rummel, D.R. Myers, T.L. Stoffel, and C.R. Osterwald,
“SERI Results from the PEP 1987 Summit Round Robin and a Comparison of Photovoltaic
Calibration Methods,” SERI tech. rep. TR-213-3472, March 1989

Gomez, T, Garcia L, Martinez G, "Ground level sunlight calibration of space solar cells.
Tenerife 99 campaign," Proc. 28th IEEE PVSC, 1332-1335, 2000

J. Metzdorf, T. Wittchen, K. Heidler, K. Dehne, R. Shimokawa, F. Nagamine,
H. Ossenbrink, L. Fornarini, C. Goodbody, M. Davies, K. Emery, and R. Deblasio, “The
Results of the PEP '87 Round-Robin Calibration of Reference Cells and Modules,- Final
Report”, PTB technical report PTB-Opt-31, Braunschweig, Germany, November 1990,
ISBN 3-89429-067-6

H. Mdllejans, A. loannides, R. Kenny, W. Zaaiman, H. A. Ossenbrink, E. D. Dunlop,
“Spectral mismatch in calibration of photovoltaic reference devices by global sunlight
method”, Measurement Science and Technology 16, 2005, 1250-1254


https://iecnorm.com/api/?name=dece5e6e51c712f2c54a5ab12b386c03

A.3 | Differential spectral responsivity calibration (DSR-calibration)

A.3.1 General

- 20 - IEC 60904-4:2019 RLV © IEC 2019

H. Millejans, W. Zaaiman, E. D. Dunlop, H. A. Ossenbrink, “Calibration of photovoltaic
reference cells by global sunlight method”, Metrologia 42, 2005, 360-367

H. Millejans, W. Zaaiman, F. Merli, E. D. Dunlop, H. A. Ossenbrink, “Comparison of
traceable calibration methods for primary photovoltaic reference cells”, Progress in
Photovoltaics, 13, 2005, 661-671

F.C. Treble and K.H. Krebs, “Comparison of European Reference Solar Cell Calibrations”,
Proc. 15th IEEE PV Spec. Conf., 1981, pp. 205-210

R. Whitaker, G. Zerlaut, and A. Purnell, “Experimental demonstration of the efficacy of
global versus direct beam use in photovoltaic performance prediction of flat plate
photovoltaic modules”, Proc 16th IEEE PVSC, pp. 469-474, 1982

Al Fehlmann, G Kopp, W Schmutz, R Winkler, W Finsterle, N Fox, metrologia 49\ 2012,
Si34

Tracgability is based on a calibration of spectral responsivity based,-on standard detectors
directly traceable to Sl units. The calibration value is computed from the measured abslolute
specjral responsivity of the PV reference—eell device and  the reference solar spegctral
irradiance distribution. The spectral responsivity calibration_is’ transferred from the standard
detegtor irradiance level to the solar irradiance level over mmany orders of magnitude with no

restrictions to the-selarcell PV reference device concerning’linearity or spectral match.

A.3.2 Equipment

The following apparatus is required (see Figure A1 and Figure A.2).

a)

b)

c)

d)

A monochromator producing chopped spectral irradiance-ef-at-least+-mWm—2am~" Within
the wavelength range covering the_spectral irradiance responsivity of the PV refenence
splarecell device to be calibrated, with a traceable wavelength setting.

Lamp(s) with lens or mirror entrance optics (recommended are quartz-halogen lamps to
cpver wavelengths above 400-nm; and xenon-arc lamps for wavelengths below 400(nm).
Alternatively, a tuneablesor’ white light cw-laser source with a continuously avallable
spectral range covering the spectral irradiance responsivity of the PV reference device to
bg calibrated.
A

bias light source, meeting in spectral irradiance, uniformity and temporal stability the
¢quirements of ‘class CBA as defined in IEC 60904-9.

—

Al chopped /menochromatic beam, traceable in its wavelength calibration, for the absplute
calibration™at one or more discrete wavelengths. The non-uniformity shall be smaller|than
+B % within the active area of the device to be calibrated.

Cloryment: The monochromatic beam from A.3.2.a) can be used for this purpose if it fulfils

thegiven reguirement
) = g

A monitor photodiode large enough to monitor the radiation power of the monochromatic
beam of a) and d).

Optional: a standard spectroradiometer to monitor the wavelength of the monochromatic
beam.

Standard—radiatien spectral irradiance detector(s) with temperature control directly
traceable to Sl units. These detectors shall be—ef photodiodes with the best available
linearity, uniformity and stability.

Adjustable aperture (imaged onto the PV reference-cell device);

Means for maintaining the temperature of the PV reference—cell device at—{(25-+-2)
(25 £ 0,5)°C.

Means for measuring the AC short-circuit currents of the PV reference-cell device, the
standard detector(s) and the monitoring detector, for example with a lock-in amplifier. The
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k)

variation of the amplification factor of such amplifiers shall be less than 0,1 % over the
signal ranges used. Preferably the same amplifier and measurement range is used for the
PV reference-cel device and the standard detector.

Means for measuring the DC component of the PV reference-cel device I, as defined in
step A.3.3.f).

A.3.3 Test procedure

a)

b)

c)

d)

e)

g)

h)

Set and maintain the temperature of the PV reference-cell device to (25 + 0,2) °C. If larger
temperature deviations occur, corrections have to be applied using the spectral
temperature coefficient of the spectral irradiance responsivity.

Apjustthe aperture untitits—mage—<omet i i oot
within=+=+-mm over-illuminates the whole PV reference device.

Mount the standard detector-in—a—pesition—close-to-the focus—of- the-monochronfatic hbeam
cpllecting—the—whole—radiation—power at the same position and plane where thg¢ PV

¢ference device is calibrated.

—

Jalibrate the monochromatic irradiance source of A.3.2.a) (without bias radiation)| with
rtspect to its relative spectral irradiance. Use-its the chopped monochromatic begm to
determine the ratio of the AC short-circuit currents of the monitor-photodiode—AZ .4, -1}
Nmonst (#)) @nd standard detector—(Afy) (azrg (1)) Which are measured simultaneously at

avelength intervals of not more than 10 nm over the whole(responsivity range.

100 1 500 Wm=2) and measure the corresponding DCyshort-circuit current I, = I (£}) of
e PV reference device. Ensure that the standard¢detector is protected from the white
bjas irradiance.

(s
W
Set the white bias irradiance E, to the desired operational level (between 10 Wm=4 and
1
t

easure the relative differential spectral irradiance responsivity of the PV referencg¢-cell
device by using the chopped monochromatic-radiation of irradiance source A.3.2.a) and
determining the ratio of the short-circuit”currents of PV reference—eelt device—Af ¢
Nl (2.1,)) @nd monitor photodiode~+At .} (Alonrer (7)) Calculate the relative

—~

differential spectral irradiance responsivity 5(1,1b)re.5<‘?r”b}ml of the PV referencg—cell
device under bias irradiance Ey;

AIref ) AImon,cal
AImon AIst

S(ﬂ’lb)rel = ~Sst(4)

>
(0e]
~

Alier (A1p) Almonst(4) (A.8)

§(/1, Iy, )rel = Almon,ref (/1) Al (/1) sst(/l)

=

here sq(1) is the spectral irradiance responsivity of the standard detectqr at
wavelength A.

—[ \86mment: If a standard spectroradiometer for wavelength monitoring or correctipn is
used (A.3.2.f) a wavelength correction shall be performed prior to the determination of

(A Tp g
Repeat steps e) and f) at five or more different bias levels covering at least the range

between 10 Wm=2 and 1 100 Wm=2, thus including a linearity test of relative spectral
irradiance responsivity.

Calibrate the monochromatic irradiance source of A.3.2.d) (possibly in a different
measurement plane with better uniformity) at one to three wavelengths j (without bias

radiation) with respect to its absolute spectral irradiance. Use the chopped monochromatic
beam to determine the ratio of the AC short-circuit currents of the monitor photodiode
( AImonst (%)) @and standard detector  ( arzg (2,)) Which are measured simultaneously.
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i) Set the white bias irradiance to a low level Ej near to or at the minimum as specified in
step e) and measure the corresponding DC short-circuit current I = I;.(Ey) of the PV
reference device. Ensure that the standard detector is protected from the white bias
irradiance.

j) Measure the absolute differential spectral irradiance responsivity of the PV reference

device at one 1o three wavelengihs j Dby using the chopped monochromatic radinn of

inradiance source in A.3.2.d) and determining the ratio of the short-circuit cur qf PV
re¢ference device (A7 (4.70)) and monitor photodiode (A7pqnref (%)) ate the

apsolute differential spectral irradiance responsivity 3(4,7,) of the PV r&fg%nce device
upder bias irradiance Eg: b‘

b‘/
~ Alre 21’1 AIITTOI'I,S ﬂl
§(dido) = Mm;n(ref (31_)) v (;1 f) )sst(}ﬂ@o_) (A.9)

here Sst(ﬂj) is the spectral irradiance responsivity of th%\gﬁdard detector at wavelgngth

S

—| Comment: If a standard spectroradiometer fo&velength monitoring or correctipn is
used (A.3.2.f) a wavelength correction shall@ performed prior to the determinatipn of

5(3indo)- &

—| Comment: If the monochromatic bea&@ A.3.2.a) is used for the absolute calibratipn of

the complete differential spectral i iance responsivity of the PV reference dqvice,
the calibration of the monochf&&&c irradiance source in A.3.3.d) is performed| with

=

respect to its absolute spectral irradiance. Subsequently the absolute differgntial
spectral irradiance respons'@ity of the PV reference device 5(A.1,) Iinstead f its

relative differential spectrdlirradiance responsivity 5 (2l is obtained in step A.B.3.f)
and steps A.3.3.h), A@.I) and A.3.3.j) can be omitted.

.
- .
A.3.4 Data analym%
2} Aaleulate the C)Hr\ (1) = (relative snectral respons ity ae determined n
a—gahcthiate tHe =to 7 vi {reratve Specta FeSP a5 geteriHhReq
W

Is(ﬂ,lb)-Es(A)~dﬂ

sam1.5(1p) = Fero
N

Estc = | Es(4)d2=1000 Wm-2 (A1)
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Ib = Isc Eb (A 1 2)

d)#%—mieﬁeﬁee%@%eeu—ean—be—e%&de%d—m—b&meaplﬁhewﬂaw%am 561@—9#9#
tms—ease—take—the—mean—ei—s%elb

CV =sam1.5Es1C

a) (Qalculate the ratio k;(4;) = (relative spectral irradiance responsivity as de@ﬂned in
e

.3.3.f)/(absolute spectral irradiance responsivity as determined in A.3.3.j) f ch qf the
three wavelengths 14, 1,, 13 under the £ irradiation. All three k;(4;) valu 'Shall be Within
al range of 0,5 % of the average of the three values, otherW|se meas;| ents shall be

repeated until fulfilled. All measurement uncertainties shall be correctlyxassigned to the £;
vplues and the relative DSR. Then the uncertainties of the k; val %hall be propaqated
through the averaging, taking correlations into account. combined standard
upcertainty shall be larger than the standard deviation of thg?erage of the three [k;(4;)
vplues, since the standard deviation reflects the uncorrela asurements uncertajnties
and the reproducibility of the absolute differential spectr@onsmty measurement.

b) Compute the absolute differential spectral respoéwltles by scaling the relative
g¢sponsivity with the mean value of the £; determineQin step a):

-

ko + k;
§(2 1) =5(A 1, \\M A 10
L R O (p.10)
c) Qompute the differential responsivity ’},\%\_5(;([[)) under irradiation with E .¢(L) for at [least
fiye different levels of bias light det.e@&ed by Iy
\
OA
15 (21 ) Eret (2)d2
%@}SG(Ib): (o) Eret () (A.11)
- O Gstc

N
with . C)

O® |
@Q Gste = | Eref ()i = 1000 (A.12)
OQ‘
C)é
\@ Ibzlsc(Eb) (5\13)

d) The calibration value of the short-circuit current under STC conditions Ig7¢ is calculated
from the following formula:

ahd

Istc
1

Este = dly, (A.14)

o Samtsc (/)

where the upper integration limit /g7c is obtained by iterative approximation. Refer to
IEC 60904-10 for determination of whether the PV reference device can be considered
linear.
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A.3.5 Uncertainty estimate

In Table A.2, typical values of the uncertainty components resulting in a combined expanded
uncertainty of Ugg <4 0,5 % (with coverage factor £ = 2) are summarized.

NOTE min Ompo g ainty a a
not easily achieved and might only be available at some national metrological institutes.

- The uncertainty quoted is

Table A.2 —Typieal Uncertainty components (k = 2) of differential spectral
responsivity calibration method on PV reference devices

Uncgrtainty due to unstable device temperature (+0,5 K) 01 %
Uncdrtainty of the standard detector(s) 0|2 %
Uncgrtainty due to nonlinear and/or narrow-band devices 01 %
Tranpfer uncertainties (repeatability) due to relativesspéctral responsivity o1 %
Tranpfer uncertainties (repeatability) due to absgllite spectral responsivity at discrete wavelength(s) 01 %

Spedtral mismatch between bias radiation and\reference solar spectrum; non-uniformity of bias
radidtion; non-uniformity of monochromati¢sadiation; mismatch of device area and irradiated area
(image of the aperture); spectral bandwjidth (< 11 nm) of the monochromatic radiation; nonlinearity of 0|4 %
the gmplifiers; determination of referengé€ plane of standard detector and PV reference device,
wavdglength calibration and reprogusibility of the monochromatic light source

Compined expanded uncertajnty 0[5 %

In th|s table, typical values~0fr*'the uncertainty components resulting in a combined expanded uncertainty of
Ugs T 0,5 %, with covepageAfactor k = 2, are summarized. It is not required that the PV reference device is ligear,
and {here are no restrictions on the shape of the spectral responsivity curve of the device; however, tempergture
contfol of the devieg Within +1 K is recommended.
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Figure A.2 — Opticallarrangement of differential spectral responsivity calibration

A.3.6 Reference-documents

"2

— IBEC 60904<9:Photovoltaic devices — Part 9: Solar simulator performance requirement
— IBEC 60904-10: Photovoltaic devices — Part 10: Methods of linearity measurements

— J| Metzdorf, “Calibration of solar cells. 1: The differential spectral responsivity method”,
Appl“Optics 26 (9), 1987, 1701-1708

— J. Metzdorf, S. Winter, T. Wittchen, “Radiometry in photovoltaics: calibration of reference
solar cells and evaluation of reference values”, metrologia 37, 2000, 573-578

— 8. Winter, T. Wittchen, J. Metzdorf, “Primary Reference Cell Calibration at the PTB Based
on an Improved DSR Facility”, Proc. 16th European Photovoltaic Solar Energy Conf., ed.
by H. Scherr, B. Mc/Velis, E. Palz, H. A. Ossenbrink, E. Dunlop, P. Helm, Glasgow, 2000,
James & James (Science Publ., London), ISBN 1 902916 19 0

— S. Winter, T. Fey, I|. Kroger, D. Friedrich, K. Ladner, B. Ortel, S. Pendsa, F. Witt, "Design,
realization and uncertainty analysis of a laser-based primary calibration facility for solar
cells at PTB", Measurement 51, 2014, 457-463.
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A.4 Solar simulator method (SSM)

A.4.1 General

Traceability is based on the absolute spectral irradiance of simulated sunlight and relative
spectral responsivity of the PV reference-seolar—cell device to be calibrated. The absolute
spectral irradiance shall be measured by a spectroradiometer calibrated by standard lamps
directly traceable to S| units, and the spectral responsivity shall be calibrated by standard
detectors directly traceable to Sl units. When traceability via WRR is required, the absolute
irradiance of the solar simulator shall be measured by using a cavity radiometer traceable to
the WRR. The calibration value is computed from the measured spectral responsivity of the
PV rgference—celt device, the spectrat irradfance distribution of the sofar simutator angl the
refergnce solar spectral irradiance distribution (IEC 60904-3).

A.4.2 Equipment
The following apparatus is required (see Figure A.3).

a) A solar simulator of class AAA as defined in IEC 60904-9. The ungeptainty analysis Qelow
ssumes that spatial non-uniformity of irradiance is below 0,2 % and temporal instability is
elow 0,1 %. When the cavity radiometer (A.4.2.e) is used the)solar simulator shgll be
eady-state with collimated light beam.

mperature corrections are-not applied. The temperature should be stable within 0|5 °C
Liring the data collection-interval.

a
b
s

b) Alspectroradiometer as described in CIE 53-1982.

c) Means for measuring relative spectral responsivity, of)the PV reference—ecell devide as
defined in IEC 60904-8.

d) Afstandard lamp which has been directly calibrated by the primary standard lamps, which
shall be mutually recognized and authorized by"€CPR/CIE.

e) Al cavity radiometer traceable to the WRR>whose view angle is wider than the spreading
ahgle of the solar simulator light (optional):

f) Means for measuring the short-circuiticurrent of the PV reference-cell device which |shall
cpmply with the general measuremeént requirements of IEC 60904-1.

g) Means for maintaining the temperature of the PV reference-cell device at (25 + 2)°C if
G
d

A.4.3 Calibration procedure

a) Tlhe relative spectral-response responsivity of the PV reference—cell device shall be
measured-with-white-biaslight- of1-000-Wm—2-at{25+2)°C in accordance with IEC 6(0904-
8

b) The irradiance of the solar simulator in the test plane shall be set to approximately
14000 W= Gg7¢, using a thermal photo detector such as a thermopile.
c) The absolute spectral irradiance d|str|but|on |n the test plane shall be measured b/ the

Q

descrlbed in A. 4 4 a) the wavelength range has to span at Ieast the same interval as s(A4).
When the cavity radiometer is used as in A.4.4. b), the wavelength range of the spectral
irradiance measurement shall be sufficiently large to reach the desired uncertainty.

d) The PV reference-cell device shall be located in the test plane of the simulator. The-cel
device temperature shall be maintained at (25 + 2)°C throughout all calibration runs if
temperature corrections are not applied. The temperature should be stable within 0,5 °C
during the data collection interval. The short-circuit current of the—eel device is to be
measured more than 10 times and the mean value is to be calculated.


https://iecnorm.com/api/?name=dece5e6e51c712f2c54a5ab12b386c03

IEC 60904-4:2019 RLV © IEC 2019 - 29 -

A.4.4 Data analysis
a) The calibration value (CV) is to be computed as follows.

[ Eg(2)5(2) d2
8¢ [ En(2)3(2) d2

p=r r
CV =1

_ fooo Eref(M)s(A)dA
= Isc [ Emeas(D)s(1)dA
o Ctmeas

cv

(A.15)

here:

Eeas(4) is the absolute spectral irradiance distribution of the solar simulator:

b) When direct traceability to WRR is required, the absolute irradiance of the solar simy
shall be measured by using a cavity radiometer traceable to the WRR, as*describ
.4.2.e). The calibration value (CV) is computed according to Formula (A.4). Gt is the
irfradiance of the solar simulator measured by the cavity radiometer-tragéable-to\WRR

c) Repeating the steps in A.4.3. and A.4.4 twice, the mean CV is to be calculated as the]

hlibration value.

(¢

A.4.5 Uncertainty estimate

In the following Tables A.3 and A.4, typical values of the uncertainty components resulti
combined expanded uncertainty of Ugs of 2 % and 046 % (with coverage factor k = 2

sumrharized.

Table A.3 — Example of uncertainty components (k = 2)
of a solar simulator method calibration

lator
ed in
total

final

ng in
are

Uncgrtainty of the standard lamp: <2%
Uncgrtainty due to spectroradiometer: <0,2%
Uncgrtainty due to unstable-celt device temperature: <0,2%
Tranpfer uncertainties due to spectralresponsivity, spectral mismatch between solar simulator <0,2%
and feference solar spectrum:

Uncgrtainty due to temporal and spatial non-uniformity of solar simulator and different size and <0,2%
time|constant of spectroradiometer and-ecell device:

Compined expanded upcertainty 2 %

Table A.4 — Typical uncertainty components (k = 2) of a solar simulator
method calibration when WRR traceable cavity radiometer is used

Uncgrtainty of WRR versus Sl units 04018 %
Uncertainty of irradiance measurement <0,2%
Uncertainty due to unstable-eelf device temperature: <0,2%
Uncertainties due to spectral irradiance deviations between test conditions and the reference <0,3%
spectral irradiance of AM1.5G (IEC 60904-3) or spectral mismatch correction (IEC 60904-7)

Uncertainty due to temporal and spatial non-uniformity of solar simulator and different size and <0,2%
time constant of spectroradiometer,-cell device and cavity radiometer:

Combined expanded uncertainty 0,6 %
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Figure A.3 — Schematic apparatus of the solar,simulator method

A.4.6 Reference documents

— |IBEC 60904-1, Photovoltaic devices — Part 1: Meastwement of photovoltaic current-voltage
characteristics

— |IBEC 60904-8: Photovoltaic devices — Part 8 \Measurement of spectral responsivity|of a
photovoltaic (PV) device

— |EC 60904-9: Photovoltaic devices — Paf>9: Solar simulator performance requirements

. Shimokawa, F. Nagamine, Y. Miyake, K. Fujisawa, Y. Hamakawa, “Japanese inpdoor
blibration method for the reference solar cell and comparison with outdoor calibration”,
bpanese J. Appl. Phys. 26(1),x1987, 86-91

. Shimokawa, H. lkeda, .Y:;Miyake, S. lgari, "Development of wide field-of-view gavity
diometer for solar simulator use and intercomparison between irradiance measurements
ased on the world - radiometer reference and electrotechnical laboratory scales”,
hpanese J. Appl. Phys. 41, 2002, 5088-5093

R
c
J
R
rg
b
J

— H. Millejans, W: Zaaiman, F. Merli, E. D. Dunlop, H. A. Ossenbrink, “Comparis¢n of
traceable calibration methods for primary photovoltaic reference cells”, Progress in
Photovoltaics13, 2005, 661-671
C
P
C

IE 53-1982, Methods of Characterizing the Performance of radiometers| and
hotometers, ISBN 92 9034 053 3

IE63-1984, The Spectroradiometric Measurement of Light Sources

A.5 Direct sunlight method (DSM)

A.5.1 General

The PV reference-selar—cell device to be calibrated is compared under direct-beam natural
sunlight with a reference radiometer. The establishment of traceability is based on the
calibration using a pyrheliometer measuring direct solar irradiance and traceable to the WRR.
The short-circuit current of the-selareell PV reference device is measured, scaled to—4-0806
W/m? Ggqrc and corrected for temperature and spectral mismatch between the direct-beam
natural sunlight spectrum as measured by a spectroradiometer and the defined standard
spectrum (IEC 60904-3). The relative spectral-respense responsivity of the—selar—cell PV
reference device also has to be determined according to IEC 60904-8.


https://iecnorm.com/api/?name=dece5e6e51c712f2c54a5ab12b386c03

IEC 60904-4:2019 RLV © IEC 2019 -31-

A.5.2 Equipment

a)

b)
c)

d)

A.5.3 Measurements

A mounting platform, which can be oriented normal to the sun within an accuracy of +0,5°
throughout the calibration run.

A cavity radiometer, traceable to the WRR.

A collimator tube for the-selarcell PV reference device having the same viewing angle as
the cavity radiometer.

A temperature-controlled mounting block for the PV reference-cel device to be calibrated
capable of maintaining the junction temperature at (25 + 2) °C throughout all calibration

runs if temperature correctlons are not apphed Mean&t&measu%ﬂhe%npe#a%eﬁhe

Bvice
ith the

An apparatus to measure the relative spectral-response responsivity of the-selarcelt PV
réference device according to IEC 60904-8 and as a function oftemperature.

A calibration according to this document shall be performed,'only on clear, sunny days with no

visible cloud cover within 30° of the sun.

a)

b)

c)

A.5.4 Data“analysis

a)

b)

Mount the PV reference—cell device to be_.calibrated with the collimator, the davity
radiometer, and the spectroradiometer coplanaron the tracking platform.

Measure the relative spectral irradiance of the sun,—%, FE_ .5(4), using| the
spectroradiometer. During the spectrallirradiance measurement, perform the follqwing
steps simultaneously:

1

Measure the cavity radiometer® output, Gg;,, and verify that the—tetal irradiange is
between 750 Wm~2 and 1 100 Wm—2.

2) Measure the short-circuif current /g of the PV reference—solar—cell device fo be
calibrated.

3) Measure the PV reference-cell device temperature, T;.

Repeat these (steps at least four times. These repetitions shall be distributed in|time
during-the a'single spectral irradiance measurement.

Plerform a minimum of five replications of step b) on at least three separate days.

Herform the correction of Formula (A.1), where Gt is the reading of the cavity radiometer
rgpresenting the direct irradiance Gg;..

Average the calibration values from a) for each measurement of spectral irradiance.

c)

Correct the data to 25 °C and translate the data to the reference spectrum.

Correct each result of step b) for temperature and spectral effect according to
Formula (A.16) giving one CV; according to Formula (A.17).
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N 2)| s(4,25 °C 25¢) U0 |,
o0 E, , C)+(T: - °
[ Eres (2) JoEimeas (4)] s )+ (7 ) o
F(Tj): 000 — (A.16)
.[OEmeas(/l)dll joEref (4)s(4,25 °C)da
Mg
CV; =Isc A.17
d) erage rage
I using Formula (A.5).
e) Rleject any points that meet the following criteria:
1) CV; more than 1,5 % from CV;
2) Igc range is greater than 1,5 %,;
3) CV, (T, standard deviation is > 1 %.

f) Verify that at least three days data with a minimum of five sets pep day of valid data exist.
Iff not take additional measurements until this criterion is met(Typically five days of|data
wliith 10 sets per day of valid data are used obtained i@ further reduce the standard
dgviation of CV.

A.5.8 Uncertainty estimate

In Tgble A.5, typical values of the uncertainty componénts for the direct sunlight method are
listeq, resulting in combined expanded uncertainty Ugs (with coverage factor 4= 2)
of-6;$ 0,6 %.

Table A.5 — Typical uncertainty components (k = 2) of a direct sunlight method
using temperature dependentSpectral correction factor (Formula (A.16)),
without applying a cokrection factor for the WRR to Sl scale

Unceftainty of\scale difference WRR versus Sl 0,34 %
Meadured\difect irradiance <0,18 %
Speclrahmismatch correction 0.05 %
Uncertainty due to device temperature correction <0,1 %
Combined expanded uncertainty 0,46 %

A.5.6 Reference documents

— |EC 60904-8: Photovoltaic devices — Part 8: Measurement of spectral responsivity of a
photovoltaic (PV) device

— C.R. Osterwald, K.A. Emery, D.R. Myers, R.E. Hart, “Primary reference cell calibrations at
SERI: History and methods”, Proc. 21St |JEEE PVSC Orlando, FL, May 21-25 1990,
1062-1067
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— K.A. Emery, C.R. Osterwald, L.L. Kazmerski, R.E. Hart, “Calibration of primary terrestrial
reference cells when compared with primary AMO reference cells", Proc. 8th European

P

VSEC, Florence, Italy, May 9-12 1988 p. 64-68

— C. Osterwald, K. Emery, "Spectroradiometric Sun Photometry" Journal of Atmospheric and
Oceanic Technology, 17, 2000, 1171-1188

— ASTM E 1125-10: Standard test method for calibration of primary non-concentrator
terrestrial photovoltaic reference cells using a tabular spectrum

— ASTM E 1125-16: Standard test method for calibration of primary non-concentrator
terrestrial photovoltaic reference cells using a tabular spectrum
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Figure 1 — Schematic of most common reference instruments and transfer methods

used in the traceability chains for solar irradiance detectors

Figure A.1 — Block diagram of differential spectral responsivity calibration

superimposing chopped monochromatic radiation DE(l) and DC bias radiation Ep
Figure A.2 — Optical arrangement of differential spectral responsivity calibration

Figure A.3 — Schematic apparatus of the solar simulator method ........................cn
Table 1 — Examples of reference instruments used in a traceability chain of solar
irradiance

Tabl
Tabl

calibration method on PV reference devices

Tabl¢ A.3 — Example of uncertainty components (k = 2) of a solar simulator method
CaliDEAtION ... e e
Tabl¢ A.4 — Typical uncertainty components (k = 2) of a solar simulator method

calibration when WRR traceable cavity radiometer is used

Tabl

tempgrature dependent spectral correction factor (Formula (A.16)), “without applying a
correction factor for the WRR to Sl scale

1 A.1 — Typical uncertainty components (k = 2) of global sunlight method ...............\.
A.2 — Uncertainty components (k = 2) of differential spectral responsivity

¢ A.5 — Typical uncertainty components (k = 2) of a direct sunlight method using

.24

.24

.27
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Part 4: Photovoltaic reference devices —
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FOREWORD

International Electrotechnical Commission (IEC) is a worldwide organization for standardization cemy
national electrotechnical committees (IEC National Committees). The object of IEC_is“to prf

end and in addition to other activities, IEC publishes International Standards, Technical Specifics
Technical Reports, Publicly Available Specifications (PAS) and Guides (hereafter ‘referred to as

rested IEC National Committees.

3) IEC Publications have the form of recommendations for international use and are accepted by IEC N4
Cdmmittees in that sense. While all reasonable efforts are madé to ensure that the technical content
Publications is accurate, IEC cannot be held responsible~faor/the way in which they are used or fq
miginterpretation by any end user.

4) In|order to promote international uniformity, IEC National Committees undertake to apply IEC Publig
transparently to the maximum extent possible in their national and regional publications. Any diver
befween any IEC Publication and the corresponding\national or regional publication shall be clearly indicg
the latter.

5) IECL itself does not provide any attestation of ¢éonformity. Independent certification bodies provide conf]
aspessment services and, in some areas, access to |[EC marks of conformity. IEC is not responsible f
sefvices carried out by independent certification bodies.

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

7) Nd liability shall attach to IEC or‘its’directors, employees, servants or agents including individual exper
megmbers of its technical committees and IEC National Committees for any personal injury, property dam
othher damage of any nature whatsoever, whether direct or indirect, or for costs (including legal feeq
expenses arising out of.the publication, use of, or reliance upon, this IEC Publication or any othe
Publications.

8) Atfention is drawn to_the Normative references cited in this publication. Use of the referenced publicati
indispensable for the‘correct application of this publication.

9) At{ention is dfawn to the possibility that some of the elements of this IEC Publication may be the sub
pafent rights, |EC shall not be held responsible for identifying any or all such patent rights.

Interpational Standard IEC 60904-4 has been prepared by IEC technical committee 82:

rising
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“IEC
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tional
bm all

tional
bf IEC
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gence
ted in

brmity
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hge or
) and
r IEC
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Solar

photgvaltaic energy systems.

This second edition cancels and replaces the first edition published in 2009. This edition

constitutes a technical revision.

This edition includes the following significant technical changes with respect to the previous

edition:

a) modification of standard title;

b) inclusion of working reference in traceability chain;

c) update of WRR with respect to Sl;

d) revision of all methods and their uncertainties in Annex A;

e) harmonization of symbols and formulae with other IEC standards.
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The text of this International Standard is based on the following documents:

FDIS Report on voting
82/1618/FDIS 82/1638/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 60904 series, published under the general title Photovpltaic
deviges, can be found on the IEC website.

The committee has decided that the contents of this document will remain unchanged unfil 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

—

confirmed,
e withdrawn,

—

g¢placed by a revised edition, or

e amended.

The ¢ontents of the corrigendum of September 2020 _have been included in this copy.

IMPQRTANT - The ‘colour inside' logo onh.the cover page of this publication indicates
that | it contains colours which are\ considered to be useful for the correct
undgrstanding of its contents. Users should therefore print this document using a
colopr printer.
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This

the

This [document applies to PV reference devices that are used to measure thé.irradian
natulal or simulated sunlight for the purpose of quantifying the performance-of PV deyices.
The

IEC

This |document has been written with single-junction PV reference devices in min
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PHOTOVOLTAIC DEVICES -

Part 4: Photovoltaic reference devices —
Procedures for establishing calibration traceability

Scope

2019

use of a PV reference device is required in many standards concérning PV
0904-1 and IEC 60904-3).

part of IEC 60904 sets the requirements for calibration procedures intended to estdblish
tnaceability of photovoltaic (PV) reference devices to Sl units as required by IEC_60904-2.

ce of

(e.g.

d, in

parti¢ular crystalline silicon, but it is sufficiently general tosinclude other single-junction

technologies.

2

The following documents are referred to in the text in such a way that some or all of

con
cite
any

IEC
cha

IEC

IEC
pho

IEC

ISO/IEC Guide 98-3: 2008, Uncertainty of measurement — Part 3: Guide to the expressi

unc

3

Normative references

tent constitutes requirements of this document. For dated references, only the e
d
gmendments) applies.

r@cteristics

$0904-2, Photovoltaic devices — Part 2: Requirements for photovoltaic reference dev

tovoltaic (PV) solar devices with reference spectral irradiance data

'S 61836,/Sofar photovoltaic energy systems — Terms, definitions and symbols

eltainty in measurement (GUM: 1995)

their
dition

applies. For undated references, the latest edition of the referenced document (inclyiding

©0904-1, Photovoltaic devices =\Part 1. Measurement of photovoltaic current-vdltage

ces

$0904-3, Photovoltaic devices — Part 3: Measurement principles for terrgstrial

bn of

Terms and definitions

For the purposes of this document, the terms and definitions given in IEC TS 61836 and the
following apply.

NOTE The different reference instruments for the traceability chain of solar irradiance are defined in this clause.
Typical examples for each category are listed in Table 1, which also refers to relevant standards (where available).
Figure 1 then shows schematically the most common traceability chains linking these instruments and the relevant
standards (where available). Methods for the implementation of this document are described in Annex A.

ISO and IEC maintain terminological databases for use in standardization at the following

add

resses.

IEC Electropedia: available at http://www.electropedia.org/
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e |SO Online browsing platform: available at http://www.iso.org/obp

3.1

primary standard

standard that is designated or widely acknowledged as having the highest metrological
qualities and whose value is accepted without reference to other standards of the same
quantity

Note 1 to entry: The concept of a primary standard is equally valid for base quantities and derived quantities.

Note 2 to entry: A primary standard is never used directly for measurement other than for comparison with other
primary standards or secondary standards.

Note 3§ to entry: Primary standards are usually maintained by national metrology institutes (NMls) or\gimilar
organizations entrusted with maintenance of standards for physical quantities. Often referred to also) just s the
«primary», the physical implementation is selected such that long-term stability, accuracy and_repeatabllity of
measyrement of the quantity it represents are guaranteed to the maximum extent possible by currentitechnolggy.

Note 4 to entry: The World Radiometric Reference (WRR) as realized by the World Standard Group (W$G) of
cavity|radiometers is the accepted primary standard for the measurement of solar irradiance}

3.2
secondary standard
devide which, by periodical comparison with a primary standard, sérves to maintain confofrmity
to Slfunits at other places than that of the primary standard

Note 1 to entry: A secondary standard does not necessarily use thé ‘same technical principles as the pfimary
standard, but strives to achieve similar long-term stability, accuracy<and repeatability.

Note 3 to entry: Typical secondary standards for solar irradiance are cavity radiometers which participate
periodically (normally every 5 years) in the International Pyrheliometer Comparison (IPC) with the WSG, thereby
giving|traceability to WRR. Direct traceability to S| radiométric'scale can also be available for these instruments.

3.3
primpry reference
instrument which a laboratory uses to.@alibrate secondary references, compared at pefiodic
interyals to a secondary standard

Note 1 to entry: Often primary references can be realized at much lower costs than secondary standards.

Note 2 to entry: Typically, a PV eell is used as a reference device for the measurement of natural or simplated
solar ifradiance. Primary references are normally used by calibration and testing laboratories.

3.4
secolndary reference
meagurement device in use for daily routine measurements or to calibrate working references,
calibrated at petiodic intervals against a primary reference

Note 1 to enfry: The most common secondary references for the measurement of natural or simulated| solar
irradignce’ are PV cells and PV modules. Secondary references are normally used by calibration and tIesting

labor "I\FIQQ’ but sometimes also in industrigl prndll(‘hnn

3.5

working reference

measurement device in use for daily routine measurements, calibrated at periodic intervals
against a secondary reference

Note 1 to entry: The most common working references for the measurement of natural or simulated solar
irradiance are PV cells and PV modules.

Note 2 to entry: Working references are normally used in industrial production.
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3.6

traceability

<of a PV reference device> requirement for any PV reference device, to tie its calibration
value to Sl units in an unbroken and documented chain of calibration transfers including
stated uncertainties

Note 1 to entry: The WRR has been compared several times to the S| radiometric scale. While in previous
comparisons the two scales were found to be indistinguishable within the uncertainty of the comparison, the latest
comparison of scales established that there is a systematic shift between the scales, with WRR reading 0,34 %
higher irradiance than the Sl scale. The uncertainty of this shift was given as 0,18 % (k = 2). Therefore, traceability
to WRR automatically provides traceability to S| units. However, the shift between the scales may be corrected for
those measurements traceable to the WRR. The uncertainty of the scale comparison shall be included into the
uncer n{ h..dn t I:ne ati nII Hn 3 aF h., naccibiliticoc. F 3 H-\ o MeasuFer nh\ h-n nlnl t CI o nh\ Mi a the
WRR. Flrstly no correction |s applied for the scale difference and a larger uncertainty of 0,3 % (rectapgular
distribjution) shall be used. Secondly an explicit correction of the scale difference amounting to 0,34 %. n thi$ case
the unjcertainty contribution is 0,18 % (k = 2). The value of 0,34 % for the scale difference is the latest‘availgble at
time ¢f publication of this document. The scientific literature should be checked for possible cupdates ¢f this
differgnce and its uncertainty. In particular, it is possible that in the future the WRR is adapted_to, take accqunt of
this difference and bring it into line with Sl units. In this case no further correction shall be applied.

[SOYRCE: A Fehimann, G Kopp, W Schmutz, R Winkler, W Finsterle, N,'Fox, metrologja 49
(2012) S34]

Table 1 — Examples of reference instruments used
in a traceability chain of solar irradiance

Reférence instrument Solar irradiance

Primpry standard Group of cavity radiometers constitutingthe World Standard Group (WSG) of the
World Radiometric Reference (WRR)

Cryogenic trap detector

Standard lamp

Secdndary standard Commercially available cavity radiometers compared regularly (normally every 5
years) at the International Pyrheliometer Comparison (IPC)

Standard detector galibrated against a trap detector

Spectroradiometer calibrated against a standard lamp

Primpry reference Normal incidence pyrheliometer (NIP) (ISO 9059)

PV reference device (IEC 60904-2 and IEC 60904-4)

Secqdndary reference Pyranometer (ISO 9846)
PV reference device (IEC 60904-2)

WorHKing reference Pyranometer (ISO 9847)
PV reference device (IEC 60904-2)
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Primary WSG ‘ Trap detector ‘ ‘ Standard lamp
standard

Fi

4 F

A tre
refer
(such
requi

\ 4 \ 4
Secondary ‘ Absolute radiometer { ‘ Standard detector ‘ ‘ Spectroradiometer ‘
standard N
1SO 9059 IEC 60904-4
rZT::r’Yn ‘ Normal incidence pyrheliometer ‘ ‘ PV reference device ‘
1SO 9846 IEC 60904-2
Secondary ‘ PV reference device ‘
reference
1SO 9847 IEC 60904-2
Working ‘ PV reference device ‘
reference
IEC

gure 1 — Schematic of most common reference instraumeénts and transfer metho
used in the traceability chains for solar irradiance detectors

Requirements for traceable calibration procedures of PV reference devicq

ceable calibration procedure is necessary to transfer calibration from a standa

as cavity radiometer, pyrheliometefyand pyranometer) to a PV reference device
rements for such procedures are a§’follows:

a) Any measurement instrumentxtequired and used in the transfer procedure shall b

in
b) A

c) D
d

it

d)

Norni
cons

strument with an unbroken>traceability chain.
documented uncertainty analysis.

ocumented repeatahility, such as measurement results of laboratory intercomparisg
bcuments of labaoratory quality control.

herent absolute accuracy, given by a limited number of intermediate transfers.

ally the <ranhsfer would be from a secondary standard to a PV reference d
ituting.a_primary reference.

S

d or

bnce measuring solar irradiance and based on a physical principle other than PV ¢ffect

The

e an

n, or

Bvice

The llransfer from one PV reference device to another is covered by IEC 60904-2.

5 Uncertainty analysis

An uncertainty estimate according to ISO/IEC Guide 98-3: 2008 shall be provided for each
traceable calibration procedure. This estimate shall provide information on the uncertainty of
the calibration procedure and quantitative data on the following uncertainty factors for each
instrument used in performing the calibration procedure. In particular:

a) Component of uncertainty arising from random effects (Type A).

b) C

omponent of uncertainty arising from systematic effects (Type B).

A full uncertainty analysis has to be performed for the implementation of the calibration
method by a particular laboratory. Annex A provides examples of the main uncertainty
components in some particular implementations. Due to the variety of methods available, it is
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impossible to give a detailed guidance on how a particular uncertainty analysis should be
made. However, the following components shall be considered:

The ¢alibration report shall include at least the following information:

7

uncertainty of all measurement instruments involved;

offset and drift of all measurement instruments;

uncertainty of all references used;

uncertainty of measured device temperature;

uncertainty introduced of deviations between actual and nominal device temperature;

uncertainty of irradiance measurement (total and spectral irradiance);

cpntributions due to repeatability and reproducibility;
uhcertainty due to instability of conditions and instruments.

Calibration report

title (e.g. "Calibration Certificate”);

ame and address of laboratory, and location where the{ealibrations were carried g
fferent from the address of the laboratory;

hique identification of the report (such as serialhumber) and of each page, the
Limber of pages and the date of issue;

pscription and unambiguous identification of\the item(s) calibrated;

ate of receipt of calibration item(s)<'and date(s) of performance of calibratiorn

n
d
u
n
nhme and address of the client placing the order;
d
d
appropriate;

c

blibration results and their uncertainties, including the temperature of the device at {
the calibration was performed;

reference to sampling procedures used by the laboratory where these are relevant t
validity or application of the results;

the name(s), title(s) and signature(s) or equivalent identification of person(s) authol
the report;

where relevant( a~statement to the effect that the results relate only to the
blibrated;

c
where relevant the spectral responsivity of the PV reference device;
W

here_relevant the temperature coefficient of the PV reference device.

upcertainty introduced by deviations between actual and reference spectral irradiance|,

ut, if

total

, as

vhich

b the

izing

tems

Marking

The calibrated PV reference device shall be marked with a serial number or reference number
and the following information attached or provided on an accompanying certificate:

a)
b)
c)

date of (actual or present) calibration;
calibration value and its uncertainty;
identification of laboratory having performed the calibration.
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Annex A
(informative)

Examples of validated calibration procedures

A.1  General

A.1.1 Overview

Annex A describes examples of calibration procedures for PV reference devices as pr'mary

reference devices, together with their stated uncertainties. These procedures serye to

establish the traceability of PV reference devices to Sl units as required by IEC\60904-2.

Primary reference devices calibrated in accordance with these procedures serve to estgblish

the traceability of further PV reference devices, which then constitute secondary refedence

devides.

As already mentioned in Clause 1, the methods in this annex are limitedyto PV single junction

technjology. Moreover, they have currently only been validatedy-for crystalline sjlicon

technology, although they could be applicable to other technologies.

The methods have been implemented in various laboratoriesi.around the world and valigated

in international intercomparisons, most notably the Warld Photovoltaic Scale (WRVS).

Howegver, the description in this document is more generalized. For details of the vafious

implgmentations, the references in peer-reviewed publications are given at the end of [each

procedure.

The lincertainty estimates are based on Ugg (coverage factor £ = 2) for all single components.

The ¢ombined expanded uncertainty is calcutated as the square root of the sum of squares of

all cpmponents. The uncertainties provided are simplified versions (restricted to the jmain

compgonents) as provided by the laberatories having implemented the procedure. These

unceftainty calculations only serve as.guidelines and will have to be adapted to the particular

implgmentation of each procedure.(in a given laboratory. The uncertainties achieved by any

implgmentation of these methods_might be considerably different. Uncertainties quoted|by a

giver] laboratory have to be_based on an explicit specific analysis and cannot be takgn by

refergnce to the uncertainty ‘estimates in this document.

A.1.2 Examples of validated methods

A.2 Global sunlight method (GSM)

A.3 Differential spectral responsivity calibration (DSR)

A.4 Seofar simulator method (SSM)

A.5 Direct sunlight method (DSM)

A.1.3 List of common symbols

Isc short-circuit current of PV reference device

T temperature of PV reference device

Mg irradiance correction factor (see below)

Mt temperature correction factor (see below)

Tooef temperature coefficient a of the short-circuit current (IEC 60891) normalized to the
short-circuit current at 25 °C and expressed in 1/ K

SMM spectral mismatch factor (IEC 60904-7)

A wavelength

spectral responsivity of PV reference device as a function of wavelength 1
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S(4,Ty) spectral responsivity of PV reference device as a function of wavelength 4 and
temperature TJ

as(;T’TJ) partial derivative of spectral responsivity with respect to temperature as a function
of wavelength 4

5(4) differential spectral responsivity of PV reference device

Eeas(4)  spectral irradiance distribution of natural or simulated sunlight

Eei(4) standard or reference spectral irradiance distribution according to IEC 60904-3

Ggir directirradiance

Gif diffuse in-plane irradiance

Gt total in-plane irradiance

GsTg irradiance at STC (= 1 000 Wm-2)

cv calibration value, i.e. Igc at STC

AM air mass

STC standard test conditions (1 000 Wm=2, 25 °C and E (1))

P local air pressure

Py 101 300 Pa

7 solar elevation angle

A.1.4 Common formulae

The methods described in Clauses A.2, A.4 and ‘A'5 have some common calculations, which

are dletailed in A.1.4. Details of the various, implementations are then described in |each

subclause.

The {g¢ is normally not measured at exactly 1 000 Wm~—2, but at an irradiance level close|to it.

Unddg
acco

If the
corre

STC

r the assumption that the Ig of the PV reference device varies linearly with irrad
ding to IEC 60904-10, the following correction is made:

Gstc

Isc (Gstc)=1scMg = Isc

irradiance measurement is traceable to the WRR, then the irradiance reading ma
cted for the 'scale difference to Sl units.

mandate a device temperature of 25 °C, but measurements will not always be tak

this 1

budgetyit is also possible to correct /o~ from the measurement temperature I to 25 ¢

emperature. The deviations in temperature should be accounted for in the uncert

ance

(A.1)

y be

en at
ainty

C by

multiplying with the temperature correction factor M defined by:

_ Isc (TJ)
1= Toqt (25 °C- T}

Isc (25 °C)=Igc (T} ) M7

(A.2)

The correction for the difference in spectral responsivity of the PV reference device to be
calibrated and the device used to measure the irradiance can be calculated as a spectral
mismatch SMM:
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f:Eref(i)di I:Emeas(i)s(/l)dﬂ

[ Emeas ()i [ Erof (2)s(2)ds.

SMM =

(A.3)

NOTE Formula A.3 is the same formula as in IEC 60904-7 for the case of a thermopile detector where the
spectral responsivity of the device under test is now the spectral responsivity of the PV reference device to be
calibrated.

The integration range is over all wavelengths. For E (1) the irradiance is zero below 280 nm.
This also holds normally for £, .,5(4) in particular under natural sunlight. For practical reasons
the )\}Jilblt ;Iltb'gldi deIIIUt IIJU bdibuidtcd dIUUVU 4 GGG Hrr, do Eref(;b) ;D IIUt dGﬂllGu‘ CAM |C|t|y
but gnly the integral irradiance between 4 000 nm and infinity. £ .,5(4) is typicaly|only
meagured for an even smaller wavelength range, for example up to 2 500 nm. dn_order to
calcdlate the integrals, suitable approximation (truncation of the integrals) orcextensipn of
meagured spectral irradiance data by extrapolation or modelling can be used, but has {o be
accolinted for in the uncertainty calculation. For example, the truncation of the integrals at
4 000 nm for the DSM will lead to an error of 0,025 %, whereas truncationyat 2 500 nm o an
error| of 0,116 %. These values have been determined from the direci<and global spectral
irradifance as defined in IEC 60904-3.

Cavity radiometers used for irradiance measurement are assumed to detect irradiance gt all
wavelengths perfectly. Possible deviations from such a petfect characteristic should be
correlcted or accounted for in the measurement uncertainty.

The ¢alibration value (CV) of the PV reference devicefis)then calculated as:

MMt

CV =1Ig¢ UM

(A.4)

A.1.5 Reference documents

— |IBEC 60891: Photovoltaic deviceS)— Procedures for temperature and irradiance corredtions
taq measured I-V characteristics

— |EC 60904-7: Photovoltaic~"devices — Part 7: Computation of the spectral mismatch
cprrection for measurements of photovoltaic devices

— |BEC 60904-10: Photovoltaic devices — Part 10: Methods of linearity measurements

C. R. Osterwald jet al., “The results of the PEP’93 intercomparison of referencq cell
calibrations «and newer technology performance measurements: Final Report”,
MREL/TP-520-23477, 1998, 209 pages
G
c

. R. Osterwald et al., “The world photovoltaic scale: an international referencq cell
blibration program”, Progress in Photovoltaics, 7, 1999, 287-297

— KL M\Emery, “The results of the First World Photovoltaic Scale Recalibration”,
NREL/TP-520-27942, 2000, 14 pages

— Winter el al., “The results of the Second World Photovoltaic Scale Recalibration”, Proc. of
the 315t JEEE PVSC , 3-7 January 2005, Orlando, Florida, USA, pp. 1011-1014

A.2 Global sunlight method (GSM)

A.2.1 General

The establishment of traceability is based on the calibration using the continuous sun-and-
shade method as described in ISO 9846. The PV reference device to be calibrated is
compared under natural sunlight with two reference radiometers, namely a pyrheliometer
measuring direct solar irradiance and a pyranometer measuring diffuse solar irradiance by
application of a continuous shading device under normal incidence conditions. The total solar
irradiance is determined by the sum of direct irradiance and diffuse in-plane irradiance. As a


https://iecnorm.com/api/?name=dece5e6e51c712f2c54a5ab12b386c03

- 14 - IEC 60904-4:2019 © |IEC 2019

pyrheliometer, a secondary standard is used in the form of an absolute cavity radiometer
regularly compared with the World Standard Group (WSG) establishing the World Radiometric
Reference (WRR). The calibration factor for the PV reference device is determined from the
measured short-circuit current, corrected according to Formula (A.4) based on the measured
spectral irradiance of the global sunlight and the relative spectral responsivity of the PV
reference device to be calibrated.

Under certain conditions the simplified global sunlight method is applicable. The short-circuit
current of the PV reference device is corrected by Formulae (A.1) and (A.2) and then plotted
versus pressure corrected geometric air mass (AM). The calibration value is determined from
a linear least square fit at AM = 1,5. A correction according to Formula (A.3) is not required

and g
spectral responsivity of the PV reference device are not necessary. In the simplified vérsipn of

the dlobal sunlight method the explicit correction according to Formula (A.3) is réplaced by
cond|tions which should ensure that the spectral irradiance of the naturalysunlight is
suffigiently close to the defined standard spectral irradiance (IEC 60904-3) thaf the
unceftainty component is smaller than quoted in Table A.1. Although this should be engured
by thle conditions listed in the description of the method below, it should ke ‘explicitly vefified
(preferentially by using the full global sunlight method). After this validation the simplified
versipn can be applied as long as the boundary conditions are_¢he’ same as during the

validation.

The |verification and validation will produce numerical values for both methods. If the

agr
the
resul

e{ment between these numerical values is within the uncertainty budget of the methods,

implified method shall be deemed validated. The, simplified procedure gives accprate
s for devices with a spectral responsivity over @ “broad range of the solar spectrum for

exanjple crystalline silicon devices, but significant errors may be introduced for narrow

spectral responsivity devices.

A.2

e)

f)

k)

.2 Equipment

A mounting platform, which can be oriented normal to the sun within an accuracy of +0,5°
throughout the calibration run.

cavity radiometer, traceable to.the WRR.
pyranometer, traceable tocthe WRR.

A

A

Al shading device to provide shade to item c). The field angle, viewing angle and apqgrture
ahgle provided by the shade shall compensate the respective descriptive angles df the
cavity radiometer pfiitem b).

A

m

g

temperature_controlled mounting block for the PV reference device under test capatrle of
aintaining_the device temperature at (25 + 2) °C throughout all calibration rups if
temperature{corrections are not applied. The temperature should be stable within 0[5 °C
dpring the-data collection interval.
T

raceable means to measure the short-circuit current of the PV reference device {o an
atcuracy of £0,1 % or better.

Traceable means to measure the signal of the pyranometer to an accuracy of +0,5 % or
better.

Not required in simplified version: A spectroradiometer capable of measuring the spectral
irradiance of the total in-plane natural sunlight.

Not required in simplified version: Apparatus to determine the relative spectral
responsivity of the PV reference device according to IEC 60904-8.

Only required in simplified version: Means to measure the sun’s elevation to an accuracy
of £2°. Alternatively, the elevation of the sun during the data sampling can be taken from
almanacs or computed, as long as the accuracy requirement is met for the instant of data
sampling. The latter normally requires traceable means to measure time for the
computation of air mass.

Only required in simplified version: A manometer to measure the local air pressure P to an
accuracy of +250 Pa or better.
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A.2.3 Measurements

A calibration according to this document shall be performed only on clear, sunny days with no

visibl

e cloud cover within 30° of the sun.

a) Not required in simplified version: Determine the relative spectral responsivity of the PV
reference device to be calibrated according to IEC 60904-8.

b) Select the site and/or the season of the year to ensure that the sun’s elevation reaches an
angle during the course of the day which corresponds to AM = 1,5 (41,8° at Py).

c) Mount the cavity radiometer on the sun-pointing device (item A.2.2.a). Commercially
available radiometers have their own electronic unit which shall be connected to the

in
tH
d) M

g)

D bW N

= O

strument following the manufacturer’'s recommendations. Allow sufficient time to sta
e electronic unit.

ount the PV reference device to be calibrated coplanar on the mounting* plat
taching it to the mounting block and maintain the device temperature.at {25 +

roughout all calibration runs if temperature corrections are not applied(jFhe temper
hould be stable within 0,5 °C during the data collection interval.

ounting platform. Ensure that within the field of view of the pyranometer no reflg
irfaces influence the measurement result. Mount the shading device and ensure thg
bnsitive area of the pyranometer is pointed to the centre of(the shade.

ot required in simplified version: Mount the spectroradiometer coplanar on the mou
atform.

bke simultaneous readings according to the following steps:

Ensure the alignment of all instruments. with respect to the sun and the p
alignment of the shading device.

Ensure that the temperature of the PV_réference device is within the limits given in
Record Gy;,, the direct normal irradiance as indicated by the cavity radiometer.
Record Gy, the diffuse in-planeyrradiance as indicated by the pyranometer.
Record Ig¢, the short-circuit Current of the PV reference device to be calibrated.

global natural sunlight:

Only required in_simplified version: Measure 0, the solar elevation anglg
alternatively, record the hour, minute and second of the data sampling and calc
the sun’s elevation.

Only required in simplified version: Record P, the local air pressure.
Not required in simplified version: Repeat steps 1 to 6 several times.

D)Only required in simplified version: Repeat steps 1 to 5, 7 and 8 at least every §
for-several hours before and after solar noon, spanning the range of air mass

bilize

form,
P) °C
ature

ount the pyranometer intended to measure diffuse solar irradiance coplanar on the

ctive
t the

nting

foper

Not required in simplified~version: Record E,.,5(4), the spectral irradiance of the

b, or
ulate

min
from

UM < 1,5 to A4M > 3,0 in both time periods.

h) Repeat the whole measurement procedure on at least two other days.

A.2.4 Data analysis

For all data points taken, apply in sequence the following steps:

a) Reject data points where G;,, Gy or I, deviate by more than +3 % when compared to the

p

revious data point.

b) Calculate the total irradiance Gt = Gy, + Gyt

c) Scale the measured short-circuit current 7. of the PV reference device to be calibrated to
Gg1c according to Formula (A.1).
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Correct for temperature according to Formula (A.2). This is normally not required as the
temperature is maintained as described in A.2.3.d) and the allowed temperature deviation
is accounted for in the uncertainty budget.

Correct for differences in spectral responsivity according to Formula (A.3), where E5,5(4)
is the measured spectral irradiance of the global natural sunlight.

Calculate the calibration value according to Formula (A.4).
Average all calibration values for one day to obtain CV.

Repeat steps a) to g) for the other days of measurement runs to obtain CV,, CV;, .. CV,
accordingly.

Determine the arithmetic average of all » CV; values analysed according to the\gbove
steps which yields the final calibration value for the PV reference device:

n
ey~ 2t
n

i the simplified version steps e) to g) are replaced as follows:

1) Reject data points for which the ratio G4/ Gy is either smaller than 0,1 or larger|than
0,3. Also reject data points where G is outside the range Ggrc 20 %. This |is to
ensure that data used for the analysis are taken during’atmospheric conditions close to
the standard reference spectrum.

2) Using the sun’s elevation angle and the atmospheric pressure, calculate the air pnass
(4AM) at the moment of measurement according to:

P

- A.6
Pysing (A-6)

3) Reject all data samples where 4AM> 3.

Plot the value of I, obtained\after step d) versus the air mass value 4M; of leach
corresponding measurement(sample.

5) By using a linear least-squares fit, calculate the slope (m) and offset (b) of the bgst fit
straight line of the data‘set. In order to balance the fit, all short-circuit current readings
should be averaged for AM bins of 0,01 before performing the fit. Both mornind and
afternoon have «10. contribute at least 33 % of the total number of measuregment
samples used for 'the least-squares fit. For a good straight line fit, 10 data points|shall
be considered’as minimum. The more data points in the least-squares fit are cloge to
AM = 1,55thé smaller the uncertainty of the procedure. It is permissible to use| only
data from~half a day (morning or afternoon). However, in the final average, at |least
datafrom three different days with at least two mornings and two afternoons haye to
beincluded.

6) “Calculate the calibration value of the PV reference device by the formula:

CVi=mxAM +b with AM =15 (A.7)

7) Perform steps h) and i).

A.2.5 Uncertainty estimates

In Table A.1, typical values of the uncertainty components for the global sunlight method (left
column) and its simplified version (right column) are listed, resulting in combined expanded
uncertainties Ugg (With coverage factor £ = 2) of 0,7 % and 0,8 % respectively.
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Table A.1 — Typical uncertainty components (k = 2) of global sunlight method

Uncertainty in measurement of short-circuit current <0,1%

Uncertainty due to unstable device temperature (£2 K) <0,1%

Uncertainty of direct irradiance <0,25%

Uncertainty of diffuse irradiance <1,6 %

Uncertainty of total irradiance (80 % direct and 20 % diffuse) <0,5%

Uncertainty of scale difference WRR versus Sl 0,18 %

Uncertainties due to correction with Formula A.3 or spectral irradiance deviations 0,4 % 0,5 %

between test conditions and the reference spectral irradiance of AM1.5G

(IEC 60904-3)

Compined expanded uncertainty <0,7% < 0,8\%
A.2.6 Reference documents
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LA. Emery, C.R. Osterwald, L.L. Kazmerski, and R.E. Hart, 1988¢,."Calibration of Pri
errestrial Reference Cells When Compared With Primary. YAMO Reference C
roceedings of the 8th PV Solar Energy Conference, Florence, pp. 64-68

. A. Emery, C.R. Osterwald, S. Rummel, D.R. Myers, T.L/Stoffel, and D. Waddingtg
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LA. Emery, D. Waddington, S. Rummel, D.R. Myers, T.L. Stoffel, and C.R. Oster
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. Ossenbrink, L. Fornarini, C. Goodbody, M. Davies, K. Emery, and R. Deblasio,
esults of the PEP '87 Round-Robin Calibration of Reference Cells and Modules,-
eport”, PTB technical repoert PTB-Opt-31, Braunschweig, Germany, November
BN 3-89429-067-6

. Millejans, A. loannides, R. Kenny, W. Zaaiman, H. A. Ossenbrink, E. D. Du
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. Mullejans, W."Zaaiman, E. D. Dunlop, H. A. Ossenbrink, “Calibration of photov
ference cells'by global sunlight method”, Metrologia 42, 2005, 360-367
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aceable calibration methods for primary photovoltaic reference cells”, Progres
hatovoltaics, 13, 2005, 661-671

of a

mary
ells",

n, “A
Solar

vald,
bltaic

cells.

Metzdorf, T. Wittchen, K. Heidler, K. Dehne, R. Shimokawa, F. Nagamine,

“The
Final

1990,

nlop,
hlight

bltaic

n of
s in

- F.

P

C. Treble and K.H. Rrebs, “Comparison of European Relerence solar Cell calibrati
roc. 15th IEEE PV Spec. Conf., 1981, pp. 205-210

ons”,

— R. Whitaker, G. Zerlaut, and A. Purnell, “Experimental demonstration of the efficacy of
global versus direct beam use in photovoltaic performance prediction of flat plate
photovoltaic modules”, Proc 16th IEEE PVSC, pp. 469-474, 1982

— A Fehlmann, G Kopp, W Schmutz, R Winkler, W Finsterle, N Fox, metrologia 49, 2012,
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A3

A.3.1

34
Differential spectral responsivity calibration (DSR)

General

Traceability is based on a calibration of spectral responsivity based on standard detectors
directly traceable to Sl units. The calibration value is computed from the measured absolute
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spectral responsivity of the PV reference device and the reference solar spectral irradiance
distribution. The spectral responsivity calibration is transferred from the standard detector
irradiance level to the solar irradiance level over many orders of magnitude with no
restrictions to the PV reference device concerning linearity or spectral match.

A.3.2 Equipment
The following apparatus is required (see Figure A.1 and Figure A.2).

a) A monochromator producing chopped spectral irradiance within the wavelength range
covering the spectral irradiance responsivity of the PV reference device to be calibrated,

watb—a—te bl IPVP-SWPN P~ 3 a-atiiac
Wi a tacCaorCcwaveToTguT STty

b) Lamp(s) with lens or mirror entrance optics (recommended are quartz-halogen.lamps to
cpver wavelengths above 400 nm; and xenon-arc lamps for wavelengths below~400|nm).
Alternatively, a tuneable or white light cw-laser source with a continugusly available
spectral range covering the spectral irradiance responsivity of the PV reference device to
bg calibrated.

A

bias light source, meeting in spectral irradiance, uniformity and temporal stability the
gquirements of class CBA as defined in [IEC 60904-9.

chopped monochromatic beam, traceable in its wavelength alibration, for the absplute
blibration at one or more discrete wavelengths. The non-uniformity shall be smaller|than
B % within the active area of the device to be calibrated.

—

o
N
H o >

omment: The monochromatic beam from A.3.2.a) can~be used for this purpose if it fulfils
e given requirement.

=0

monitor photodiode large enough to monitor thevradiation power of the monochromatic
pam of a) and d).

D
~

—h
=

ptional: a standard spectroradiometer to_monitor the wavelength of the monochroatic
Bam.

tandard spectral irradiance detector(s) with temperature control directly traceable fo Sl
hits. These detectors shall be photodiodes with the best available linearity, uniformity
nd stability.

(o]
~

djustable aperture (imaged-onto the PV reference device);
eans for maintaining the temperature of the PV reference device at (25 + 0,5) °C.

eans for measuring "the AC short-circuit currents of the PV reference device| the
andard detector(s)iand the monitoring detector, for example with a lock-in amplifier] The
briation of the amplification factor of such amplifiers shall be less than 0,1 % over the
gnal ranges used. Preferably the same amplifier and measurement range is used fgr the
\V reference device and the standard detector.

=
~

eans for_measuring the DC component of the PV reference device I, as defined in| step
3.3 )%

S
> go<az = »ocy oQ TP

A.3.3 Test procedure

a) Set and maintain the temperature of the PV reference device to (25 + 0,2) °C. If larger
temperature deviations occur, corrections have to be applied using the spectral
temperature coefficient of the spectral irradiance responsivity.

b) Adjust the aperture until its image over-illuminates the whole PV reference device.

c) Mount the standard detector at the same position and plane where the PV reference
device is calibrated.

d) Calibrate the monochromatic irradiance source of A.3.2.a) (without bias radiation) with
respect to its relative spectral irradiance. Use the chopped monochromatic beam to
determine the ratio of the AC short-circuit currents of the monitor photodiode
(Almonst(#)) @nd standard detector  (Arg (1)) which are measured simultaneously at

wavelength intervals of not more than 10 nm over the whole responsivity range.


https://iecnorm.com/api/?name=dece5e6e51c712f2c54a5ab12b386c03

IEC 60904-4:2019 © |IEC 2019 -19 -

e)

g)

h)

Set the white bias irradiance E, to the desired operational level (between 10 Wm—2 and
1 500 Wm=2) and measure the corresponding DC short-circuit current I, = I.(Ey) of the
PV reference device. Ensure that the standard detector is protected from the white bias
irradiance.

Measure the relative differential spectral irradiance responsivity of the PV reference
device by using the chopped monochromatic radiation of irradiance source A.3.2.a) and
determining the ratio of the short-circuit currents of PV reference device (Ar(2.1,)) and

monitor photodiode (A7, .ne(2)). Calculate the relative differential spectral irradiance

responsivity 5(1,z,) , of the PV reference device under bias irradiance £y,

~ _ A[ref (l’]b) A[mon,st (l)
s (;L’ Iy, )rel - AImon,ref (l) A]St (/1) Sst(/l) (A8)

here s¢(1) is the spectral irradiance responsivity of the standard detector, at wavelength

> =

—-| Comment: If a standard spectroradiometer for wavelength monitoring or correctipn is
used (A.3.2.f) a wavelength correction shall be performed prioft0 the determinatipn of

5(Adp ) -
Repeat steps e) and f) at five or more different bias levels)covering at least the rfange
b

ptween 10 Wm=2 and 1 100 Wm=2, thus including a fidearity test of relative spgctral
ifradiance responsivity.

Jalibrate the monochromatic irradiance source ‘of A.3.2.d) (possibly in a different
easurement plane with better uniformity) at one/to three wavelengths j; (without| bias

radiation) with respect to its absolute spectralsirradiance. Use the chopped monochromatic
beam to determine the ratio of the AC shari:circuit currents of the monitor photodiode
)) and standard detector ( Az{(4;)) which are measured simultaneously

mon,st ()“i

et the white bias irradiance to a low-level Ey near to or at the minimum as specified in
sfep e) and measure the correspending DC short-circuit current I = I (Ey) of the PV
re¢ference device. Ensure that the standard detector is protected from the white|bias
inradiance.

easure the absolute differential spectral irradiance responsivity of the PV refedence
device at one to three wavelengths j; by using the chopped monochromatic radiatipn of

ifradiance source in A.3.2.d) and determining the ratio of the short-circuit currents ¢f PV
r¢ference device Az (4.7o)) and monitor photodiode (A7Zpqn.e(4))- Calculatg the

absolute differential spectral irradiance responsivity §(4.10) of the PV reference dgvice
under bias jrradiance Eg:

Alret (4.10) Almon,st (4) (A.9)

§(ii,[0)= AImon,ref (’11) AIst (ii) SSt(li)

where Sst(4) is the spectral irradiance responsivity of the standard detector at wavelength

— Comment: If a standard spectroradiometer for wavelength monitoring or correction is
used (A.3.2.f) a wavelength correction shall be performed prior to the determination of

$(4:10)-

— Comment: If the monochromatic beam of A.3.2.a) is used for the absolute calibration of
the complete differential spectral irradiance responsivity of the PV reference device,
the calibration of the monochromatic irradiance source in A.3.3.d) is performed with
respect to its absolute spectral irradiance. Subsequently the absolute differential
spectral irradiance responsivity of the PV reference device 5(.1,) instead of its
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relative differential spectral irradiance responsivity 5 (2o is obtained in step A.3.3.)

and steps A.3.3.h), A.3.3.i) and A.3.3.j) can be omitted.

A.3.4 Data analysis

a) Calculate the ratio k;(4;) = (relative spectral irradiance responsivity as determined in
A.3.3.f)/(absolute spectral irradiance responsivity as determined in A.3.3.j) for each of the
three wavelengths 14, 1,, 43 under the Ej irradiation. All three k;(1;) values shall be within
a range of 0,5 % of the average of the three values, otherwise measurements shall be
repeated until fulfilled. All measurement uncertainties shall be correctly assigned to the £;
values and the relative DSR. Then the uncertainties of the k; values shall be propagated

twwwmd&ndard
uncertainty shall be larger than the standard deviation of the average of the three |k;(4;)

b)

c)

d)

vplues, since the standard deviation reflects the uncorrelated measurements uncerta
and the reproducibility of the absolute differential spectral responsivity measurement.
Compute the absolute differential spectral responsivities by scaling “the re
responsivity with the mean value of the k; determined in step a):
~ ~ k1 +k2 +k3
$(hnly) =5 (Al )y~ 2 (
Compute the differential responsivity sapq 5g(Zp) under irradiation with E () for at
five different levels of bias light determined by I,:
1§ (A1) Ersp(A) dA
sam5G (Ib) = ( bG) CAQ) (
§TC
wlith
w
Gste.5d Eref (4)d2 =1000— (
m
apd
Ib :Isc (Eb) (
The calibration value of the short-circuit current under STC conditions Ig1¢ is calcu
from the following formula:
IstcC 1
Egtc = ““““jf“‘ﬂb (
0 SAM1.5G( b)

nties

ative

. 10)

least

\.11)

\.12)

.13)

lated

\.14)

where the upper integration limit /g is obtained by iterative approximation. Refer to
IEC 60904-10 for determination of whether the PV reference device can be considered

linear.

A.3.5 Uncertainty estimate

In Table A.2, typical values of the uncertainty components resulting in a combined expanded
uncertainty of Ugg < 0,5 % (with coverage factor & = 2) are summarized.

NOTE The uncertainty quoted is not easily achieved and might only be available at some national metrological
institutes.
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Table A.2 — Uncertainty components (k = 2) of differential spectral
responsivity calibration method on PV reference devices

Uncertainty due to unstable device temperature (+0,5 K) 0,1 %
Uncertainty of the standard detector(s) 0,2 %
Uncertainty due to nonlinear and/or narrow-band devices 0,1 %
Transfer uncertainties (repeatability) due to relative spectral responsivity 0,1 %
Transfer uncertainties (repeatability) due to absolute spectral responsivity at discrete wavelength(s) 0,1 %
Spectral mismatch between bias radiation and reference solar spectrum; non-uniformity of bias
radiation; non-uniformity of monochromatic radiation; mismatch of device area and irradiated area
(image of the aperture); spectral bandwidth (< 11 nm) of the monochromatic radiation; nonlinearity of 0[4 %
the gmplifiers; determination of reference plane of standard detector and PV reference device,
wavglength calibration and reproducibility of the monochromatic light source
Compined expanded uncertainty 0[5 %
In th|s table, typical values on the uncertainty components resulting in a combined expanded-ungertainty of
Ugs ¥ 0,5 %, with coverage factor k = 2, are summarized. It is not required that the PV reference device is linear,
and fhere are no restrictions on the shape of the spectral responsivity curve of the device;\However, tempergture
contfol of the device within +1 K is recommended.
1
LIA DVM 11
AE ()
MD ﬁ
Ch X
\ DVM
L . sol > LIA =~
Mon \ S7 A‘[SC
R Ve
- BS -
¥ I\\ cve
QQ BL
DVM
Isc (E,
Computer
S @& E) ‘_I

Key
Mon | monochromator
Ch chepper
light source with entrance optics
S shutter
BS beam splitter
MD monitor photodiode
BL (array of) bias lamp(s)
Sol PV device and standard detector respectively
CVC current-voltage converter
LIA lock-in amplifier
DVM digital voltmeter

Figure A.1 — Block diagram of differential spectral responsivity calibration
superimposing chopped monochromatic radiation DE(l) and DC bias radiation E,

IEC
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Absolute differential
spectral responsivity
(280 nm to 2 000 nm)
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A.3.6 Reference-documents

— |BEC 60904-9: Photovoltaic devices — Part 9: Solar simulator performance requirement
— |EC 60904-10: Photovoltaic devices — Part 10: Methods of linearity measurements
— J| Metzdorf, “Calibration of solar cells. 1: The differential spectral responsivity met

Appl“Optics 26 (9), 1987, 1701-1708
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Figure A.2 — Opticallarrangement of differential spectral responsivity calibration

"2

hod”,

— J. Metzdorf, S. Winter, T. Wittchen, “Radiometry in photovoltaics: calibration of reference

solar cells and evaluation of reference values”, metrologia 37, 2000, 573-578

— 8. Winter, T. Wittchen, J. Metzdorf, “Primary Reference Cell Calibration at the PTB Based
on an Improved DSR Facility”, Proc. 16th European Photovoltaic Solar Energy Conf., ed.
by H. Scherr, B. Mc/Velis, E. Palz, H. A. Ossenbrink, E. Dunlop, P. Helm, Glasgow, 2000,
James & James (Science Publ., London), ISBN 1 902916 19 0

— S. Winter, T. Fey, I. Kréger, D. Friedrich, K. Ladner, B. Ortel, S. Pendsa, F. Witt, "Design,
realization and uncertainty analysis of a laser-based primary calibration facility for solar

cells at PTB", Measurement 51, 2014, 457-463.
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A.4 Solar simulator method (SSM)

A.4.1 General

Traceability is based on the absolute spectral irradiance of simulated sunlight and relative
spectral responsivity of the PV reference device to be calibrated. The absolute spectral
irradiance shall be measured by a spectroradiometer calibrated by standard lamps directly
traceable to Sl units, and the spectral responsivity shall be calibrated by standard detectors
directly traceable to Sl units. When traceability via WRR is required, the absolute irradiance of
the solar simulator shall be measured by using a cavity radiometer traceable to the WRR. The
calibration value is computed from the measured spectral responsivity of the PV reference
devide, the Spectral Irradfance distribution of the sotar simulator and the rererence |solar

specfral irradiance distribution (IEC 60904-3).

A.4.2 Equipment

The following apparatus is required (see Figure A.3).

a)

A.4.3 Calibration procedure

d)

A solar simulator of class AAA as defined in IEC 60904-9. The uncertainty analysis helow
ssumes that spatial non-uniformity of irradiance is below 0,2 % and temporal instability is
elow 0,1 %. When the cavity radiometer (A.4.2.e) is used the’solar simulator sh3ll be
feady-state with collimated light beam.

Q

spectroradiometer as described in CIE 53-1982.

eans for measuring relative spectral responsivity of the PV reference device as deffined
IEC 60904-8.

standard lamp which has been directly calibrated by the primary standard lamps, which
nall be mutually recognized and authorized by~ €CCPR/CIE.

S > oo

cavity radiometer traceable to the WRR>whose view angle is wider than the spreading
ngle of the solar simulator light (optional):

eans for measuring the short-circuit current of the PV reference device which [shall
bmply with the general measurement requirements of IEC 60904-1.

eans for maintaining the temperature of the PV reference device at (25 + 2) [°C if
mperature corrections are-not applied. The temperature should be stable within 0|5 °C
Liring the data collection-interval.

O g OZ O P> 0>

Tlhe relative spectral responsivity of the PV reference device shall be measurgd in
accordance withnlEC 60904-8.

he irradiance of the solar simulator in the test plane shall be set to approximately ¢gr¢,
using a thermal photo detector such as a thermopile.

he absolute spectral irradiance distribution in the test plane shall be measured by the
c I|brated spectrorad|ometer as described in CIE 63-1984. For the calculatlm as
s(A).
When the cawty radlometer is used as in A 4 4, b) the wavelength range of the spectral
irradiance measurement shall be sufficiently large to reach the desired uncertainty.

The PV reference device shall be located in the test plane of the simulator. The device
temperature shall be maintained at (25 + 2)°C throughout all calibration runs if
temperature corrections are not applied. The temperature should be stable within 0,5 °C
during the data collection interval. The short-circuit current of the device is to be
measured more than 10 times and the mean value is to be calculated.
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A.4.4 Data analysis
a) The calibration value (CV) is to be computed as follows.

J3° Erer(Ds(D)dA

V= ISC fooo Emeas(D)s(A)da

(A.15)

where:
Eeas(4) is the absolute spectral irradiance distribution of the solar simulator.

b) When direct traceability to WRR is required, the absolute irradiance of the solar simulator
shall be measured by using a cavity radiometer traceable to the WRR, as describgd in
Al.4.2.e). The calibration value (CV) is computed according to Formula (A.4). Gy is_the|total
irradiance of the solar simulator measured by the cavity radiometer.

c) Repeating the steps in A.4.3. and A.4.4 twice, the mean CV is to be calculated’as the| final
calibration value.

A.4.5 Uncertainty estimate
In the following Tables A.3 and A.4, typical values of the uncertainty“components resulting in

comljined expanded uncertainty of Ugs of 2 % and 0,6 % (with‘coverage factor k£ = 2)) are
summarized.

Table A.3 — Example of uncertainty components (k = 2)
of a solar simulator method.calibration

Uncgrtainty of the standard lamp: <2%

Uncgrtainty due to spectroradiometer: <0,2%
Uncgrtainty due to unstable device temperature: <0,2%
Trangfer uncertainties due to spectral responsivity;ispectral mismatch between solar simulator <0,2%

and feference solar spectrum:

Uncgrtainty due to temporal and spatial nonsuniformity of solar simulator and different size and <0,2%
time|constant of spectroradiometer and, device:

Compined expanded uncertainty 2%

Table A.4 —(Typical uncertainty components (k = 2) of a solar simulator
method calibration when WRR traceable cavity radiometer is used

Uncgrtainty of WRR-versus Sl units 0,18 %
Uncgrtainty_of\irradiance measurement <0,2%
Uncgrtainty.due to unstable device temperature: <0,2%
Uncartainties due to spectral irradiance deviations between test conditions and the reference <03%

spectral irradiance of AM1.5G (IEC 60904-3) or spectral mismatch correction (IEC 60904-7)

Uncertainty due to temporal and spatial non-uniformity of solar simulator and different size and <0,2%
time constant of spectroradiometer, device and cavity radiometer:

Combined expanded uncertainty 0,6 %
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Figure A.3 — Schematic apparatus of the solar,simulator method
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A.5.1

Direct sunlight method (DSM)

General
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The PV reference device to be calibrated is compared under direct-beam natural sunlight with
a reference radiometer. The establishment of traceability is based on the calibration using a
pyrheliometer measuring direct solar irradiance and traceable to the WRR. The short-circuit
current of the PV reference device is measured, scaled to Gg1¢ and corrected for temperature
and spectral mismatch between the direct-beam natural sunlight spectrum as measured by a
spectroradiometer and the defined standard spectrum (IEC 60904-3). The relative spectral
responsivity of the PV reference device also has to be determined according to IEC 60904-8.


https://iecnorm.com/api/?name=dece5e6e51c712f2c54a5ab12b386c03

- 26 — IEC 60904-4:2019 © |IEC 2019

A.5.2 Equipment

a)

b)
c)

d)

A.5.3 Measurements

A mounting platform, which can be oriented normal to the sun within an accuracy of +0,5°
throughout the calibration run.

A cavity radiometer, traceable to the WRR.

A collimator tube for the PV reference device having the same viewing angle as the cavity
radiometer.

A temperature-controlled mounting block for the PV reference device to be calibrated
capable of maintaining the junction temperature at (25 £ 2) °C throughout all calibration
runs if temperature corrections are not applied. The uncertainty analysis assumes that
t i i i ithi i ing the
dpta collection interval.

raceable means to measure the short-circuit current of the PV reference déyvice {o an
curacy of +0,1 % or better.

> o

spectroradiometer for measuring the direct normal solar spectral irradiance with the
spme viewing angle as the cavity radiometer.

AI: apparatus to measure the relative spectral responsivity of the PV reference device
according to IEC 60904-8 and as a function of temperature.

A calibration according to this document shall be performed only on clear, sunny days with no

visible cloud cover within 30° of the sun.

a)

b)

c)

A.5.4 Data analysis

a)

b)
c)

Mount the PV reference device to be calibrated with the collimator, the cavity radiometer,
and the spectroradiometer coplanar on the tracking platform.

Measure the relative spectral irradiance of the’sun, E,.55(4), using the spectroradiometer.
During the spectral irradiance measurement; perform the following steps simultaneougly:
1

Measure the cavity radiometer output, Gg;,, and verify that the irradiance is between
750 Wm=2 and 1 100 Wm—2.

Measure the short-circuit current /g of the PV reference device to be calibrated.
3) Measure the PV reference.device temperature, T;.

Repeat these steps at)least four times. These repetitions shall be distributed in|time
during a single spectral irradiance measurement.

Plerform a minimum-@of five replications of step b) on at least three separate days.

Herform the€/ correction of Formula (A.1), where Gt is the reading of the cavity radiometer
representing the direct irradiance G;,.

verage the calibration values from a) for each measurement of spectral irradiance.

orrect the data to 25 °C and translate the data to the reference spectrum.

Correct each result of step b) for temperature and spectral effect according to
Formula (A.16) giving one CV; according to Formula (A.17).

o0

o . 85(/1,7])
[ g (1 JoPmess (8] 502870+ (1-25 C) =57

F(1;) (A.16)

[ Emeas (2)d2 [ Eret (2)5(2.25 C)a

cv, =ISC% (A17)
J
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d) Average all CV; for each day and calculate the arithmetic average CV using Formula (A.5).

e) Reject any points that meet the following criteria:

A.5..‘.l Uncertainty estimate

1) CV; more than 1,5 % from CV;
2) Igc range is greater than 1,5 %,;
3) CV; (Tj) standard deviation is > 1 %.

Verify that at least three days data with a minimum of five sets per day of valid data exist.
If not take additional measurements until this criterion is met. Typically five days of data
with 10 sets per day of valid data are used obtained to further reduce the standard
deviation of CV.

In Tgble A.5, typical values of the uncertainty components for the direct sunlight, method are
listeq, resulting in combined expanded uncertainty Ugs (with coverage factor k,='2) of 0,6 (%.

Table A.5 — Typical uncertainty components (k = 2) of a direct sunlight method
using temperature dependent spectral correction factor (Formula (A.16)),
without applying a correction factor for the WRR t0)Sl scale

Uncertainty of scale difference WRR versus SI 0,34 %
Meadured direct irradiance <0,18 %
Specjral mismatch correction 0,05 %
Unceftainty due to device temperature correction <0,1%
Combined expanded uncertainty 0,46 %
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AVANT-PROPOS

La| Commission Electrotechnique Internationale (IEC) est une organisation mondiale de sormalisation

composée de I'ensemble des comités électrotechniques nationaux (Comités nationaux de I'l[EC). L’'IEC
objet de favoriser la coopération internationale pour toutes les questions de normalisation dans’)les don
de| I'électricité et de I'électronique. A cet effet, 'IEC — entre autres activités — publie des N
internationales, des Spécifications techniques, des Rapports techniques, des Spécifications accessib
puplic (PAS) et des Guides (ci-aprés dénommés "Publication(s) de I'l[EC"). Leur élaboration est confiée
comités d'études, aux travaux desquels tout Comité national intéressé par le sujetntraité peut participe
organisations internationales, gouvernementales et non gouvernementales, en liaison avec I'lEC, parti
égplement aux travaux. L'IEC collabore étroitement avec I'Organisation Internationale de Normalisation
se|on des conditions fixées par accord entre les deux organisations.

Lep décisions ou accords officiels de I'lEC concernant les questions techniques représentent, dans la n
du| possible, un accord international sur les sujets étudiés, étant donfi¢ que les Comités nationaux de
interessés sont représentés dans chaque comité d’études.

Lep Publications de I'lEC se présentent sous la forme de recommandations internationales et sont ag
comme telles par les Comités nationaux de I'lEC. Tous les effofts raisonnables sont entrepris afin qug
s'gdssure de I'exactitude du contenu technique de ses publicatiens; I'lEC ne peut pas étre tenue responsa
I'éyentuelle mauvaise utilisation ou interprétation qui en est faite par un quelconque utilisateur final.

Dgns le but d'encourager I'uniformité internationale, les, €omités nationaux de I'lEC s'engagent, dans tg
mgsure possible, a appliquer de fagon transparente les Publications de I'lEC dans leurs publications nati
et|régionales. Toutes divergences entre toutes.Publications de I'lEC et toutes publications national
régionales correspondantes doivent étre indiquées.en termes clairs dans ces derniéres.

L'IEC elle-méme ne fournit aucune attestation®de conformité. Des organismes de certification indéper
fodrnissent des services d'évaluation de_conformité et, dans certains secteurs, accédent aux marqu
cophformité de I'lEC. L’IEC n'est responsablé d'aucun des services effectués par les organismes de certifi
ingépendants.

Tous les utilisateurs doivent s'assurer qu'ils sont en possession de la derniére édition de cette publication|.

Adcune responsabilité ne daqit)étre imputée a I'lEC, a ses administrateurs, employés, auxiliair
mgndataires, y compris ses* experts particuliers et les membres de ses comités d'études et des C
nationaux de I'lEC, pour.tout préjudice causé en cas de dommages corporels et matériels, ou de tout
dommage de quelque pature que ce soit, directe ou indirecte, ou pour supporter les colts (y compris le
de] justice) et les dépenses découlant de la publication ou de I'utilisation de cette Publication de I'lEC
toyte autre Publication’de I'lEC, ou au crédit qui lui est accordé.

L'dttention est/attirée sur les références normatives citées dans cette publication. L'utilisation de publid
référencéesestiobligatoire pour une application correcte de la présente publication.

L’gttention-est attirée sur le fait que certains des éléments de la présente Publication de I'lEC peuven
I'opjet. de droits de brevet. L'IEC ne saurait étre tenue pour responsable de ne pas avoir identifié de tels
de|brevets et de ne pas avoir signalé leur existence.
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La Norme internationale IEC 60904-4 a été établie par le comité d'études 82 de I'lEC:
Systémes de conversion photovoltaique de I'énergie solaire.

Cette deuxiéme édition annule et remplace la premiére édition parue en 2009. Cette édition
constitue une révision technique.

Cette édition inclut les modifications techniques majeures suivantes par rapport a I’édition
précédente:

a) modification du titre de la norme;

b) incorporation de la référence de travail a la chaine de tragabilité;

c) mise a jour de la WRR (world radiometric reference — référence radiométrique mondiale)

par rapport au Sl;
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d) révision de toutes les méthodes et de leurs incertitudes a I’Annexe A:

e) harmonisation des symboles et formules avec les autres normes |IEC.

Le texte de cette Norme internationale est issu des documents suivants:

FDIS Rapport de vote
82/1618/FDIS 82/1638/RVD
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DISPOSITIFS PHOTOVOLTAIQUES -

Partie 4: Dispositifs photovoltaiques de référence —
Procédures pour établir la tracabilité de I'étalonnage

1 Domaine d’application

2019

La présente partie de I'lEC 60904 fixe les exigences relatives aux procédures d'étalon
dans| le but d'établir la tragabilité des dispositifs photovoltaiques (PV) de référenc
unitép SI, comme cela est exigé par I'lEC 60904-2.

Le présent document s'applique aux dispositifs PV de référence utilisés-Jpour me
I'écldirement énergétique de la lumiére solaire naturelle ou simulée afin, de quantifig

perfdrmances des dispositifs PV. L'utilisation d'un dispositif PV de référence est exigée
de mombreuses normes relatives aux dispositifs PV (par exemple, I'IEC 60904-
I'IEC|60904-3).

Le présent document a été rédigé en prenant en considératiof)/les dispositifs PV de référ
a jorlction unique, en particulier le silicium cristallin, mais. ibest suffisamment général
inclure d’autres technologies a jonction unique.

2 Reéférences normatives

Les documents suivants sont cités dans le texte de sorte qu’ils constituent, pour tout ou g
de lgur contenu, des exigences du présent document. Pour les références datées,
I’éditlon citée s’applique. Pour les références non datées, la derniére édition du docume
référence s'applique (y compris les éventuels amendements).

IEC 60904-1, Dispositifs photoveoltaiques — Partie 1: Mesure des caractéristiques col
tensipn des dispositifs photoyvaoltaiques

IEC 60904-2, Dispositifs\photovoltaiques — Partie 2: Exigences applicables aux dispg
photovoltaiques de référence

IEC §0904-3, Dispositifs photovoltaiques — Partie 3: Principes de mesure des dispd
solaites photevoltaiques (PV) a usage terrestre incluant les données de ['éclaire
énergétique spectral de référence
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IEC TSS61836, Solar photovoltaic energy systems — Terms, definitions and syn

(disponible en anglais seulement)

Guide ISO/IEC 98-3: 2008, Incertitude de mesure — Partie 3: Guide pour I'expressio
I'incertitude de mesure (GUM: 1995)

3 Termes et définitions

Pour les besoins du présent document, les termes et définitions de I'lEC TS 61836 ains
les suivants s'appliquent.

n de

i que

NOTE Les différents appareils de référence liés a la chaine de tracabilité de I'éclairement énergétique solaire
sont définis dans le présent article. Des exemples types pour chaque catégorie sont énumérés dans le Tableau 1,

qui renvoie également aux normes pertinentes (lorsqu’elles sont disponibles). La Figure 1 décrit e

nsuite
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schématiquement les chaines de tracabilité les plus courantes reliant ces instruments et les normes pertinentes (si
elles sont disponibles). L’Annexe A décrit les méthodes pour la mise en ceuvre du présent document.

L'ISO et I'lEC tiennent a jour des bases de données terminologiques destinées a étre utilisées
en normalisation, consultables aux adresses suivantes:

o |EC Electropedia: disponible a I'adresse http://www.electropedia.org/
e |SO Online browsing platform: disponible a I'adresse http://www.iso.org/obp

3.1

étalon primaire

étalo i lités
métrplogiques et dont la valeur est établie sans se référer a d’autres étalons de la\méme

grandleur

Note 1 a l'article: Le concept d'étalon primaire est valable aussi bien pour les grandeurs de_base que pdur les
grandeurs dérivées.

Note 3 a l'article: Un étalon primaire n'est jamais utilisé directement pour des mesurages en dehors [de sa
compdraison avec les étalons témoins ou avec des étalons de référence.

Note 3§ a l'article: Les étalons primaires sont habituellement maintenus par les_instituts nationaux de métrnologie
(INM) Jou par des organisations similaires qui ont la responsabilité de I'entretien'des étalons relatifs aux grarndeurs
physiques. Souvent également désignée par le seul terme «primaire», la mi§een ceuvre physique est choigie de
telle sprte que la stabilité a long terme, I’exactitude et la répétabilité du mésurage de la grandeur qu'il repr¢sente
soient|garanties aussi largement que possible par la technologie actuelle,

Note 4 a l'article: La référence radiométrique mondiale (WRR), représentée par le groupe étalon mondial (GEM)
compqgsé de radiométres a cavité, est I'étalon primaire admis¢pour le mesurage de I'éclairement énerggtique
solairg.

3.2
étaldn secondaire
dispgsitif qui, par comparaison périodique* avec I'étalon primaire, sert a maintenir la
confgrmité, en unités Sl, en d'autres lieuxtque celui ou se trouve I'étalon primaire

Note 1 a l'article: Un étalon secondaire ;alemploie pas nécessairement les mémes principes techniques que
I'étaloh primaire, mais s'efforce d'obtenir une’stabilité a long terme, une exactitude et une répétabilité similaires.

Note 3 a l'article: Les étalons secendaires types pour I'éclairement énergétique solaire sont les radiomefres a
cavité| qui participent périodiquement (généralement tous les 5 ans) a la comparaison internationalge des
pyrhéljomeétres (IPC — International Pyrheliometer Comparison) avec le GEM, permettant ainsi de garahtir la
tracabfilité par rapport a la WRR. La tragabilité directe par rapport a I'’échelle radiométrique S| peut également étre
disporjible pour ces apparéils,

3.3
référence primaire
appareil qu'unjlaboratoire utilise pour étalonner des références secondaires périodiquement
par rapportiarun étalon secondaire

Note 1 a\'article: Les références primaires peuvent souvent étre réalisées a des colts bien inférieurs a cedix des
étalons secondaires.

Note 2 a l'article: Généralement, une cellule PV est utilisée comme dispositif de référence pour le mesurage de
I'éclairement énergétique solaire naturel ou simulé. Les références primaires sont généralement utilisées par les
laboratoires d’étalonnage et d’essais.

3.4

référence secondaire

dispositif de mesure utilisé pour les mesurages de routine quotidiens ou pour étalonner des
références de travail, lui-méme étalonné périodiquement par rapport a une référence primaire

Note 1 a l'article: Les références secondaires les plus courantes destinées au mesurage de I'éclairement
énergétique solaire naturel ou simulé sont les cellules PV et les modules PV. Les références secondaires sont
généralement utilisées par les laboratoires d’étalonnage et d’essais, et parfois aussi dans la production
industrielle.


http://www.electropedia.org/
http://www.iso.org/obp
https://iecnorm.com/api/?name=dece5e6e51c712f2c54a5ab12b386c03

- 36 - IEC 60904-4:2019 © |IEC 2019

3.5

référence de travail

dispositif de mesure utilisé pour les mesurages de routine quotidiens, étalonné
périodiquement par rapport a une référence secondaire

Note 1 a l'article: Les références de travail les plus courantes destinées au mesurage de ['éclairement
énergétique solaire naturel ou simulé sont les cellules PV et les modules PV.

Note 2 a I'article: Les références de travail sont généralement utilisées dans la production industrielle.

3.6

tracabilité ()
<d’'un dispositif PV de reference> exigence, pour tout dispositif PV de reference, de \lier sa
valeyr d'étalonnage en unités Sl dans une chaine ininterrompue et documentée de {ransferts
d'étajonnage comprenant les incertitudes établies

Note 1 a l'article: La WRR a été comparée plusieurs fois a I’échelle radiométrique SI. Tandis que lofs des
compdraisons précédentes les deux échelles se sont révélées impossibles a distinguer dans l'incertitude| de la
compdraison, la derniére comparaison des échelles a démontré qu’il existe un décalage|systématique enfre les
échellps, la WRR ayant un éclairement énergétique supérieur de 0,34 % a I’échelle SI. LlinCertitude de ce dégalage
a été |donnée a 0,18 % (k = 2). Par conséquent, la tracgabilité par rapport a la WRR ‘donne automatiquemlent la
tracabjilité en unités SI. Cependant, le décalage entre les échelles peut étre corrigé-pour les mesurages tragables
par rapport a la WRR. L’incertitude de la comparaison des échelles doit étre in¢luse dans le bilan d’incertitpde. Il
existe| essentiellement deux possibilités pour le mesurage de la tragabilité en unités Sl par le biais de la|WRR.
Premigrement, aucune correction n’est appliquée a la différence d’échelle, gt‘une incertitude plus grande de[0,3 %
(répargition rectangulaire) doit étre utilisée. Deuxiémement, une correction/nette de la différence d’échelle qui
s’élevg a 0,34 %. Dans ce cas, la contribution a l'incertitude est de’0,18 % (k =2). La valeur de diffgrence
d’échglle de 0,34 % est la valeur disponible la plus récente au moment/de la publication du présent document. Il
convignt de consulter les ouvrages scientifiques de référence peur vérifier les mises a jour éventuelles|de la
différgnce et de son incertitude. Il est possible notamment qu’a-’avenir la WRR soit adaptée a la prise en compte
de cefte différence et puisse I'adapter en unités Sl. Dans ce cas, aucune correction supplémentaire ne dojit étre
appliguée.

[SOURCE: A Fehlmann, G Kopp, W Schmutz R Winkler, W Finsterle, N Fox, metrologlia 49
(2012) S34]

Tableau 1 — Exemples\d'appareils de référence utilisés dans
une chaine de tragabilité de I'éclairement énergétique solaire

Instrument de Eclairement énergétique solaire
référence
Etaldn primaire Groeupe de radiométres a cavité constituant le groupe étalon mondial (GEM) de |4

reférence radiométrique mondiale (WRR)
Détecteur de piege cryogénique

Lampe normalisée

Etaldn secondaire Radiomeétres a cavité disponibles dans le commerce comparés réguliérement
(généralement tous les 5 ans), selon la comparaison internationale des
pyrhéliomeétres (IPC)

Détecteur normalisé, étalonné par rapport a un détecteur de piege

Spectroradiometre étalonné par rapport a une lampe normalisée

Référence primaire Pyrhéliométre a incidence normale (NIP — normal incidence pyrheliometer)
(1SO 9059)

Dispositif PV de référence (IEC 60904-2 et IEC 60904-4)

Référence secondaire Pyranomeétre (ISO 9846)

Dispositif PV de référence (IEC 60904-2)

Référence de travail Pyranomeétre (ISO 9847)
Dispositif PV de référence (IEC 60904-2)
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E_talo_n ‘ GEM ‘ ‘ Détecteur de pieége ‘ ‘ Lampe étalon
primaire
- ! \ 4 A 4
Etalon ‘ Radiométre absolu { ‘ Détecteur étalon ‘ ‘ Spectroradiomeétre ‘
secondaire
ISO 9059 IEC 60904-4
Rf;‘f*:;’lge ‘ Pyrhéliométre a incidence normale‘ ‘ Dispositif PV de référence‘
ISO 9846 IEC 60904-2
Référence | Dispositif PV de référence |
secondaire
ISO 9847 IEC 60904-2
Réference ‘ Dispositif PV de référence‘
de travail
IEC

Figure 1 — Schéma des appareils de référence les plus courants et méthodes habitu
de transfert utilisées dans les chaines de tragabilité, pour les détecteurs d'éclaire
énergétique solaife

4 [Exigences relatives aux procédures d'étalonnage tragables des dispositil
RV de référence

s

lles
ent

Une procédure d'étalonnage tracable estthécessaire pour transférer I'étalonnage d'un éjtalon
ou dlune référence mesurant I'éclairement énergétique solaire et reposant sur un principe

phys|que autre que I'effet PV (tel "qu'un radiométre a cavité, un pyrhéliométre €
pyramometre) a un dispositif PV de.référence. Les exigences relatives a ces procédures
les spiivantes:

a) Tlout appareil de mesure’ exigé et utilisé dans la procédure de transfert doit étn
appareil dont la chaine de tragabilité est ininterrompue.

b) Une analyse d'incertitude documentée.

c) Une répétabjlité- documentée, comme des résultats de mesure d'intercomparaiso
Igboratoires;.ou des documents de contrbéle qualité de laboratoires.

d) Une exaetitude absolue inhérente, donnée par un nombre Ilimité de trans
iNtermédiaires.

t un
sont

e un

n de

ferts

Habituellement le transfert est réalisé d'un étalon secondaire a un dispositif PV de référe

Ence,

constituant une référence primaire.

Le transfert d'un dispositif PV de référence a l'autre est couvert par I'lEC 60904-2.

5 Analyse de l'incertitude

Une estimation de l'incertitude conformément au Guide ISO/IEC 98-3: 2008 doit étre assurée
pour chaque procédure d'étalonnage tragable. Cette estimation doit fournir des informations
sur l'incertitude de la procédure d'étalonnage, ainsi que des données quantitatives relatives
aux facteurs d'incertitude suivants, pour chaque appareil utilisé pour exécuter la procédure

d'étalonnage. Plus particulierement:

a) La composante de l'incertitude résultant des effets aléatoires (Type A).
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La composante de l'incertitude résultant des effets systématiques (Type B).

Une analyse compléte de l'incertitude doit étre réalisée pour la mise en ceuvre de la méthode
d'étalonnage par un laboratoire particulier. L’Annexe A donne des exemples des composantes
principales de l'incertitude dans certaines mises en ceuvre particulieres. En raison de la
diversité des méthodes disponibles, il est impossible de fournir des recommandations
détaillées sur la maniére dont il convient de réaliser une analyse de l'incertitude spécifique.
Néanmoins, les composantes ci-dessous doivent étre prises en considération:

Le

a)
b)

c)

7

incertitude de tous les instruments de mesure utilisés;

décalage et dérive de tous les instruments de mesure;

rlcertitude de toutes les références utilisées;

ricertitude sur la température du dispositif mesuré;

irlcertitude introduite par les écarts entre la température réelle et la température nominale
db dispositif;

ircertitude de mesure de I'éclairement énergétique (éclairement énéergétique totpl et
spectral);

irlcertitude introduite par les écarts entre I'éclairement énergétique spectral régl et
I’éclairement énergétique spectral de référence;

cpntributions dues a la répétabilité et la reproductibilité;
Irfcertitude due a l'instabilité des conditions et des instruments.

Rapport d'étalonnage

rapport d'étalonnage doit inclure au moins les.informations suivantes:

l¢ titre (par exemple, «Certificat d'étalonmage»);

I nom et I'adresse du laboratoire, ainsi que du lieu ou les étalonnages ont été effe¢ctués
slils sont différents de I'adresse duilaboratoire;

I'ldentification unique du rappoftt (telle que le numéro de série) et de chaque pade, le
npmbre total de pages et la date d'émission;

Id nom et I'adresse du clientqui a passé la commande;
Ig description et I'identification non ambigué de I'unité ou des unités étalonnées;

Id date de réceptionyde I'unité ou des unités d’étalonnage et la ou les dates d’étalonnage,
slil y a lieu;
Igs résultats."de’ I'étalonnage et leurs incertitudes, y compris la température du dispositif
sptir lequel-iétalonnage a été réalisé;

Ig référence aux procédures d'échantillonnage employées par le laboratoire, loffsque
celles-ei sont pertinentes vis-a-vis de la validité ou de I'application des résultats;

|r o-loc name In A Ing titene At 1o i Aauivualan e de
C—O 0T Co T oo, 1TC— o1 Cotrtr Co—CtTa O Cqurvatc

la ou des personnes autorisant la publication du rapport;

le cas échéant, une indication selon laquelle les résultats ne se rapportent qu'aux unités
étalonnées;

le cas échéant, la sensibilité spectrale du dispositif PV de référence;

le cas échéant, le coefficient de température du dispositif PV de référence.

Marquage

Le dispositif PV de référence étalonné doit étre identifié par un numéro de série ou par un
numeéro de référence, et les informations suivantes doivent étre jointes ou fournies sur un
certificat I'accompagnant:


https://iecnorm.com/api/?name=dece5e6e51c712f2c54a5ab12b386c03

IEC 60904-4:2019 © |IEC 2019 -39 -

a) la date de I'étalonnage (déja réalisé ou en cours de réalisation);
b) la valeur d’étalonnage et son incertitude;
c) lidentification du laboratoire qui a réalisé I’étalonnage.
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Annexe A
(informative)

Exemples de procédures d'étalonnage validées
Généralités

Vue d’ensemble

2019

des

L'Annexe A décrit 3 titre d’exemple des procédures d'étalonnage applicables 3

dispd
incer|
de r
référ
d'aut
seco

Com
sont

valid
d'aut

Les 1f
par d

Toutgfois, la description donnée par le présent decument est plus générale. Pour de

ampl
contr

sitifs PV de référence, en tant que dispositifs de référence primaire, ainsi que
fitudes déclarées. Ces procédures ont pour but d'établir la tragabilité des dispositil

bnce primaire, étalonnés conformément a ces procédures, servent a établicla tracga

res dispositifs PV de référence qui constituent alors des dispositifs) de référ
ndaire.

me cela est déja mentionné a I'Article 1, les méthodes décrites dans la présente an

Bes que pour la technologie au silicium cristallin, bien gu’elles puissent s’appliq
fes technologies.

héthodes ont été mises en ceuvre dans différents laboratoires dans le monde et val
es intercomparaisons internationales, notammentyle World Photovoltaic Scale (WH

s informations sur les différentes mises en. ceuvre, les références des publica
Olées par des pairs sont données a la fin de;ehaque procédure.

les

racin
sont
par |
uniqu
chaq

de cés méthodes peuvent étre trés différentes. Les incertitudes estimées par un labora3

donn
parr

A.1.2
A2
A3

Les jgtimations de l'incertitude se fondent sur Ugs (facteur d’élargissement k = 2) pour t

mposantes individuelles. L'incertitUde composée élargie est calculée comme éta

leurs
s PV

eférence en unités SI, comme cela est exigé par I'lEC 60904-2. Les dispositifs de

bilité
ence

nexe

limitées aux technologies PV a jonction unique. Par ailleurs} elles n'ont a ce jOUJII' eté

er a

dées
VS).

plus
tions

butes
nt la

carrée de la somme des carrés de toutes les composantes. Les incertitudes do

Lle procédure dans un laboratoire donné. Les incertitudes obtenues par la mise en

£ doivent étre fopdées sur une analyse explicite spécifique et ne peuvent pas étre p
Bférence aux estimations de l'incertitude du présent document.

Exemples des méthodes validées
Méthode sous lumiere solaire globale (GSM — global sunlight method)
Etalonnage par sensibilit¢ spectrale différentielle (DSR — differential sp{

nées

des expressions simplifiées (limitées aux composantes principales) telles que foufnies
es laboratoires ayant mis\lla procédure en ceuvre. Ces calculs d'incertitude sefvent
ement de lignes directrices et doivent étre adaptés a la mise en ceuvre particuliéfe de

uvre
toire
rises

betral

responsitivity calibration)

A4
A5

Méthode du simulateur solaire (SSM — solar simulator method)

Méthode de la lumiére solaire directe (DSM - direct sunlight method)

A.1.3 Liste des symboles communs

courant de court-circuit du dispositif PV de référence

température du dispositif PV de référence

facteur de correction de I'éclairement énergétique (voir ci-dessous)
facteur de correction de la température (voir ci-dessous)

coefficient de température o du courant de court-circuit (IEC 60891) normalisé au

courant de court-circuit a 25 °C et exprimé en 1/ K
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SMM spectral mismatch factor (facteur de désadaptation des réponses spectrales)
(IEC 60904-7)

A longueur d'onde

s(4) sensibilité spectrale du dispositif PV de référence en fonction de la longueur
d'onde 4

s(A4,T;) sensibilité spectrale du dispositif PV de référence en fonction de la longueur
d'onde 1 et de la température T

as(2.1,) .y . L . .

- dérivée partielle de la sensibilité spectrale selon la température en fonction de la
T

longueur d’onde 4

5(A) sensibilité spectrale différentielle du dispositif PV de référence

Eneak(4)  répartition spectrale de I'éclairement énergétique de la lumiere solaire natgrelle
ou simulée

Eei(4) répartition spectrale de I'éclairement énergétique de référencelou normalisé $elon
I'IEC 60904-3

Gyir éclairement énergétique direct

Gif éclairement énergétique diffus dans le plan

Gt éclairement énergétique total dans le plan

GsTg éclairement énergétique aux conditions normales d’essai (= 1 000 Wm-2)

cv calibration value (valeur d'étalonnage), c’est-a-dire Igc aux conditions normales
d’essai

AM air mass (masse d'air) (masse atmosphérique)

STC standard test conditions (conditions normales d’essai) (1 000 Wm=2, 25 9C et
Eref(l))

P pression atmosphérique locale

Py 101 300 Pa

o angle d'élévation du-soleil

A.1.4 Formules commuhes

Les méthodes décritestdans les Articles A.2, A.4 et A.5 ont certains calculs en commun,
détaillés en A.1.4. Les)informations détaillées des différentes mises en ceuvre sont ensuite
décrites dans chague/paragraphe.

Le cqurant /g5)n'est généralement pas mesuré a exactement 1 000 Wm —2, mais & un nijveau
d'éclairement ~ énergétique proche. En prenant pour hypothése que le courant/gg du
dispgsitifiPV de référence varie linéairement avec [|'éclairement énergétique selon
I'IEC|6Q0904-10, la correction suivante est faite:

A4

G
Isc (Gstc) =IscMg = Isc —EIC (A.1)

Si le mesurage de I'éclairement énergétique est tragable par rapport a la WRR, alors le relevé
de I'éclairement énergétique peut étre corrigé pour la différence d’échelle en unités Sl.

Les conditions normales d’essai (STC — standard test conditions) stipulent une température
du dispositif de 25°C, mais les mesurages ne sont pas toujours effectués a cette
température. Il convient de prendre en compte les écarts de température dans le bilan de
l'incertitude. Il est aussi possible de corriger le courant /g de la température de mesure T a
la température de 25 °C, en le multipliant par le facteur de correction de la température My
défini par:
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_ ISC(TJ)
1-Tooer (25 °C— T})

Isc (25 °C) = Isc (1} ) M+ (A.2)

La correction de la différence entre la sensibilité spectrale du dispositif PV de référence a
étalonner et celle du dispositif utilisé pour mesurer I'éclairement énergétique peut étre
calculée comme une désadaptation des réponses spectrales SMM:

I:Eref (i)dﬂ J.:Emeas (l)s(ﬂ.)dl

_[:Emeas (2)dA J-:Eref (2)s(2)d2

(A.3)

QA AAA
OIVIIVI —

NOTE| La Formule (A.3) est la méme formule que celle présentée dans I'lEC 60904-7 dans le.cas™d’'un détpcteur
therm¢pile dont la sensibilité spectrale du dispositif en essai est désormais la sensibilité spectrale du disposjitif PV

de réference a étalonner.

La plage d’intégration se situe au-dessus de toutes les longueurs~d*onde. L’éclairement

enp
ne p

éneriétique de E (1) est zéro en dessous de 280 nm. C’est également le cas pour E,bs(4),

rticulier sous la lumiére solaire naturelle. Pour des raisons pratiques, 'intégrale explicite
ut étre calculée au-dessus de 4 000 nm, puisque E (1), n’est pas définie explicitement,

mais| peut seulement étre calculée comme l'intégrale de<¥éclairement énergétique pntre
4 000 nm et linfini. E.,5(4) est généralement mesurée.uniquement pour une plage de
longueurs d’onde encore plus petite, par exemple allant’jusqu’a 2 500 nm. Afin de calculer les
intégrales, une approximation appropriée (troncature_des intégrales) ou une extensior] des
donnges de I'éclairement énergétique spectral mesufé par extrapolation ou modélisation| peut
étre ltilisée, mais doit étre prise en compte dans.le calcul de l'incertitude. Par exemple, la
tronciature des intégrales a 4 000 nm pour la DSM donne lieu a une erreur de 0,025 %, tandis
que Ja troncature a 2 500 nm donne lieusa*une erreur de 0,116 %. Ces valeurs onf été
déteminées par I'éclairement énergétique” spectral direct et global tel que défini |[dans

I'IEC|60904-3.

Les fadiométres a cavité utilisés pour le mesurage de I’éclairement énergétique sont réputés
détegter parfaitement I’éclairement énergétique a toutes les longueurs d’onde. Il convient de
corriger ou de prendre en campte dans l'incertitude de mesure les écarts possibleg par

rapport a cette caractéristique’ parfaite.

La valeur d'étalonnage (CV) du dispositif PV de référence est alors calculée comme étantf

A.1.5 Documents de référence

MgM+

cv :ISC SMM

(A.4)

IEC 60891: Dispositifs photovoltaiques — Procédures pour les corrections en fonction de la
température et de I’'éclairement a appliquer aux caractéristiques I-V mesurées

IEC 60904-7: Dispositifs photovoltaiques — Partie 7: Calcul de Ila correction de
désadaptation des réponses spectrales dans les mesures de dispositifs photovoltaiques

IEC 60904-10: Dispositifs photovoltaiques — Partie 10: Méthodes de mesure de la linéarité

C. R. Osterwald et al., «The results of the PEP’93 intercomparison of reference cell
calibrations and newer technology performance measurements: Final Reporty,
NREL/TP-520-23477, 1998, 209 pages

C. R. Osterwald et al., «The world photovoltaic scale: an international reference cell
calibration program», Progress in Photovoltaics, 7, 1999, 287-297

K. Emery, «The results of the First World Photovoltaic Scale Recalibrationy,
NREL/TP-520-27942, 2000, 14 pages
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