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hternational Electrotechnical Commission (IEC) is a worldwide organization for standardization.-cd
ptional electrotechnical committees (IEC National Committees). The object of IEC is~to

ational co-operation on all questions concerning standardization in the electrical and electfonic f
nd and in addition to other activities, IEC publishes International Standards, Technical Speci
hical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to

Cation(s)”). Their preparation is entrusted to technical committees; any IEC National ‘Committee i
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nmental organizations liaising with the IEC also participate in this preparation., }EC collaborate
the International Organization for Standardization (ISO) in accordance with<conditions deterr
ment between the two organizations.

pbrmal decisions or agreements of IEC on technical matters express, as hearly as possible, an inte
ensus of opinion on the relevant subjects since each technical committee has representation
sted IEC National Committees.

Publications have the form of recommendations for international~use and are accepted by IEC
hittees in that sense. While all reasonable efforts are made\to ensure that the technical conte
Cations is accurate, IEC cannot be held responsible for 'the way in which they are used oy
terpretation by any end user.

Her to promote international uniformity, IEC National JCommittees undertake to apply IEC Pul
barently to the maximum extent possible in theis national and regional publications. Any di
ben any IEC Publication and the corresponding national or regional publication shall be clearly ind
tter.
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es carried out by independent certification bodies.

ers should ensure that they haveithe latest edition of this publication.
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hses arising out of the\publication, use of, or reliance upon, this IEC Publication or any o
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pltaic energy systems.

This third edition cancels and replaces the second 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 title.

b) Inclusion of an Introduction explanatory of the changes and the reasoning behind them.

c) Inclusion of a new Clause Terms and Definitions (Clause 3), with distinction between

gen

eric linear dependence and linear dependence of short-circuit current

irradiance (linearity).

d) Explicit definition of equivalent sample (Clause 4).

versus
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Technical revision of the apparatus (Clause 5), of the measurement procedures (Clause 6
to Clause 8) and of the data analysis (Clause 9), with separation of the data analysis for a
generic linear dependence from the data analysis specific to linearity (i.e. short-circuit
current dependence on irradiance) assessment. Additionally, inclusion of impact of
spectral effects on both linearity and linear dependence assessment.

Introduction of specific data analysis for two-lamp method, making it fully quantitative.
Addition of extended version called N-lamp method.

Modification of the linearity assessment criterion with inclusion of a formula that can be
used to correct the irradiance reading of a PV reference device for non-linearity of its
short-circuit current versus irradiance. A linearity factor is specifically newly defined for
this purpose.

Re\ision of the requiremenis for the report (Clause T0) in order fo improve cléarness
abolut what information is always necessary and what is dependent on therprqcedure
actdally followed to measure the linear dependence, including the type of,\'depehdence
measured (generic or linearity).

FDIS Report on voting
82/1759/FDIS 82/1784/RVD

Full infprmation on the voting for the approval of this International Standard can be fopund in

the repprt on voting indicated in the above table.

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

A list of all parts of the IEC 60904 series, underthe general title Photovoltaic devices,|can be

found dn the IEC website.

The conmittee has decided that the contents of this document will remain unchanged yntil the
stability date indicated on the IEC wébsite under "http://webstore.iec.ch” in the data related to

the spgcific document. At this date,the document will be

reconfirmed,
withdrawn,
replaced by a revised edition, or

amé¢nded.
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INTRODUCTION

IEC 60904-10 is the reference document for several IEC standards when the linear
dependence of one or more electrical parameters of a photovoltaic (PV) device has to be
assessed in relation to a test parameter. Test parameters are usually either the device
temperature or the irradiance. In order to better reflect the different cases to be handled and
the peculiarities of the linear dependence of the short-circuit current of a PV device on the
irradiance, IEC 60904-10 has been extensively revised.

To avoid confusion, in this document the word “linearity” will be used only for the dependence
of the short-circuit current (Ig¢) on the irradiance (G), while all the other dependences will be

referred—to-as generic linear Hapandnnr\n (\Alhnn not nvplmlfly rioer-rlhori)

Three major technical changes have been included in this third edition compared|to the
second| edition.

The firgt main change is the split of the data analysis for the linearity from\the one to he used
for a ge¢neric linear dependence (like for example Vy(T), which gives the-open-circuit yoltage
as fungtion of temperature). The latter keeps the same approach-already included| in the
previoys edition, i.e. the least squares fit method, with addition ©of the recommended| use of
the measurement uncertainties within the data analysis. The fortner applies the proportionality
functiox that describes the dependence between Ig- and G‘or an ideal linear PV dqvice. It
also makes use of the calibration value of the /5 to establish/a reference point towards which
the non-linearity is explicitly referred. Also, the impact of test spectra and spectral mismatch
on both linearity and generic linear dependence is now_considered.

Followihg this new approach for the linearity assessment, the second major change invpplves a
modificption of the definition of non-linearity (reférred now explicitly to the calibration value)
and thg inclusion of a formula to correct the measured irradiance for the non-linearity of the
PV deyice used to measure it. Such a, PV device is usually a reference device. However,
IEC 61853-1 explicitly considers the case of using the short-circuit current of the PV|device
itself tg measure the irradiance when. (ts linearity has been proved (Note in IEC 61853-/1:2011:
8.1). Alcorrection of the actual irradiance measurement to account for deviations of /g from
linearity is therefore relevant when' the irradiance is measured by a reference device jas well
as by the device under test itself. In principle, this can be extended to non-linear devjces as
well, provided that the nonslinearity information is stated in addition to the calibration Jalue of
the PV|device itself. The.irradiance correction for non-linearity is made in this document by
means [of a multiplication’factor, resembling the same approach used in the IEC 609Q4-7 for
the spgctral mismateh.;Correction. This formula has been introduced in order to addrgss the
explicit| referencenof the other standards to IEC 60904-10 in terms of handling non-linear
deviceg. Howeyer; this formula can be useful to correct deviations from linearity within the
acceptance limits even in the case of reference devices classified as linear according to the
previoys edition of this standard.

The third main change is the revision of the two-lamp method approach. This is achieved first
by the introduction of a specific data analysis for the two-lamp method, which was a simple
pass/fail test in the second edition and gains now the status of a quantitative method. This
change is crucial in order to have results, obtained by any procedure for linearity
measurements allowed by this standard, to be fully comparable to each other within their
stated measurement uncertainties. Thereby, the irradiance correction formula is also
applicable to the results from the two-lamp method. With these additions, the two-lamp
method becomes the simplest quantitative method to assess the linearity (i.e. dependence of
short-circuit current /g on irradiance) of PV devices, not even requiring a reference device
when devices under test are single PV cells. An extended version called N-lamp method has
been included, which overcomes some limitations of the two-lamp method.

A secondary change, which was introduced to improve locating the necessary procedure
within the document, is the distinction between the cases of irradiance and of temperature as
test parameter, i.e. the parameter being varied and on which the dependence is checked.
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Furthermore, when the linear dependence of a device parameter (e.g. Igc) has to be
assessed towards more than a single test parameter, intermediate steps applying the
procedures described by this standard can be followed if the device under test is stable
according to the criterion given in IEC 61215-1 and its relevant part. For example, the
measurement of a power matrix as defined by IEC 61853-1 requires the measurement of the
maximum power as a function of both irradiance and temperature. In this case, the most
convenient way of performing the power matrix measurement is usually to vary one parameter
(e.g. the temperature) while keeping the other (e.g. the irradiance) steady, and then to repeat
this procedure at different levels of the second parameter until the full matrix is completed. In
this view, the second parameter would be considered as the fixed one, and the first one would
be the test parameter towards which the linear dependence is evaluated according to this
standard. However, once the full power matrix has been measured, the subsequent data
analysi of-the—maxdmom powet (qo weh-as—of any otherretevantetectrical pqlalllct0| of the
device [under test can be done by considering either parameter as the test parameterps long
as the|other one is kept constant. Therefore, a linear dependence can be assesse¢d with
respec{ to one or the other parameter, independent of the measurement procedure lised to
obtain fhe data.



https://iecnorm.com/api/?name=9a3282e34a8875ae1ecfb4c664ef5c6b

IEC 60904-10:2020 © |IEC 2020 -7-

PHOTOVOLTAIC DEVICES -

Part 10: Methods of linear dependence and linearity measurements

1 Scope

This part of IEC 60904 describes the procedures used to measure the dependence of any
electrical parameter (Y) of a photovoltaic (PV) device with respect to a test parameter (X) and
to detefmine the degree at which this dependence is close to an ideal linear (straight-line)
functiop. It also gives guidance on how to consider deviations from the .ideall linear
dependence and in general on how to deal with non-linearities of PV device electrical
paramgters. Typical device parameters are the short-circuit current Igc, the” oper-circuit
voltagel V5 and the maximum power P ... Typical test parameters are the temperature T and
the irradiance G. However, the same principles described in this documentican be applied to
any other test parameter with proper adjustment of the procedure used to’ vary the pafjameter
itself.

Performance evaluations of PV modules and systems, as welkas performance tranglations
from ome set of temperature and irradiance to another, frequently rely on the use of linear
equatigns (see for example IEC 60891, IEC 61853-1, dEC61829 and IEC 61724-1|). This
documegnt lays down the requirements for linear dependence test methods, data analysis and
acceptance limits of results to ensure that these lineardequations will give satisfactory fesults.
Such re¢quirements prescribe also the range of the temperature and irradiance over which the
linear ¢quations may be used. This document gives also a procedure on how to corfect for
deviatigns of the short-circuit current /g frani-the ideal linear dependence on irradiance
(linearify) for PV devices, regardless of whether they are classified linear or non-linear
according to the limits set in 9.7. The impact of spectral irradiance distribution and gpectral
mismatch is considered for measurements using solar simulators as well as under |natural
sunlight.

The mgasurement methods described herein apply to all PV devices, with some cautign to be
used fdr multi-junction PV deviees, and are intended to be carried out on a device, or in some
casesr}n an equivalent device of identical technology, that is stable according to the |criteria

set in the relevant part©fyIEC 61215. These measurements are meant to be performed prior
to all measurements and correction procedures that require a linear device or that prescribe
restrictlons for non:linear devices.

The mgin methodology used in this document is based on a fitting procedure in which g linear
(straighjt-line),*function is fitted to a set of measured data points {X;,Y;}. The linear function
uses ¢ .least-squares fit calculation routine, which in the most advanced analysjs also
accounts—fer—the—expanded—combined—uncertainty (k=2)of the—measurements—Fhe linear
function crosses the origin in the case of short-circuit current data versus irradiance. The
deviation of the measured data from the ideal linear function is also calculated and limits are
prescribed for the permissible percentage deviation.

Procedures to determine the deviation of the Y(X) dependence from the linear (straight-line)
function are described in Clause 6 (measurements under natural sunlight and with solar
simulator), Clause 7 (differential spectral responsivity measurements) and Clause 8
(measurements via two-lamp and N-lamp method). Data analyses to determine the deviations
from the linear function are given in Clause 9.

A device is considered linear for the specific measured dependence Y(X), when it meets the
requirements of 9.7.
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The following documents are referred to in the text in such a way that some or all of their
content constitutes requirements of this document. For dated references, only the edition
cited applies. For undated references, the latest edition of the referenced document (including

any am

endments) applies.

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

IEC 60904-1, Photovoltaic devices — Part 1. Measurement of photovoltaic current-voltage

characterfstfes

IEC 60
charac

IECTS
charac

IEC 60

IEC 60
photov

IEC 60
for mes

IEC 60
photov

IEC 60

multijupction photovoltaic (PV) deyices

IEC 60

IEC 61
approv.

IEC 61

IEC TS

D04-1-1, Photovoltaic devices — Part 1-1: Measurement of current-
eristics of multijunction photovoltaic (PV) devices

60904-1-2, Photovoltaic devices — Part 1-2: Measurement-\“of current-
eristics of bifacial photovoltaic (PV) devices

D04-2, Photovoltaic devices — Part 2: Requirements for photovoltaic reference de
D04-3, Photovoltaic devices — Part 3: Measurément principles for te
b/taic (PV) solar devices with reference spectral irradliance data

D04-7, Photovoltaic devices — Part 7: Computation of the spectral mismatch co
surements of photovoltaic devices

D04-8, Photovoltaic devices — Part\8: Measurement of spectral responsivit
bltaic (PV) device

D04-8-1, Photovoltaic devices:— Part 8-1: Measurement of spectral respons

D04-9, Photovoltaic devices — Part 9: Solar simulator performance requirements

P15 (all parts)Tefrestrial photovoltaic (PV) modules — Design qualification a
h/

24-1, Photovoltaic system performance — Part 1: Monitoring

64836, Solar photovoltaic energy systems — Terms, definitions and symbols

voltage

voltage

bvices

restrial

rrection

y of a

jvity of

nd type

ISOTS

28037, Determination and use of straight-line calibration functions

3 Terms and definitions

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

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

e |EC

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

e |SO Online browsing platform: available at http://www.iso.org/obp
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3.1
linear dependence
any generic linear (straight-line) dependence of a PV device parameter on a test parameter

EXAMPLE A common linear dependence for PV devices is the one between the open-circuit voltage and the
temperature of the PV device.

Note 1 to entry: This term embraces all possible linear dependences based on a straight line. The linearity
defined in the following item is only one special case of them.

3.2

linearity
linear dependence that describes the pure proportionality of the short-circuit current of the PV
device fo the irradiance that imuminates it

Note 1 tp entry: The concept of linearity in physics, which is applicable also to PV devicesy implies pure
proportignality between the two variables involved in it.

Note 2 tq entry: One of the major sources of observed non-linearity of solar PV cells is due to series repistance,
which cgn cause the short-circuit current measured as output of the solar cell to be fien-linear even when the
photocurfent is linear. All methods included in this document address non-linearity of the~short-circuit cufrent, not
of the phptocurrent.

3.3
limiting junction
junction in a multi-junction photovoltaic device in which undergiven illumination conditipns the
lowest photocurrent is generated

[SOUREE: IEC 60904-1-1:2017, 3.1, modified — “phetovoltaic current” has been repldced by
“photoqurrent”.]

4 De)vice selection

The mg¢asurement procedure shall be~applied to a full-size device, if possible. If thig is not
possible, a small sample equivalent in construction and materials to the full-size device to be
tested for linearity shall be used(UThe full-size device and the equivalent device shguld be
stable gccording to the relevantypart of IEC 61215. However, an equivalent sample shall not
be used to measure the lingarity of a reference device (as defined by IEC 60904-2).

A small sample is deemed to be equivalent to the full-size PV device under test (DUT|) when
its physical properties.felevant to the linear dependence to be measured are the samg as for
the fullisize PV device. This requirement applies to dependence versus irradiance as jwell as
to depgendence versus temperature. Also, the configuration of the electrical connjections
should be well-represented.

In particular, when irradiance is the test parameter the relevant aptical properties of thie small
device (including the packaging) shall be the same as for the represented device. This
requirement includes for example the use of the same type of front glass (including texture
and refraction index) and the same aperture angle that are used in the full-size device.

In the case of PV devices active on both sides (bifacial PV devices, which shall conform to
IEC TS 60904-1-2), the above requirement applies to both front and rear sides of the device.

When the equivalence to the full-size device cannot be achieved with a small sample, the
report of the measurement results shall state the limits of their validity.
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5 Apparatus

5.1 General requirements common to all procedures

The following requirements and recommendations are valid for all linear dependences and for
all measurement procedures, unless explicitly specified differently. Requirements and
recommendations that are specific to the apparatuses used for each type of measurement are
given in the following subclauses.

Light sources characterised by intense peaks over a broad continuum, like for example Xenon
sources or some lamps based on light emitting diodes (LEDs), should be carefully evaluated
before use. Indeed, for some PV devices and/or technologies the spectral responsivity can
vary with temperature as well as with irradiance level. Therefore, it can pass through, yarious
emissiqgn lines in the lamp spectrum as temperature or irradiance varies. When this| 0gcurs, it
can calise shifts in performance that are related mainly to a change in the interaction between
the bard gap region of the spectral responsivity and the actual spectral irradjance in thp same
wavelehgth range. If this possibility is not properly assessed in each specific case, such shifts
could be misinterpreted as deviations from the linear dependence cwhile they are not.
However, based on the measured DUT spectral responsivity as a functioh of temperatufe or of
irradiarjce (depending on what applies) and on the measured(spectral irradiang¢e, the
magnityide of this effect can be calculated by performing a SMM calculation according to
IEC 60904-7 as a function of temperature or of irradiance (depénding on what applies). Some
guidan¢e on how to do this is reported in the Bibliography. The'SMM calculation can f{hen be
applied as SMM correction to every single measurement, at’ all temperatures different from
25 °C gr irradiance levels other than 1 000 W/m?2 (depending on what applies). If the gchange
in SMN! is not larger than 1 % over the entire range of temperatures or than =0,% % for
irradiarjces, it may alternatively be included as component of the SMM uncertainty| in the
measutfement uncertainty calculation.

EXAMPLE Crystalline silicon’s band gap is known to_shift due to temperature changes.

When the test parameter is the irradiance, the equipment and procedure used to phange
irradiarjce are to be verified with a“spectroradiometer. This applies to all measurement
procedpires other than the two-lamp~“and N-lamp methods both applied to single ceglls and
other than the linearity measufement by means of differential spectral responsivity. A
radiometer is allowed as alternative to the spectroradiometer only if the following conditions
are both met:

a) the[reference device.is spectrally-matched to the DUT, and

b) the|[setup to measure the linearity is a solar simulator used only with filtering elements
neufral with respect to the spectrum of the light.

To redlice the=change in the heat load in all measurements where the irradiance is fhe test
paramdter,‘and therefore to improve the temperature stabilization of the DUT over the whole
measullement sequence, it can be useful to reduce the infrared portion of the light|whose
energy is below the DUT’s energy band gap by interposing suitable filters between the light
beam and the test plane.

NOTE Meshes or light source’s filters are believed to be the most suitable methods for changing irradiance on
large surfaces.
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In the case of linearity measurements of single PV cells by means of the two-lamp or N-lamp
methods, the variation in spectral irradiance and the spatial non-uniformity of the light sources
are not crucial and as such no restriction is given for them. Instead, when the PV devices are
made of series-connected cells, the light sources in the two-lamp or N-lamp methods should
conform to class BBA or better according to IEC 60904-9 over the area covered by the DUT.
For both single-cells and series-connected PV devices, the short-term instability of the light
(STI, defined in IEC 60904-9) shall be less than 0,5 % during the period necessary to
measure each of the required triplets of signals (see 8.1). If this is not achievable, one
photoactive monitoring device (e.g. a photodiode) shall be used to monitor individually each
light source; its reading shall then be used to correct the short-circuit current signal of the
DUT for the light's temporal instability. In any case, the variation of the irradiance not
corrected for shall be included in the measurement uncertainty calculation.

Under gpecific conditions and for all affected measurement procedures, the changg in the
relativegl spectral irradiance distribution may be considered as an uncertainty contribudition to
the ovgrall measurement uncertainty instead of being systematically corrected fqr. The
condition to be met is that the change in the relative spectral irradiance distribution shall not
result in more than 0,5 % change in the spectral mismatch (SMM) of the  DUT shorj-circuit
current| (refer to IEC 60904-7 for SMM calculation). With regard to spatial uniformityl of the
irradiarjce on the test plane (IEC 60904-9), any change to it due\fo the variation| in the
irradiarjce level should not result in more than +0,5 % change in the DUT short-circuit current.

If the OUT is a multi-junction device, the spatial variation of the spectral irradiance on the test
plane ghould be carefully considered while changing the irradiance level. In particular,|it shall
not cagse a change of the limiting junction with respeet™to the one that is limiting under the
relevant reference spectrum defined by IEC 60904-3.<Also, accounting for the proper $MM at
each irfadiance level as required by Clause 7 of [EC 60904-1-1:2017 shall be done| before
calculaling the linearity of the multi-junction device.

When the test parameter is the temperature; uniformity of the DUT temperature shall be
considgred in the uncertainty calculation.agf the measurement.

In general, an uncertainty calculatien shall always be done by explicitly consider|ng the
specifi¢ setup under use and the measurement performed (see 9.2 for additional detailg).

5.2 pparatus for measurement of all linear dependences under natural sunlight or
ith a solar simulator

The folJowing equipment shall be used for any linear dependence. Where no specification is
explicitly given, theslisted item shall be considered as required for any test parameter.

a) Eqyipmentinecessary to measure [-V curves of the DUT under natural or simulated
sunllight;” as listed in IEC 60904-1 or its relevant Part. The equipment may be linpited to
that recessary for the measurement of the short-circuit current (Igc) in case thg linear

-.,-. e mea emen ersy adiance o embe Ure e o e

b) Means for actively controlling the temperature of the DUT and of the reference device.
Alternatively, means of limiting light exposure with a long-pulsed light source or a
removable shade in the case of measurements under natural sunlight or with a steady-
state solar simulator.

c) If the test parameter is the irradiance (see 6.4), equipment necessary to change it over
the range of interest without affecting the relative spectral irradiance distribution and the
spatial uniformity.

d) If the test parameter is the temperature (see 6.5), equipment or means necessary to
change the DUT temperature over the range of interest.
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Apparatus for measurement of all linear dependences of short-circuit current by

differential spectral responsivity measurements

a) Equipment to measure the differential spectral responsivity of the DUT in accordance with
IEC 60904-8 (for single-junction devices) or IEC 60904-8-1 (for multi-junction devices) to

ar

epeatability equal or less than 0,5 % of the reading.

b) If the test parameter is the temperature, equipment necessary to change the DUT
temperature over the range of interest.

5.4

Apparatus for linearity measurement of short-circuit current by two-lamp method

No reference device is required. The following equipment is required:

a) Two light sources A and B that can be controlled individually, with total in-plane ircé
achlievable by the combined source A+B at least as high as the upper limit of the'r
intdrest. The light sources A and B may be two individual lamps, two groups ofllamlps or a
single lamp with suitable masking in front of it to simulate a double-lamp~setup (3
Bibliography for examples). To facilitate the achievement of the starting irradiance

IS
wa

ecommended that the spectral distribution of the light sourees extends
elength range wide enough to cover at least two thirds of the wavelength range

the|spectral responsivity of the DUT is more intense. Also, thezinfluence of the i
porfion of the spectral distribution should be assessed in tefrms of its influence
deVlice temperature to be maintained according to 5.4 c).

NO

TE 1 To reduce the change in the heat load, and therefore to improve the temperature stabilizati

DUT| over the whole measurement sequence, it can be useful to reduce the infrared portion of the lig
enelgy is below the DUT’s energy band gap by interposing suitable filters between the light beam ang

plane.

b) Eq
of

c) Eq

40,1 % or better of the reading.
yipment to control the temperature of the DUT, if necessary to keep it within +

theltarget temperature.

NOTE

method,
covered
the one

5.5

2 The use of a reference device during the linearity measurement is not necessary for the

.|If a reference device is not usedy lan iterative approach can be followed to extend the irradiance
f interest.

Apparatus for linearity measurement of short-circuit current by N-lamp met

The apparatus is the same'as for the two-lamp method, with the difference that more tH

light s

qurces (1, ... ,\N) are required. The individual light sources shall produce ab

same short-circuit eurrent in the device under test.

6 Pr¢

suplight or with a solar simulator

6.1
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ht whose
the test

yipment necessary to measure the short-circuit current of the DUT with a repeatability

1°C of

wo-lamp

although it can be useful in order to immediately verify that the irradiance range of interesf is fully

range to

hod

an two
put the

pcedires to measure linearity and other linear dependences under natural

Additional general requirements for natural sunlight

Measurements under natural sunlight shall only be made when the following conditions are
met, in addition to the general ones set in 5.1:

— The total in-plane irradiance is at least as high as the upper limit Gy of the range of
interest.

— The irradiance variation caused by short-term oscillations (e.g. due to clouds, haze, or
smoke) is less than +2 % of the total in-plane irradiance as measured by the reference
device. These variations shall be corrected for by using the reading of the reference
device.

— The wind speed is less than 2 m/s.
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6.2 Mounting under natural sunlight

6.2.1 Mount the reference device co-planar with the DUT within 2° so that both are normal
to the direct solar beam within +5°. Connect to the necessary instrumentation. The
measurements described in the following subclauses should be made as expeditiously as
possible within a few hours on the same day to minimize the effect of changes in the spectral
conditions. SMM calculation according to IEC 60904-7 is required if the reference device is
not spectrally matched to the DUT or when the test parameter is the temperature.

6.2.2 If the DUT and the reference device are equipped with temperature controls, set the
controls at the desired level. If temperature controls are not used and shading of the DUT
from the sun is applied, allow the DUT to stabilize within +1 °C of the target temperature
before ptartmg the Measurements. i order to bring the DUT temperature ciose to the target
value, pre-cooling or pre-heating of the device is permitted as long as the shading/unghading
operatipn allows to stabilize it within the limits. The reference device should also"bg stable
within £1 °C of its equilibrium temperature before proceeding. For both DUJ . and reference
device,| temperature stabilization is considered achieved when for each device’ at leagt three
conseclitive temperature measurements are taken in at least 90 s andyall the mgasured
values femain inside the required temperature range.

6.3 Mounting with a solar simulator

6.3.1 Mount the DUT and the reference device co-planar to each other within 2° in the test
plane df the solar simulator so that both are normal to the center line of the beam within +£5°.
Connegt to the necessary instrumentation.

6.3.2 If the DUT and the reference device are equipped with temperature controls, |set the
control$ at the desired level. If temperature controls are not used, allow the DUT gnd the
reference device to stabilize in temperature . within £1 °C of their equilibrium temperature,
even if|this means changing the room temperature if that is necessary and feasible| In the
case of steady-state solar simulators, a-removable shade may be used as under |natural
sunligh’Fto control the temperature of the'DUT and of the reference device. For both DUT and

reference device, temperature stabilization is considered achieved when for each dgvice at
least three consecutive temperature ‘measurements are taken in at least 90 s and|all the
measured values remain inside the'required temperature range.

6.3.3 Set the irradiance‘at the test plane to the upper limit Gy of the range of interesgt using
the mgasured short-circuit current (/rc) of the reference device and its calibration value
(Irc,sTf) at Standard (Test Conditions (STC) (see Formula (1)).

6.4 Linear dependence measurements versus irradiance

6.4.1 The initial irradiance G shall be calculated from the measured short-circuit |current
(Irc) of the reference device and its calibration value (Igc g7¢) at STC. A correction shpuld be
appliedLaccarding to Formula (1) in order to account for the measured temperaturel of the
reference device (7, rc) by using the relative temperature coefficient (ag¢) of the reference
device short-circuit current.

G, — 1000 Irc w1
0 Ircstc  [1+arc(Tmrc=25)] * Ronorm

(1)

where

Ronorm I8 the linearity factor determined according to this document and accounts for the
non-linearity of the reference device at the irradiance G;

1 000 is the STC value of the total irradiance, given in W/mZ;

25 is the STC value of the junction temperature, given in °C.

NOTE By definition, R equals 1 at the irradiance at which the PV device is calibrated.

0,norm
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6.4.2 Reduce the irradiance on the DUT to a value G, without affecting the spatial
uniformity and the spectral irradiance distribution (as required in 5.1). The irradiance on the
DUT may be reduced by one of the following methods, which are alternative to each other;
when no apparatus is explicitly mentioned, the method may be applied under natural sunlight
as well as with solar simulators:

a)

b)

c)

d)

By using calibrated, uniform-density mesh or neutral-density filters whose size is
appropriate to fully cover the DUT. If this method is selected, the reference device shall
remain uncovered by the filter to enable the measurement of the unfiltered incident
irradiance. No unfiltered light should reach the DUT.

NOTE 1 If the calibration of the meshes or filters is believed to be affected by specific measurement
conditions, they can be treated as uncalibrated and the relevant method described in the next item can be
follojved.

By |using uncalibrated, uniform-density mesh or neutral-density filters whose [size is
apgropriate to fully cover, at least individually, the DUT and the refefence (device.
Additionally, in the case the filtering element cannot cover concurrently both deviges, the
follpwing conditions shall be met:

1) the reference device shall be placed on the test plane nearby the\device under Jtest for
measurements under natural sunlight and at the same position-for measuremients at
solar simulators;

2) for measurements under natural sunlight, this method is(allowed only if the shagrt-term
variations of irradiance are smaller than 1 % of the“total in-plane irradiapce as
measured by the reference device;

3) for solar simulators, this method is allowed only when the solar simulator is at least
class A for temporal stability according to IEC_60904-9;

4) the irradiance level shall be measured by the reference device in sequence| to the
Hevice under test, with the filtering elemefit mounted on either device alternativgly.

Unfjltered light should reach neither the DUT nor the reference device during the period in
which their output is measured.

For|both methods 6.4.2 a) and b),.the maximum linear opening dimension of mesh filters
should be less than 1 % of the minimum linear dimension of both the reference devjce and
the |DUT or a variable error canfoccur due to positioning. Also, for measurements gn solar
simplators the hole diameterof the mesh should be much larger than the thickpess in
order to limit possible spectral irradiance changes.

If ope of the above méthods that use neutral density filters is chosen and the filterg are to
be mounted on a holder that limits the front aperture angle of the PV device under test, the
same holder sheuld be used with the PV device, if the latter is subsequently uUsed as
refdrence devicefor irradiance measurement.

NOTE 2 The variation in transmittance of optical neutral density filters can typically reach 10 % |over the
spegifiedwavelength region and can be even larger outside this region.
With<selar simulators provided with uniform-density filters in the lamp(s) housing
(sometimes—catted—masks);, by the useof suchfitters—H—this—method—s—setected, the
reference device shall receive the same filtered irradiance as the DUT.

With solar simulators, by increasing the distance between the test plane and the light
source while the reference device is maintained co-planar to the DUT.

NOTE 3 This method is considered practical only for a limited range of irradiances, as a variation of the
irradiance from 1 100 W/m? to 100 W/m? (as required by IEC 61853-1) would imply to move the test plane to a
distance equal to approximately three times the original one from the light source. That would be typically
beyond 20 m on large-area solar simulators for module measurements and of the order of 30 cm or more at
solar simulators for cells. In realistic conditions, though, this method can be adequate to test the linearity of
the PV device within the irradiance range allowed by IEC 60904-1 for /- curve measurements to be corrected
to STC according to IEC 60891.
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e) By the use of one or more optical lenses. Care shall be taken to ensure that the additional
optics does not significantly change the relative spectral irradiance in the wavelength
range in which both the DUT and the reference device are responsive (as required in 5.1).
Also, the introduction of the additional optics should not significantly alter the spatial
uniformity of the irradiance; the latter is considered of minor importance when the
reference device and the DUT are measured consecutively at the same position and they
are equivalent PV devices in the sense of Clause 4.

f) In the case of solar simulators with multiple equal light sources that can be blocked
independently, by varying the number of sources that illuminate the test plane. Care shall
be taken in order to avoid significant change of the spectral irradiance and of the spatial
uniformity at the various irradiance levels (as required in 5.1).

g) With-selarsimulators—byadiysting-the-intensity of the light source{s)-if thiscomplies with
the| general requirements set in 5.1. Care shall be taken in order to avoid_ Sigpifi
chinge of the spectral irradiance and of the spatial uniformity at the various, irradiance

levels.

6.4.3 | Calculate the irradiance level G; on the device under test as follows:

6.4.3.1 For method 6.4.2 a), where the reference device is ndat\used to measyre the
irradiarjce level G;:

G = k; X G (2)

where |G, is calculated by Formula (1) and k; is the{Calibration parameter of the filtering
elementt (i.e. the fraction of light transmitted).

6.4.3.2 For methods 6.4.2 b) to 6.4.2 g), where the reference device is used to njeasure
the irradiance level G;:

Irci 1
G; = =2~ x x 1000 (3)
Ircstc  [1+@rci(TmRrci—25)]XRinorm
where:
Irci is the measured short-circuit current of the reference device under irradiancg G;;

Irc,stqd s the calibratienivalue of the short-circuit current of the reference device at $TC;

ORC,i is the relative temperature coefficient of the short-circuit current of the reference
device at.rradiance G;, given in %/°C;

Tmre,i| s thetemperature of the reference device during the measurement at irradiapce Gj;

1 000 is-the STC value for the total irradiance, given in W/m2;

25 is the STC value for the junction temperature, given in °C;

Ri norm is the linearity factor that accounts for the non-linearity of the reference device at

irradiance G;, as calculated according to this document.

6.4.4 Ensure that the temperature of the DUT and of the reference device is stable within
+1 °C, and that the total irradiance as measured by the reference device remains constant
within £2 % (or, if applicable, the lower limit given in 6.4.2 b) ) during the data recording
periods.

6.4.5 For each irradiance level (including Gg), remove the shade (if used) and immediately
take simultaneous readings of all the following:

— the temperature 7\, gc and the short-circuit current /g of the reference device to calculate
the irradiance X; (equal to G;) according to Formula (3),

— the electrical performance parameter Y; and the temperature 7, p, of the DUT.
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NOTE 1 The parameter Y, is typically the short-circuit current (/5;) when X; is the irradiance (G)); it is the open-
circuit voltage (V) of the DUT when the linear dependence is assessed towards the natural logarithm of the

irradiance (In(G)).

NOTE 2 The temperature coefficients of the short-circuit current («), of the open-circuit voltage (8) and of the
maximum power (J) can show dependence on irradiance. When this occurs, the deviation of the functions «(G),
B(G) and 4(G) from an ideal linear (straight-line) function can be determined according to the procedures described
in this document. In such a case, the temperature coefficients can be measured at different irradiance levels and
the data analysis described in 9.3 can be applied to them with X; equal to G; and Y, equal to the specific
temperature coefficient at the various irradiances.

6.4.6 Repeat steps 6.4.2 to 6.4.5 in order to cover the entire irradiance range of interest.
The data acquisition shall be performed with a periodicity that divides the entire irradiance
range of interest in at least six intervals as equally spaced as possible. If corrections of the
1I-V curyes—to talgct conditionsother-thanmthe—totat ill-piallc rradtance—are nmecessary ( .g. for
temperpture), they shall be made according to IEC 60891 with SMM calculation agconding to
IEC 60904-7.

6.5 Linear dependence measurements versus temperature

6.5.1 Change the temperature of the device under test by one of the’ following mgethods;
when no apparatus is explicitly mentioned, the method may be applied)Under natural gunlight
as welllas with any type of solar simulator:

a) use a temperature controller to adjust the DUT temperatureto’the desired value;

b) under natural sunlight or with steady-state solar simulaters, expose and shade the DUT
towjards the natural or simulated sunlight in order¢te~achieve and maintain the fesired
temperature;

c) under natural sunlight or with steady-state splar simulators, allow the DUT to wagrm up
natprally. In this case, the data recording procedure of 6.5.3 is performed peripdically
dur|ng the warm-up and stabilization to the-target temperature for each data acquisition
may be ensured by simply conforming torequirement given in 6.5.2;

d) for|pulsed solar simulators, use any appropriate means capable of achieving and
maintaining the temperature of the-DUT at the target value.

6.5.2 Ensure that during each data acquisition period the temperature of the devicg¢ under
test anfl of the reference device\are stable within £1 °C and that, under natural sunlight, the
total iniplane irradiance as measured by the reference device remains constant within 2 %. If
the method of the naturalwarm-up (see 6.5.1 c¢) ) is followed, pre-cooling of the devicg¢ under
test to jp temperature lower than the ambient air temperature is allowed in order to cover the
requirefd range of temperatures. The methods that use discrete temperature steps shall not be
mixed yith the natural’'warm-up method within a single sequence of measurements at yarying
tempergture.

6.5.3 For jeach temperature level, remove the shade (if used) and take simultaneous
readings.of’both the temperature X; and the electrical performance parameter Y, of the DUT,
and of bothrthe emperature lm RC ana the sSnort-Circuit current IRC of the reference device.

6.5.4 Repeat steps 6.5.1 to 6.5.3. The temperature values shall be such that the range of
interest is spanned in at least six approximately equal increments. A SMM correction shall be
performed according to IEC 60904-7, even if the reference device is spectrally matched to the
DUT. Only if the change in SMM is not larger than 1 % over the entire range of temperatures,
it may be included as contribution to the measurement uncertainty calculation.

NOTE 1 The spectral match of a reference device to the device under test does not guarantee the absence of
contribution of SMM to the measurement uncertainty (see IEC 60904-7), especially in the case of temperature-
dependent measurements and PV technologies with spectral responsivity varying with temperature. The latter
would indeed produce a SMM that in turn varies with temperature. A systematic correction for this temperature-
dependent SMM can be done if the spectral responsivity of the device under test is available at several
temperatures in the range of interest. Alternatively, a SMM uncertainty contribution can be included based on
statistically representative data sets of the spectral responsivity of the same device type as well as of the spectrum
(or spectra) under which the temperature-dependent measurements are performed.
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NOTE 2 A temperature gradient between the temperature sensor and the PV device junction can exist for
measurements using steady-state solar simulators as well as under natural sunlight. This gradient can change with
temperature as well as under different irradiance levels.

7 Procedures to measure linearity and other linear dependence of short-circuit
current from differential spectral responsivity

7.1 Linearity measurements

7.1.1 Following IEC 60904-8 for single-junction devices and IEC 60904-8-1 for multi-
junction devices, measure the absolute differential spectral responsivity as a function of bias-
light irradiance in at least six approximately equal increments over the irradiance range of
interes{. The absoltute differential spectral responsivity 1S identified with the notation:.

§ (A' Isc pias (Gb))

where 4 is the wavelength and Ig¢ pias(Gp) is the short-circuit current of the' DUT genergited by
the biag-light irradiance G,,.

7.1.2 Alternatively to point 7.1.1, measure the relative differential spectral resppnsivity

§re1(/1,lsc,bias(5b)) and scale it to the absolute differential spectral responsivity by usjng the
following formula:

5(A Iscpias(Gp)) = F X Srei{d, Tsc pias(Gb)) (4)
The scaling factor F is given by:

1 J‘ISC,CAL dlsc bias (5)
0 §rel,AMx(ISC,bias(Gb))

GecaL

where

Isc caL is the calibrated short-circuit current of the DUT, as determined under
any\required reference spectral irradiance by means of a callbration
method that may be different from the one prescribed in IEC 60Dp04-8;

GeaL = waEAMX(A)dA is the integral of the reference spectral irradiance at which the DUT
was calibrated;

the relgtive spectral responsivity referred to the reference spectral irradiance AMx is giyen by:

o0
3 {‘1 G N — fo Sre‘l(/1vISC,bizis(Gb))XEAMx(}L)d)L (6)
reLAMx \ SC,bias\Yb/ ] f;o Eamx (DA

7.1.3 Calculate the differential responsivity §auy (ISC,bias(Gb)) by weighting the absolute

differential spectral responsivity § (A, ISC,bias(Gb)) (from either 7.1.1 or 7.1.2) at each given bias
current /¢ pias(Gp) With the reference spectrum AMx, according to the following formula:

0 .
152§ (LIsc bias(Gb) ) XEamx(A)dA
Jo. Eamx(A)dA

Samx (Isc,bias(Gb)) = (7)

where AMx is the relevant reference spectrum to be considered.

NOTE In case the relevant spectrum is one of those tabulated by IEC 60904-3, AMx is equal either to AM1.5 or to
AM1.5D depending on whether the spectral irradiance is the global or the direct one as defined in IEC 60904-3.
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7.1.4 The short-circuit current Ig-(G) at a generic reference spectrum AMx and irradiance
E can then be derived numerically by solving the following formula:

Isc(G) dlgcbias
G = _— 8
fo samx(Iscpias(Gb)) (8)

7.1.5 It is recommended to ensure that the relative spectral distribution of the bias light
does not significantly change with the irradiance level. In case of multi-junction devices, also
the balance between the spectral bands to which each junction is responsive should not
significantly change and it should remain the same spectral balance corresponding to the
relevant reference spectrum given in IEC 60904-3.

7.2 linear dependence measurements of short-circuit current versus temperatyre

7.21 Following IEC 60904-8 for single-junction devices and IEC 60904-8:1 fo multi-
junction devices, measure the differential spectral responsivity as a function)of-stemperature in
at leasf three approximately equal increments over the temperature range ef’interest.

7.2.2 Alternatively to performing the full procedure described in ) for each tempfrature
value, the linear dependence of short-circuit current versus temperature may be measired by
two sugcessive steps:

7.2.21 Perform a standard measurement of the relative spectral responsivity s.o| sTr(4);

7.2.2.2 Perform a measurement of the relative” differential spectral responsivity
§m(A,T Isc,bias(Gb)) as a function of the temperature £ and at constant irradiance Gy, of the bias
light. The latter shall be intense enough to produce a short-circuit current Igc pias @t least
equal tp 30 % of the short-circuit current at STC.Yg¢ s1c-

7.2.2.3 Repeat the measurement at thelprevious point for at least three other vglues of
temperpture, so that the overall tempetature range of interest is divided in at leagt three
approximately equal intervals.

7.2.3 For temperature dependence measurements, bias-light sources with gpectral
emissiqn characterised by intense peaks, like for example xenon sources or some LED|lamps,
should |be carefully evaluated for photoactive materials with spectral responsivity varying with
temperpture. Indeed, theselight sources could produce an artificial change in the bigs light
intensifly as perceived by )the DUT while the differential spectral responsivity crosses |narrow
bands ¢f strong or poor’emission. This effect should be considered even more carefully in the
case of multi-junction devices, for which the short-circuit current condition of the junction
under test is proedlced by applying an external bias voltage (see IEC 60904-8-1) to the whole
DUT. Kurthermore, as the bias voltage can strongly depend on the temperature|of the
junction(s) Mot under test, in the case of multi-junction devices the temperature depepdence
measullements should be performed after properly setting the bias voltage ar each
temperatdgretevek

NOTE If the bias voltage is not reset at each temperature level, an artefact can arise in the measurement due to
the different set-point of the junction under test, which can result to not be at short-circuit conditions contrary to
what is required by IEC 60904-8-1.

8 Procedure for short-circuit current linearity measurement by the two-lamp or
the N-lamp methods

8.1 Background

If a PV device is linear, then the short-circuit current produced in it when the device is
illuminated by two light sources A and B equals the sum of the short-circuit currents
generated by the individual light sources. In mathematical terms, this is expressed by the
following Formula:
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Iy +1Ig = Ipsn (9)
where:
Ipneg is the short-circuit current with both lamps A and B (i.e. with source A+B)
illuminating the DUT,
Ip or g is the short-circuit current with one lamp (A or B) illuminating the DUT and the

light from the other lamp blocked.

The advantage of this method is twofold: no reference device is needed and the requirements
on the spatial non-uniformity of both total and spectral irradiances are given only for series-
connected devices (see 5.1).

The dr
larger
inside

wback of this method is that it can only be applied to overall irradiance ranges
han a factor of two. Indeed, there is no information measurable through this
he range of irradiances (defined sub-range) included between the Igvel prodJ

lamp A|(or B) and the one produced by lamp A+B.

This mgthod is also not recommended for multi-junction PV devices (because of the p

strictly
method
ced by

ossible
on the

urrent-

effects |that a variation in the spatial distribution of the spectral irradiance might have
current| balance between the junctions of the device under test/If this method is dised to
measutle the linearity of multi-junction PV devices, care should be taken that no ¢
balance change is introduced during the measurement sequence.

8.2 Measurement procedure by the two-lamp method

8.2.1 | Connect the DUT to the apparatus to measure /g¢.

8.2.2 If a temperature controller is used, set the temperature of the DUT to the V

interes{ and maintain it within +1 °C.

8.2.3

Prior to the start of the measurement, individually set the light sources A an

order tp do so, monitor the short-gircuit current Ig- of the DUT under illumination by
A+B and adjust the individual seurces in any appropriate way until /5. equals the cal

value

(labelle

Isc.caL- In this way, the combined source A+B gives the total in-plane irrg

Alternatively, set the irradiance equal to Gpyt caL by use of an optional referen

includi

NOTE

necessallily measured at 1 000 W/m?2.

8.2.4
possib
within

ng correction fof spectral mismatch.

The calibration-value of the DUT is generically labelled I for the two-lamp method becausg

SC,CAL

Allow the light sources to stabilize before proceeding further and, if need

alue of

d B. In
source
bration
ndiance

d Gpyr.caL) that tcorresponds to the one at which the DUT was callbrated.

ce cell

it is not

ed and

Iexfinely adjust their intensity so that /g measured with source A+B equals

/sc,cAL

Its uncertainty atter the stabilization. In this case, It the short-circuit current measured

after the adjustment deviates more than 1 % from the one measured before the adjustment,
let the sources stabilize further. The best results will be obtained when the two light sources A

and B

NOTE

produce approximately the same short-circuit current in the DUT, i.e. when:

I = Iy

This corresponds to half of /g for an ideal linear device.

C,CAL
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8.2.5 Measure the short-circuit currents I*p.g, I*5, I*g  and I,yom (i.€. the short-circuit
current with both beams blocked). The first three quantities are the DUT short-circuit currents
that include also the background current I, ,,,,. Calculate then the short-circuit currents purely
produced by the light sources as:

Ipsg = 1[*\+B — lroom (10)
IAZI;_Iroom (11)
IB =I§_Iroom (12)

8.2.6 Repeat step 8.2.5 after stabilizing the lamps at convenient values of total ip-plane
irradiarjce for the combined source A+B. These convenient values may bg€) larger than
GpuT,chL, depending on the overall irradiance range of interest. In any case;\the irrgdiance
GpyT,chL shall be included in the overall range covered by the linearity measurements|and all
measutled sub-ranges shall have at least one irradiance value in common with at least one
other spb-range. The repeated measurement of /., at every irradianee level is not required
if the background conditions that define it are not changed (e.g. by(ehanging a filtering mesh
in front|of the test plane).

8.2.7 The irradiance may be varied by using appropriate-filters or masking elemgnts, by
changiIg the distance between the lamps and the test Pplane, by varying the light intensity
from each lamp or by reducing the number of sources&in A and B if the latter are groups of
lamps. [The variation of the light intensities is allowedfor single-junction PV devices ophly and
within the requirements set in 5.1, because it .generally implies a shift in the gpectral
distribution of the emitted light that in some cases can alter the balance of the junctions$ within
a multifjunction device compared to other intenSities.

8.2.8 Continue the process (steps 8.2/5 to 8.2.7) until the full range of irradiances of
interes{ has been spanned, including GpT caL-

8.3 Measurement procedure by the N-lamp method

8.3.1 Follow steps 8.2.1 to 8.2.4 for the two-lamp method, with appropriate modifi¢ations.
For exgmple, source A+Bsshall be meant as source N, defined as the sum of all the ayailable
individgal sources (i.e,~sources 1+2+...+N).

8.3.2 Measure“the short-circuit currents produced by the combined and by all the inTividuaI
source$ on the éxample of 8.2.5, where A+B shall be meant as N and the individual short-
circuit |currents are in total N. These short-circuit currents constitute one data|set of
measufements.

8.3.3 The Igc produced by the overall combined source N and those produced by the
individual N sources shall be measured one after the other to minimise the effect of lamp
instability.

8.3.4  Additionally, measure the short-circuit current produced by at least one combination
of light sources for each of the other irradiance levels included between the individual lamp
and all the N lamps together, i.e.:

with two sources (e.g. 1+2);

then with three sources (e.g. 1+2+3);

etc. etc.

finally with N-1 sources together.
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If possible, the measurement of the individual short-circuit currents should be repeated for
each additional irradiance level.

EXAMPLE When there are 5 lamps (N=5 and lamps are numbered from 1 to 5) and they give a combined
irradiance of 1 000 W/m?2, the additional intermediate irradiance levels can be achieved by selecting:

— lamp 1 together with lamp 3, lamp 4 and lamp 5 to achieve 800 W/m?, i.e. 4/5 of the overall irradiance
reached with the five lamps together;

— lamp 2 together with lamp 3 and lamp 4 to achieve 600 W/m?2, i.e. 3/5 of the overall irradiance reached with
the five lamps together;

— lamp 1 together with lamp 3 to achieve 400 W/m?2, i.e. 2/5 of the overall irradiance reached with the five lamps
together.

9 Cafculation of linear dependence and linearity

9.1 General considerations

Verify {hat any parameter other than the one being evaluated was held constant within the
allowed limits during the measurements. When they are not the test parameter on which the
dependence is measured, changes in temperature or irradiance within)the limits set|in this
standafd may be either analytically corrected to the target condition~according to IEQ 60891
and IEC 60904-7 or included in the overall uncertainty calculation,of the linear depehdence
measullement as performed. This can be an iterative process, which should be updated when
the deyiation from the linear dependence is established and when more refined cofrection
coefficients are determined.

The data analyses included here are based on the.assumption that linear dependen¢es are
well degcribed by a regression line based on the least squares linear fit method. For simplicity
of desgription, the data analysis reported here.shows the simplest case. An ordinafy least
square$ straight line is fit to the data set(\{X; Y} as measured and the measyrement
uncertdinties are not considered as .input to the fit calculation (see $.8 of
ISO TS 28037:2010). However, as the.uncertainty calculations for the linear depepdence
measullements are required, it is recommended to apply the weighted least squares groblem
(see Clause 6 of ISO TS 28037:2040), where the standard uncertainties of ¥; are Used as
weightg to calculate the weighted le€ast squares straight-line calibration function .
NOTE Further methods that deal with’ more complex situations (e.g. correlated uncertainties between X, and Y,)
are dealff with in ISO TS 28037, to_which the user is invited to refer for more accurate and comprehensive |[estimate
of the lingar fit parameters.

9.2 easurement uncertainty evaluation

An uncprtainty calculation shall be done by explicitly considering the specific setup ungler use

hluated
ertainty
to the

Bibliography.

EXAMPLE 1 One example of such an undesired change is the possible variation that can affect linearity
measurements if the irradiance uniformity on the test plane varies with the irradiance level. This can strongly
depend on the specific method and the means chosen to vary it.

EXAMPLE 2 Another undesired change can be the variation of the temperature uniformity in the DUT when the
operating temperature is varied during a sequence of temperature-dependence measurements.

In general, also the SMM as defined by the IEC 60904-7 shall be evaluated for the specific
measurement and apparatus and either corrected for or included in the overall uncertainty
calculation for the measurement. In the latter case and with the exception of linearity
measurements, general considerations may be drawn from, and uncertainty contributions may
be based on, statistically significant results that are representative of that type of device.
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9.3 Determination of deviations from a generic linear dependence

9.3.1 Generic case

For performance characteristic slopes, such as those of Igc, Voc and P, versus
temperature, the deviation of the measured function Y(X) from the ideal linear dependence is
calculated by applying the linear least squares fit method to the data points {X, Y} as
measured. The linear fit results in a set of predicted values, calculated as:

(13)

3 on the
linear Iast squares best fit of the data set {X;,Yi}; m is the caIcuIated slope and g is the
calculated intercept of the linear fit.

NOTE 1| Typical {X;,Y}} pairs are {T,Igc} {T,Voch {T,Ppaxt @Nd {IN(G), ¥y}

NOTE 2 | The respective slope of Ig., V5o and P versus temperature defines the corresponding tenperature
coefficient (see IEC TS 61836 or IEC 60891). This document can be used to analyse\the data for temperature
coefficiepts with respect to linear dependence.

The pefcentage variation NLD; from the ideal linear dependence, 'described by the regression
line is g¢alculated for each measured point as:

NLD; = Percentage deviation from lineayfunction = (: 1) X 100 (14)

There is one value NLD; for each value of the test parameter X;.

9.4 Determination of the short-circuit current non-linearity versus irradiance
This cglculation procedure applies to_all measurement procedures of I/gc versus irrgdiance

with exfteption of the two-lamp methed, dealt with in 9.5, and of the N-lamp method, defalt with
in 9.6.

The bdsis of this procedure is that the dependence on the irradiance for the shorf-circuit
current|of an ideal PV device is described by the proportionality:

Isc(c X G) = ¢ X Isc(G) (15)

where ¢ is a_preportionality constant. Based on the calibration measurement of the RV DUT
(usually at STC), Formula (15) can be written as:

Isc = X IsccaL (16)

GDUT,CAL

where G is the irradiance at which the DUT short-circuit current /gc is measured, Gpyr,caL is
the irradiance at which the DUT has been calibrated (usually 1 000 W/m?) and Ig¢ ca is the
calibration value of the DUT short-circuit current.

The non-linearity NL of the short-circuit current versus irradiance is defined as the percentage
deviation of the measured Igc to the value expected from applying the proportionality in
Formula (16). Hence, NL is first referred to as a function of the short-circuit current of the PV
device and then transformed into a function of the irradiance by using the calibration value
Isc caL as reference point.

The percentage deviation from linearity, NL;, is calculated for each irradiance X; as:
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NLi=(LxM—1)x1oo (17)

Isc,caL Xi

where Y; is the measured short-circuit current of the DUT, Igc cap is the calibration value of
the short-circuit current, Gpyt caL is the irradiance at which the DUT has been calibrated and
X, = G; is the irradiance at which Y, has been measured.

Advanced analysis can be done on the basis of the procedures described in ISO TS 28037
with inclusion of the uncertainties of all the measured points, while always normalising
towards the calibration value of the DUT in order to have NL; equal to zero when /g equals

Isc caL-

The lingarity factor R, is defined as:

I,norm

NL;j

Rinorm = 1+
Lnorm 100

(18)
and by (definition it equals 1 when Ig; equals Igg cal -

The irradiance G; ., corrected for the non-linearity of the PV devige that measures it|can be
calculated by Formula (3).

9.5 etermination of the short-circuit current non-linearity versus irradiance using
he two-lamp method

The following steps are necessary in order to obtain a deviation from linearity based on
measullements with the two-lamp method. The_procedure described herein is derivgd from
data arjalysis commonly applied in photometryc(see Bibliography for references) and afdjusted
in ordef to refer it to the irradiance at which the PV device is calibrated (usually 1 000 W/m?2).

1) For|each triplet of short-circuit currents 7ip,g, Iy and I'g, which are defined by Fqrmulae
(10) to (12) respectively, calculatethe ratio Ry ;:

I+
Rloc,i =ATE (1 9)

2) Consider now the space of variables {/g¢,R}, where R is the ratio referred to the|overall
shgrt-circuit current’s-(and therefore irradiance) range of interest.

3) Consider the measured sub-range k that contains the value I/g¢ ca closest to it upper
limit. Calculate-the local ratio value R, caL for the calibration value Isc caL by applying a
lingar fit through the points {I aveRioc, o and {[%x,g,1}, where I, . is the averagg of the

ave
shdrt-circuit currents 7K, and 5.

4) Trapsform the local ratio R,  of this sub-range to the global ratio Ry, by calculafing the

following:
R(ISC,CAL) =1 (20)
Rk(1A+B) Rloc.caL (1)
Rk(l;}l(ve) =my X I;(ve + bk (22)
where

R(Igc caL) is the ratio of the calibration value referred to the overall range of interest. By
definition it is set equal to 1;
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Rk(IkA+B) is the ratio of the upper limit (IkA+B) of the short-circuit current’s sub-range %,
now related to the overall range of interest;
my and b, are, respectively, the slope and the intercept of the linear fit through the

points {I/gc caL, 1} and {IKnsp, 1/R\oc,caL) (as defined in Formulae (20) and
(21), respectively).

5) Calculate the R; values of the closest j-th sub-range (that should overlap to the k-th one at
least for one point). To do this, first calculate with Formula (23) the interpolated value of
the j-th sub-range’s limit that is closest to the k-th sub-range:

Ri(Ih,p) = muc X Iy + by (23)

where 1,,g IS the upper limit of the j-th sub-range that is at lower irradiance comp|tared to
the |k-th one; m, and b, are the same as in Formula (22). Formula (23) uses_notati

on for

the lJupper limit, but it may be applicable as well to those overlapping sub-ranges af higher
irrafliance compared to the initial k-th sub-range. In the latter case, the”shor{-circuit
curfent to be considered for the interpolation is 7,,,, as defined at\step 2) |of this

subflause, instead of the value fi5,g.

6) Thgn, combine the ratio just calculated for the interpolated point {IJ'A,,B,RJ-(IJ'A,,B)} with the

local ratio of the j-th sub-range so that:

Ri (IajLVE) = Ri (IJHB) X RlOC,J' (I;ve) (24)

7) Repeat steps 5) to 6) for all sub-ranges, always interpolating with Formula (23) either the
upper limit of the next sub-range overlapping @with the previous one for downwards

irradiance levels or the lower limit in the case of<upwards irradiance levels.
8) For|each R,(I',,.) value, calculate the non-linearity NZ; as:

NL

NLi(Iai\ve) = [R; — 1] x 100 (25)

ilis expressed as percentage and\is associated to the short-circuit current valde I',.,
whigh is the average of the short:circuit currents I'y and I'g.

9) Forfeach R om the irradiance"G; .o, Which is corrected for the non-linearity of the PV
deVlice characterised according to this standard, can then be calculated by Formula|(3).

9.6 Determination of the -short-circuit current non-linearity versus irradiance usging

the N-lamp method

The following steps\'are necessary in order to obtain a deviation from linearity based on
measullements with-the N-lamp method. The procedure here described is derived fro
analysis commuoanly applied in photometry (see Bibliography for references) and adju

order tq

m data
sted in

refer it to the irradiance at which the PV device is calibrated (usually 1 000 W/in?2).

1) ForlLeach data set i obtained from measurements with a group of » lamps (with

n < N),

calculate the ratio:

Iscq
Ry = 5=
Xl

where

is the total number of lamps used for the considered data set. Depending
considered irradiance level (see 8.3), n £ N;

is the index that counts the lamps used for the considered data set;

is the combined light source obtained as the sum of all the n lamps used
considered data set;

Isc# is the measured short-circuit current as produced by 7, i.e. by all togethe

lamps of the considered data set;

(26)

on the

for the

r the n


https://iecnorm.com/api/?name=9a3282e34a8875ae1ecfb4c664ef5c6b

IEC 60904-10:2020 © |IEC 2020 - 25—

2)

3)

4)

5)

9.7

R.

i is the linearity factor of the short-circuit current Ig¢ 5; it has its reference point in the

; ; — n
average short-circuit current I,,, = (X%-,I;)/n produced by the n lamps
individually, so that R;(/4,¢)=1.
Fit the points R;(Is¢c ) with a polynomial function to calculate the value Ri(/sc caL) = RcaL-
NOTE 1 Usually, a polynomial of the second order gives satisfactory results for both linear and non-linear PV
devices.

For each data set i, normalise the ratios R; to Rpp , as follows:

Ri,norm = M (27)

ReaL

whare R; is the linearity factor corresponding to the short-circuit current I; 5 and thierefore
to the irradiance G;.

NOTE 2 The ratio R, equals 1 for Igc = Igc caL-

IL,norm

Thg percentage deviation from linearity, NL;, is then expressed as:

NL; = (Rinorm — 1) X 100 (28)

There is one value of NL; for each ratio R;.

Thg irradiance G o, Which is corrected for the fon-linearity of the PV |device

chIacterised according to this standard, can be calculated by Formula (3).

equirements for maximum deviations from the ideal linear function

When B given device is claimed to have a linear dependence on a test parametér, and
therefofe it is classified as linear device with. réspect to that parameter, the applicablg¢ range
of temperature, irradiance, voltage, or any other necessary condition to which this claim refers
shall also be stated. The linear dependenice shall therefore be intended to be assessgd only

for

the specified range of the test parameter (e.g. temperature from 7 °C to 83 °C) and|for the

specifigd additional measurement cehditions (e.g. irradiance of 850 W/m2) which wefe kept

unvarying during the linear dependence measurement.

In ordef to claim a PV device linear with respect to a test parameter, the following accgptance
limits of the deviation from the ideal linear dependence, including non-linearity, shall be

fulfilled| for that parameter)disregarding the uncertainty of the final result:

a)

b)

For| the dependence of short-circuit current /5. versus irradiance (i.e. linearity), the
maximum percentage deviation NL; from linearity shall be within +0,5 %. Within these
limits, the percentage deviation may be included as measurement uncertainty contfibution
whe¢n correcting an I-V curve to the target irradiance according to IEC 60891 or] for an
irragiance measurement by a PV device classified as reference device accorgding to
IECL60904-2 prnnd these limits the deviation from Iinparity is required to he cdrrected

for according to subclause 9.4, 9.5 or 9.6, depending on which is applicable.

For the dependence of open-circuit voltage 7 versus the natural logarithm of irradiance,
the maximum deviation from the ideal linear dependence shall be within +3 %.

For the dependence of open-circuit voltage Vg, short-circuit current Igc and maximum
power P, versus temperature, and all other dependencies not explicitly mentioned, the
maximum deviation from the ideal linear dependence shall be within 2 %. If the
temperature coefficient of short-circuit current is less than 0,1 %/K, the device short-circuit
current may be considered linear with respect to temperature.
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10 Report

Following completion of the procedure, a report of the performance test with measured data
shall be prepared by the test agency. Each report shall include at least the following

information:

a) A title.

b) Name and address of the test laboratory and location where the calibration or test was
carried out.

c) Unique identification of the report and of each page.

d)
e)
f)
g)
h)
i)
i)
k)

Name and address of client, where appropriate.

Desgcription and unique identification of the device under test.
Condition of the device under test at the time of test, where appropriate.

Da
Da
Ide

Reference to sampling procedure, where relevant.

Any
anyj
env
test

megasurements at varying temperature.

Wh
ma

test.

Tah
the

The
ungc

Wh
spe
Wh

measurement wasccarried out.

A s
for

Wh
cali

of receipt of the device to be calibrated or tested, where appropriate.
(s) of calibration or test.
ntification of calibration or test procedure used.

deviations from, additions to or exclusions from the calibration or test procedu
other information relevant to a specific calibration or test (including setup), S

for measurements at varying irradiance <and total in-plane irradian

ching factor between the spectrally-matehed reference device and the device

le(s) and graph(s) with the full dataiset(s) {X;,Y;} used to determine the confo
requirements set in 9.7.

percentage deviation from the)ideal linear function and the corresponding es
ertainty for each data pointincluded in m).

bre relevant to the procedure followed, measurement(s) and derived results
ctral responsivity of the device under test.

bre relevant to the' procedure followed, the spectral irradiance under wh

gnature and.title, or equivalent identification of the person(s) accepting respo
fhe content of the report, and the date of issue.

bre relevant, a statement to the effect that the results relate only to the PV de
brated or tested.

re, and
uch as

ironmental conditions. The latter shall always include-temperature of the devicg¢ under

ce for

ere relevant, either the spectral mismatch factor applicable to the measured data or the

under
mity to
imated
of the
ch the
nsibility

vice(s)

Wh

pre relevant, a statement that the report shall not be reproduced except in full

without

the

written approval of the laboratory.

A statement on whether the device under test passes or fails the linearity criteria set in
9.7, the straight-line function that describes the linear dependence (except for linearity)
and the range of temperature, irradiance, voltage, or any other necessary condition to

whi

ch the straight-line function can be applied.
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La Norme internationale IEC 60904-10 a été établie par le comité d'études 82 de I'lEC:
Systémes de conversion photovoltaique de I'énergie solaire.

Cette troisieme édition annule et remplace la deuxieme 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.

b) Ajout d’'une Introduction qui explique les modifications apportées et les raisons de ces
modifications.
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c)

d)
e)

g)

h)

Le textg de cette Norme internationale est issu des documents*suivants:

Ajout d’un nouvel Article Termes et définitions (Article 3) qui fait la distinction entre la
dépendance linéaire générique et la dépendance linéaire de courant de court-circuit en
fonction de I'éclairement (linéarité).

Définition explicite de I’échantillon équivalent (Article 4).

Révision technique de I'équipement (Article 5), des procédures de mesure (Article 6 a
Article 8) et de l'analyse des données (Article 9), avec distinction entre analyse des
données relative a une dépendance linéaire générique et analyse des données spécifique
a I'évaluation de la linéarité (c’est-a-dire la dépendance du courant de court-circuit sur
I’éclairement). De plus, ajout de I'impact des effets spectraux sur I’évaluation de la linéarité
et de la dépendance linéaire.

Introduction d’une analyse de données spécifique a la méthode a deux lampes, rendant
celle-ci entierement quantitaiive. Ajout d’'une version étendue appelée méthode a N Tampes.

Modlification du critéere d’évaluation de la linéarité avec ajout d’'une formule qui, peut étre
apgliquée pour corriger le relevé d’éclairement d’un dispositif PV de référence pour la
norj-linéarité de son courant de court-circuit en fonction de I'éclairement)Un facfeur de
lingarité spécifique est nouvellement défini dans ce but.

Réyision des exigences relatives au rapport (Article 10) afin de préciser les informations
qui|sont toujours nécessaires et ce qui dépend de la procéduré réellement suivje pour
mesurer la dépendance linéaire, y compris le type de dépendance mesuré (générique ou
lin&arite).

FDIS Rapport de vote
82/1759/FDIS 82/1784/RVD

Le rapport de vote indiqué dans le tableau ci-dessus donne toute information sur le votg ayant

abouti @ I'approbation de cette Norme internationale.

Ce document a été rédigé selon les Directives ISO/IEC, Partie 2.

Une ligte de toutes les parties:-de la série |IEC 60904, sous le titre général Digpositifs

photovoltaiques, peut étre consultée sur le site web de I'lEC.

Le comjté a décidé que le contenu de ce document ne sera pas modifié avant la date de sgtabilité

indiquT sur le site web de 'lEC sous "http://webstore.iec.ch" dans les données relatjves au
n

docum

t recherché A cette date, le document sera

recpnduit,

supprime,

remplacé par une édition révisée, ou

amendé.
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INTRODUCTION

L'IEC 60904-10 constitue le document de référence pour plusieurs normes de I'lEC lorsque la
dépendance linéaire d’un ou plusieurs parametres électriques d’un dispositif photovoltaique
(PV — photovoltaic) doit étre évaluée par rapport a un parametre d’essai. Les parametres d’essai
sont généralement la température du dispositif ou I'éclairement. L’IEC 60904-10 a été
largement révisée afin de mieux refléter les différents cas a traiter et les spécificités de la
dépendance linéaire du courant de court-circuit d’'un dispositif PV sur I'éclairement.

Pour éviter toute confusion, dans le présent document, le mot "linéarité" est utilisé uniguement
pour la dépendance du courant de court-circuit (Ig¢) sur I'éclairement (G), tandis que toutes les

autres Jépclldalluca sont appc:écb "dc':pclldalluc Hméaire gcl:lléliquc", qualld ettese—spnt pas
décrite$ de maniére explicite.

Trois modifications techniques de premier ordre ont été incluses dans cette troisieme|édition
par rapport a I'édition précédente.

La premiére modification majeure est la distinction entre I'analyse des’données relative a la
linéarit¢ et l'analyse des données relative a une dépendance(Adinéaire génériqe (par
exemple, Voc(7), qui donne la tension en circuit ouvert en fonction, de la température). Cette

derniére conserve une approche identique a celle incluse dans Y édition précédente, a spvoir la
méthode des moindres carrés et recommande en plus d’appliguer les incertitudes de mesure
dans I'analyse des données. L’ancienne version appliqué-la fonction de proportionndlité qui
décrit 14 dépendance entre /g et G pour un dispositif P\Alinéaire idéal. Elle applique également

la valelyir d’étalonnage de Igc pour établir un point de reférence vers lequel la non-linéarité se

référe e¢xplicitement. En outre, I'impact des specttes d’essai et de la désadaptation spectrale
(SMM + spectral mismatch) a la fois sur la linéariteé et sur la dépendance linéaire générifjue est
désornais pris en considération.

Suivan{ cette nouvelle approche relative a-I'évaluation de la linéarité, la deuxieme modification
majeurg impligue une modification de la définition du terme "non-linéarité" (qui sel référe
désormais de fagon explicite a la valeur d’étalonnage) et I'ajout d’'une formule afin de ¢orriger
I’éclairgment mesuré pour la nontlinéarité du dispositif PV utilisé pour mesurer I’éclaifement.
Ce dispositif PV est généralement un dispositif de référence. Néanmoins, I'lEC §1853-1
envisage explicitement l'utilisation d’un courant de court-circuit du dispositif PV lui-méme pour
mesurdgr I'éclairement -quand sa linéarité a été prouvée (voir la Note en 8.1 de
I'lEC 61853-1:2011). Une’ correction du mesurage de I'éclairement réel pour expliquer les
écarts ¢le Igc de la linearité est ainsi pertinente quand I'éclairement est mesuré par un dispositif

de réféfence ainsi)que par le dispositif en essai lui-méme. En principe, ceci peut étre éfendu a
des dispositifs hon linéaires, a condition que les informations relatives a la non-linéarité soient
indiquées enscomplément de la valeur d’étalonnage du dispositif PV lui-méme. La corregtion de
I’éclairgmentrelative a la non-linéarité est effectuée dans le présent document au moygn d’'un
facteur|devmultiplication, selon une approche similaire a I'lEC 60904-7 relative a la cofrection
de la désadaptation spectrale. Cette formule est présentée afin de traiter la référence explicite
des autres normes a I'l[EC 60904-10 en matiere de traitement des dispositifs non linéaires.
Toutefois, cette formule peut étre utile pour corriger des écarts de linéarité dans les limites
d’acceptation, y compris dans le cas de dispositifs de référence classés comme linéaires
conformément a I'édition précédente de la présente norme.

La troisieme modification majeure est la révision de I'approche avec la méthode a deux lampes,
tout d’abord par I'introduction d’'une analyse des données spécifique a cette méthode. Celle-ci
consistait en un simple essai succés/échec dans la deuxieme édition et acquiert désormais le
statut de méthode quantitative. Cette modification est cruciale afin que les résultats obtenus
avec n’importe quelle procédure de mesure de linéarité admise par la présente norme soient
totalement comparables les uns aux autres dans les incertitudes de mesure indiquées. Ainsi,
la formule de correction d’éclairement est également applicable aux résultats obtenus avec la
méthode a deux lampes. Avec ces ajouts, la méthode a deux lampes devient la méthode
quantitative la plus simple pour évaluer la linéarité (c’est-a-dire la dépendance du courant de
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court-circuit Igc sur I'éclairement) des dispositifs PV. Cette méthode n’exige pas de dispositif
de référence lorsque les dispositifs en essai sont des cellules photovoltaiques uniques. Une
version étendue appelée méthode a N lampe, qui contourne certaines limites de la méthode a
deux lampes, a été incluse.

Une modification d’ordre secondaire apportée afin de mieux localiser la procédure nécessaire
dans le document consiste en la distinction entre les cas d’éclairement et de température en
tant que parametres d’essai, c’est-a-dire les paramétres soumis a modification et a partir
desquels la dépendance est vérifiée.

En outre, lorsque la dependance linéaire d un parametre du dlsposmf (par exemple Igc) doit

étre évgtuéeve "res qui
appllqu positif
en es partie

853-1 exige le mesurage de la puissance maximale en fonction de I'éclairement et de
la température. Dans ce cas, la fagon la plus pratique d’effectuer le mesuragé de la mairice de
puissarnce est généralement de modifier un parameétre (par exemple, laxtempérature) ftout en
conseryant l'autre stable (par exemple, I'éclairement), puis de répéter cette procédure a
différents niveaux du second parameétre jusqu’a ce que la matrice compléte soit achevég¢. Dans
ce but| le second paramétre est considéré comme le parametre’ fixe et le premier est le
paramdtre d’essai vers lequel la dépendance linéaire est évaluée’conformément a la présente
norme.| Néanmoins, dés lors que la matrice de puissanceya été completement mesurée,
I’analyqe ultérieure des données de puissance maximal€ainsi que de tout autre pafametre
électrique pertinent) du dispositif en essai peut étre effectuée en considérant I'un ou I'aytre des
paramétres comme paramétre de I'essai tant que lautre reste constant. C’est pourqulioi une
dépendance linéaire peut étre évaluée par rapportaliun ou 'autre paramétre, indépendgmment
de la pfocédure de mesure utilisée pour obtenir les‘données.
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DISPOSITIFS PHOTOVOLTAIQUES -

Partie 10: Méthodes de mesure de la dépendance linéaire
et de la linéarité

1 Domaine d’application

La présente partie de I'|EC 60904 décrit les procédures utilisées pour mesurer |a dépendance
de tout|parameétre électrique (Y) d’un dispositif photovoltaique (PV) par rapport a un pafjametre
d’essai|(X) et pour déterminer le degré de proximité de la dépendance par rapport aune fonction
linéaireg idéale (ligne droite). Elle fournit également des recommandations relatives a |a prise
en congidération des écarts par rapport a la dépendance linéaire idéale et, de\fagcon g¢nérale,
sur le |traitement des non-linéarités des parameétres électriques d’un, dispositif PV. Les
paramdtres types d’un dispositif sont le courant de court-circuit Igq, (fa"tension en| circuit

ouvert 5 et la puissance maximale P, ,,. Les paramétres d’essai types-sont la température T

et 'éclairement G. Néanmoins, les mémes principes décrits dans le présent document geuvent
étre appliqués a tout autre parameétre d’essai avec un ajustement-approprié de la prqcédure
utilisée| pour modifier le paramétre lui-méme.

L’évaluption de la performance des modules et des systemes photovoltaiques ainsi|que la
transpgsition des performances d'un ensemble de conditions de température et d'éclajrement
a un autre, reposent souvent sur l'application d‘équations linéaires (voir par jxemple
I'IEC 60891, I'EC 61853-1, I'l[EC 61829 et I'IEC'69724-1). Le présent document établit les
exigenges relatives aux méthodes d’essai de |la dépendance linéaire, a I'analyse des dpnnées
et aux limites d’acceptation afin d’assurer que‘ces équations linéaires produisent des rgsultats
conclugnts. Ces exigences indiquent également la plage de températures et d'éclairement sur
IaqueIrITja les équations linéaires peuvent~étre appliquées. Le présent document présente
égalemlent une procédure qui indigue comment corriger les écarts de courant de
court-cfrcuit Igc par rapport a la dépendance linéaire idéale de I'éclairement (linéarité) gour les

dispositifs PV, sans se soucier’.gqu’ils soient classés comme linéaires ou non linéaires
conformément aux limites énoncées en 9.7. L’'impact de la distribution spectrple de
I’éclairgment et de la désadaptation spectrale est pris en considération pour les mesurages qui
utilisenf aussi bien les simulateurs solaires que I'éclairage solaire naturel.

Les méthodes de mesure décrites ici s'appliquent a tous les dispositifs PV, a utilisgr avec
prudenge pour des*dispositifs PV multijonctions et sont destinées a étre appliquées a un
disposilif ou, dans certains cas, a un dispositif équivalent de technologie identique, |qui est
stable [conformément aux critéres énoncés dans la partie applicable de I'lEC 61215. Ces
mesurdges 'sont destinés a étre effectués avant tout mesurage et toute procédure de cofrection
qui exigeun dispositif linéaire ou qui prescrit des restrictions pour les dispositifs non linéaires.

La principale méthodologie utilisée dans le présent document repose sur une procédure
d’ajustement dans laquelle une fonction linéaire (ligne droite) est adaptée a un ensemble de
points de données mesurés {X;,Y;}. La fonction linéaire utilise un sous-programme de calcul des

moindres carrés qui, dans l'analyse la plus avancée, est également comptabilisé dans
I'incertitude combinée étendue (k=2) des mesurages. La fonction linéaire croise I'origine dans
le cas de données de courant de court-circuit en fonction de I’éclairement. L’écart des données
mesurées par rapport a la fonction linéaire idéale est également calculé et des limites relatives
a I’écart de pourcentage admissible sont prescrites.

Des procédures pour déterminer I'écart de la dépendance Y(X) par rapport a la fonction linéaire
(ligne droite) sont décrites dans I'Article 6 (mesurages sous éclairage solaire naturel et avec
simulateur solaire), I'Article 7 (mesurages de la sensibilité spectrale différentielle) et I'Article 8
(mesurages au moyen des méthodes a deux lampes et a N lampes). Des analyses des données
destinées a déterminer les écarts par rapport a la fonction linéaire sont données dans I'Article 9.
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Un dispositif est considéré comme linéaire pour la dépendance mesurée spécifique Y(X)
lorsqu’il satisfait aux exigences de 9.7.

2 Références normatives

Les documents suivants cités dans le texte constituent, pour tout ou partie de leur contenu, des
exigences du présent document. Pour les références datées, seule I'édition citée s’applique.
Pour les références non datées, la derniére édition du document de référence s'applique (y
compris les éventuels amendements).

IEC 60891, Dispositifs photovoltaiques — Procédures pour les corrections en fonction de la
tempérpture et de I'éclairement a appliquer aux caractéristiques |-V mesurées

IEC 60904-1, Dispositifs photovoltaiques — Partie 1: Mesurage des caractéristiques
courani-tension des dispositifs photovoltaiques

IEC 60904-1-1, Dispositifs photovoltaiques — Partie 1-1: Mesurage~des caractéristiques
courani-tension des dispositifs photovoltaiques (PV) multijonctions

IEC TS|60904-1-2, Photovoltaic devices - Part 1-2: MeaSurement of current-yoltage
characieristics of bifacial photovoltaic (PV) devices (disponible en anglais seulement)

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

IEC 60904-3, Dispositifs photovoltaiques — Partie 3: Principes de mesure des dispositifs
solaire$ photovoltaiques (PV) a usage terr€stre incluant les données de ['éclalrement
énergétique spectral de référence

IEC 60904-7, Dispositifs photovoltaiques — Partie 7: Calcul de la correction de désadgptation
des réfdonses spectrales dans les mesures de dispositifs photovoltaiques

IEC 60904-8, Dispositifs photovoltaiques — Partie 8: Mesure de la sensibilité spectrale d’un
dispositif photovoltaique (RY)

IEC 60904-8-1, DispoSitifs photovoltaiques — Partie 8-1: Mesurage de la sensibilité spectrale
des dispositifs photovoltaiques (PV) multijonctions

IEC 60904-9, -Dispositifs photovoltaiques — Partie 9: Exigences pour le fonctionnement des
simulateurs-solaires

IEC 612t5<(toutestesparties), Modufes photovottaiques(FPV)pour—apptications—terrestres —
Qualification de la conception et homologation

IEC 61724-1, Performances des systémes photovoltaiques — Partie 1: Surveillance

IEC TS 61836, Solar photovoltaic energy systems — Terms, definitions and symbols (disponible
en anglais seulement)

ISO TS 28037, Détermination et utilisation des fonctions d’étalonnage linéaire

3 Termes et définitions

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


https://iecnorm.com/api/?name=9a3282e34a8875ae1ecfb4c664ef5c6b
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L'ISO et I'lEC tiennent a jour des bases de données terminologiques destinées a étre utilisées
en normalisation, consultables aux adresses suivantes:

e |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

dépendance linéaire

toute dépendance linéaire (ligne droite) générique d'un parameétre de dispositif (PV) sur un
parameétre d’essai

EXEMPLE Une dépendance linéaire courante pour les dispositifs PV est celle entre la tension de circuit ouvert et
la tempéfature du dispositif PV.

Note 1 a|l'article: Ce terme comprend toutes les dépendances linéaires possibles fondées sur une(ligneé droite. La
linéarité péfinie dans le point suivant ne constitue qu’un cas spécifique parmi d’autres.

3.2
linéari{é
la dépéndance linéaire qui décrit la proportionnalité pure du courant”de court-cirpuit du
disposilif PV par rapport a son éclairement

Note 1 & I'article: Le concept de linéarité en physique, également applicable’ aux dispositifs PV, impllque une
proportignnalité pure entre les deux variables concernées.

Note 2 & I'article: L’une des sources majeures de non-linéarité observée de cellules PV solaires est Hue a la
résistande série qui peut provoquer la non-linéarité du courant de court-circuit mesuré en tant que rendemient de la
cellule splaire, méme lorsque le photocourant est linéaire. Toutes Iés méthodes incluses dans le présent document
traitent de la non-linéarité du courant de court-circuit, non du phetocourant.

3.3
joncticln a limitation
jonction d’un dispositif photovoltaique multijohction dans laquelle le photocourant le plus faible
est géneré dans des conditions d'éclairage“données

[SOURECE: IEC 60904-1-1:2017, 3.1, modifié — "courant photovoltaique" a été remplaqgé par "
photocourant".]

4 Séjection du dispositif

La pro¢édure de mesure doit étre appliquée, si cela est possible, a un dispositif gfandeur
nature.| En cas diimpossibilité, un échantillon de petit format dont la construction| et les
matériqux sont équivalents au dispositif grandeur nature et dont la linéarité est soymise a
I'essai doit étre utilisé. Il convient que le dispositif grandeur nature et le dispositif équivalent
soient gtables conformément a la partie applicable de I'lEC 61215. Toutefois, un échjntillon
équivalenitne doit pas étre utilisé pour mesurer la linéarité d'un dispositif de référence ﬁel que
cela est défini par 'lEC 60904-2).

Un échantillon de petit format est estimé comme équivalent a un dispositif PV en essai (DUT —
device under test) grandeur nature lorsque ses propriétés physiques relatives a la dépendance
linéaire a mesurer sont similaires a celles du dispositif PV grandeur nature. Cette exigence
s’applique a la dépendance en fonction de I'éclairement ainsi qu’a la dépendance en fonction
de la température. Il convient également que la configuration des connexions électriques soit
bien représentée.

En particulier, lorsque [I'éclairement est le paramétre d’essai, les propriétés optiques
pertinentes du dispositif petit format (emballage compris) doivent étre similaires a celles du
dispositif représenté. Cette exigence comprend par exemple 'utilisation du méme type de verre
avant (y compris la texture et I'indice de réfraction) et du méme angle d’ouverture que ceux
utilisés dans le dispositif grandeur nature.
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Dans le cas de dispositifs actifs des deux cbtés (dispositifs photovoltaiques bifaces, qui doivent
se conformer a I'lEC TS 60904-1-2), I'exigence ci-dessus s’applique a la fois au c6té avant et
au coté arriére du dispositif.

Lorsqu’'un modeéle d’échantillon petit format équivalent au dispositif grandeur nature ne peut
pas étre obtenu, le rapport des résultats de mesure doit indiquer les limites de leur validité.

5 Equipement

5.1 Exigences générales communes a toutes les procédures

Les exfjgences et recommandations suivanies sont valables pour foufes Tes depenidances
linéairgs et pour toutes les procédures de mesure, sauf spécification contraire explicite. Les
exigenges et recommandations spécifiques aux équipements utilisés pour chague type de
mesurgge sont indiquées dans les paragraphes suivants.

Il convient que les sources de lumiére caractérisées par des crétes intenses sur un continuum
large, 3 I'instar des sources xénon ou des lampes a diodes électroluminescentes (LED - light
emitting diode) soient évaluées avec soin avant utilisation. En effefi~pour certains dispositifs
chnologies photovoltaiques, la sensibilité spectrale peut vafier avec la températufre ainsi
qu’ave¢ le niveau d’éclairement. Elle peut donc passer par différentes lignes d'émisgion du
d de la lampe lorsque la température ou I'éclairement varie. Lorsque cela se produit, cela
peut entrainer des modifications de performance qui sont principalement liées a un changement
dans l'interaction entre la région de la bande interdite deda 'sensibilité spectrale et I'éclajrement
| réel dans la méme plage de longueurs ‘d'ohde. Si cette possibil