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INTERNATIONAL ELECTROTECHNICAL COMMISSION

PHOTOVOLTAIC SYSTEM PERFORMANCE -
Part 1: Monitoring

FOREWORD

2021

International Electrotechnical Commission (IEC) is a worldwide organization for standardization,_comj
alllnational electrotechnical committees (IEC National Committees). The object of IEC is to promote’interng
cofoperation on all questions concerning standardization in the electrical and electronic fields. JTo this er
in pddition to other activities, IEC publishes International Standards, Technical Specifications, Technical Rq
Pyblicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC Publication(s)”).
préparation is entrusted to technical committees; any IEC National Committee interested in the subject ded
may participate in this preparatory work. International, governmental and non-governmental organizations |
with the IEC also participate in this preparation. IEC collaborates closely with the Inferhational Organizat
Standardization (ISO) in accordance with conditions determined by agreement between the two organizati

formal decisions or agreements of IEC on technical matters express, as nearly as possible, an intern
copsensus of opinion on the relevant subjects since each technical commitiee has representation fr
rested IEC National Committees.

IEC Publications have the form of recommendations for international\use and are accepted by IEC N
Cdmmittees in that sense. While all reasonable efforts are made to’ensure that the technical content
Publications is accurate, IEC cannot be held responsible forsthe“way in which they are used or fq
miginterpretation by any end user.

In|order to promote international uniformity, IEC Nationak,.ommittees undertake to apply IEC Publig
transparently to the maximum extent possible in their national and regional publications. Any divergence b¢g
anly IEC Publication and the corresponding national or regional publication shall be clearly indicated in the

IEC itself does not provide any attestation of conformity. Independent certification bodies provide conf]
aspessment services and, in some areas, access t0 IEC marks of conformity. IEC is not responsible f
sefvices carried out by independent certificationbodies.

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

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

Atiention is drawn to the Normative references cited in this publication. Use of the referenced publicati
indispensable for the cortect application of this publication.

Atlention is drawn to(the possibility that some of the elements of this IEC Publication may be the subject of
rights. IEC shall not be held responsible for identifying any or all such patent rights.
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International Standard IEC 61724-1 has been prepared by IEC technical committee 82: Solar
photovoltaic energy systems.

This second edition cancels and replaces the first edition, published in 2017. This edition
constitutes a technical revision.

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

Monitoring of bifacial systems is introduced.

e

e Spiling measurement is updated based on new technology.
) lass C monitoring systems are eliminated.

° rious requirements, recommendations and explanatory notes are updated,

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

FDIS Report on voting
82/1904/FDIS 82/1925/RVD

Full information on the voting for its approval can be found®n the report on voting indicated in
the apbove table.

The llanguage used for the development of this International Standard is English.

This [document was drafted in accordance with, ISO/IEC Directives, Part 2, and developged in
accofdance with ISO/IEC Directives, Part 1'and ISO/IEC Directives, IEC Supplement, avallable
at wyw.iec.ch/members_experts/refdocs.siThe main document types developed by IEQ are
descfibed in greater detail at www.iec.gh/standardsdev/publications.

A lisfj of all parts in the IEC 61724 series, published under the general title Photovoltaic system
perfdrmance, can be found on-the IEC website.

The ¢committee has decided-that the contents of this document will remain unchanged unfil the
stability date indicated~on the IEC website under webstore.iec.ch in the data related tp the
spec|fic document. At this date, the document will be
e rgconfirmed;

e wlithdrawn,

o rgplaced by a revised edition, or

° amended

IMPORTANT - The ‘colour inside' logo on the cover page of this publication indicates that it
contains colours which are considered to be useful for the correct understanding of its
contents. Users should therefore print this document using a colour printer.
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This document defines classes of photovoltaic (PV) performance monitoring systems and
serves as guidance for-various monitoring system choices.

Figure 1 illustrates-pessible major elements comprising different PV system types.

The main clauses of this document are written for grid-connected systems without local loads,
energy storage, or auxiliary sources, as shown by the bold lines in Figure 1. Annex E includes
some details for systems with additional components.

The

conc
monil

!

Key

PV array may include both fixed-axis and-tracking tracker systems and both flat- platl and
=ntrator systems —Module-level—electronics,—if present,—may-be—a-componento

—he

,ommememmeeaan

RNE: renewable energy

PCE: power conditioning equipment

BDI: bi-directional inverter

GCI: grid-connected inverter

Bold lines denote simple grid-connected system without local loads, energy storage, or auxiliary sources.

Figure 1 — Possible elements of PV systems
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The purposes of a performance monitoring system are diverse and-ean could include-the

comparing performance to design expectations and guarantees as well as detecting and
locallzing faults.

For gomparing performance to design expectatlons and guarantees, the focus should l:e on
systgm-level data and consistency between prediction and test methods;*whilefor-analjsing
perfgrmance-trends.

For detecting and localizing faults there-may should be-a-reed-fgr greater resolution at{sub-
levelg of the system and an emphasis on measurement repeatability and correlation metrics

poththenabeslnic sesunan

The monitoring system should be adapted to the PV system's size and user requirements. In
general larger-and-more-expensive PV systems should have more monltorlng pomts and higher
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PHOTOVOLTAIC SYSTEM PERFORMANCE -

Part 1: Monitoring

1 Scope

This
moni

part of IEC 61724 outlines terminology, equipment, and methods for perform

2021

ance

foring and analysis of photovoltalc (PV) systems. M&%M%@H%%ﬂeﬂ

2 Normative references

The flollowing documents are referred to in the text in such a way thatyjsome or all of their co

cons
For

amer
IEC §0050-131, International Electrotechnical Vocabuldry (IEV) — Part 131: Circuit theory

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

Facy—for onitorin egquip addition—t asured
ROoRHoHAG tHomeRt—h—aaaiHoR—to—-measStd

standards which rely upon the data collected.

itutes requirements of this document. For dated references, only the edition cited ap
undated references, the latest edition of the referenced document (including
dments) applies.

ntent
Dlies.
any

ces

(PV)]

IEC 60904-5, Photovoltaic devices —Part 5: Determination of the equivalent cell temper
(ECT

IEC $0904-7, Photovoltaic dévices — Part 7: Computation of the spectral mismatch corre
easurements of photovoltaic devices

for m

IEC 61215 (alkparts), Terrestrial photovoltaic (PV) modules — Design qualification and

appr

IEC $1657-12, E/ectrlcal safety in low voltage dlstrlbutlon systems up to 1000 VAC

of photovoltaic (PV) devices:by the open-circuit voltage method

bval

ature

ction

Power meter/ng and mon/tor/ng dewces (PMD)

IEC TS 61724-2, Photovoltaic system performance — Part 2: Capacity evaluation method

IEC TS 61724-3, Photovoltaic system performance — Part 3: Energy evaluation method

IEC TS 61836, Solar photovoltaic energy systems — Terms, definitions and symbols

IEC 6205321 _E/ . . . N Dot . 5 21. Stati
meters-foractive-energy-{classes1-and-2)

IEC 62053-22, Electricity metering equipment — Particular requirements — Part 22: Static meters
for AC active energy (classes 0,1S, 0,2S and 0,5S)
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IEC 62670-3, Photovoltaic concentrators (CPV) — Performance testing — Part 3: Performance
measurements and power rating

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

ISO/IEC Guide 98-1, Uncertainty of measurement — Part 1: Introduction to the expression of
uncertainty in measurement

ISO/IEC Guide 98-3, Uncertainty of measurement — Part 3: Guide to the expression of
uncertainty in measurement (GUM:1995)

ISO l)060:2018, Solar energy — Specification and classification of instruments for meas

hemi

ISO 9488, Solar energy — Vocabulary

For
IEC T

ISO
addr

B

[«

° (v

3.1

sample

data

3.2

spherical solar and direct solar radiation

'erms and definitions

he purposes of this document; dhe terms and definitions given in |IEC 60050
[S 61836, ISO 9488, and the following apply.

nd IEC maintain terminological databases for use in standardization at the follg
sses:

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

5O Online browsing platform: available at http://www.iso.org/obp

acquired-from a sensor or measuring device

uring

-131,

wing

sampling interval

time

3.3

between samples

record

data

3.4

recorded and stored-in-data-leg,based-onacquired-samples

recording interval

T
time

between records
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3.5
report
aggregate value based on series of records

3.6
reporting period
time between reports

3.7
front side
side of a surface which normally faces the sky

3.8
rear side
side pf a surface which normally faces the ground

3.9
mongpfacial PV device
PV device in which only the front side is used for power generation

3.10
bifagial PV device
PV device in which both front side and rear side are used for power generation

3.11
bifadiality coefficient

(4
ratio|between an |-V characteristic of the rear side and the front side of a bifacial dgvice,

typically at Standard Test Conditions (STC)WUnless otherwise specified

Note 1 to entry: Bifaciality coefficients include ¢ghe' short-circuit current bifaciality coefficient ¢, the open-circuit
voltage bifaciality coefficient ¢, and the maximum power bifaciality coefficient ¢y ..

Note 2 to entry: Bifaciality coefficients are defined in IEC TS 60904-1-2.

3.12
irradiance
G
incident flux of radiant power per unit area

Note 1 to entry:/~Expressed in units of W-m™2.

3.13
in-plane irradiance
G; orPOA

sum of direct, diffuse, and ground-reflected irradiance incident upon the front side of an inclined
surface parallel to the plane of the modules in the PV array, also known as plane-of-array (POA)
irradiance

Note 1 to entry: Expressed in units of W-m™2,

3.14
horizontal albedo

PH
proportion of incident light reflected by a ground surface as measured in a horizontal plane

Note 1 to entry: Itis a property of a ground surface and is a dimensionless quantity on a scale from 0 to 1.
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3.15

in-plane rear-side irradiance ratio

Pi

ratio of the irradiance incident on the rear side of the modules in the PV array to the irradiance
incident on the front side

Note 1 to entry: Itis a dimensionless quantity but can exceed a value of 1 since, in addition to reflected light, diffuse
and direct components of the solar resource may also be measured on the rear-side of the plane of array.

3.16
spectrally matched in-plane rear-side irradiance ratio

sp
Pi
in-plgne rear-side irradiance ratio per 3.15 when both irradiance quantities are me red with
a spgctrally matched reference device or with the application of spectral correctlon%t}ce)rs per

IEC $0904-7
Q‘lx

3.17 ,\(l/

spegtrally matched reference device
refergnce device such as a PV cell or module with spectral response p@acterlstlcs sufficlently
closq to those of the PV modules in the PV array such that spectr match errors are gmall
undef the typical range of incident spectra

3.18 ‘\\Q/

in-plpne rear-side irradiance
Grealor PoArear Q
1
sum pf direct, diffuse, and ground-reflected irradian Rcident on the rear side of the modlules

in the¢ PV array, also known as rear-side plane-o@‘ray irradiance

Note 1 to entry: Expressed in units of W-m™2, \\'QQ

Note 2 to entry: (If measured via in-plane rea[-%&rradiance ratio): G/°“ = p; x G; or G[&" = pi* x G;.
Q\

3.19 O

bifadial reference device
bifaclal PV device, such as (\911Tor module, having substantially the same properties,| with
respg¢ct to response to front{side and rear-side irradiance, as bifacial modules to be monitored

3.20 @

bifadial irradiance@ or

BIF

dimepsionless or that can be directly multiplied by the front-side in-plane irradiance ({;;) to
calcylate th ective” irradiance reaching a bifacial device from both the front and reai side
collegtiv

Note mpntrv BIF=(4@. X o )OorBIFP= (4. % o") See 311 315 316

Note 2 to entry: Rear-side POA irradiance can be measured simultaneously with front-side POA irradiance using a

bifacial reference device. In that case, BIF = G/""/P*"° G, . For consistency, the front-side POA irradiance

should be measured with the same or similar type of device as the bifacial reference device.

Note 3 to entry: "Effective” irradiance may include the effect of inhomogeneities in rear-side irradiance.

3.21

global horizontal irradiance

GHI

direct plus diffuse irradiance incident on the front side of a horizontal surface

Note 1 to entry: Expressed in units of W-m™2,

Note 2 to entry: GHI = DNI-cosZ + DHI where Z is the solar zenith angle.
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3.22
circumsolar
immediately surrounding the solar disk

3.23

direct normal irradiance

DNI

irradiance emanating from the solar disk and from the circumsolar region of the sky within a
subtended full angle of 5° falling on a plane surface normal to the sun’s rays

Note-2 1 to entry: Expressed in units of W-m™2,

Note 3 to entry: GHI = DNI-cosZ + DHI where Z is the solar zenith angle.

3.24
circymsolar contribution
contrfibution of a specific portion of the circumsolar normal irradiance, to "the direct ngrmal
irradiance. The circumsolar contribution refers to a specific ring-6haped angular rggion
descfibed by an inner and the outer angular distance from the centre.of the sun (see ISO 9488)

Note 1 to entry: If the inner angle describing this angular region is the half-apngle of the sun disk the circumsolar
contrilpution is also called circumsolar ratio.

Note 2 to entry: Depending on the circumsolar irradiance measurementinstrument or the solar technology invpolved,
differgnt wavelength ranges are included. In order to describe circumsblar irradiance correctly, the wavelength|range
or the|spectral response of the instrument or the involved technelogy has to be specified.

3.25
circymsolar ratio
ESR
fraction of measured direct normal irradiance (DNI) emanating from the circumsolar regipn of
the sky, i.e. within the angular acceptance’ of the DNI sensor but outside the solar disk

3.26
sunsghape
azimpthal average radianceprofile as a function of the angular distance from the centre of the
sun, hormalized to 1 at the centre of the sun and considering the wavelength range of shortivave
radiaftion (see ISO 9488)

3.27
diffuse horizonfal irradiance
Ggq of DHI

globgl-herizental irradiance on the front side of a horizontal surface excluding the partion
emanating from the solar disk and from the circumsolar region of the sky within a subtended
full ahgle’of 5°

Note-2 1 to entry: Expressed in units of W-m™2,

Note 3 to entry: GHI = DNI-cosZ + DHI where Z is the solar zenith angle.

3.28

in-plane direct beam irradiance

Gip

in-plane irradiance incident upon the front side of an inclined surface parallel to the plane of
the modules in the PV array emanating from the solar disk and from the circumsolar region of

the sky within a subtended full angle of 5°-excluding-secatteringand-reflections
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Note 1 to entry: The in-plane direct beam irradiance G;, = cos(6) X DNI, where 8 is the angle between the sun
and the normal to the plane. When the plane of array is normal to the sun, G;,, = DNI.

Note 2 to entry: Expressed in units of W-m™2.

G

i olane. irradi lina the_direct beasirrad

W%@Mw:—gw;@*;@ﬁbf

Note-2-to-entry—Expressed-inunits-of Wom™2;

3.29
irradiiation
H
irradiance integrated over a specified time interval

Note 1 to entry: Expressed in units of kW-h-m™2.

3.30
stanflard test conditions
STC
referpnce—values—of in-plane irradiance 1000 W-m2, riormal incidence, PV cell junction
tempgrature 25 °C, and the reference spectral irradiance/defined in IEC 60904-3

3.31
soiling ratio
SR
ratio [of the actual power output of the PV array under given soiling conditions to the powef that
would be expected if the PV array were clean and free of soiling

3.32
soiling level
SL
fractijonal power loss due to'soiling, given by 1 — SR

3.33
soiling rate
rate pf change of.8eiling ratio, typically expressed in percent per day

3.34
active power
P
Unde pUI;UUI;L; LaUIIL“t;UIIb, mredarl vaiuc, tdlr\cll Uvel UIC pUIiUUI, U
current and voltage

ftheinstantaneous pluu'uCt of
Note 1 to entry: Under sinusoidal conditions, the active power is the real part of the complex power.

Note 2 to entry: Expressed in units of W.

3.35
apparent power

product of the rms voltage between the terminals of a two-terminal element or two-terminal
circuit and the rms electric current in the element or circuit

Note 1 to entry: Under sinusoidal conditions, the apparent power is the modulus of the complex power.

Note 2 to entry: Expressed in units of VA.
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3.36

power factor

A

under periodic conditions, ratio of the absolute value of the active power P to the apparent

power S:

fication

toring system classi
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5 General

Measurement precision and uncertainty

Meadq

in th¢ IEC Electropedia.

Meadq

Elecfropedia.

urement precision refers to repeatability and resolution, which have the meanirigs deffined

urement uncertainty refers to accuracy and otherwise has the meaning.defined in the¢ IEC

Meagurement uncertainties can be calculated as outlined in ISO/IEC"Guide 98-1 and ISQ/IEC
Guidg 98-3.

5.2 | Calibration
Sengors—and-signal-conditioning-electronics—used-in-the-monitering-system-shall-be—calibrated
Recdlibration of sensors and signal-conditioning electronics is to be performed as-regpired
reconmended by the manufacturer or atimore frequent intervals where specified i the
standard.

It is fecommended to perform periodic cross-checks of each sensor against sister sensqrs or
reference devices in order to identify out-of-calibration sensors.

5.3 | Repeated elements

Depgnding on systemSsize and user requirements, the monitoring system may ing¢lude
redupdancy in sensors and/or repetition of sensor elements for different components or
subsgections of the “full PV system. Accordingly, the measured and calculated paramgters
defined in this document may have multiple instances, each corresponding to a subsectipn or

subc

5.4

bmponent,of the PV system.

Power consumption

The parasitic power drawn by-fracking, monRitorng, and otheranciiary any sysiems required for
operation of the PV plant shall not be considered-a—powerloss—of-theplant,neot as a load
supplied by the plant.

Documentation
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Details of all components of the monitoring system shall be documented. All system inspection
and maintenance, including cleaning, shall be documented.

5.6 —Inspection

o plecetonne Cloce = the poeniiorine coedorn chenlel b lpeoociod of leoet sne ol ond
prefdrably-at-more-frequent-intervals;—while for Cla C-inspection-should-be-per-site-specific
‘3. efnen - ASPpe 3' ROUHG o0 O caHage 0—O . pracefhen O e SO "
evidgnce—of moisture-or-vermin-in-enclosuresloose-wiring-connections—at-sensors—orithin
coelgonroc—dotnehrmont et oo oroties conecne copbelilocaent o cttoobe sote ool pibor
setogbnloreblores

The monitoring system shall be inspected at least annually and preferably at more frequent
interyals. Inspection should look for damage, deterioration, or,diseonnection of sensorg and
electfical enclosures, soiling or displacement of optical sep$ors, loose wiring connecfions,
detaghment of temperature sensors, embrittlement of attaChments, and other poténtial
problems.

6 [Data acquisition timing and reporting

6.1 Samples, records, and reports

Figune 2 illustrates the relations between_samples, records, and reports.

A sample is data acquired from a sensor or measuring device. The sampling interval is the time
betwgen samples. Samples do not heed to be permanently stored.

A reg¢ord is data entered intota—dataleg-for data storage, based on acquired samples| The
reconding interval, denoted by 7 in this document, is the time between records. The recording
interyal should be an~integer multiple of the sampling interval, and an integer numbjr of
reconding intervals ghould fit within 1 h.

The recorded fparameter value for each record is the average, maximum, minimum, sum, or
othen function_of the samples acquired during the recording interval, as appropriate for the
meagured- ‘quantity. The record can also include supplementary data such as addifional
statidtics ‘'of the samples, number of missing data points, error codes, transients, and/or pther
data lof*special interest. (For wind data records, see statement in 9.3.)

A report is an aggregate value covering multiple recording intervals. The reporting period is the
time between reports. Typically the reporting period would be chosen to be days, weeks,

mont

hs, or years.
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(Data acquisition)

Sampling interval
s S SRR SRR SR R R SO

(Data storage)

Recording interval (1)
Reports

(Summary

Laaatare Beal = hin o o
tH

t vt

*

Tablg 1 lists maximum values for sampling intervals and recordingiintervals.

Further considerations relating to the sampling interval are” addressed in Annex A.
maximum sampling interval for Class A is longer than the-typical signal and instrument
consgants for irradiance, wind and electrical output, how€yer, the value is chosen for practi

B B ol
paframeters—ahea rEPot gPeroea

Y

metrics) @

Figure 2 — Samples, records and reports

cons|dering common data acquisition systems.

The indicated sampling and recording interval resommendations apply to on-site ground-b
meagurements. For satellite-based measurement of irradiance, longer intervals of up to 1 h
be uged. A ground-based instrument will r€quire frequent samples to construct a valid

Time
IEC

The
time

cality

ased

may
time

average over a recording interval, e.g. insthe case of partly cloudy conditions, while satgllite-

basefd estimation uses the spatial averdge of many pixels in a single image as a substitu

time pveraging.)

e for
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Table 1 — Sampling and recording interval requirements

Class A Class B
High accuraey Medium accuracy
Maxjmum sampling interval
For ifradiance, temperature, wind and electrical output S 1 min
5 min
Maximum recording interval 15 min
{1 min — recommended)

6.2 | Timestamps
Each| record and each report shall include a timestamp.

Timeftamp data shall include the date and time corresponding to the beginning or end gf the

reco

ding interval or reporting:period and the choice shall be specified.

The fime should refer either‘to local standard time (not daylight savings time) or universal ftime,

to av|

Midn

Whe
the G
such

pid winter/summentime changes, and the choice of time shall be specified.
ght shall be.treated as the start of a new day and expressed as 00:00:00.

h multiple’data acquisition units are involved that each independently apply timestamps,
locks of the units-shall should be synchronized, preferably by an automated mechgnism
as{global positioning system (GPS) or network time protocol (NTP).

6.3

Parameter names

For consistency in data extraction across multiple platforms, it is recommended to use
standardized parameter names. Standardized names for parameters in this document are listed
in Orange Button Taxonomy Data Definitions.
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7 Measuredparameters Required measurements

74— Generalrequirements

Table 2 lists measured parameters defined by this document and a summary of measurement

requi

rements.

The purpose of each monitoring parameter is listed in Table 2 in order to guide the user. More
details and additional requirements are provided in the subsequent referenced subclauses.

A ch

ck—rrark-l-inTable 2 indicates arameterto-be

by sp

The
on—l¢
meag

Tablg 2 lists the minimum number of on-site sensors where requjred” In many case

refer
only

Whe
repre
the g

diffefent local geography or other operation charactefistics, then at least one sensor sh

4

place
requi

irements or to meet project specifications.

m
ot N7 ot

ecific notes where included.

Eymbol-“E” “R” in Table 2 indicates a parameter that may be-estimated determined b

urement.

brce-to this is shown as a factor times a multiplier from Table 3. Where no number is ¢
bne sensor is required, although redundant sensors are typicatly'advisable.

h multiple sensors are required, they shall be distributed throughout the PV pla
sentative locations or placed at monitoring points indicated in the table where specifi
lant includes multiple sections that have differentzPV technology types or substarn

d in each such section and additional sensors“§hall be added, if necessary, to me
rement.

y cells in Table 2 indicate optional parameters that may be chosen for specific sy

lified

ased

bcal—or—regional remote meteorological data or satellite data, rather than by on-site

s—by

iven,

nt at
d.If
tially
Il be
this

stem

[¢]
o
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Table 3

of sensors-forspecific sensors Multiplier referenced in Table 2
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sensprwith-arotating-shadow-band-ortracked bal-that ble Corecrasas st ath et

N
8.1 | Sensor types Q(l’
Apprpaches to ground-based on-site irradiance measurement include: '\q/

b‘/

e Measure total broadband hemispherical solar irradiance, indepen of spectral or angular

tgchnology type.

e Measure matched irradiance corresponding to the PV-usa@portion of the incident sp
ahd angular distribution. PV reference devices (referer&e e
this objective.

e Measure spectral irradiance, from which spectra@watched irradiance can be determfined.

Spectroradiometers or multi-spectral instrume%s an be used for this objective.

O

Meagurements can be transposed between a@s}oaches using appropriate models, with

unceftainty. If used, model-based transposk@qs and corrections shall be documented.
Irradfance may also be determined fr#&emote measurements using satellite instrumen
as a| supplement, or replacementéw en permitted by Table 2), for ground-based o
meagurements. See 8.3.12. b

o5

\\C)
The $elected sensor and seﬁ:s))r type shall be documented.
8.2 | General requieﬁnts
8.2.1 Overvig\g
This [subcla 8.2 provides general requirements applicable to most on-site irrad
meagure . Subsequent subclauses on specific irradiance measurement types may in

differ|e%/€p /or additional requirements.
N

d|stribution. Instruments with this objective are classified as @sa ometers, regardleps of

g¢ctral

Ils and modules) are usgd for

pome

:Lation
-site

ance
Clude

8.2.2 Sensor requirements

Sensors shall meet the requirements of Table 4 according to sensor type.
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Table 4 - Irradiance sensor requirements

Sensor type Class A system Class B system

Pyranometer Front side (POA and GHI): Class C or better per ISO 9060:2018
Class A per ISO 9060:2018, Spectrally flat | Calibration uncertainty < 3 % at 1 000 W-m2

Calibration uncertainty < 2 % at 1 000 W-m Range up to 1 500 W-m™2
Range up to 1 500 W-m™2 Resolution < 1 W-m2

Resolution < 1 W-m™2

Rear side: A

Class C or better per ISO 9060:2018 \/
Calibration uncertainty < 3 % at 1 000 W-m™ ,\Q~
Range up to 1 500 W-m™2 Q(l/
Resolution £ 1 W-m2 y\’(,l/

N

PV rdference device |Working reference device per IEC 60904-2 |Working refer %device per IEC 60904-2
Calibration uncertainty < 2 % at 1 000 W-m™2 Calibration@'}oertainty <3 % at 1 000 W-m™
Range up to 1 500 W-m™2 Rangé/ 01500 W-m2

on<1W-m?2

Resolution £ 1 W-m™2 Reﬁ\u

<<

Pyrapometers include a wide range of instrumer\%chnologles including but not limited to

thermopile pyranometers and single- or multi- odiode-based instruments. For fron{-side

solar| irradiance measurement in Table 4, ctrally flat means that the pyranometer’s
g@l

broaglband irradiance measurement is ne y affected by the spectral distribution gf the

incident sunlight. $
.\Q)
8.2.3 Sensor locations 3
xO
8.2.3.1  Front side C\}“

\
The |ocation of front-side w@éﬂance measurement sensors, including GHI and plane-of-prray
sensprs, shall be chosemio’be representative and to avoid shading conditions from sunrise to
sunsgt, if possible. S g should only occur within a half hour of sunrise or sunset ang any
shadjng shall be do€ujriented.

.

For f'ont-sidec§ame-of-array irradiance measurements, for either fixed-tilt or tracking sys{ems,
sensprs sh e maintained at the same tilt and azimuth angles as the modules. This may be
achie ve@lacing the sensors either directly on the module racking or on separate poles or
exter @ rms with tracking, if applicable.

NOTE Optionally, additional front-side irradiance sensors may be placed in locations that are temporarily shaded
by adjacent module rows, e.g. during backtracking of a tracking system, in order to monitor this shading effect, but
these sensors do not satisfy the requirements of Table 2 and Table 3 and the performance metrics always use
unshaded sensors, unless explicitly noted.

8.2.3.2 Rear side

The location of rear-side irradiance and/or in-plane rear-side irradiance ratio sensors shall be
chosen such that they have a field of view representative of the conditions present on the rear
side in the majority of the array, while minimizing shading on the modules. If the expected
ground surface varies throughout the site, use an appropriate quantity of sensors and sampling
methodology to capture the variations. The sensors should also be placed to capture the rear-
side irradiance without impact from local surroundings other than representative shading by
nearby portions of the PV array.
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The sensors should be placed at the same tilt angle as the modules, directly on the module
racking, by using beam or rail support structures, and positioned away from row ends, mounting
piers, and other sources of localized shading or enhanced illumination phenomena such as
reflections from the module racking.

A concern regarding in-plane rear-side irradiance sensors and in-plane rear-side irradiance
ratio sensors is the non-uniformity of the irradiance reaching the back side of the module
surface from edge to edge. It is recommended to place multiple sensors along the rear side of
the racking structure to follow and measure the non-uniform illumination profile throughout the
day. This allows both quantifying the non-uniformity of the rear-side irradiance and calculating
an effective average of the rear-side irradiance for introduction into selected performance

form{itas. Q

NOTE| The measured irradiance may differ depending on the position of the sensor, especially in th \/ of rear-
side A sensor measurements. For example, if the sensor is placed below a row of modules, it ma iwow a d| ferent

reading than when placed above the row of modules, since a contribution to the irradiance in a t| lane originates
from the ground or nearby features.

8.2.3.3 Horizontal albedo

The location of horizontal albedo sensors shall be chosen to be repr, tatlve of the albedo at
the sjte. The sensors should be mounted at a minimum height of ¢50"m in order to allow (for a
suffigient field of view of irradiance reflecting from the groa%y@yd should not be shadgd by
vegelation or any nearby structures, including modules and t odule support structure, within
a 8D degree viewing angle. Shading by the albedo m rement device and its support
strucfure should be minimized. If the expected ground ce varies throughout the site|, use
an appropriate quantity of sensors and sampling metl—&logy to capture the variations.

8.2. Recalibration S\Q\\

Recdlibration of sensors shall be conducte@@é manner that minimizes downtime and s¢nsor
outages in order to prevent interruption ofgn nitoring. Effective methods may include:
e Echanging installed sensors With\&\eovv or recalibrated units
e Plerforming on-site recalibrati ﬁ\9 sensors where possible

e Providing redundant senS@‘\l\g)and alternating laboratory recalibration schedules.

For Qlass A systems, seqsors shall be recalibrated once every 2 years, or more frequently per
manyfacturer recom tions.

For ¢lass B sys@s, recalibrate sensors according to manufacturer recommendations.

8.2.5 S@g mitigation

For
mitig
employed less frequently when local cond|t|ons aIIow or when technology is employed wh|ch
mitigates or corrects for sensor soiling equivalently to weekly cleaning or detects soiling so that
cleaning can be scheduled when needed.

8.2.6 Dew and frost mitigation

For Class A systems, the effects of dew and frost accumulation on irradiance sensors shall be
mitigated for locations where dew or frost is expected during more than 2 % of annual GHI-
hours.

Determination of whether an installation site requires mitigation may be performed by examining
typical meteorological year data for the site, paying attention to ambient temperature and dew
point. For the purposes of this assessment, dew or frost is considered expected when ambient
temperature is within 1,5 °C of dew point.
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Various means of mitigation, including heating and external ventilation, can be
effective.lrradiance sensors shall maintain their accuracy and classification while dew and frost
mitigation is applied. Heating shall not disturb the sensor’s accuracy and classification. For
pyranometers, effective means of ensuring accurate performance while the sensor is heated
may include, but are not limited to, internal and external ventilation.

8.2.7 Inspection and maintenance

Routine inspection of sensors shall be performed to check for soiling, misalignment, and other
fault conditions. For Class A systems, front-side sensors shall be inspected weekly.

Sens|ors shall be maintained according to manufacturer requirements. Maintenance
requirements may include, for example, desiccant inspection and/or replacemel\t,/ here
appligable.

N
N

8.2.8 Sensor alignment (1/

Irrad|ance sensors for global horizontal irradiance (GHI) shall be Ievellec&tﬁ')\mthm 0,5°.

Irrad|ance sensors for plane-of-array (POA) irradiance shall be allghéﬂst/\wth their intended plane
within 0,5° of tilt and 1° of azimuth (Class A) or 1° of tilt and 206 zimuth (Class B), with the
following provisions: Q/

e When the sensors are placed directly on the module r@ing, the alignment requiremeént is
njet if it can be shown that the sensors are align@ o the racking to within the sfated
tqlerances.

e When the sensors are placed on another mounting structure independent of the modules,
care shall be taken to achieve and verify ali ent to within stated tolerances. If alignjment
cpnnot be achieved, the alignment error\i@ll be measured and documented.

NOTE| Sensor tilt can be measured with an inclindmeter. Azimuthal alignment of plane-of-array sensors dan be
verified by reviewing and modelling a time seri irradiance data in clear-sky conditions.

8.3 | Measurements \O

8.3.1 Global horizontal ir ance

O

Globgl horizontal irradian¢e (GHI) is measured with a horizontally oriented upwards-facing
irradfance sensor or i rmined from the combination of direct normal irradiance and diffuse
horizpntal irradiancb formula in 3.21.

8.3.2 In- pl@radlance

For fla @systems in-plane irradiance is measured with an irradiance sensor with apgrture
oriente rallel to the plane of array (PO4) mounted either on the module support structdre or
on a r structure that is aligned parallel to the modules.

In the case of tracked systems, the irradiance sensor shall be continuously aligned with the
actual plane of array of the modules, including backtracking if used.

For concentrator systems, see 8.3.9.

If any trackers are programmed to operate in a non-standard way relative to the rest of the
array, these trackers should be excluded as sensor locations for the purposes of Table 2 and
Table 3, but may optionally receive additional complementary sensors.

NOTE 1 The measurement of irradiance on a tracked surface can become erroneous if the tracker supporting the
sensor does not track correctly. An approach to verification is to use the measured direct normal irradiance and
horizontal diffuse irradiance, DNI and G, respectively, and a transposition model to calculate the expected in-plane

irradiance and then compare this with the measured value.
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NOTE 2 POA irradiance can also be estimated from GHI using a decomposition and transposition model.
8.3.3 In-plane rear-side irradiance

Accurately determining the rear-side solar resource of bifacial systems is difficult. The rear-side
irradiance on a PV array, as well as the spectral content of the irradiance, varies strongly
spatially and temporally depending on shading patterns, details of the mounting structure,
ground surface properties, and seasonal variations.

Table 2 provides two options for determining rear-side irradiance in bifacial systems:

e Option 1- Measure harizontal albeda and optionally diffuse irradiance and use an optical
nmodel, such as a view-factor or ray-tracing model, to estimate rear-side irradianceQ

e (ption 2: Directly measure rear-side in-plane irradiance or, optionally, spectra@ﬁahched
in-plane rear-side irradiance. N

Direqt measurement of rear-side in-plane irradiance is performed with an wrad@ce sensofl with
aperfure oriented parallel to the plane of array (PO4) mounted on the reafside of the mdule
suppprt structure. This may also be performed with a bifacial referencg,ltlm(/lce (see 3.19)

X\

8.3.4 In-plane rear-side irradiance ratio @

For hifacial systems, in-plane rear-side irradiance ratio is m%&l’?ed by taking the ratio gf the
in-plane rear-side irradiance (see 8.3.3) to the in-plane irrad{a ce (see 8.3.2).

8.3.5 Horizontal albedo <<

Horigqontal albedo is determined by measurmga@\ ownwellmg irradiance from the sky] in a
horizpntal plane (GHI) and the upwelling groun flected irradiance in a horizontal plang and
calcylating the ratio of upwelling to downwe irradiance.

See Pption 1 and Option 2in 8.3.3. . @$
Q\

8.3.60 Direct normal |rrad|ancé\.O

Diredt normal irradiance (DN, Q& easured with an instrument that blocks or corrects for diffuse
I

irradlance contributions. Ex es include pyrheliometers, rotating shadow band radiometers,
trackled disk or ball radiotmeters, and others. DNI may be calculated from GHI and DHI pqgr the
form

la in 3.23.
QO

8.3.71 Diffus rizontal irradiance

Diffuge hori @al irradiance G4 (or DHI) is measured with an instrument that blocks or corrects

for difre qrﬁ diance contributions. Examples include rotating shadow band radiometers, trgcked
disk p %ﬁ radiometers, and others. DHI may be calculated from GHI and DNI per the forlmula
in 3.2

8.3.8 Spectrally matched irradiance

For determination of the usable solar resource, optional spectral matching of irradiance
measurements for the user’s specific PV modules should be considered.

Spectrally matched rear-side irradiance is particularly relevant because the spectrum of ground-
reflected radiation can differ significantly from the incident solar radiation.
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Methods for determining spectrally matched irradiance include:

— Measuring spectrally-matched irradiance using a spectrally matched reference device per
3.17. The residual spectral mismatch can be determined by IEC 60904-7 considering typical
spectra for the application. Users should select a degree of residual spectral mismatch
appropriate to their application. Identical PV technology is not necessarily required; for
example, commercial monocrystalline silicon reference cells will provide beneficial spectral
matching (compared to broadband measurement) for most commercial crystalline silicon PV
technologies.

— Measuring broadband or non-spectrally-matched irradiance, e.g. using a pyranometer, plus
performing a model-based spectral mismatch correction using environmental data such as
tgmperature, humidity, etc.

— Measuring spectral irradiance, e.g. using a spectroradiometer or other multi-spectral
rlstrument, from which spectral correction factors may be derived and applied to“brfoadpand
rfadiance data to obtain spectrally matched irradiance.

8.3.9 In-plane irradiance for concentrator systems

For qoncentrator systems, the total in-plane irradiance is replaced bythe irradiance capfured
by the concentrator.

— Fpr concentrator systems that capture only the direct beam:
The in-plane irradiance G; is replaced by the in-plane direct.beam irradiance G; y:

Gi=Gip (1)

|
T

pr concentrator systems that capture some, diffuse light in addition to the direct bea

—

he in-plane irradiance is replaced by theeffective irradiance (G.¢) owing to partial diffuse
npture, where the fraction of diffuseslight is quantified by the parameter f;:

(¢}

Gi.? Gei = (Gip + [ (Gi-Gip)) (2)

Detefmination of f; begins'by obtaining full current and voltage characteristics of a CPV module
over many days with-varying fractions of diffuse energy; a clear day will have little diffuse e:%ergy

whilg a cloudy day will provide mainly diffuse energy. Analysis of a diffuse fraction for a given
low gnd medium,concentration CPV module should be based upon a large number of I-V clirves

wherg globalin*plane irradiance (G,) is above 21 W-m~2.

A furldamental premise of this method is that the short-circuit current (/ ;) can be consisfently

and |c“ab=y estimated by auqu;l;lly a-futtrace—of-the—eurrent vu:tayc (1’ }) etrve-for-the—dtvice
under test (DUT) and that the temperature coefficient for the I, parameter of the DUT has been

well characterized in advance. When this premise is valid, the diffuse light capture
characterization of a CPV module or receiver becomes simply a matter of determining the short-
circuit current, /g, o normalized to standard test conditions (STC) and then relating the as-

measured /g, o to this reference using an "effective irradiance" G, such as that shown in

Formula (2). One significant advantage of this approach is that compensating for the effects of
solar spectrum can be accomplished by adjusting only the I, parameter.

By plotting the terms on the left-hand side of Formula (3) on the y-axis of a 2D graph and by
plotting G; ,/G; on the x-axis, the slope and intercept can be easily determined from the form

y = mx + b after performing a linear regression analysis of the I, vs. G; ,/G; data.
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1000W-m—2>< L — oxfd)+<G )XU = X L)
G; [1+a,, x(T.—25°C)] e e e
where
a;sc 1S the temperature coefficient for I,
T, s the cell temperature in °C,
Ise. o Hsthe short circuit current at STC{soe Clauce 24 and 0° angle of incidence

The {ferm f; then becomes:

One

of diffuse light captured will be constant throughout the entire range of climatic conditions

are b
is hi
estim

resolirce for such concentrator PV modules.

fd=m+b

(4)

imitation to this approach that should be noted is the inherentiassumption that the anpount

eing observed. This will certainly introduce noise into themeasurements, but if sam
hh enough, the linear regression analysis discussediabove can provide a reaso
ate for an average amount of diffuse capture that«can be used to better define the

If th

behayiour of the CPV module, the regressiop, analysis can be split into multiple parts
piecgwise manner. This could be a likely outcome given that the nature of diffuse light is

varia
regre
funct

8.3.1

For g
the s
to IE

8.3.1

For q
irrad
disk.

results observed present a clear inflection*or break in the diffuse capture resp

that
pling
nable
solar

onse
in a
quite

le in the relative amounts of circumsolar vs. isotropic diffuse light. By treating the linear

ssion analysis in this fashion, one(¢an determine the amount of diffuse capture (fy)
on of a specific range of the G; ,/G; ratio.

0 Spectral irradiance forconcentrator systems

oncentrator systems when a power rating according to IEC 62670-3 is to be perfor
ystem should include*a device for determining the direct normal spectral irradiance.
C 62670-3 for additional details.

1 Circumsolarratieo measurements for concentrator systems

oncentrator systems, it may be useful to measure circumsolar irradiance. Circum
ance js irradiance emanating from a region of the sky immediately surrounding the

as a

med,
Refer

solar
solar

Wseful parameters to measure may include circumsolar contribution, circumsolar

ratio,

and sunshape. See 150 943838.

The measured direct normal irradiance (DNI) may include circumsolar contributions due to the
angular acceptance of the DNI sensor. The fraction of measured DNI which is circumsolar is

defin

ed as the circumsolar ratio.

Concentrator systems may or may not be able to capture a portion of the circumsolar irradiance,
depending on their design. However, measuring circumsolar-ratie quantities may be useful for

performance characterization purposes;-however-CSR-measurementdevices-have-notyetbeen
standardized.
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8.3.12 Satellite remote sensing of irradiance
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Satellite remote sensing techniques use a dual approach to measuring the total surface

instruments

board satellite
s surface through the column of the

horizontal plane. The on

measure the radiance emitted or reflected by the earth

downwelling irradiance at the global

atmosphere at specific visible and infrared spectral bands. The emitted radiance represents

so measurements by this technique need to be framed

in reference of the clear sky irradiance models. Thus, the base of satellite remote sensing uses
radiative transfer models to predict the clear sky condition, then satellite measurements are

applied to the clear sky as reduction in irradiance due to cloud opacity.

conditions where cloud cover is present
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Operating plants considering satellite remote sensed irradiance should consider the following
when comparing to on-site measured irradiances. Validated sources of satellite irradiance will
have documented reliability and consistency in terms of data availability and calibration,
respectively. Because satellite remote sensed irradiance sources use a single set of carefully
monitored on-board sensors covering entire continents at once, data can be delivered with
reduced uncertainty and cost associated with on-site maintenance, instrumentation soiling,
calibration drifts and location-to-location mismatches. The accuracy benefits of satellite remote
sensed data come at different temporal and spatial averaging versus on-site measurements.
Satellite measurement of cloud opacity occurs at the spatial scale determined by the resolution
of the measurement hardware on the satellite. For most modern satellite networks, this is
approximately 0,01° by 0,01° latitude or longitude (roughly 1 km by 1km). Thus, the
S o
over|{a 0,01° by 0,01° square area. In contrast, on-site measurements reflect irsa& ance
condjtions at the surface area of the sensor, effectively a single point. This d@wn Ce in
ng p

meagurement area leads to differences in irradiance over various time avera%i elfiods.
dware|data

Addifionally, the satellite image capture frequency is typically less than groun
logging. As a result of both effects, satellite and ground may show gre differencgs in
irradfance measurements on the order of 10 % to 20 % for sub-hourly to h)s\U y periods where

plantl operators may be seeking analysis to diagnose plant under rmance. Howgver,
at monthly up to yearly averaging periods, satellite and ground will |align on the order of
<1% to5 %, where plant operators may be seeking analysis t%'&e onstrate overall [plant
perfdrmance. C)

Satellite remote sensed irradiances, including global horiz }a , direct normal, diffuse, and in-
plang irradiances are typically available in real time froE €dmmercial services. Long-histories

tellite measurements can be beneficial to pl operators as a reference for [plant
perfgrmance against long-term average/financial for t conditions.
A\

Impoftant considerations when selecting satellitédata are as follows:

AW

 Shtellite remote sensed irradiance datashould be carefully selected after a revigw of
afcuracy and uncertainty. %)

. AN . .
Sptellite accuracy and uncertai tyxshould be assessed against quality ground data|from
ell-maintained sensors. R\

e Spatellite sources should K a long history of measurement to verify accuracy agross
changes in satellite hardQ; e.

e Sptellite sources sh@d’provide data up to current time, also for the purpose of evalujating
apcuracy. O

e Satellite data Id be versioned; e.g. the metadata about the satellite measurements
should be &ble to a repeatable model basis.

e Spatellit @a should provide measurements at the native satellite hardware dgvice
precisi

o T <G)'atellite remote sensed method should be specifically designed for measuring [solar
irradiance.

9 Environmental factors

9.1 PV module temperature

PV module temperature, T,
ermore PV modules.

mod- IS measured with temperature sensors affixed to the back of-ene
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Hisaassnrae: | llediupmaecupae: | Dosiccecupacy
Recalibration Once-every2years |  Permanufacturer’'s | Notapplicable
recommendations

For bifacial modules, rear-side temperature sensors and wiring shall obscure < 10 % of the area

of an

y cell, and wiring should be routed in between cells when possible.

bett

If ad
adhe
chec

Temjerature sensors shall have a measurement resolution < 0,1 °C and uncertainty

.

sive should be appropriate for prolonged outdoor use at the site conditions and shou

degradation by the adhesive.

Adhe
modu

diffe
appr
with

See

Care
not s

NOTE|
rear s
irradig

NOTE|
the se

le shall be thermally conductive. The total thermal conductance of the adhesi

inter:lace layer shall be 500 W-m~2-K~1 or greater, in order to.kéep the maximum temper
ence between the module's rear surface and the temperature sensor on the order of

bximately 1 K. For example, this may be achievedsing a thermally conductive adh
hermal conductivity greater than 0,5 W-m~1-K-Liin’a layer not more than 1 mm thick

A\nnex B for additional recommendations oAtemperature sensor attachment.

ubstantially altered due to the presgnce of the sensor or other factors.

Lirface, depending on the module-construction. The temperature difference may be estimated, as a func|
nce, using the thermal conductivity' of the module materials.

2 An infrared image of the'front of the module may help confirm that the temperature of the cell in fi
nsor is not substantially‘altered by the presence of the sensor or other factors.

le temperature ‘varies across each module and across the array

'C or

hesive is used to affix the temperature sensor to the back surface of the” modulg, the

Id be

Ked to be compatible with the surface material on the rear of the, module to pre¢vent

sive or interface material between the temperature sensor ‘and the rear surface gf the

e or
ature

Bsive

-shall should be taken to ensure that,the temperature of the cell in front of the sensgor is

1 Cell junction temperatures are typically 1 °C to 3 °C higher than the temperature measured on the mddule's

ion of

ont of
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Temperature sensors shall be replaced or recalibrated as per manufacturer’'s requirements.

Module temperature measurement may alternatively be performed with the ¥ .-based method

described in IEC 60904-5. This may require use of an additional reference module, not
connected to the PV array, for temperature measurement The module should be mdependently
callb etHor—thispurpose—The—rmot veen

the egradat|on of ¥, over time, the relation between module temperature and 7, ould be

recalfbrated at per|od|c intervals. If the module is not held at maximum power poq{l\a calibfated
tempgrature offset between maximum power point and the actual operating cor@ on should be
detemined.

4
9.2 | Ambient air temperature ,\(l,b‘

Ambient air temperature, T,

radiation shields which are ventilated to permit free passage of ambient air.

is measured by means of temperature sensors located in solar

The sensors shall have a measurement resolution < 0,1 °C and uncertainty £1 °C or better.

The sensors should be placed at least 1 m away from the nearest PV module and in locations
where they will not be affected by thermal sources or sinks, such as exhausts from inverters or
equipment shelters, asphalt or roofing materials, etc.

The sensors shall be replaced or recalibrated as per manufacturer’'s requirements.
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9.3 Wind speed and direction

Wind speed and wind direction are used for estimating module temperatures. They may also
be used for documenting warranty claims related to wind-driven damage.

Wind speed and direction are to be measured at a height and location which are representative
of the array conditions and/or the conditions assumed by any applicable performance model
used for a performance guarantee of the PV installation.

In addition, wind speed and direction may also be measured at heights and locations suitable
for comparison with historical or contemporaneous meteorological data.

In sgme cases data on wind gusts (typically gusts up to 3 s in length) may be requirgd to
comgpare with project design requirements. When necessary the monitoring system sampling
period should be sufficiently small (e.g. <3 5 s) and the data record should contain noff only
averaged but also maximum values. (See 6.1.)

Wind measurement equipment-shal should not shade the PV system at.any time of day oryear
and ghould be located at a point that is sufficiently far from obstructiofs.

Wind speed sensor measurement uncertainty shall be < 0,5 m-§~! for wind speeds <5 m-s~1,
and £ 10 % of the reading for wind speeds greater than 5 m-s~.

Wind direction is defined as the direction from which thedwind blows, and is measured clockwise
from|geographical north. It shall be measured with anjaccuracy of 5°.

Wind| sensors shall be recalibrated as per-Fablestd manufacturer’s recommendations.

Hem Class-A Class B Class C
Hio s esuroes Medivm ceono o Eoclececnpnes

Recdlibration Permanufacturers | Permanufacturer’'s | Rermanufacturers
recommendations recommendations recommendationd

9.4 | Soiling ratio
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Per 33T, the soiling ratio 1S a property oi ithe PV array cleaniiness condition. Soiling

measurement instruments approximate the true soiling ratio of the PV array by measuring the

impact of soiling on a sensor surface of the instrument and assuming that the soiling condition

of the PV array is the same as that of the sensor surface.

Soiling measurement instruments use various physical principles:

compares a pair of PV reference

, which has many variations,

One measurement approach

devices, one of which is routinely cleaned and the other of which soils naturally at the same

rate as the PV array. Methods for implementing this approach are described in detail in

Annex C.

Other approaches are based on optical principles, detecting soiling particles on a collection

surface according to their effect on either reflection or transmission of light.
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Some of the instrument types can measure the effect of non-uniform soiling on the power loss
of PV modules. Non-uniform soiling occurs when deposited soiling particles move under the
influence of dew, rain, wind, and gravity, often collecting along PV module edges, especially
bottom edges. This can have a disproportionate effect on power, depending on module type.
See Annex C.

9.5 Rainfall

Rainfall measurements may be used to estimate the cleanliness of modules. If soiling ratio is

also measured,-the-module-cleanliness-is-directly known these data are complementary.

9.6 | Snow

Snowfall measurements—may can be used to estimate losses due to shading from gnow.
However, these losses-wilt may also be included in measurements of soiling ratio, depemnding

on the soiling measurement device. lhe#e#e#e—#—s%mg—rahe%—meaemed—seew—meaemenmn%s
he unppece VAT he dey remen dristic

9.7 | Humidity

Relative humidity measurements may be used to estimate changes in incident spectrum which
may pffect PV module power output as well as irradiance seqsor readings. Humidity datg with
tempgerature data can also be used to calculate the times<of wetness due to condensation.
(Alternatively, surface condensation sensors can be used to directly gather these data.)

10 Tracker system

10.1| Single-axis trackers

Meagurement of the real-time tracker tilt-angle ¢; shall be-measured-onrepresentative-tragkers

perfdrmed with accuracy +1° for Class A systems. Measurement may be performed with motor
or pgsition counters or other sensérs integrated into the tracker mechanism,-ifdesiredand

doestnotrequire-separate-instrurmyentation such as an inclinometer.

10.2| Dual-axis trackers-for>20x-systems
10.2/1 Monitoring

Forliigh-concentration{(>20x)-systems; The real-time tracker pointing errors (A¢, and|Ag,)
shaltbe are measured on representative trackers using sensors defined and calibrated as per
7.3 of IEC 62817:2014. Selected trackers should coincide with a measurement location fqr DC
outp*t power (see Clause 11). Reporting of tracker pointing error data shall be per 7.4.6 of

IEC ¢2817:2014.

10.2.2 Pointing error sensor alignment

The tracker pointing error sensor is typically mounted on the tracker such that the pointing
vector of the sensor is normal to the plane of the PV system.

Initial alignment of a pointing error sensor shall be confirmed by intentionally scanning across
the optimal alignment while measuring the pointing error. This may be done either by driving
the tracker through the desired angle in each relevant axis or by moving the tracker ahead of
the sun, stopping the tracker, and waiting for the sun to move into and out of the optimal
position. The measured pointing error is plotted against the normalized system maximum power
divided by direct normal irradiance (DNI). The data shall be measured under clear sky
conditions with wind speeds in a range from 0,5 m-s~'to 3,5 m-s~1, and shall be recorded within
a 1 h time period. These requirements are to minimize noise associated with variation in power
output from factors other than alignment.
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Ideal alignment is achieved if the pointing error is zero when the irradiance-normalized power
curve is at the maximum value. No tolerance is stated here for the deviation from ideal alignment
as acceptable tolerance is dependent on the given system. The width of the scan will depend
upon the response of the system, but should be at most £0,75° so that the scan is compatible
with the DNI sensor.

The test is usually applied to an individual tracker with measurement of power generation
associated only with that individual tracker, but it may be possible to plot the power generation
of multiple trackers as long as all of them move together.

The plots shall be included in a test report and shall serve as indication that alignment tolerance
is sufficient.

11 Electrical measurements

11.1| Inverter-level measurements

Inventer-level electrical measuretnents shall meet the requirements in Table 5 if applicable for
the gystem configuration. PG measurements may be omitted when the modules in¢lude
micrginverters. In Table 5.precision refers to measurement repeatability and resolutior], not
abso|ute accuracy.

Optignally, for greater fault detection capability DC measurements may be performe¢d at
sublgvels of the-System (e.g. strings, combiners, feeders, etc.) in addition to or instead of at the
invergers.
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Table 5 — Inverter-level electrical measurement requirements

Measurement-Uncertainty
Fepomater Cless i Clese B Cless O
Hial Medi Basi
tnput-voltage{DGC) £2;0-% nla Aa
B =L 0u Bie B
tputpewer(BC) £2;0-% Ala Ala
Output-voltage(AC) £2:0-% £3;0-% nla
Output-current{AC) +2.0-% +3.0% Ala
Outpat-power{(AC) £2:0-% R nla

Parameter

Measurement precision
% of max inverter rating

Class A systems

%

Class B systems

%

Input voltage (DC) +2,0 n/a
Input current (DC) +2,0 n/a

Input power (DC) +3,0 n/a
Output voltage (AC) +2,0 +3,0
Output current (AC) +2,0 +3,0
Output power (AC) +3,0 14,5

11.2

Elecfrical measurements af tite output of the power plant shall meet the requiremen
6. The output of the power plant is the aggregate net output produced by the ¢

Tabl
systgm.

For multi-phase systems, each phase shall be measured, or 2 of 3 phases shall be meas

(two wattmeter,

Plant-level measurements

method).

Table 6 — Plant-level AC electrical output measurement requirements

ts of
ntire

ured

Parameter Class A Class B Class C
Hiat Medi Basi
9 as-pertEC 62053-22 as-pertEC 62053-22 perltEC 62053-21
Powerfactor Class1 Class1 nla
aspertEG 6155712 aspertEG 6155712
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Parameter Class A system

Class B system

Class 0,2 S
as per |IEC 62053-22

Active power and
energy

Class 0,5 S
as per I[EC 62053-22

Class 1
as per I[EC 61557-12

Power factor

Class 1

as per I[EC 61557-12

Per manufacturer’s
requirements and/or local
codes and contracts

Recalibration

Per manufacturer’s
requirements and/or local
codes and contracts

Lle=ternalsvstor reandraments

For ¢lass A, the monitoring system-should shall document periods during which the PV sylstem
does| not deliver its maximum output power to the utility grid and/or local loads las a resplt of
extennal system requests or requirements, which may include, for example, system output
powdr factor demand and system power curtailment.

12 Data processing and quality check

12.1| Daylight-hours Night

Procéssed -data for irradiance and P\/-aenerated nower should be rectricted-to-the davliaht
Freopoooddeotn e lomdinnes cne D loonedod covnr chonld be rocielotod o the cloyliond
hour$-of each-day-(sunrise-to-sunset-irradiance> 20 W/2) to-avoid-extraneous-night-time data
valugs—that-intreduce—errors—in—analyses—unless—such-errors—have-been—demonstrated-to-be
Night-time data may contain valuable inforpgation for quality checking, such as pyranometer
and pther instrumentation offsets. However, processed data for irradiance, PV-genefated
powdqr, and other quantities expected topg zero at night should be set to zero during nightttime
after|quality checks are performed, to~avoid extraneous values.

12.2| Quality check

12.21 Removing invalid readings

The measured data-shalt'should be checked and filtered, either automatically or manually, to
identify missing or invalid data points and filter them out of subsequent analysis. Such migsing
or inyalid data-shalt should be documented by the monitoring system.

Recgmmended methods of identifying missing or invalid data points include:

e applying physically reasonable minimum and maximum limits

e applying physically reasonable limits on maximum rates of change

e applying statistical tests to identify outlying values, including comparing measurements from

multiple sensors
e applying contract data to identify viable parameter boundaries for certain performance data
e noting error codes returned by sensors
¢ identifying and deleting redundant data entries
e identifying missing data
e identifying readings stuck at a single value for an extended time
e checking timestamps to identify gaps or duplicates in data

e checking system availability reports.
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12.2.2 Treatment of missing data

Missing or invalid data may be treated in one of the following ways:

e theinvalid or missing data may be replaced by values estimated from the valid data recorded
before and/or after the invalid or missing data;

e the invalid or missing data may be replaced with an average value for the analyzed interval,;

e the data may be treated in a manner specified in a valid contract, performance guarantee
document, or other specification covering the installation;

o the analysed interval may be treated as missing or invalid.

The freatment of missing or invalid data may depend on the goal of the measurement. For
exanjple, missing or invalid data associated with inverter issues should be discarded’if\thg goal
is strictly to quantify module performance, but should be retained if the goal is to capture all
aspefts of plant performance and availability.

Addifional recommendations and requirements for treatment of missing, or invalid data are
inclufled in IEC TS 61724-2 and IEC TS 61724-3.

The gpecific treatment of missing or invalid data-shalt should be doCumented in any repors.

13 Calculated parameters

13.1]| Overview

Tablg¢ 7 summarizes calculated parameters whichrare further defined below. All quantities in
the table shall be reported with respect to the reporting period (typically a day, month, or year).
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Table 7 — Calculated parameters

Parameter Symbol Unit
Irradiation (see 13.3)
In-plane irradiation H, kWh-m~2
In-plane rear-side irradiation (for bifacial) H" kWh-m™2
Electrical energy (see 13.4)
PV array output energy (DC) Ep kWh
Energy output from PV system (AC) Lot kWh
Array power rating (see 13.5)
Array power rating (DC) Py kW
Array power rating (AC) Py ac kw
Yields and yield losses (see 13.6 and 13.7)
PV array energy yield Y, kWh-kw™'
Final system yield Y kWh-kw™'
Reference yield Y kWh-kw™1
Array capture loss Lo kWh- kW'
Balance of system (BOS) loss Lgos kWh- kw1
Efficiencies (Subclause 13.8)

Array efficiency N None

System efficiency 7 None

BOS efficiency Msos None

13.2

Summations

In the formulas given belowinvolving summation, 7, denotes the duration of the Kt recofding

interyal within a reporting period (see Clause 6), and the symbol

denotes summation over all recording intervals in the reporting period.

2

k

Note|that'in formulas involving the product of power quantities with the recording interval t; the

power should be expressed in kW and the recording interval in hours to obtain energy in units

of kWh.

13.3

Irradiation

Irradiation, also known as insolation, is the time integral of irradiance.

Each irradiation quantity H corresponding to an irradiance quantity G defined in Clause 3 is
calculated by summing the irradiance as follows:

H:Z ka'[k
k
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For example, the front-side in-plane or front-side plane-of-array (POA) irradiation, H;, is given
by:

H; = ; ik X 7 (6)

and rear-side in-plane or rear-side plane-of-array (POA) irradiation, H,, is given by:

Hirear - Z Gere(ar x 7 (7)
k

13.4| Electrical energy
13.4/1 General

Energy quantities may be calculated from the integral of their corresponding measured power
parameters over the reporting period.

Alterpatively, if power measurements are performed usjndg.sensors with built-in totalizerg, the
ener@y quantities may be taken directly as measurement.readings from the sensors.

13.42 DC output energy

The PV array DC output energy is given by:

Ep= ; Ppp* 7 (8)

13.4;3 AC output energy

The AC energy outpuf is given by:

Eout = Zk: Poutk X T 9)

13.5 Array power rating
13.5.1 DC power rating

The array DC power rating, Py, is the—total sum of the DC power output of all installed PV
modules at the power rating reference condition,-assumed-to-be which is either:

— standard test conditions (STC), for monofacial and bifacial modules; or

— concentrator standard test conditions (CSTC)-unless—stated—otherwise, for concentrator
systems. P is given in units of kW.

Py should be calculated by using data from manufacturer datasheets or module labels, or,

provided that the choice is specified, using alternative data such as laboratory or on-site test
data.
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The definition of P, that is used should be specified explicitly whenever quantities that depend
on P, are reported.

Note that the definition of P ignores any rear-side contribution for bifacial modules. IEC 61215

includes provisions for measuring bifacial modules using rear-side irradiance; however, these
are provided for the purpose of indoor accelerated stress testing, not performance rating.

13.5.2 AC power rating

The array AC power rating, Py ac, is the lesser of:

— the array DC power rating P, -of and

— the sum of the inverter ratings in the system at specified operating temperature.
13.6| Yields
13.6/1 General

Yields are ratios of an energy quantity to the array power rating P,.,They indicate actual prray
operation relative to its rated capacity.

Yields have units of kWh-kW~1, where units of kWh in the\Humerator describe the epergy
prodiiction and units of kW in the denominator describe, thé system power rating. The rafio of
units|is equivalent to hours, and the yield ratio indicates(the equivalent amount of time during
whiclh the array would be required to operate at Py to/provide the particular energy quantity

meagured during the reporting period.

13.6)2 PV array energy yield

The PV array energy yield Y, is the array;energy output (DC) per rated kW (DC) of installgqd PV
arrayf:

13.6/3 Final system yield

The final PV systemyjeld ¥; is the net energy output of the entire PV system (AC) per rated kW
(DC)|of installed«P¥ array:

Yf=EOUt/P0 (11)

13.6.4 Rcfﬂlcllbc yicid

The reference yield Y, for a monofacial PV system can be calculated by dividing the total front-
side in-plane irradiation by the module's reference plane-of-array irradiance:

Yr = Hl / Gi,ref (12)

where the reference plane-of-array irradiance G ¢ (kW-m~2) is the irradiance at which Py is
determined, usually defined under STC.
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The reference yield represents the number of hours during which the solar radiation would need
to be at reference irradiance levels in order to contribute the same incident solar energy as was
monitored during the reporting period while the utility grid and/or local load were available.

If the reporting period is equal to one day, then Y, would be, in effect, the equivalent number of
sun hours at the reference irradiance per day.

13.6.

5 Bifacial reference yield

The reference yield Y,?! for a bifacial PV system can be calculated by taking the product of the

ule's

front-side in-plane irradiation and the bifacial irradiance factor and dividing by the mad

refer

The 1
to be
moni

If the
sun

13.7
13.7,

Yield
(or h
pows

13.7.

The
wirin
is de

bnce plane-of-array irradiance:

YPi — Z(Gilk X T X BIFk) / Gi,ref
k

eference yield represents the number of hours during which thersolar radiation would
at reference irradiance levels in order to contribute the same ificident solar energy as

reporting period is equal to one day, then Y, would be)in effect, the equivalent numk
ours at the reference irradiance per day.
Yield losses
1 General
losses are calculated by subtracting-yields. The yield losses also have units of kWh-

. They represent the amount of_time the array would be required to operate at its
r Py to provide for the respective losses during the reporting period.

2 Array capture loss

array capture loss L, represents the losses due to array operation, including loss

j and junction bokés prior to DC measurement, array temperature effects, soiling, etc.
fined as:

Lo=Y,— Y,

fored during the reporting period while the utility grid and/or_local load were availablg.

need
was

er of

W1
rated

es in
, and

(14)

13.7.

3 Balance of systems (BOS) loss

The balance of systems (BOS) loss Lggg represents the losses in the BOS components,

including the inverter and all wiring and junction boxes not included in array capture loss, and
is defined as:

Lgos = Ya—Y;

(15)
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13.8 Efficiencies
13.8.1 Array (DC) efficiency

The rated array efficiency is given by:

a0 = Po ! (Gjref X 4a) (16)

- / a
¢ front surfaces of the PV modules as defined by their outer edges.

For @& concentrator module, if the front surface is not coplanar, the front surface shgll be
projected onto an appropriate two-dimensional surface to define the area.

The mean actual array efficiency over the reporting period is defined by:

na = Epl (H;x 4y) (17)

13.8]2 System (AC) efficiency

The mean system efficiency over the reporting period is defined by:

M= Egut [(H{x Ag) (18)

Formula (18) can also be rewritten.as:

= 1ao X PR (19)

wher|

[4%

nao | 1s therated array efficiency defined in 13.8.1, and

PR is(the performance ratio defined in 14.3.1.

13.813 > BQOS nffirinnry

The mean BOS efficiency over the reporting period is defined by:

gos = Eout/ En (20)

14 Performance metrics

14.1 Overview

Performance metrics are listed in Table 8 and further defined in subsequent subclauses.
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Table 8 — Performance metrics

Parameter Symbol Units

Rating-based (see 14.3)

Performance ratio PR None
Annual performance ratio PR, nual None
° ; ,
25 °C performance ratio PR’y 50 None
Annual-temperature-equivalent performance ratio PR annual-eq None
STC tomnaratira naorformanca raotio DD Naon

g 1 STC

Annpal-temperature-equivalent performance ratio for bifacial systems PR annual-eq, bi Nong

Model-based (14.4)

Power performance index PPI None
Energy performance index EPI None
Baseline power performance index BPPL None
Baseline energy performance index BER] None

Perfqrmance metrics in Table 8 are either rating-based (see 14.3) or model-based (see 14.4).
The |most appropriate metric for a given” application depends on system design, [user
requirements, and contractual obligations; This document does not specify requirements on the
metrics used.

The rating-based performanceatio metrics are relatively simple to calculate but may|omit
known factors that cause system power output to deviate from expectations based on the name-
plate|rating alone. For example, systems with high DC-to-AC ratio operate at less than the DC
namegplate rating during.fimes of high irradiance, but this is an expected attribute of the system
design. Similar effects may be observed when evaluating performance ratios for tracking ahd/or
bifaclal systems. Such effects are better treated by a performance index based on a defailed
systgm model.

IOTEl The narfefmance ratios comnpnare tha measurad outdoor nerformance and the module nama nlata vallia In
NS He-pegrethah aHeS mpare—the—measurea-odtd —perormah ahRathe—moatHehamepiate—vaud +H
this—chse—#ase of amatched reference—cellcalibrated—accordingteIEC 60904 (consistenthv—with—the 1EC B0904
tHS $E, 858 0+a—mateheareterenec eH—catbratea—acecorathgto—+=-b da4—(eonststenrty—wHn—the—e G994

o BA a odule b i aive h o on a Mo

14.2 Summations

See 13.2 for an explanation of formulas given in 14.3 involving summations.

14.3 Performance ratios
14.3.1 Performance ratio

The performance ratio PR is the quotient of the system’s final yield Y; to its reference yield Y,

and indicates the overall effect of Iosses on the systemeutput—éee—te—beth—array—temperatwe

(Alternatlvely the performance ratio can be defmed as a product of derate factors See
Annex D.) For monofacial PV systems it is defined as:
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PR=Y;/Y, (21)

= (Eout/PO) / (Hl / Gi,ref) (22)

Expanding Formula (22) gives:

R N T
lou [4 UI Al
PR=|Y > — e (23)
Lk R J/L = Giref J

Both|the numerator and denominator of Formula (23) have units of kWh- kW1 (or h). Mpving
Py to|the denominator sum expresses both numerator and denominator inlunits of energy, diving

I

PR ap the ratio of measured energy to expected energy (based only\on measured irradiance
and meglecting other factors) over the given reporting period:

PO X Gi, k XTk
PR=| Y Pou s X7 | | | D —— (24)

I I Gi Jef

The annual performance ratio, PR,,nua1 IS the@performance ratio of Formula (24) evaluatgd for
a repgorting period of one year.

NOTE| 1 The energy expectation expressed.\by the denominator of Formula (24) neglects the effect of| array
tempejrature, using the fixed value of array power rating, P,. Therefore, the performance ratio usually decreasgs with

increalsing irradiation during a reporting period, even though energy production is increased, due to increasing PV
module temperature which usually accompanies higher irradiation and results in lower efficiency. This g|ves a
seasohal variation, with higher PR yalues in winter and lower values in summer. It may also give geographic varifations
betwepn systems installed in different climates.

NOTE| 2 Calculation of the performance ratio using GHI in place of in-plane (plane-of-array) irradiance G{ is an
alterngitive in situations where GHI measurements are available but G, measurements are not. In this case [FHI is
substifuted for G, in Fermitla (24), resulting in a GHI performance ratio. The GHI performance ratio would typically

show high values which may even exceed unity. The values cannot necessarily be used to compare one sysjem to
anoth¢r, but cap~he useful for tracking performance of a system over time and could also be applied to compare a
system’s measured, expected, and predicted performance using a performance model that is based only on GHI.

14.32 { Temperature-corrected performance ratios

14.3.2.1 General

The seasonal variation of the performance ratio PR of Formula (24) can be significantly reduced
by calculating a temperature-corrected performance ratio PR’.

NOTE While variations in average ambient temperature are the most significant factor causing seasonal variations
in measured performance ratio, other factors, such as seasonally dependent shading, spectral effects, and
metastabilities can also contribute to the seasonal variation of PR.

14.3.2.2 STC 25 °C performance ratio

The-SFC 25 °C performance ratio,-PR“gtc PR 55 o is calculated by adjusting the power rating

at each recording interval to compensate for differences between the actual PV module
temperature and the STC reference temperature of 25 °C.
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PR’gtc PR’y5 o¢ is calculated by introducing a power rating temperature adjustment factor
Cy 25 ¢ into Formula (24), as follows:

PR—’m;[ZPOUt,k er]/[z (Ck ><P0)>< Gi kX7 J

I I Gi ,ref

) (Ck 250c X Po) X Gy X T
PRY50¢c = (Z Pout e X Tk)/(Z ' 2 L (25)
T X i,ref

wherg C; ,5oc is given by:

Cro5°c =1+ 7% (Tnogr — 25 °C) (26)

Here| y is the relative maximum-power temperature gdefficient (in units of °C~1), and Trdd i 1S
the module temperature (in °C) in time interval k.

With reference to Formula (26), y is typically.negative, e.g. for crystalline silicon. The meagured
modyle temperature may be used for Ty,g4, in Formula (26). However, if the monitpring

objegtive is to compare—PR-gtc PR '»5Gp to a target value associated with a performance
guarantee, T o4 , Should instead be estimated from the measured meteorological data with the

samg heat transfer model used by the simulation that set the performance guarantee valpe to
avoiq a bias error.

Note|that Formulas (25).and (26) can be used to calculate performance ratio adjusted| to a
diffefent reference temperature by substitution of the desired reference temperature in Fomula
(26) |n place of 25 °C.

14.32.3 Annual-temperature-equivalent performance ratio

The | annual~temperature-equivalent performance ratio PR’;pya1eq IS cONstructed to
approximate the annual performance ratio PR, 4 regardless of the duration of the reparting

periodd—H-ealeutatestheperformanceratio-during-thereportingperiod-with-the-pewerrating at
each recording interval adjusted to compensate for differences between the actual PV module
temperature and an expected annual-average PV module temperature. While this reduces
seasonal variation in the metric, it does not remove the effect of annual-average temperature

losses and leaves the value of the metric comparable to the value of PR

annual*

PR’4nnual-eq 1S Calculated by introducing a power rating temperature adjustment factor Cy .4/
into Formula (24), as follows:

[Zpout,k x z-k]/(z (Ck x By)x G j %1y

k Gi ref

Fal
I doar €q
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E E (Crannual X Po) X Gy X i
PR annual eq ( Poutk X Tk)/( s G l
iref

where Cy ,n,a1 1S given by:

Ck,annual 1+ i ( mod,k ~ Tmod,annual-avg)

Here

PV module temperature in time interval k, and 7,44 annual-avg 1S @N annual-average m

temp

NOTE

Tmod
for t
cons
predi
confi
(usin

histo

The
moni

7 is the relative maximum-power temperature coefficient (in units of °C~1), Tmod i |

erature.

With reference to Formula (28), y is typically negative, e.g. for crystalline silicon:

annual-avg IS chosen based on historical weather data for the sjte*and an empirical rel

he predicted module temperature as a function of ambient conditions and m
ruction. It should be calculated by computing an irradiance-weighted average o

'ming that the annual-equivalent performance ratio PR, qya1.eq fOr the historical
g Formulas (27) and (28)) is the same as the annpual performance ratio PR, 4 fO
rical data (using Formula (24)).

measured module temperature may be used for 7,4, in Formula (28). However,

foring objective is to compare PR ;55164 t0 a target value associated with a perform

(27)

(28)

s the
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f the

cted module temperature and then verified using the historical data for the sife by
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r the

f the
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guarantee, T o4 ; Should instead be estimated from the measured meteorological data with the

samg
avoid

14.3

The
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PR,
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13 Bifacial performarnce ratios

heat transfer model used by the“simulation that set the performance guarantee valy
a bias error.

monofacial performanhce ratio formulas presented above can be transformed to bi
rmance ratio fafmulas by introducing the bifacial irradiance factor (BIF) to correg
ured irradiance.ferms.

example\the annual temperature-equivalent performance ratio for bifacial sysf

iradiance by the bifacial irradiance factor (B/F) as follows:

e, to

acial
t the

ems,

ual-eg S Calculated as for the monofacial equivalent in Formula (27) by multiplying the in-

1 (Ck, IXPO)XG‘,kaIFkXTk
PR annual—eqbi = <z Poutre X Tk)/(Z annua - i
k k iref

(29)

where Cy ,inuar 1S given by Formula (28). Just as this metric reduces seasonal variation due to
temperature effects, it will also reduce seasonal variation due to changing albedo conditions

(rain,

snowfall, changes in vegetation, etc.).

Although only one example has been presented, note that the same correction could be applied

to an

y other form of the performance ratio.
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14.4 Performance indices

A detailed performance model may be used to predict electrical output of the PV system as a
function of meteorological conditions, known attributes of the system components and
materials, and the system design. The performance model attempts to capture as precisely as
possible all factors that can affect electrical output.

In evaluating the system performance, particularly with respect to a performance guarantee, it
is desired to compare the measured output with the predicted and expected outputs. For a given
reporting period, the predicted output is the output calculated by the performance model when
using historical weather data, while the expected output is the output calculated by the
perf i i i

The [ratio of measured output to expected output for a given reporting period/defines a
perfdrmance index. The performance index may be evaluated either on the basis of power,
definjng power performance index PPI, or on the basis of energy, defining energy’performance
index, EPI.

The fjatio of measured output to predicted output for a given reporting period defines a bageline
perfgrmance index. The baseline performance index may be evaluated either on the bagis of
powgqr, defining baseline power performance index BPPI, or on_the basis of energy, defining
baseline energy performance index BEPI.

For g¢valuation of a performance guarantee, the performance model used for calculatipn of
expefrted power or expected energy shall be identicak’to the performance model used for
calcylation of predicted power or predicted energy used’in the performance guarantee.

Further details on the application of a perfortnance model to evaluate the model-based
perfdrmance indices are provided in IEC TS 64724-2 and IEC TS 61724-3.

15 Data filtering

15.1| Use of available data

Unleg$s otherwise specified,(the calculation of a reported parameter shall use all the avallable
valid[monitoring data during the indicated reporting period. Exceptions are given by 15.2 and
15.3.

15.2| Filtering datato specific conditions

Repqgrted parameters may be calculated using a subset of data corresponding to a specific set
of cdnditions, e.g. irradiance bins, temperature bins, selected portions of the day, sel¢cted
sectipns 'ofithe power plant, etc., in order to facilitate performance analysis.

Such calculations that only use a subset of the monitoring data are to be clearly noted along
with the range of conditions used for calculation.

15.3 Reduced inverter, grid, or load availability

In reports that include known periods of interrupted availability of inverters or reduced or
interrupted demand availability from the utility grid or local loads, resulting in the PV system
being unable to operate at maximum power, the analysis shall:

— exclude such periods, with the exclusion clearly noted; or

— include such periods without changes in analysis, but with the periods clearly noted; or

— include such periods, with the analysis performed two ways, with such periods both included
(for the purpose of documenting actual results) and excluded (for the purpose of
documenting a performance guarantee); or
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— clearly note such periods and follow the analysis guidelines specified in an applicable
contract or performance guarantee.
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Annex A
(informative)

Sampling interval

A.1 General considerations

The sampling interval affects the quality of the data acquisition process in representing the true
signal. In determining sampling intervals and/or filtering methods, the following factors should
be considered:

¢ the rate of change of the parameter to be measured;
e the rate of response of the measurement transducer;

e the treatment of the sampled data (for example whether the data will be\used in fyrther
calculations that involve other sampled datasets, as is the case when_ calculating power
from sampled current and voltage measurements); and

e the ultimate use of the sampled data and the desired limit of unceftainhty in representing the
tnue signal parameter.

A.2 | Time constants

In ggneral, for rapidly changing signals, it is recommended that the sampling interval () be

less |than 1/e (0,368) of the time constant of thevYmeasurement transducer, where the
time-{constant of a transducer is the time taken, after a step change in the measured variable,
for tHe instrument to register 63,2 % of the step*change in the measured parameter.

Alterpatively, when the typical time constant'of the measured parameter is longer than theg time
consjant of the measurement transducer;,the above requirement may be relaxed. In this|case
the sampling interval need only be less'than 1/e of the measurement parameter time congtant.

A.3 | Aliasing error

The ﬂ}iasing error is the ecror associated with information lost by not taking a sufficient number
of sampled data points»To avoid a large aliasing error the Nyquist sampling theorem suggests
that § minimum of two“samples per cycle of the data bandwidth is required to reproducg the
sampled data withvno loss of information.

For ¢xamplej;.the Nyquist theorem suggests that if the highest frequency in the signal {o be
sampled sissnfmax, then the minimum sampling frequency would be 2-fmax. However| this
sampling frequency still does not achieve a very accurate reproduction of the original gignal
(averngn error between the reconstructed eigngl and-the nriginnl eignnl is 32 % at 7-fmny/ and
an increase in the sampling frequency to 200-fmax is required to achieve an accuracy of 1 %
in the reconstructed signal.

An alternative option is to filter the signal before sampling. This is a very effective method of
reducing the maximum frequency of the signal, but filtering also results in the loss of
information. This is not an issue if the ultimate use of the data is to calculate simple averages
over a period of time. However if the data is to be used in a calculation involving other sampled
parameters (for example the calculation of power from sampled voltage and current
measurements) then analogue filtering before sampling removes fundamental elements of the
time-dependent variation of the signal and can lead to the loss of accuracy in the calculated
data.
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A.4 Example

As an example, consider the appropriate sampling interval for measurements of irradiance. The
greatest fluctuations in the signal occur under partly cloudy conditions, as the irradiance sensor
is alternately shaded and unshaded. Assume a worst-case situation in which the irradiance
changes significantly due to passing clouds approximately once every 30 s. In addition, assume
that the primary monitoring purpose is only to determine the average irradiance over a reporting
period of 1 h, rather than to recover the exact irradiance time series. In this case the time
constants are of more importance than the aliasing error. Sampling the irradiance at least once
every 10 s should be adequate. For this example, a Monte Carlo simulation shows that the
typical sampling-related uncertainty in the average irradiance recorded over 1 h is on the order
of 0,5 %. This is negligible compared to typical instrumental uncertainty.
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Annex B
(informative)

Module-backsheet temperature sensor selection and attachment

B.1 Objective

This annex provides guidelines for flat-plate PV module rear surface temperature measurement
sensor selection and attachment in typical installed systems.

The |sensor type and attachment method can have significant impacts on the meagured
templrature, leading to significant measurement errors. These errors are affected primar(ly by
the cpntact between the sensor and the module's rear surface, the amount and typé-of'insulation
placgd over the sensor, and the amount and type of adhesive used.

The fecommendations stated in this annex are designed to minimize deyiations from the [ideal
meagurement condition while providing for secure and reliable long-term'measurements.

B.2 | Sensor and material selection

B.2.1 Optimal sensor types

Prefgrence should be given to flat probes desighed specifically for long-term sufface
meagurements. Thin-film thermocouples of types T of E are generally acceptable. Small form-
factor RTD and thermistor elements may be utilized provided air gaps are minimized Wwhen
applying the tape overlay. However, bead thermocouples, unpackaged resistive elements|, and
devidges encased in cylindrical probe heads should be avoided when possible.

B.2.2 Optimal tapes

To mlinimize errors and to weather-proof the temperature sensor, reinforcement of the sg¢nsor

sure-
sensmve 3|I|cone adheswe is generally applled to polyester tapes and is recommended

When using an overlay or tape, minimize air gaps as much as possible. Pockets of trapped air
will temper the sensor response, thus negatively impacting the performance of the
measurement system.

Temperature sensor readings may be affected by wind, causing temperature readings lower
than the cell temperature. Application of thermally insulating tape over the sensor can be used
to suppress the wind cooling effect. For this purpose, using foam resin tape with an aluminium
cover layer over the temperature sensor glued to the surface of the PV module backsheet is
introduced in IEC 60904-5.
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B.2.3 Cyanoacrylate adhesives and backsheet integrity

2021

The use of cyanoacrylate adhesive on module backsheets should be avoided, because it is
suggested by material manufacturers that cyanoacrylate may react chemically with PET
(polyethylene terephthalate) or PTFE (polytetrafluoroethylene) backsheets, potentially resulting
in the degradation of the backsheet integrity and thereby affecting the PV module’s long-term
encapsulation performance.

B.3

B.3.1

Dired

Perm
will 1
meas

Sensor attachment-method

—Permanent-versus-tempeoerary
ll;lllr)vl ol ,

tions are provided for both permanent and temporary attachment.

ot be removed or relocated. For instance, when including back-of-madile temper,
urements within a fielded data acquisition system.

Temporary attachment is recommended when the measurement”sensor will need t

reloc
comr

B.3.2

Sele
boun

For @
wher
close

ated or removed owing to the short-term nature of the monitoring, such as d
hissioning or periodic maintenance.

Attachment location

t a sensor location at the centre of a cell closé ‘tfo the centre of the module, avo
daries between cells.

rystalline silicon modules, select the centre ‘of the centre-most cell within the modul
the module is built with even numbers:of rows or columns of cells, select one of the
st to the centre.

For thin-film modules, place the sensor within the boundary of a cell near the centre ¢

mody

B.3.3

Forb
of an

B.3.4

- G
d
]

le, avoiding scribe lines between adjacent cells if possible.

Sensor-attachment Bifacial modules

ifacial modules, rear:side temperature sensors and wiring shall obscure < 10 % of the
y cell, and wiripgsshould be routed in between cells when possible.

Method

lean the-module's rear surface and sensor element of oil and dust by using lint-free

Lirfaces to dry completely before proceeding.

anent attachment is recommended when long-term monitoring is desired-and the s¢nsor

ature

o be
uring

iding

B, or,
cells

f the

area

vipes

ampened with a 70 % solution of isopropyl alcohol in distilled water. Allow all cleaned

- A
a

fach the sensor using the appropriate method:
) Permanent (see Figure B.1):

e The adhesive should be confirmed to be compatible with the-backsheet back su
material so as to not affect the long-term integrity of the module.

e Mix a thermally conductive epoxy as per manufacturer instructions.

rface

o Apply the adhesive to the side of the sensor element intended to contact the module

surface. Do not over-apply the adhesive; it should be as thin as possible yet
coat the surface of the sensor element.

fully

e Place the sensor element in the selected location. Manipulate the sensor to remove

air bubbles and obtain a uniform adhesive thickness.
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(o

Apply a polyester tape overlay to maintain the sensor position while the adhesive
cures and to provide long-term protection of the sensor element. Round die-cut
shapes are ideal as their lack of corners reduces the potential of delamination. If
round shapes are not available, significantly round the corners of the tape using
scissors.

Allow the adhesive to cure as per the manufacturer’s instructions.

Polyester overlay
silicone adhesive

Temporary (see Figure B.2):

Thermally-conductive
epoxy adhesive

Sensor element

IEC

Figure B.1 — Sensor attachment, permanent

Trim thin-film sensor encapsulation (such as/ape) to within approximately 3 mm of
the sensor element. Round all trimmed corners.

Apply the sensor element to the centre of a round polyester adhesive dot or rounded
polyester tape on the adhesive side. Tapes and dots fabricated with silicone adhgesive
are recommended. The sensor should stick to the tape.

Place the sensor element in the selected location. Manipulate the sensor to refnove
air bubbles.

Polyester overlay

silicone adhesive

Trimmed sensor
encapsulated

Sensor element

IEC

Figure B.2 — Sensor attachment, temporary

Secure the sensor wire to the module's-backsheet rear surface using polyester tape at 2 to

4 points to reduce strain on the sensor element. Generally, tape sections will not need to
exceed approximately 2 cm wide by 5 cm in length. Use as little tape as possible to secure
the lead wires (see Figure B.3).
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Sensor element

Tape reinforcement

| (2to4)

2021

IEC

Figure B.3 — Sensor element wire strain relief

pr RTDs or thermistors, the measurement circuit may require a,completion resistor. |
bse select a resistor with a low temperature coefficient, e.g. <40 parts per million pe

h this



https://iecnorm.com/api/?name=7be88a2a4405b5028f2f13af88068c8d

IEC

cA1

61724-1:2021 RLV © IEC 2021 - 67 -

Annex C
(normative)

Soiling measurement using clean and
soiled PV reference device pair

Overview

This annex describes a method for measuring soiling losses by comparing two PV reference

dev

arrayf

b)

c)

d)

For

modyle in ctrical state which may cause degradation or metastable drift of the de
Thergfor %}

d

d

n

]

alerage height of the PV array, preferably with ident ountmg mechanisms.
A 3

d

e

A
e) Almeasurements for measuring the temperatures of both the soiled and clean de
u

id

'\Qy
Equipment Q(l’

U

[¢gmentation of the method requires the following: '\

a) Alreference PV device (either monofacial device or bifacial dewce'){he&gnated the “soiled”

bvice, which is allowed to accumulate soiling at the same rat he PV array. The §

odule that is identical to or representative of those use
b that it will soil at the same rate. It shall be mounte \m the same plane as and

reference PV device (either monofacial device acial device), designated the “c

résponse to the soiled device. The effect o differences in response should be incl
i the measurement uncertainty. The dewce shall be mounted close to the g

d

aptomated system and should be do aily or at least once per week. For a bifacial dg
bpth the front side and rear side be cleaned.
A
c

measurement system for me‘&glring the maximum power (method 1) and/or short-g
irrent (method 2) of the soj device. Maximum power may be measured using |-V
tracing or max-power-po'cn}%racking electronics.

measurement system for measuring the short-circuit current of the clean device.

5ing temperatu('e)sensors affixed to their rear surfaces.

items c) ), in between measurements, the measurement system shall not hol

ical crystalline silicon modules should be held at open-circuit (or max pow

bvice may be either a PV reference cell or PV module, gﬂ hould preferably be p PV

bvice and co-planar to it within 0,5°. 5 ning may be performed either manually or by an

©S, one of WhiTh 1S allowm-mmwmmmmrc@e PV
and the other of which is routinely cleaned and serves as a reference.

oiled

e PV array to be monifored

gt the

ean”’

bvice, which is regularly cleaned so that it is kept free of soiling. The clean device may be
ther a PV reference cell or PV module shall have similar spectral and angular

uded
oiled

vice,
ircuit

turve

vices

d the
vice.
br) in

betwp asurements to avoid hot spot generation, while typical thin film modules sho
held short circuit (or max power) in between measurements. Observe the m¢dule
manufacturer’s directions as needed to choose the appropriate hold state.

Id be

For tracking systems, the soiled and clean devices shall be mounted in the module plane of the
tracker.

C.3 Normalization

a)

Choose a reference condition of irradiance and PV device temperature, e.g. STC.

b) Determine a reference value for the short-circuit current of the clean device at the
designated reference condition. It is sufficient to use the manufacturer’s datasheet values.

Additional measures may need to be considered for bifacial reference PV devices.
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c) Using the clean device to measure irradiance, determine reference values for the max power
(method 1) and/or short-circuit current (method 2) of the soiled device at the reference
condition as follows:

Completely clean the soiled device.

Simultaneously measure the soiled device maximum power and/or short-circuit current

and temperature as well as the clean device short-circuit current and temperature.

Using the clean device measured short-circuit current and temperature, with the

reference data determined in step b), calculate the effective irradiance.

Using this calculated irradiance and the measurements for the soiled device, calc
the maximum power and/or short-circuit current of the soiled device corrected t

ulate
the

Cc.4

Perfd
a) S
d

b) G
o
a
d) O
e

C.5

Perfd
a) S
d

b) O
th

c) G
in

d) O
a

C.6

reference condition of irradiance and temperature. A
3
Measurement method 1 — max power reduction due to soiling »

rm the measurement as follows: (19
imultaneously (within 2 s) measure the short-circuit current and t erature of the
bvice and the max power and temperature of the soiled device. /\

alculate the effective irradiance from the values for the clean @wce measured in a),
e reference values determined in Clause C.3.

alculate the expected max power of the soiled devic e}&ﬂe irradiance determined
nd the temperature measured in a), using the refer;n@ alues determined in Clause

alculate the soiling ratio SR by dividing the soile
kpected max power calculated in c).

vice max power measured in a)

3>
Measurement method 2 — short- CI@S}IIt current reduction due to soiling
)
rm the measurement as follows: $
imultaneously (within 2 s) P@?\e the short-circuit current and temperature of the
bvice and the short-circuit ¢ t and temperature of the soiled device.

alculate the effective irr ﬁhce from the values for the clean device measured in a),
e reference values detEUnmed in Clause C.3.

alculate the expected.short-circuit current of the soiled device at the irradiance detern
b) and the tempgfgture measured in a), using the reference values determined in C

g.s.

alculate |I|ng ratio SR by dividing the soiled device short-circuit current measur
by |ts cted short-circuit current calculated in c).

Q/gr\-umform soiling

Clean
Ising
in b)

C.3.
Dy its

clean

sing

hined
ause

ed in

Using a full-sized PV module with Method 1 (max power reduction, Clause C.4) yields more
accurate results because it best represents the actual power loss due to soiling, and in particular
it produces more accurate results when soiling is non-uniform across the modules, especially
for typical crystalline silicon modules. Method 2 (short-circuit current reduction) may be
adequate when soiling is assumed to be uniform across the modules or when the effects of
soiling non-uniformity on the ratio of maximum power to short-circuit current are known to be
small due to the construction or device physics of the module, e.g. for typical thin film modules.
Both methods may be employed simultaneously and the most appropriate value or a weighted
average may be used.
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C.7

Daily average value

The soiling ratio measured by the method described above is an instantaneous value. The
instantaneously measured soiling ratio tends to show a time-of-day dependence due to residual
angular misalignment of the two reference devices as well as angle-dependent light scattering
from soiling particles. In addition, the instantaneously measured values typically show noise
due to irradiance fluctuations and other factors. Therefore, the instantaneously measured
values shall be integrated to compute a daily average value.

Computation of daily average may be performed either by:

a)

a
b) s
s
a

If av
filter
time
pass
shou
shou
devig
noon
systq

C.8

The pormalization step in Clause C.3 shall b‘@%peated at least annually.

Immd
soilin
the s
repe

veraging the instantaneously calculated soiling ratios over a daily period, or

imming the measured max power and expected max power (see Clause C.4) og}eas
hort-circuit current and expected short-circuit current (see Clause C.5) over a ily p
hd calculating the ratio of the of the sums of measured to expected value§(],

raging the instantaneously measured soiling ratios per choice a), thepdata should fin
d to exclude low irradiance and outliers and/or to limit the measueralues toasp
window that minimizes the effects of angular misalignment. Tbé;bumber of data p
ng the filter should be recorded as a quality metric and calrciy@tqt n of the daily ave
d only be performed when a sufficient number of data pgj
d be irradiance-weighted. When angular misalignmen ween the clean and s
es has been limited to 0,5°, the averaging should inc only times within 2 h of
, on a fixed tilt system, or all times when solar angle gfNincidence is < ~35°, on a tra
m. The time window can be extended if angular mi@llgnment is reduced.

L

Renormalization s\&

diately following the normaliza{?@ or following any significant rainfall, the meag
g ratio should be close to unitb ignificant deviation from unity indicates a problem

ted if necessary.

QOQ
§§>.
OQ‘

S

ured
eriod

st be
bcific
oints
rage

are valid. The avergging

oiled
solar
Cking

ured
with

tup. This can be used as qéheck of the normalization, so that the normalization may be

D
&
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Annex D
(informative)

Derate factors

Derate factors quantify individual sources of loss with respect to the nameplate's DC power
rating.

Derates may be defined as a series of multiplicative factors contributing to the performance
ratio, PR, according to the relation:

N
PR=Y;/Y,= [[ DR D.1)
k=1

where the DR, are N individual derates corresponding to different [0ss"mechanisms, ang are
given by:

DR, =Y, 1Y, 4 D.2)

Here|Y, is the system yield with loss mechanisms.{:through k operational, given by:

where L, is the yield loss due tol6ss mechanism . Y, corresponds to Y, and Y, corresponds to
Y;.

The pumber of derate factors may be adjusted for different purposes, depending on the sylstem
size and analysis goals-

Cateporizing alllosses as either array capture or BOS losses, Formula (D.1) may be written as:

PR = DRcapture x DRBOS (D-4)

Here DR represents the combined array capture losses, given by:

capture

DRcapture = Yol Yr = (Y= Lc) | Y, (D.5)

and DRggg represents the combined BOS losses, given by:

DRgog = Y;/ Ypo = (YpA—Lgos) / YA (D.6)
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As an aid to performance diagnosis, DR;,,1re @aNd DRgog May each be rewritten as products

of derates corresponding to individual contributing loss mechanisms within the capture and BOS
categories. Determination of these contributing derate factors may be done through direct
measurement (for example, by measuring energies into and out of specific components of the
system during the reporting period, or by measuring specific loss mechanisms such as soiling)
and/or modelling (for example, by fitting a performance model to the measured data within the
reporting period).
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Annex E
(normative)

Systems with local loads, storage, or auxiliary sources

E.1 System types

Figure E.1 illustrates major possible elements comprising different PV system types and energy
flow between the elements. Bold lines highlight a system configuration that includes local
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Figure E.1 — Energy flow between possible elements of different PV system types

For this annex, we consider the different PV system types listed in Table E.1, each including
the indicated elements.
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Table E.1 — Elements of different PV system types

System element

System type

Grid tied

Grid tied with
storage

Grid tied with
storage and
backup

Mini-grid

Micro-grid

PV a

rray (DC)

PV a

rray (AC)

Energy storage (DC)

PCU

(GC

PCU

(BDI)

< ||| = | = | =

Utilit

grid line

Load

(s) (DC)

Load

(s) (AC)

2 | 2| 2| < ||| ==

Back

-up sources (DC)

P N - B | S R

Othe

r RNE sources (DC)

Back

-up sources (AC)

Othe

r RNE sources (AC)

2 | 2| ELH | 2| &

< | 2| 22|22 2| <MAJAI | = = | =
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Interpational /Standard IEC 61724-1 has been prepared by IEC technical committee 82:
photgvoltaicienergy systems.

This [seeond edition cancels and replaces the first edition, published in 2017. This e
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INTERNATIONAL ELECTROTECHNICAL COMMISSION

PHOTOVOLTAIC SYSTEM PERFORMANCE -
Part 1: Monitoring

FOREWORD

International Electrotechnical Commission (IEC) is a worldwide organization for standardization,_comj
alllnational electrotechnical committees (IEC National Committees). The object of IEC is to promote’interng
cofoperation on all questions concerning standardization in the electrical and electronic fields. JTo this er
in pddition to other activities, IEC publishes International Standards, Technical Specifications, Technical Rq
Pyblicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC Publication(s)”).
préparation is entrusted to technical committees; any IEC National Committee interested in the subject ded
may participate in this preparatory work. International, governmental and non-governmental organizations |
with the IEC also participate in this preparation. IEC collaborates closely with the Interhational Organizat
Standardization (ISO) in accordance with conditions determined by agreement between the two organizati

formal decisions or agreements of IEC on technical matters express, as nearly as possible, an intern
copsensus of opinion on the relevant subjects since each technical commitiee has representation fr
rested IEC National Committees.

IEC Publications have the form of recommendations for international\use and are accepted by IEC N
Cdmmittees in that sense. While all reasonable efforts are made to’ensure that the technical content
Publications is accurate, IEC cannot be held responsible forsthe“way in which they are used or fq
miginterpretation by any end user.

In|order to promote international uniformity, IEC Nationak . ommittees undertake to apply IEC Publig
transparently to the maximum extent possible in their national and regional publications. Any divergence b¢g
anly IEC Publication and the corresponding national or regional publication shall be clearly indicated in the

IEC itself does not provide any attestation of conformity. Independent certification bodies provide conf]
aspessment services and, in some areas, access t0 IEC marks of conformity. IEC is not responsible f
sefvices carried out by independent certificationbodies.

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

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

Atiention is drawn to the Normative references cited in this publication. Use of the referenced publicati
indispensable for the cortect application of this publication.

Atlention is drawn to(the possibility that some of the elements of this IEC Publication may be the subject of
rights. IEC shall not bé held responsible for identifying any or all such patent rights.
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constitutes a technical revision.

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

Monitoring of bifacial systems is introduced.

Irradiance sensor requirements are updated.

Soiling measurement is updated based on new technology.
Class C monitoring systems are eliminated.

Various requirements, recommendations and explanatory notes are updated.
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The text of this standard is based on the following documents:

FDIS Report on voting
82/1904/FDIS 82/1925/RVD

Full information on the voting for its approval can be found in the report on voting indicated in
the above table.

The |
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The
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anguage used for the development of this International Standard is English.

document was drafted in accordance with ISO/IEC Directives, Part 2, and develop
rdance with ISO/IEC Directives, Part 1 and ISO/IEC Directives, IEC Supplement, aya

ribed in greater detail at www.iec.ch/standardsdev/publications.

rmance, can be found on the IEC website.

ed in
lable

vw.iec.ch/members_experts/refdocs. The main document types developed by IEC are

of all parts in the IEC 61724 series, published under the general title Rhotovoltaic syjstem

committee has decided that the contents of this document willremain unchanged untjl the

ity date indicated on the IEC website under webstore.ieg:ch’in the data related t
fic document. At this date, the document will be

confirmed,

ithdrawn,

placed by a revised edition, or

mended.
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INTRODUCTION

This document defines classes of photovoltaic (PV) performance monitoring systems and
serves as guidance for monitoring system choices.

Figure 1 illustrates major elements comprising different PV system types. The main clauses of
this document are written for grid-connected systems without local loads, energy storage, or
auxiliary sources, as shown by the bold lines in Figure 1. Annex E includes some details for
systems with additional components.

The P‘Vl dlldy |||dy ;Ilbiudc L}Util fl)\cu"d)\lb dlluI tldb;\cl bybtﬂlllb dlluI IL)U“I fiat-piatc and
concgntrator systems.
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Key

RNE: renewable energy

PCE: power conditioning equipment
BDI: bi-directional inverter

GCI: grid-connected inverter

Bold lines denote simple grid-connected system without local loads, energy storage, or auxiliary sources.

Figure 1 — Possible elements of PV systems
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The purposes of a performance monitoring system are diverse and could include comparing
performance to design expectations and guarantees as well as detecting and localizing faults.

For comparing performance to design expectations and guarantees, the focus should be on
system-level data and consistency between prediction and test methods.

For detecting and localizing faults there should be greater resolution at sub-levels of the system
and an emphasis on measurement repeatability and correlation metrics.

The monitoring system should be adapted to the PV system's size and user requirements. In

genn allarger P\ svstems—showld-have—more—mohnitoring-points—and-higheraccuracy—sensors
Creatr—argor——v yotoH oo or—rterY o+ OO g—p o o—aro—Hrgrro—= ooy

than jsmaller and lower-cost PV systems.
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PHOTOVOLTAIC SYSTEM PERFORMANCE -

Part 1: Monitoring

1 Scope

2021

This part of IEC 61724 outlines terminology, equipment, and methods for performance

moniforing and analysis of photovoltaic (PV) systems. It also serves as a basis for
standards which rely upon the data collected.

2

The
cons
For
amer

ormative references

llowing documents are referred to in the text in such a way that some or all of their co
itutes requirements of this document. For dated references, only,the edition cited ap
undated references, the latest edition of the referenced ) document (including
dments) applies.

IEC 60050-131, International Electrotechnical Vocabulary (IEV)Y— Part 131: Circuit theory

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

IEC 60904-5, Photovoltaic devices — Part 5: Deterinination of the equivalent cell temper

(ECTI

of photovoltaic (PV) devices by the open-circuit voltage method

IEC 60904-7, Photovoltaic devices — PartY: Computation of the spectral mismatch corre

for m

appr

easurements of photovoltaic devicés

IEC 61215 (all parts), Terrestrial photovoltaic (PV) modules — Design qualification and
pval
1557-12, Electrical safety in low voltage distribution systems up to 1 000V AC

IEC
150
Powsd

IEC ]

IEC ]

V DC - Equipmeitfor testing, measuring or monitoring of protective measures — Pa
r metering and-monitoring devices (PMD)

'S 61724-2, Photovoltaic system performance — Part 2: Capacity evaluation method

'S 61724-3, Photovoltaic system performance — Part 3: Energy evaluation method

bther

ntent
blies.
any

ces

ature

ction

type

and
rt12:

IEC T

-S61836,-Sufar pfrotovottaic ernrergy Systernrs —_Terms, defimnitionsand symbofs

IEC 62053-22, Electricity metering equipment — Particular requirements — Part 22: Static meters
for AC active energy (classes 0,1S, 0,2S and 0,5S)

IEC 62670-3, Photovoltaic concentrators (CPV) — Performance testing — Part 3: Performance
measurements and power rating

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

ISO/IEC Guide 98-1, Uncertainty of measurement — Part 1: Introduction to the expression of
uncertainty in measurement
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ISO/IEC Guide 98-3, Uncertainty of measurement — Part 3: Guide to the expression of
uncertainty in measurement (GUM:1995)

ISO 9060:2018, Solar energy — Specification and classification of instruments for measuring
hemispherical solar and direct solar radiation

ISO 9488, Solar energy — Vocabulary

3 Terms and definitions

For the purposes of this document, the terms and definitions given in IEC 60050t131,
IEC TS 61836, ISO 9488, and the following apply.

ISO Ind IEC maintain terminological databases for use in standardization at|the follqwing
addre¢sses:

o |EC Electropedia: available at http://www.electropedia.org/

o 130 Online browsing platform: available at http://www.iso.org/obp

3.1
sample
data jacquired from a sensor or measuring device

3.2
sampling interval
time petween samples

3.3
recofd
data recorded and stored

34
recofding interval
T
time petween records

3.5
repoft
aggregate value based on series of records

3.6
reporting-period
time peiween reports

3.7
front side
side of a surface which normally faces the sky

3.8
rear side
side of a surface which normally faces the ground

3.9
monofacial PV device
PV device in which only the front side is used for power generation


http://www.electropedia.org/
http://www.iso.org/obp
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3.10
bifacial PV device
PV device in which both front side and rear side are used for power generation

3.1
bifaciality coefficient

ratio between an |-V characteristic of the rear side and the front side of a bifacial device,
typically at Standard Test Conditions (STC), unless otherwise specified

Note 1 to entry: Bifaciality coefficients include the short-circuit current bifaciality coefficient ¢, the open-circuit
voltage bifaciality coefficient ¢, and the maximum power bifaciality coefficient ¢ ..

Note 2 to entry: Bifaciality coefficients are defined in IEC TS 60904-1-2.

3.12
irradjiance

G
incident flux of radiant power per unit area

Note 1 to entry: Expressed in units of W-m™2,

3.13
in-plpne irradiance
G; or{POA

sum pf direct, diffuse, and ground-reflected irradiance,incident upon the front side of an indlined
surfalce parallel to the plane of the modules in the PV array, also known as plane-of-array (POA)
irradiance

Note { to entry: Expressed in units of W-m™2.

3.14
horiZzontal albedo

PH
prop¢rtion of incident light refleCted by a ground surface as measured in a horizontal plane

Note { to entry: Itis a propenrty of a ground surface and is a dimensionless quantity on a scale from 0 to 1.

3.15
in-plpne rear-side irradiance ratio
Pi
ratio |of the irradiance incident on the rear side of the modules in the PV array to the irradiance
incident onsthe front side

Note 1 toentry: Itis a dimensionless quantity but can exceed a value of 1 since, in addition to reflected light, dliffuse
and direct components of the solar resource may also be measured on the rear-side of the plane of array.

3.16
spectrally matched in-plane rear-side irradiance ratio

SP

Pi

in-plane rear-side irradiance ratio per 3.15 when both irradiance quantities are measured with
a spectrally matched reference device or with the application of spectral correction factors per
IEC 60904-7

3.17

spectrally matched reference device

reference device such as a PV cell or module with spectral response characteristics sufficiently
close to those of the PV modules in the PV array such that spectral mismatch errors are small
under the typical range of incident spectra
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3.18

in-plane rear-side irradiance
Girearor POArear

sum of direct, diffuse, and ground-reflected irradiance incident on the rear side of the modules
in the PV array, also known as rear-side plane-of-array irradiance

Note 1 to entry: Expressed in units of W-m™2.

Note 2 to entry: (If measured via in-plane rear-side irradiance ratio): G/**" = p; X G; or G[&&" = pf¥ x G,.

3.19
bifaq
bifac

respéct to response to front-side and rear-side irradiance, as bifacial modules to bermoni

3.20
bifag
BIF

dime
calcy
colle

Note

Note 2
bifacig
should

Note

3.21
glob
GHI
direc

Note

Note 2

3.22
circy
immg

3.23
dired
DNI

ot ref tevi

al PV device, such as a cell or module, having substantially the same properties,

ial irradiance factor

hsionless factor that can be directly multiplied by the front-side in¢plane irradiance ((
late the “effective” irradiance reaching a bifacial device from both the front and rear
ctively

to entry:  BIF = (14 @pmax X pi) OF BIF? = (1 + @pmax X pi¥). See 3M4/3.15, 3.16.

to entry: Rear-side POA irradiance can be measured simultaneously with front-side POA irradiance u
| reference device. In that case, BIF = GF"'"/ " G, /For consistency, the front-side POA irra
be measured with the same or similar type of device as the bifacial reference device.

to entry: “Effective” irradiance may include the effectyof inhomogeneities in rear-side irradiance.

al horizontal irradiance

t plus diffuse irradiance incident -on the front side of a horizontal surface

to entry: Expressed in units of Wrm™2.

to entry: GHI = DNI-cosZ\+DHI where Z is the solar zenith angle.

msolar
diately surrounding the solar disk

t normal irradiance

irrad

with
ored

}i) to
side

sing a
liance

ance emanating from the solar disk and from the circumsolar region of the sky wit

hin a

subtended full angle of 5° falling on a plane surface normal to the sun’s rays

Note 1 to entry: Expressed in units of W-m™2.

Note 2 to entry: GHI = DNI-cosZ + DHI where Z is the solar zenith angle.
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3.24

circumsolar contribution

contribution of a specific portion of the circumsolar normal irradiance to the direct normal
irradiance. The circumsolar contribution refers to a specific ring-shaped angular region
described by an inner and the outer angular distance from the centre of the sun (see ISO 9488)

Note 1 to entry: If the inner angle describing this angular region is the half-angle of the sun disk the circumsolar
contribution is also called circumsolar ratio.

Note 2 to entry: Depending on the circumsolar irradiance measurement instrument or the solar technology involved,
different wavelength ranges are included. In order to describe circumsolar irradiance correctly, the wavelength range
or the spectral response of the instrument or the involved technology has to be specified.

3.25
circymsolar ratio
fractijon of measured direct normal irradiance (DNI) emanating from the circumselar regipn of
the sky, i.e. within the angular acceptance of the DNI sensor but outside the solar, disk

3.26
sunshape
azimpthal average radiance profile as a function of the angular distance’from the centre of the
sun, hormalized to 1 at the centre of the sun and considering the wayelength range of shortwave
radiaftion (see 1SO 9488)

3.27
diffuse horizontal irradiance
Gq of DHI

global irradiance on the front side of a horizontal surface excluding the portion emanating|from
the splar disk and from the circumsolar region of .the sky within a subtended full angle of $°

Note 1 to entry: Expressed in units of W-m™2,

Note 2 to entry: GHI = DNI-cosZ + DHI where Zis the solar zenith angle.

3.28
in-plane direct beam irradiance
Gip
in-plane irradiance incident upon the front side of an inclined surface parallel to the plape of

the mpodules in the PV afray emanating from the solar disk and from the circumsolar regipn of
the sky within a subtended full angle of 5°

Note { to entry: The-in-plane direct beam irradiance G;;, = cos(6) X DNI, where 0 is the angle between the sun
and the normal te.the plane. When the plane of array is normal to the sun, G;,, = DNI.

Note 2 to efitry: Expressed in units of W-m™2,

3.29
irradiation

H

irradiance integrated over a specified time interval

Note 1 to entry: Expressed in units of kW-h-m~2,

3.30

standard test conditions

STC

in-plane irradiance 1000 W-m2, normal incidence, PV cell junction temperature 25 °C, and the
reference spectral irradiance defined in IEC 60904-3
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3.31

soiling ratio

SR

ratio of the actual power output of the PV array under given soiling conditions to the power that
would be expected if the PV array were clean and free of soiling

3.32

soiling level

SL

fractional power loss due to soiling, given by 1 — SR

3.33
soiling rate
rate ¢f change of soiling ratio, typically expressed in percent per day

3.34
activle power
P
under periodic conditions, mean value, taken over one period, of the instantaneous prodyct of
currgnt and voltage

Note { to entry: Under sinusoidal conditions, the active power is the real part,of-the complex power.

Note 2 to entry: Expressed in units of W.

3.35
app1rent power

S
produict of the rms voltage between the terminals of a two-terminal element or two-terminal
circult and the rms electric current in the element or circuit

Note { to entry: Under sinusoidal conditions, the@pparent power is the modulus of the complex power.

Note 2 to entry: Expressed in units of VA.

3.36
power factor
A
under periodic conditions) ratio of the absolute value of the active power P to the appprent
powdgr S§:

|
S

4 Monitoring system classification

This document defines two classifications of monitoring system, Class A and Class B.
Class A is intended for large PV systems such as utility-scale or large commercial installations.

Class B is intended for smaller systems such as rooftop or small to medium-size commercial
installations.

Users of the document may specify whichever classification is most appropriate to their
application, regardless of PV system size.

The monitoring system classification shall be stated in any conformity declarations to this
document.
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Throughout this document, some requirements are designated as applying to a particular
classification. Where no designation is given, the requirements apply to both classifications.

5 General

5.1 Measurement precision and uncertainty

Measurement precision refers to repeatability and resolution, which have the meanings defined
in the IEC Electropedia.

Meai_l_l_l_t_l—d_t'h—h_rh—dﬁ_muremen Uncertainty refers 1o accuracy and otherwise has the meaning defined In IEC
Elecfropedia.

Meagurement uncertainties can be calculated as outlined in ISO/IEC Guide 98-4 and ISQ/IEC
Guidg 98-3.

5.2 | Calibration

Recqlibration of sensors and signal-conditioning electronics lis\ to be performed as
recoinmended by the manufacturer or at more frequent intervals where specified in the
standard.

It is fecommended to perform periodic cross-checks of eaCh sensor against sister sensdrs or
reference devices in order to identify out-of-calibration-8ensors.

5.3 | Repeated elements

Depdgnding on system size and user requirements, the monitoring system may in¢lude
redupdancy in sensors and/or repetition *of sensor elements for different componenfs or
subsgections of the full PV system. Accordingly, the measured and calculated paramgters
defined in this document may have multiple instances, each corresponding to a subsectipn or
subcpmponent of the PV system.

5.4 | Power consumption

The parasitic power drawn’ by any systems required for operation of the PV plant shall npt be
cons|dered as a load supplied by the plant.

5.5 Documentation

Detalls of all€@mponents of the monitoring system shall be documented. All system inspdction
and maintenance, including cleaning, shall be documented.

5.6 nsSpection

The monitoring system shall be inspected at least annually and preferably at more frequent
intervals. Inspection should look for damage, deterioration, or disconnection of sensors and
electrical enclosures, soiling or displacement of optical sensors, loose wiring connections,
detachment of temperature sensors, embrittlement of attachments, and other potential
problems.

6 Data acquisition timing and reporting

6.1 Samples, records, and reports

Figure 2 illustrates the relations between samples, records, and reports.
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A sample is data acquired from a sensor or measuring device. The sampling interval is the time
between samples. Samples do not need to be permanently stored.

A record is data entered into data storage, based on acquired samples. The recording interval,
denoted by 7 in this document, is the time between records. The recording interval should be
an integer multiple of the sampling interval, and an integer number of recording intervals should
fit within 1 h.

The recorded parameter value for each record is the average, maximum, minimum, sum, or
other function of the samples acquired during the recording interval, as appropriate for the
measured quantity. The record can also _include supplementary data such as additional
statigtics of the samples, number of missing data points, error codes, transients, and/or pther
data [of special interest. (For wind data records, see statement in 9.3.)

A report is an aggregate value covering multiple recording intervals. The reporting,period is the
time [between reports. Typically the reporting period would be chosen tocbe days, weeks,
months, or years.

et (AR AAAARAARARRARRRRRRRARARAAARSONGAARARAARRRRRRES
Sampling interval

s QIR SR SR GHR SR O R NS SR O

(Data storage)

H

Recording interval (1)
Reports ? ?
(Summary
parameters and ‘
[

Reporting period ‘
metrics) 1

\i

Time
IEC

Figure 2 — Samples, records and reports

Tablg 1 lists maximum values for sampling intervals and recording intervals.

Further considerations relating to the sampling interval are addressed in Annex A.| The
maximum._sampling interval for Class A is longer than the typical signal and instrument|time
constants for irradiance, wind and electrical output, however, the value is chosen for practitality
considering common data acquisition systems.

The indicated sampling and recording interval recommendations apply to on-site ground-based
measurements. For satellite-based measurement of irradiance, longer intervals of up to 1 h may
be used. A ground-based instrument will require frequent samples to construct a valid time
average over a recording interval, e.g. in the case of partly cloudy conditions, while satellite-
based estimation uses the spatial average of many pixels in a single image as a substitute for
time averaging.)
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Table 1 — Sampling and recording interval requirements

Class A Class B
High accuracy Medium accuracy
Maximum sampling interval
For irradiance, temperature, wind and electrical output 5s 1 min
5 min
Maximum recording interval 15 min
(1 min — recommended)

6.2 | Timestamps
Each record and each report shall include a timestamp.
Timestamp data shall include the date and time corresponding to the beginning or end gf the

reconding interval or reporting period and the choice shall be specified;

The fime should refer either to local standard time (not daylight savings time) or universal

to av|

Midn

Whe
the G

pid winter/summer time changes, and the choice of time shall be specified.

ght shall be treated as the start of a new day and expressed as 00:00:00.

locks of the units should be synchronized, preferably by an automated mechanism

time,

h multiple data acquisition units are involved thatveach independently apply timestamps,

such

as glpbal positioning system (GPS) or network titme protocol (NTP).

6.3 | Parameter names

For gfonsistency in data extraction .acfoss multiple platforms, it is recommended tq use
standardized parameter names. Standardized names for parameters in this document are listed
in Ognge Button Taxonomy Data Definitions.

7 Required measurements

TabIT 2 lists measured-parameters defined by this document and a summary of measurement
requirements.

The purpose'of each monitoring parameter is listed in Table 2 in order to guide the user. More
details andadditional requirements are provided in the subsequent referenced subclauses.

A Ch.,b:’\ Illclllr\ (V/) ;II Tab:c 2 ;Ild;batca d |cqu;|cd paldlllctcl tU bc IIICdDUIUd UTl o;tc, yu I|f|ed

by specific notes where included.

The symbol “R” in Table 2 indicates a parameter that may be determined based on remote

mete

orological data or satellite data rather than by on-site measurement.

Table 2 lists the minimum number of on-site sensors where required. In many cases this is
shown as a factor times a multiplier from Table 3. Where no number is given, only one sensor
is required, although redundant sensors are typically advisable.
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When multiple sensors are required, they shall be distributed throughout the PV plant at
representative locations or placed at monitoring points indicated in the table where specified. If
the plant includes multiple sections that have different technology types or substantially
different local geography or other operation characteristics, then at least one sensor shall be
placed in each such section and additional sensors shall be added, if necessary, to meet this
requirement.

Empty cells in Table 2 indicate optional parameters that may be chosen for specific system
requirements or to meet project specifications.
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Table 3 — Multiplier referenced in Table 2

8.1

Appr

Meas
unce

Irrad
as a
meas

The

8.2
8.2.1

This

System size (AC) Multiplier
Mw
< 40 2
=40 to <100 3
= 100 to < 300 4
> 300 to < 500 5
> 500 to <700 6
=700 7, plus 1 for each additional 200 MW.

Frradiance

Sensor types
paches to ground-based on-site irradiance measurement include;

easure total broadband hemispherical solar irradiance, independent of spectral or angular
stribution. Instruments with this objective are classified\as pyranometers, regardless of
chnology type.

easure matched irradiance corresponding to the P\~usable portion of the incident spectral
nd angular distribution. PV reference devices (teférence cells and modules) are usgd for
is objective.

easure spectral irradiance, from which spectrally matched irradiance can be determfined.
pectroradiometers or multi-spectral instfuments can be used for this objective.

urements can be transposed betweéen approaches using appropriate models, with sgome
rtainty. If used, model-based transpositions and corrections shall be documented.

ance may also be determined from remote measurements using satellite instrumenI’Lation
supplement, or replacement (when permitted by Table 2), for ground-based on-site
urements. See 8.3.12.

belected sensor-and sensor type shall be documented.

Generalkrequirements
Overview

subclause 8.2 provides general requirements applicable to most on-site irradjance

measurements. SUbDSEqUent subclauses on Specific irradiance measurement types may include
different and/or additional requirements.

8.2.2

Sens

Sensor requirements

ors shall meet the requirements of Table 4 according to sensor type.
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Table 4 - Irradiance sensor requirements

Sensor type Class A system Class B system

Pyranometer Front side (POA and GHI): Class C or better per ISO 9060:2018
Class A per ISO 9060:2018, Spectrally flat | Calibration uncertainty < 3 % at 1 000 W-m™2

Calibration uncertainty < 2 % at 1 000 W-m Range up to 1 500 W-m™2
Range up to 1 500 W-m™2 Resolution < 1 W-m2

Resolution < 1 W-m™2

Rear side:

Class C or better per ISO 9060:2018
Calibration uncertainty < 3 % at 1 000 W-m™
Range up to 1 500 W-m™2

Resolution £ 1 W-m™2

PV rgference device |Working reference device per IEC 60904-2 | Working referentce device per IEC 60904-2
Calibration uncertainty < 2 % at 1 000 W-m | Calibrationcuncertainty < 3 % at 1 000 W-m™2
Range up to 1 500 W-m™ Range @p to 1 500 W-m™2

Resolution < 1 W-m™2 Resolution £ 1 W-m™2

Pyrapometers include a wide range of instrument technologies, including but not limitgd to
thermopile pyranometers and single- or multi-photodiode-based instruments. For frong-side
solar| irradiance measurement in Table 4, spectrally flat means that the pyranometer’s
broagband irradiance measurement is negligibly affected by the spectral distribution df the
incident sunlight.

8.2.3 Sensor locations
8.2.3.1 Front side

The |ocation of front-side irradiance measurement sensors, including GHI and plane-of-grray
sensprs, shall be chosenito’be representative and to avoid shading conditions from sunrise to
sunset, if possible. Shading should only occur within a half hour of sunrise or sunset and any
shadjng shall be doC¢umented.

For ffont-side_plane-of-array irradiance measurements, for either fixed-tilt or tracking sysfems,
sensprs shall.be maintained at the same tilt and azimuth angles as the modules. This may be
achigvedrby. placing the sensors either directly on the module racking or on separate polges or
extension-arms with tracking, if applicable.

NOTE Optionally, additional front-side irradiance sensors may be placed in locations that are temporarily shaded
by adjacent module rows, e.g. during backtracking of a tracking system, in order to monitor this shading effect, but
these sensors do not satisfy the requirements of Table 2 and Table 3 and the performance metrics always use
unshaded sensors, unless explicitly noted.

8.2.3.2 Rear side

The location of rear-side irradiance and/or in-plane rear-side irradiance ratio sensors shall be
chosen such that they have a field of view representative of the conditions present on the rear
side in the majority of the array, while minimizing shading on the modules. If the expected
ground surface varies throughout the site, use an appropriate quantity of sensors and sampling
methodology to capture the variations. The sensors should also be placed to capture the rear-
side irradiance without impact from local surroundings other than representative shading by
nearby portions of the PV array.
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The sensors should be placed at the same tilt angle as the modules, directly on the module
racking, by using beam or rail support structures, and positioned away from row ends, mounting
piers, and other sources of localized shading or enhanced illumination phenomena such as
reflections from the module racking.

A concern regarding in-plane rear-side irradiance sensors and in-plane rear-side irradiance
ratio sensors is the non-uniformity of the irradiance reaching the back side of the module
surface from edge to edge. It is recommended to place multiple sensors along the rear side of
the racking structure to follow and measure the non-uniform illumination profile throughout the
day. This allows both quantifying the non-uniformity of the rear-side irradiance and calculating
an effective average of the rear-side irradiance for introduction into selected performance
form{@itas.

NOTE| The measured irradiance may differ depending on the position of the sensor, especially in the.case of rear-
side PIOA sensor measurements. For example, if the sensor is placed below a row of modules, it may/show a different
reading than when placed above the row of modules, since a contribution to the irradiance in a tilted plane originates
from the ground or nearby features.

8.2.3.3 Horizontal albedo

The location of horizontal albedo sensors shall be chosen to be reprgsentative of the albedo at
the sfite. The sensors should be mounted at a minimum height of &;0°m in order to allow|for a
suffigient field of view of irradiance reflecting from the ground(and should not be shadgd by
vegelation or any nearby structures, including modules and théfmodule support structure, within
a +8D degree viewing angle. Shading by the albedo measurement device and its support
structure should be minimized. If the expected ground surface varies throughout the site|, use
an appropriate quantity of sensors and sampling methodology to capture the variations.

8.2. Recalibration

Recdlibration of sensors shall be conducteddn~a manner that minimizes downtime and se¢nsor
outages in order to prevent interruption of monitoring. Effective methods may include:

e Echanging installed sensors with-new or recalibrated units
e Plerforming on-site recalibration\of sensors where possible

e Providing redundant sensers-and alternating laboratory recalibration schedules.

For Class A systems, sensors shall be recalibrated once every 2 years, or more frequently per
manufacturer recommehdations.

For ¢lass B systems, recalibrate sensors according to manufacturer recommendations.

8.2.5 Soiling mitigation

For .,Iass A systems the effects of 30|I|ng accumulatlon on |rrad|ance sensors shdll be
mitigh ] 2
emponed less frequently when IocaI cond|t|ons aIIow or when technology is employed which
mitigates or corrects for sensor soiling equivalently to weekly cleaning or detects soiling so that
cleaning can be scheduled when needed.

8.2.6 Dew and frost mitigation

For Class A systems, the effects of dew and frost accumulation on irradiance sensors shall be
mitigated for locations where dew or frost is expected during more than 2 % of annual GHI-
hours.

Determination of whether an installation site requires mitigation may be performed by examining
typical meteorological year data for the site, paying attention to ambient temperature and dew
point. For the purposes of this assessment, dew or frost is considered expected when ambient
temperature is within 1,5 °C of dew point.
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Various means of mitigation, including heating and external ventilation, can be
effective.lrradiance sensors shall maintain their accuracy and classification while dew and frost
mitigation is applied. Heating shall not disturb the sensor’s accuracy and classification. For
pyranometers, effective means of ensuring accurate performance while the sensor is heated
may include, but are not limited to, internal and external ventilation.

8.2.7 Inspection and maintenance

Routine inspection of sensors shall be performed to check for soiling, misalignment, and other
fault conditions. For Class A systems, front-side sensors shall be inspected weekly.

Senslors shall be maintained according to manufacturer requirements. Maintenance
requirements may include, for example, desiccant inspection and/or replacement, “Where
applicable.

8.2.8 Sensor alignment

Irradlance sensors for global horizontal irradiance (GHI) shall be levelled to within 0,5°.

Irrad|ance sensors for plane-of-array (POA) irradiance shall be aligned with their intended plane
within 0,5° of tilt and 1° of azimuth (Class A) or 1° of tilt and 2°,of‘@azimuth (Class B), with the
following provisions:

e When the sensors are placed directly on the module racking, the alignment requirement is
net if it can be shown that the sensors are alignéd to the racking to within the sfated
tglerances.

o When the sensors are placed on another mounting structure independent of the modules,
care shall be taken to achieve and verify aligiment to within stated tolerances. If alignment
cannot be achieved, the alignment error shall be measured and documented.

NOTE| Sensor tilt can be measured with an inclinameter. Azimuthal alignment of plane-of-array sensors dan be
verified by reviewing and modelling a time serieslof irradiance data in clear-sky conditions.

8.3 Measurements
8.3.1 Global horizontal irradiance

Global horizontal irradiance (GHI) is measured with a horizontally oriented upwards-facing
irradiance sensor or is.determined from the combination of direct normal irradiance and diffuse
horizpntal irradiance-per formula in 3.21.

8.3.2 In-plane‘irradiance

For flat-platesSystems, in-plane irradiance is measured with an irradiance sensor with apdgrture
oriented parallel to the plane of array (POA4) mounted either on the module support structyre or
on another structure that is aligned parallel to the modules.

In the case of tracked systems, the irradiance sensor shall be continuously aligned with the
actual plane of array of the modules, including backtracking if used.

For concentrator systems, see 8.3.9.

If any trackers are programmed to operate in a non-standard way relative to the rest of the
array, these trackers should be excluded as sensor locations for the purposes of Table 2 and
Table 3, but may optionally receive additional complementary sensors.

NOTE 1 The measurement of irradiance on a tracked surface can become erroneous if the tracker supporting the
sensor does not track correctly. An approach to verification is to use the measured direct normal irradiance and
horizontal diffuse irradiance, DNI and G4 respectively, and a transposition model to calculate the expected in-plane

irradiance and then compare this with the measured value.
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NOTE 2 POA irradiance can also be estimated from GHI using a decomposition and transposition model.
8.3.3 In-plane rear-side irradiance

Accurately determining the rear-side solar resource of bifacial systems is difficult. The rear-side
irradiance on a PV array, as well as the spectral content of the irradiance, varies strongly
spatially and temporally depending on shading patterns, details of the mounting structure,
ground surface properties, and seasonal variations.

Table 2 provides two options for determining rear-side irradiance in bifacial systems:

e Option 1- Measure haorizontal albeda and aptionally diffuse irradiance and use an aptical
model, such as a view-factor or ray-tracing model, to estimate rear-side irradiance.

e (Qption 2: Directly measure rear-side in-plane irradiance or, optionally, spectrally-.mafched
in-plane rear-side irradiance.

Diredqt measurement of rear-side in-plane irradiance is performed with an irradiance sensof with
aperfure oriented parallel to the plane of array (POA4) mounted on the rearsside of the module
suppprt structure. This may also be performed with a bifacial reference device (see 3.19)

8.3.4 In-plane rear-side irradiance ratio

For Qifacial systems, in-plane rear-side irradiance ratio is measured by taking the ratio gf the
in-plane rear-side irradiance (see 8.3.3) to the in-plane irradiance (see 8.3.2).

8.3.5 Horizontal albedo

Hori4ontal albedo is determined by measuring the.downwelling irradiance from the sky| in a
horizpntal plane (GHI) and the upwelling ground-reflected irradiance in a horizontal plang and
calcylating the ratio of upwelling to downwelling irradiance.

See Dption 1 and Option 2 in 8.3.3.

8.3.6 Direct normal irradiance

Diredqt normal irradiance (DNA\s measured with an instrument that blocks or corrects for diffuse
irraance contributions. Examples include pyrheliometers, rotating shadow band radiomgters,

tracked disk or ball radiometers, and others. DNI may be calculated from GHI and DHI pgr the
formdila in 3.23.

8.3.7 Diffusethorizontal irradiance

Diffupe horizental irradiance Gy (or DHI) is measured with an instrument that blocks or corfrects

for direct(irradiance contributions. Examples include rotating shadow band radiometers, trdcked
disk priball radiometers, and others. DHI may be calculated from GHI and DNI per the forlmula
in 3.2F

8.3.8 Spectrally matched irradiance

For determination of the usable solar resource, optional spectral matching of irradiance
measurements for the user’s specific PV modules should be considered.

Spectrally matched rear-side irradiance is particularly relevant because the spectrum of ground-
reflected radiation can differ significantly from the incident solar radiation.


https://iecnorm.com/api/?name=7be88a2a4405b5028f2f13af88068c8d

- 28 - IEC 61724-1:2021 © |IEC 2021

Methods for determining spectrally matched irradiance include:

— Measuring spectrally-matched irradiance using a spectrally matched reference device per
3.17. The residual spectral mismatch can be determined by IEC 60904-7 considering typical
spectra for the application. Users should select a degree of residual spectral mismatch
appropriate to their application. Identical PV technology is not necessarily required; for
example, commercial monocrystalline silicon reference cells will provide beneficial spectral
matching (compared to broadband measurement) for most commercial crystalline silicon PV
technologies.

— Measuring broadband or non-spectrally-matched irradiance, e.g. using a pyranometer, plus
performing a model-based spectral mismatch correction using environmental data such as
tgmperature, humidity, etc.

— Measuring spectral irradiance, e.g. using a spectroradiometer or other multi-spectral
nstrument, from which spectral correction factors may be derived and applied to*broadband
rradiance data to obtain spectrally matched irradiance.

8.3.9 In-plane irradiance for concentrator systems

For qoncentrator systems, the total in-plane irradiance is replaced bythe irradiance capfured
by the concentrator.

— Fpr concentrator systems that capture only the direct beam:
The in-plane irradiance G; is replaced by the in-plane direct.beam irradiance G; y:

Gi=Gip (1)

|
T

pr concentrator systems that capture some, diffuse light in addition to the direct bean:

—

he in-plane irradiance is replaced by theeffective irradiance (G.¢) owing to partial diffuse
npture, where the fraction of diffuseslight is quantified by the parameter f;:

(¢}

Gi.? Gei = (Gip + [ (Gi-Gip)) (2)

Detefmination of f; begins'by obtaining full current and voltage characteristics of a CPV module
over many days with-varying fractions of diffuse energy; a clear day will have little diffuse e:%ergy

whilg a cloudy day will provide mainly diffuse energy. Analysis of a diffuse fraction for a given
low gnd medium,concentration CPV module should be based upon a large number of I-V clirves

wherg globalin*plane irradiance (G,) is above 21 W-m~2.

A furldamental premise of this method is that the short-circuit current (/ ;) can be consisfently

and |c=;ab=y estimated by auqu;l;lly a-futtrace—of-the—eurrent vu:tayc (1’ }> etrve-for-the—dtvice
under test (DUT) and that the temperature coefficient for the I, parameter of the DUT has been

well characterized in advance. When this premise is valid, the diffuse light capture
characterization of a CPV module or receiver becomes simply a matter of determining the short-
circuit current, /g, o normalized to standard test conditions (STC) and then relating the as-

measured /g, o to this reference using an "effective irradiance" G, such as that shown in

Formula (2). One significant advantage of this approach is that compensating for the effects of
solar spectrum can be accomplished by adjusting only the I, parameter.

By plotting the terms on the left-hand side of Formula (3) on the y-axis of a 2D graph and by
plotting G; ,/G; on the x-axis, the slope and intercept can be easily determined from the form

y = mx + b after performing a linear regression analysis of the I, vs. G; ,/G; data.
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1000 W - m™2 I,

G;
6. [+a, x(T.—25°)

= (Isc,o X fd) + (Tb) X ([sc,o - fd X Isc,O)

L

©)

where

arsc is the temperature coefficient for I,

T, s the cell temperature in °C,

Isc.0 s the short circuit current at STC and 0° angle of incidence.

The ferm f; then becomes:

One

fd=m+b

(4)

imitation to this approach that should be noted is the inherentiassumption that the anpount

of diffuse light captured will be constant throughout the entire range of climatic conditionsg that

are b
is hi
estim

hh enough, the linear regression analysis discussedabove can provide a reaso
ate for an average amount of diffuse capture that,can’be used to better define the

resolirce for such concentrator PV modules.

If th

behajiour of the CPV module, the regression analysis can be split into multiple parts
piecgwise manner. This could be a likely outcome given that the nature of diffuse light is

varia
regre
funct

8.3.1
For g

the s
to IE

8.3.1

le in the relative amounts of circumsolar vs. isotropic diffuse light. By treating the |
ssion analysis in this fashion, onecean determine the amount of diffuse capture (f;)
on of a specific range of the G; ;/G; ratio.

0 Spectral irradiance for,concentrator systems

ystem should include a device for determining the direct normal spectral irradiance.
C 62670-3 for additional details.

1 Circumsolar measurements for concentrator systems

For ¢
irrad
disk.

oncentrator systems, it may be useful to measure circumsolar irradiance. Circum
ancé is irradiance emanating from a region of the sky immediately surrounding the
Useful parameters to measure may include circumsolar contribution, circumsolar

1S 0400

eing observed. This will certainly introduce noise into the/measurements, but if sampling

nable
solar

results observed present a clear inflectionvor break in the diffuse capture response

in a
quite
inear
as a

oncentrator systems when a power rating according to IEC 62670-3 is to be perfoimed,

Refer

solar
solar
ratio,

| o
and stsape—See TS0 I500:

The measured direct normal irradiance (DNI) may include circumsolar contributions due to the
angular acceptance of the DNI sensor. The fraction of measured DNI which is circumsolar is

defin

ed as the circumsolar ratio.

Concentrator systems may or may not be able to capture a portion of the circumsolar irradiance,
depending on their design. However, measuring circumsolar quantities may be useful for
performance characterization purposes.
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8.3.12 Satellite remote sensing of irradiance

Satellite remote sensing techniques use a dual approach to measuring the total surface
downwelling irradiance at the global horizontal plane. The on-board satellite instruments
measure the radiance emitted or reflected by the earth’s surface through the column of the
atmosphere at specific visible and infrared spectral bands. The emitted radiance represents
conditions where cloud cover is present, so measurements by this technique need to be framed
in reference of the clear sky irradiance models. Thus, the base of satellite remote sensing uses
radiative transfer models to predict the clear sky condition, then satellite measurements are
applied to the clear sky as reduction in irradiance due to cloud opacity.

wher| comparing to on-site measured irradiances. Validated sources of satellite irradiance will
have| documented reliability and consistency in terms of data availability and «Calibration,
respéctively. Because satellite remote sensed irradiance sources use a single set of cargfully
monifored on-board sensors covering entire continents at once, data can bg! delivered| with
redu¢ed uncertainty and cost associated with on-site maintenance, instrumentation sdiling,
calibration drifts and location-to-location mismatches. The accuracy benefits of satellite remote
sensed data come at different temporal and spatial averaging versus_oh-site measuremfents.
Satellite measurement of cloud opacity occurs at the spatial scale detérmined by the resolution
of th¢ measurement hardware on the satellite. For most modern satellite networks, this is
apprpximately 0,01° by 0,01° latitude or longitude (roughly~ 1~km by 1 km). Thus| the
reprgsentation of the irradiance condition from satellite source$ reflects the average irradiance
over|a 0,01° by 0,01° square area. In contrast, on-site;c méasurements reflect irradjance
condjtions at the surface area of the sensor, effectively’a single point. This differenge in
meagurement area leads to differences in irradiance-over various time averaging pefjiods.
Additionally, the satellite image capture frequency ig)typically less than ground hardware|data
loggihg. As a result of both effects, satellite and,_ground may show greater differencgs in
irradfance measurements on the order of 10 % t0.20 % for sub-hourly to hourly periods where
plantl operators may be seeking analysis to’,diagnose plant underperformance. Howgver,
at monthly up to yearly averaging periodss satellite and ground will align on the ordger of
<1 % to 5 %, where plant operators may:be seeking analysis to demonstrate overall |plant

perfgrmance.

Satellite remote sensed irradiances; including global horizontal, direct normal, diffuse, and in-
plang irradiances are typically.available in real time from commercial services. Long-hisfories
of satellite measurements (cah be beneficial to plant operators as a reference for |plant

perfdrmance against long-term average/financial forecast conditions.

Impoftant consideration's when selecting satellite data are as follows:

Siatellite remote sensed irradiance data should be carefully selected after a revigw of
apcuracy(and uncertainty.

Slatelliter accuracy and uncertainty should be assessed against quality ground data|from
ell-maintained sensors.

Satellite sources should have a long history of measurement to verify accuracy across
changes in satellite hardware.

Satellite sources should provide data up to current time, also for the purpose of evaluating
accuracy.

Satellite data should be versioned; e.g. the metadata about the satellite measurements
should be traceable to a repeatable model basis.

Satellite data should provide measurements at the native satellite hardware device
precision.

The satellite remote sensed method should be specifically designed for measuring solar
irradiance.
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9 Environmental factors

9.1 PV module temperature

PV module temperature, T,

mod- 1S measured with temperature sensors affixed to the back of PV
modules.

For bifacial modules, rear-side temperature sensors and wiring shall obscure < 10 % of the area
of any cell, and wiring should be routed in between cells when possible.

C or

If adhesive is used to affix the temperature sensor to the back surface of the™modulg, the
adhepgive should be appropriate for prolonged outdoor use at the site conditions,and should be
checked to be compatible with the surface material on the rear of the module to prévent
degradation by the adhesive.

Adhgsive or interface material between the temperature sensor and\the rear surface gf the
modyle shall be thermally conductive. The total thermal conductance of the adhesiye or
interface layer shall be 500 W-m~2-K~! or greater, in order to keep the maximum temperature
diffelence between the module's rear surface and the temperature sensor on the order of
approximately 1 K. For example, this may be achieved using a thermally conductive adhgsive
with thermal conductivity greater than 0,5 W-m~1-K=1 in{a layer not more than 1 mm thick

See Annex B for additional recommendations on témperature sensor attachment.

Care|should be taken to ensure that the tempeérature of the cell in front of the sensor is not
subsjantially altered due to the presence of the sensor or other factors.

NOTE|1 Cell junction temperatures are typically*1 °C to 3 °C higher than the temperature measured on the mddule's
rear sfirface, depending on the module construction. The temperature difference may be estimated, as a funclion of
irradignce, using the thermal conductivity of-the module materials.

NOTE|2 An infrared image of the-front of the module may help confirm that the temperature of the cell in ffont of
the sensor is not substantially altered by the presence of the sensor or other factors.

Moddle temperature yaries across each module and across the array. Temperature sepsors
shall| be placed in~representative locations to capture the range of variation and gllow
detefqmination of an effective average.

Temperature(sehsors shall be replaced or recalibrated as per manufacturer’'s requirements.

Modyle temperature measurement may alternatively be performed with the ¥, .-based mg¢thod
desc tmhr&&&ﬁ%&ﬂhrmmmrmm—@em—mg ' = ' ' iti not

connected to the PV array, for temperature measurement. The module should be independently
calibrated for this purpose. The module should be held at maximum power point in between
brief V. measurements to ensure temperature is representative of the PV array. Considering

the degradation of V. over time, the relation between module temperature and V. should be

recalibrated at periodic intervals. If the module is not held at maximum power point, a calibrated
temperature offset between maximum power point and the actual operating condition should be
determined.

9.2 Ambient air temperature

Ambient air temperature, T,,,,, is measured by means of temperature sensors located in solar

radiation shields which are ventilated to permit free passage of ambient air.
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The sensors shall have a measurement resolution < 0,1 °C and uncertainty £1 °C or better.

The sensors should be placed at least 1 m away from the nearest PV module and in locations
where they will not be affected by thermal sources or sinks, such as exhausts from inverters or
equipment shelters, asphalt or roofing materials, etc.

The sensors shall be replaced or recalibrated as per manufacturer’'s requirements.

9.3 Wind speed and direction

also
be uged for documenting warranty claims related to wind-driven damage

Wind speed and direction are to be measured at a height and location which are represenfative
of the array conditions and/or the conditions assumed by any applicable perférmance model
used|for a performance guarantee of the PV installation.

In addition, wind speed and direction may also be measured at heights, and locations suitable
for comparison with historical or contemporaneous meteorological data.

In sgme cases data on wind gusts (typically gusts up to 3 s(inlength) may be requirgd to
comgpare with project design requirements. When necessary.the monitoring system sampling
period should be sufficiently small (e.g. < 5 s) and the data record should contain not| only
averaged but also maximum values. (See 6.1.)

Wind measurement equipment should not shade the PV system at any time of day or yeal and
shou|d be located at a point that is sufficiently far from obstructions.

Wind| speed sensor measurement uncertainty shall be < 0,5 m-s~! for wind speeds <5 m-s71,
and £ 10 % of the reading for wind speeds greater than 5 m-s~1.

Wind direction is defined as the diregtion from which the wind blows, and is measured clockwise
from|geographical north. It shall’'be measured with an accuracy of 5°.

Wind| sensors shall be recalibrated as per manufacturer’s recommendations.

9.4 | Soiling ratio

Per B.31, the -soiling ratio is a property of the PV array cleanliness condition. S¢iling
meagurement-instruments approximate the true soiling ratio of the PV array by measuring the
impagt of soiling on a sensor surface of the instrument and assuming that the soiling condition
of the¢ PV array is the same as that of the sensor surface.

Soiling measurement instrumenis use various physical principles:

¢ One measurement approach, which has many variations, compares a pair of PV reference
devices, one of which is routinely cleaned and the other of which soils naturally at the same
rate as the PV array. Methods for implementing this approach are described in detail in
Annex C.

e Other approaches are based on optical principles, detecting soiling particles on a collection
surface according to their effect on either reflection or transmission of light.

Some of the instrument types can measure the effect of non-uniform soiling on the power loss
of PV modules. Non-uniform soiling occurs when deposited soiling particles move under the
influence of dew, rain, wind, and gravity, often collecting along PV module edges, especially
bottom edges. This can have a disproportionate effect on power, depending on module type.
See Annex C.
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9.5 Rainfall

Rainfall measurements may be used to estimate the cleanliness of modules. If soiling ratio is
also measured, these data are complementary.

9.6 Snow

Snowfall measurements can be used to estimate losses due to shading from snow. However,
these losses may also be included in measurements of soiling ratio, depending on the soiling
measurement device.

9.7 [ Humidity

Relafive humidity measurements may be used to estimate changes in incident spectrum which
may pffect PV module power output as well as irradiance sensor readings. Humidity datgq with
temprature data can also be used to calculate the times of wetness due te. condensation.
(Alternatively, surface condensation sensors can be used to directly gather these data.)

10 Tracker system

10.1| Single-axis trackers

Meagurement of the real-time tracker tilt angle ¢; shall be performed with accuracy +1° for

Clas$ A systems. Measurement may be performed with motor or position counters or pther
sensprs integrated into the tracker mechanism, such asyan inclinometer.

10.2| Dual-axis trackers
10.21 Monitoring

The feal-time tracker pointing errors (A¢p and Ag,) are measured on representative tragkers

using sensors defined and calibrated-as per 7.3 of IEC 62817:2014. Selected trackers should
coingide with a measurement location' for DC output power (see Clause 11). Reporting of tracker
pointjng error data shall be per 7/4.6 of IEC 62817:2014.

10.2]2 Pointing error sensor alignment

The fracker pointing €rror sensor is typically mounted on the tracker such that the pointing
vectqgr of the sensof is normal to the plane of the PV system.

Initia] alignment of a pointing error sensor shall be confirmed by intentionally scanning a¢ross
the gptimal ‘alignment while measuring the pointing error. This may be done either by diiving
the trackéer,through the desired angle in each relevant axis or by moving the tracker ahepd of
the qun¢ stopping the tracker, and Waltmg for the sun to move into and out of the optimal
pOSlt UII TIIU IIIUGDUIUU PUIIItIIIy UIIUI ID pluttcd ayalnot thU r‘IUIIIIGIILUd DyDtUIII IIIGI\IIIIUIII OWGI’
divided by direct normal irradiance (DNI). The data shall be measured under clear sky
conditions with wind speeds in a range from 0,5 m-s~' to 3,5 m-s~1, and shall be recorded within
a 1 h time period. These requirements are to minimize noise associated with variation in power
output from factors other than alignment.

Ideal alignment is achieved if the pointing error is zero when the irradiance-normalized power
curve is at the maximum value. No tolerance is stated here for the deviation from ideal alignment
as acceptable tolerance is dependent on the given system. The width of the scan will depend
upon the response of the system, but should be at most £0,75° so that the scan is compatible
with the DNI sensor.

The test is usually applied to an individual tracker with measurement of power generation
associated only with that individual tracker, but it may be possible to plot the power generation
of multiple trackers as long as all of them move together.
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The plots shall be included in a test report and shall serve as indication that alignment tolerance
is sufficient.

11 Electrical measurements

111

Inverter-level measurements

Inverter-level electrical measurements shall meet the requirements in Table 5 if applicable for
the system configuration. DC measurements may be omitted when the modules include
microinverters. In Table 5 precision refers to measurement repeatability and resolution, not

d at
t the

ts of
ntire

ured

absofute-aecuracy-
Optignally, for greater fault detection capability DC measurements may be pefform
sublgvels of the system (e.g. strings, combiners, feeders, etc.) in addition to or instead of
inverters.
Table 5 — Inverter-level electrical measurement requirements
Measurement precision
% of max inverter rating
Parameter Class A systems Class B systems
% %
Input voltage (DC) +2,0 n/a
Input current (DC) 12,0 n/a
Input power (DC) +3,0 n/a
Output voltage (AC) 12,0 +3,0
Output current (AC) +2,0 +3,0
Output power (AC) +3,0 14,5
11.2| Plant-level measurements
Elecfrical measurements at_the output of the power plant shall meet the requiremen
Tabl¢ 6. The output of the.power plant is the aggregate net output produced by the ¢
systgm.
For multi-phase systems, each phase shall be measured, or 2 of 3 phases shall be meas
(two wattmeter/method).
Table 6 — Plant-level AC electrical output measurement requirements
Paramaeataor Class A svustam Class B svuetam
J J

Class 0,2 S
as per IEC 62053-22

Class 0,5 S
as per I[EC 62053-22

Active power and
energy

Class 1 Class 1

Power factor

as per IEC 61557-12

as per I[EC 61557-12

Recalibration

Per manufacturer’s
requirements and/or local
codes and contracts

Per manufacturer’s
requirements and/or local
codes and contracts

For Class A, the monitoring system shall document periods during which the PV system does
not deliver its maximum output power to the utility grid and/or local loads as a result of external
system requests or requirements, which may include, for example, system output power factor
demand and system power curtailment.
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12 Data processing and quality check

121

Night

Night-time data may contain valuable information for quality checking, such as pyranometer
and other instrumentation offsets. However, processed data for irradiance, PV-generated
power, and other quantities expected to be zero at night should be set to zero during night-time
after quality checks are performed, to avoid extraneous values.

12.2 Quality check

12.2.

The measured data should be checked and filtered, either automatically or manually;to”id¢

miss
data

th

1 Removing invalid readings

should be documented by the monitoring system.

mmended methods of identifying missing or invalid data points include:

bplying physically reasonable minimum and maximum limits
bplying physically reasonable limits on maximum rates of change

bplying statistical tests to identify outlying values, includidg eomparing measurements
ultiple sensors

bplying contract data to identify viable parameter beundaries for certain performance
bting error codes returned by sensors

entifying and deleting redundant data entries

entifying missing data

entifying readings stuck at a single value for an extended time

necking timestamps to identify gapsor duplicates in data

necking system availability reports.

2 Treatment of missing.data
ng or invalid data may ‘be treated in one of the following ways:

e invalid or missing data may be replaced by values estimated from the valid data recq
efore and/or after the invalid or missing data;

e invalid.or-missing data may be replaced with an average value for the analyzed intI

e data-may be treated in a manner specified in a valid contract, performance guar
bcument, or other specification covering the installation;

e nnalycnd interval may. be treated as mieeing orinvalid

pntify
ng or invalid data points and filter them out of subsequent analysis. Such missing or irfvalid

from

data

rded

rval;

ntee

The treatment of missing or invalid data may depend on the goal of the measurement. For
example, missing or invalid data associated with inverter issues should be discarded if the goal
is strictly to quantify module performance, but should be retained if the goal is to capture all
aspects of plant performance and availability.

Additional recommendations and requirements for treatment of missing or invalid data are
included in IEC TS 61724-2 and IEC TS 61724-3.

The specific treatment of missing or invalid data should be documented in any reports.
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13 Calculated parameters

13.1 Overview

Table 7 summarizes calculated parameters which are further defined below. All quantities in
the table shall be reported with respect to the reporting period (typically a day, month, or year).

Table 7 — Calculated parameters

Parameter Symbol Unit
Hraciation{see—13-3)
In-plane irradiation H, kWh-m™2
In-plane rear-side irradiation (for bifacial) Hfa" kWhem 2
Electrical energy (see 13.4)
PV array output energy (DC) Ep kWh
Energy output from PV system (AC) E kWh
Array power rating (see 13.5)
Array power rating (DC) P kw
Array power rating (AC) Pd ac kw

Yields and yield losses (see 13,6 and 13.7)

PV array energy yield Y kWh-kw™'
Final system yield Y kWh-kw™'
Reference yield Y, kWh-kw™1

Array capture loss Lg kWh- kW'
Balance of system (BOS) loss Lgos kWh- kw™"

Efficiencies (Subclause 13.8)

Array efficiency. N None
System efficiency 7 None
BQOS ‘efficiency Msos None

13.2| Summations

In the formulas given below involving summation, 7, denotes the duration of the Kt recofding
interyalwithin a reporting period (see Clause 6), and the symbol

2

k
denotes summation over all recording intervals in the reporting period.
Note that in formulas involving the product of power quantities with the recording interval r; the
power should be expressed in kW and the recording interval in hours to obtain energy in units

of kWh.

13.3 Irradiation

Irradiation, also known as insolation, is the time integral of irradiance.
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Each irradiation quantity H corresponding to an irradiance quantity G defined in Clause 3 is
calculated by summing the irradiance as follows:

H:Z ka'[k
k

For example, the front-side in-plane or front-side plane-of-array (POA) irradiation, Hj, is given

by:

and near-side in-plane or rear-side plane-of-array (POA) irradiation, H,, i$,given by:

13.4
13.4.

Ener

parameters over the reporting period.

Alter
ener

13.4,
The

H=>" Gixxw
k

rear — rear
Him =" Gl x g
k

Electrical energy
1 General

Jy quantities may be calculated from thé\integral of their corresponding measured p

natively, if power measurements are performed using sensors with built-in totalizers
Jy quantities may be taken directly as measurement readings from the sensors.

2 DC output energy

PV array DC output.energy is given by:

Ep=>" Par* 7
k

13.4.

P4

The AC energy output is given by:

13.5
13.5.

Eout = Z Poutk * 7
k

Array power rating

1 DC power rating

(7)

ower

, the

(8)

The array DC power rating, Py, is the sum of the DC power output of all installed PV modules
at the power rating reference condition, which is either:
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— standard test conditions (STC), for monofacial and bifacial modules; or

2021

— concentrator standard test conditions (CSTC), for concentrator systems. P is given in units
of kW.

Py should be calculated by using data from manufacturer datasheets or module labels, or,
provided that the choice is specified, using alternative data such as laboratory or on-site test

data.

The definition of Py that is used should be specified explicitly whenever quantities that depend
on P, are reported.

Note

inclu
are p

13.5.

The array AC power rating, Py pc, is the lesser of:

— th
— th

13.6
13.6.
Yield

that the definition of Py ignores any rear-side contribution for bifacial modules. IEC 6
rovided for the purpose of indoor accelerated stress testing, not performarce rating.

2 AC power rating

e array DC power rating P, and

e sum of the inverter ratings in the system at specified op€erating temperature.
Yields

1 General

oper

Yields have units of kWh-kW-1, wheteunits of kWh in the numerator describe the e

prod
units

meas

13.6.
The

arrayy:

s are ratios of an energy quantity to the array power rating Py. They indicate actual
tion relative to its rated capacity.

1215

les provisions for measuring bifacial modules using rear-side irradiance; however, fhese

array

ergy

ction and units of kW in the denominator describe the system power rating. The ratio of

ured during the reportifigperiod.

2 PV array energy yield
PV array energyyield Y, is the array energy output (DC) per rated kW (DC) of installg

Yo =Epl P,

is equivalent to hours, and the-yield ratio indicates the equivalent amount of time during
whiclp the array would be required to operate at Py to provide the particular energy qu

ntity

d PV

(10)

13.6.

3 Final system yield

The final PV system yield Y; is the net energy output of the entire PV system (AC) per rated kW

(DC)

of installed PV array:

Yf=Eout/PO

(11)
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13.6.4 Reference yield
The reference yield Y, for a monofacial PV system can be calculated by dividing the total front-

side in-plane irradiation by the module's reference plane-of-array irradiance:

Yr = H| / Gi,ref (12)

where the reference plane-of-array irradiance G .o; (kW-m~2) is the irradiance at which Py is

detefmined, usually defined under ST1C.

;ref

The feference yield represents the number of hours during which the solar radiation would jneed
to be[at reference irradiance levels in order to contribute the same incident solarenergy ag was
monitored during the reporting period while the utility grid and/or local load were ‘availablg.

If thel reporting period is equal to one day, then Y, would be, in effect, the.gquivalent numper of
sun hours at the reference irradiance per day.

13.6/5 Bifacial reference yield
The feference yield Y;?! for a bifacial PV system can be caldulated by taking the product gf the

fronti{side in-plane irradiation and the bifacial irradiance factor and dividing by the module's
refergence plane-of-array irradiance:

ybi = Z(Gi‘k X Ty X BIFy) / G rer (13)
K

The feference yield represents the number of hours during which the solar radiation would jneed
to belat reference irradiance levels in order to contribute the same incident solar energy ag was
monifored during the reporting.period while the utility grid and/or local load were availablg.

If thel reporting period is equal to one day, then Y, would be, in effect, the equivalent numper of
sun hours at the reference irradiance per day.

13.7| Yield losses
13.71 General

Yield| lasses are calculated by subtracting yields. The yield losses also have units of kWh. kW™
(or hl Thny represent the amount of time the array would be required to operate at its rated

power P to provide for the respective losses during the reporting period.

13.7.2 Array capture loss

The array capture loss L. represents the losses due to array operation, including losses in

wiring and junction boxes prior to DC measurement, array temperature effects, soiling, etc., and
is defined as:

Lg=Y,~ Y (14)
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13.7.3 Balance of systems (BOS) loss

The balance of systems (BOS) loss Lggg represents the losses in the BOS components,
including the inverter and all wiring and junction boxes not included in array capture loss, and

is defined as:

Lgos = Ya—Y;

13.8 —Effieteneies

13.8/1 Array (DC) efficiency

The rated array efficiency is given by:

a0 = Po/ (Gjref X 4a)

(15)

16)

wherp the overall array area 4, is the total module area, corresponding to the sum of the areas

of the front surfaces of the PV modules as defined by their guter edges.

For @& concentrator module, if the front surface is not coplanar, the front surface sha
projected onto an appropriate two-dimensional surface to define the area.

The mean actual array efficiency over the reporting period is defined by:

na = Eat (H; % 4p)

13.8)2 System (AC) efficiency

The mean system efficiency over the reporting period is defined by:

1= Equt | (Hy * 4p)

Fornlula (18) can also be rewritten as:

7= a0 X PR

where

nao Is the rated array efficiency defined in 13.8.1, and

PR is the performance ratio defined in 14.3.1.
13.8.3 BOS efficiency

The mean BOS efficiency over the reporting period is defined by:

Il be

(17)

(19)
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41—

m8os = Eout/ En

14 Performance metrics

14.1 Overview

Performance metrics are listed in Table 8 and further defined in subsequent subclauses.

(20)

Table 8 — Performance metrics

Parameter Symbol Units
Rating-based (see 14.3)
Performance ratio PR None
Annual performance ratio PR, (Gal None
25 °C performance ratio PR 50 None
Annual-temperature-equivalent performance ratio PR ’annual_eq None
Annpal-temperature-equivalent performance ratio for bifacial systems PR ,annual-eq, bi None
Model-based (14.4)
Power performance index PPI None
Energy performance index EPI None
Baseline power performance index BPPI None
Baseline energy performance index BEPI None

Perfgrmance metrics in Table 8 areceither rating-based (see 14.3) or model-based (see 14.4).
The |most appropriate metric forva given application depends on system design,
requirements, and contractual:Qbligations. This document does not specify requirements on the

metrics used.

The rating-based performance ratio metrics are relatively simple to calculate but may
known factors that cause system power output to deviate from expectations based on the n
plate|rating alonef\For example, systems with high DC-to-AC ratio operate at less than th
namegplate rating_during times of high irradiance, but this is an expected attribute of the syjstem
design. Simijlarjeffects may be observed when evaluating performance ratios for tracking a
bifacjal systems. Such effects are better treated by a performance index based on a defailed

systgmmodel.

user

omit
ame-
e DC

nd/or

14.2 Summations

See 13.2 for an explanation of formulas given in 14.3 involving summations.

14.3 Performance ratios

14.3.1

Performance ratio

The performance ratio PR is the quotient of the system’s final yield ¥; to its reference yield Y,

and indicates the overall effect of losses on the system. (Alternatively, the performance ratio
can be defined as a product of derate factors. See Annex D.) For monofacial PV systems it is

defined as:
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PR=Y;/Y, (21)

= (Eout/PO) / (Hl / Gi,ref) (22)

Expanding Formula (22) gives:

AN /S S—
PR = ~out,k ™ 7k Lk T kR (23)
L; Ry J/L; Gi ref J

Both|the numerator and denominator of Formula (23) have units of kWh- kW."1 (or h). Mpving
Py to|the denominator sum expresses both numerator and denominator inlunits of energy, diving

3

PR ap the ratio of measured energy to expected energy (based only\on measured irradjance
and neglecting other factors) over the given reporting period:

ZPO XGi,kXTk (24)

PR= | Pout,k ¥ 7k G
¥ i,fef

k

The annual performance ratio, PR,,4, is thegperformance ratio of Formula (24) evaluatgd for
a repgorting period of one year.

NOTE| 1 The energy expectation expressed\by the denominator of Formula (24) neglects the effect of| array
temperature, using the fixed value of array pewer rating, P,. Therefore, the performance ratio usually decreasgs with

increalsing irradiation during a reporting period, even though energy production is increased, due to increasing PV
module temperature which usually agcompanies higher irradiation and results in lower efficiency. This g|ves a
seasohal variation, with higher PR values in winter and lower values in summer. It may also give geographic variations
betwepn systems installed in different climates.

NOTE| 2 Calculation of theSperformance ratio using GHI in place of in-plane (plane-of-array) irradiance G is an
alternative in situations where GHI measurements are available but G, measurements are not. In this case 7HI is
substifuted for G, in Formdla (24), resulting in a GHI performance ratio. The GHI performance ratio would typically

show high values which may even exceed unity. The values cannot necessarily be used to compare one sysjem to
anotheér, but can-bé useful for tracking performance of a system over time and could also be applied to compare a
system’s measured, expected, and predicted performance using a performance model that is based only on GHI.

14.32 /, Temperature-corrected performance ratios

14.3.2.1 General

The seasonal variation of the performance ratio PR of Formula (24) can be significantly reduced
by calculating a temperature-corrected performance ratio PR".

NOTE While variations in average ambient temperature are the most significant factor causing seasonal variations
in measured performance ratio, other factors, such as seasonally dependent shading, spectral effects, and
metastabilities can also contribute to the seasonal variation of PR.

14.3.2.2 25 °C performance ratio

The 25 °C performance ratio, PR’y5 - is calculated by adjusting the power rating at each

recording interval to compensate for differences between the actual PV module temperature
and the STC reference temperature of 25 °C.
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PR’5 o is calculated by introducing a power rating temperature adjustment factor C; 55 -¢ into

Form

ula (24), as follows:

, (Cp, seop XPy) X Gip XT
PR5 o = (Z Pouti w)/(Z T (25)
A Lref
where C; ,s50c is given by:
Crasoc =1+ 7> (Tmogx =25 °C) (26)
Here| 7 is the relative maximum-power temperature coefficient (in units of 2.C™), and T4y ; is

the mpodule temperature (in °C) in time interval %.

With
mody
objeq

Tmod

transffer model used by the simulation that set the perfermance guarantee value to avoid 4

error

Note

reference to Formula (26), y is typically negative, e.g. for crystalline silicon. The meag
le temperature may be used for 7,4, in Formula (26).,However, if the monit

« should instead be estimated from the measured meteorological data with the same

that Formulas (25) and (26) can be used\to calculate performance ratio adjusted

ured
pring

tive is to compare PR’,5 - to a target value associated'with a performance guarantee,

heat
bias

to a

diffefent reference temperature by substitution‘ef the desired reference temperature in Fomula

(26)

14.3.

The

appr
perioj
each
temp
seas
losse

PR’

a

into f

n place of 25 °C.

2.3 Annual-temperature-equivalent performance ratio

annual-temperature-equivalent performance ratio PR’;nnya1.eq IS cCONstructe
pximate the annual performance ratio PR, regardless of the duration of the repg

recording interval<adjusted to compensate for differences between the actual PV m
erature and an.'expected annual-average PV module temperature. While this red
bnal variation in-the metric, it does not remove the effect of annual-average temper
s and leaves-the value of the metric comparable to the value of PR, al-

nual<eq is calculated by introducing a power rating temperature adjustment factor Cy.
ormula (24), as follows:

d to
rting

d. It calculates the performance ratio during the reporting period with the power rating at

bdule
uces
ature

nnual

(Ck, 1 X PO) X G',k X Tk
PR annual eq ( g Poutk X Tk)/( g e G rof :
ire

where C; 4nnual 1S given by:

Ckannual 1+ rX ( mod,k Tmod,annual-avg)

(27)

(28)
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Here y is the relative maximum-power temperature coefficient (in units of °C~1), T,

mod xS the
PV module temperature in time interval k, and T4 annual-avg IS @n annual-average module
temperature.

NOTE With reference to Formula (28), y is typically negative, e.g. for crystalline silicon.

Timod,annual-avg 1S chosen based on historical weather data for the site and an empirical relation

for the predicted module temperature as a function of ambient conditions and module
construction. It should be calculated by computing an irradiance-weighted average of the
predicted module temperature and then verified using the historical data for the site by
confirming that the annual-equivalent performance ratio PR’ far the historical data

atiiudal=cy

(using Formulas (27) and (28)) is the same as the annual performance ratio PR, a-Idr the
histofical data (using Formula (24)).

The measured module temperature may be used for 7,,4 , in Formula (28).(However, [f the
moniforing objective is to compare PR’;nya1-eq tO @ target value associated,with a performance
guarantee, T o4 , Should instead be estimated from the measured meteorological data with the

same heat transfer model used by the simulation that set the performance guarantee valye, to
avoiqd a bias error.

14.33 Bifacial performance ratios

The monofacial performance ratio formulas presented above can be transformed to bifacial
perfdrmance ratio formulas by introducing the bifaciak‘irradiance factor (BIF) to corredt the
meagured irradiance terms.

For pxample, the annual temperature-equivalent performance ratio for bifacial sys;Lems,
PR nuai—eqpi i Calculated as for the monofacial-equivalent in Formula (27) by multiplying the in-
plang irradiance by the bifacial irradiance factor (BIF) as follows:

, (Cp, 1 X Po) X Gy X BIF), X T,
PR jnnual-eqbi = <Z Poutie X Tk) / (Z s C. . (29)
A A iref

wherg Cy .nnual 1S giyenby Formula (28). Just as this metric reduces seasonal variation due to

tempgrature effects, it will also reduce seasonal variation due to changing albedo conditions
(rain{ snowfall,.changes in vegetation, etc.).

Althdugh enly one example has been presented, note that the same correction could be applied
to anly other form of the performance ratio.

14.4 Performance indices

A detailed performance model may be used to predict electrical output of the PV system as a
function of meteorological conditions, known attributes of the system components and
materials, and the system design. The performance model attempts to capture as precisely as
possible all factors that can affect electrical output.

In evaluating the system performance, particularly with respect to a performance guarantee, it
is desired to compare the measured output with the predicted and expected outputs. For a given
reporting period, the predicted output is the output calculated by the performance model when
using historical weather data, while the expected output is the output calculated by the
performance model when using measured weather data for the reporting period.
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The ratio of measured output to expected output for a given reporting period defines a
performance index. The performance index may be evaluated either on the basis of power,
defining power performance index PPI, or on the basis of energy, defining energy performance
index, EPI.

The ratio of measured output to predicted output for a given reporting period defines a baseline
performance index. The baseline performance index may be evaluated either on the basis of
power, defining baseline power performance index BPPI, or on the basis of energy, defining
baseline energy performance index BEPI.

For evaluation of a performance guarantee, the performance model used for calculation of

expe
calcu

Furth
perfg

15 [

15.1

Unle
valid
15.3.

15.2
Repa

of cg
secti

Such
with

15.3

cted power or expected energy shall be identical to the performance model use
lation of predicted power or predicted energy used in the performance guarantee.

er details on the application of a performance model to evaluate the)model-b
rmance indices are provided in IEC TS 61724-2 and IEC TS 61724-3.

Data filtering

Use of available data

5s otherwise specified, the calculation of a reported parameter shall use all the ava
monitoring data during the indicated reporting period:yExceptions are given by 15.2

Filtering data to specific conditions

rted parameters may be calculated usingca subset of data corresponding to a specif
nditions, e.g. irradiance bins, temperature bins, selected portions of the day, selé¢
bns of the power plant, etc., in order_to facilitate performance analysis.

he range of conditions used, for calculation.

Reduced inverter, grid, or load availability

d for

ased

lable
and

c set
pcted

calculations that only use a subset of the monitoring data are to be clearly noted along

In reports that includeknown periods of interrupted availability of inverters or reduced or

inter
being

upted demandravailability from the utility grid or local loads, resulting in the PV sy
unable to operdte at maximum power, the analysis shall:

xclude such periods, with the exclusion clearly noted; or
cludetsuch periods without changes in analysis, but with the periods clearly noted; o

stem

documenting a performance guarantee); or

— clearly note such periods and follow the analysis guidelines specified in an applicable
contract or performance guarantee.
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Annex A
(informative)

Sampling interval

A.1 General considerations

The sampling interval affects the quality of the data acquisition process in representing the true
signal. In determining sampling intervals and/or filtering methods, the following factors should
be considered:

e the rate of change of the parameter to be measured;
e the rate of response of the measurement transducer;

e the treatment of the sampled data (for example whether the data will be\used in further
calculations that involve other sampled datasets, as is the case when calculating power
from sampled current and voltage measurements); and

e the ultimate use of the sampled data and the desired limit of unceftainty in representing the
true signal parameter.

A.2 | Time constants

In ggneral, for rapidly changing signals, it is recommended that the sampling interval (7)) be

less |than 1/e (0,368) of the time constant of thevYmeasurement transducer, where the
time-{constant of a transducer is the time taken, after' a step change in the measured variable,
for tHe instrument to register 63,2 % of the step*Change in the measured parameter.

Alterpatively, when the typical time constant'of the measured parameter is longer than the time
consgjant of the measurement transducer;the above requirement may be relaxed. In this|case
the spmpling interval need only be less'than 1/e of the measurement parameter time congtant.

A.3 | Aliasing error

The tlniasing error is the error associated with information lost by not taking a sufficient number
of sampled data points»To avoid a large aliasing error the Nyquist sampling theorem suggests
that § minimum of two“samples per cycle of the data bandwidth is required to reproducg the
sampled data withwno loss of information.

For g¢xamplej.the Nyquist theorem suggests that if the highest frequency in the signal {o be
sampled sissnfmax, then the minimum sampling frequency would be 2:-fmax. However| this
samgpling frequency still does not achieve a very accurate reproduction of the original gignal
(avenage errar between the recanstructed signal and the original signal is 32 % at 2:-fmax)) and
an increase in the sampling frequency to 200-fmax is required to achieve an accuracy of 1 %
in the reconstructed signal.

An alternative option is to filter the signal before sampling. This is a very effective method of
reducing the maximum frequency of the signal, but filtering also results in the loss of
information. This is not an issue if the ultimate use of the data is to calculate simple averages
over a period of time. However if the data is to be used in a calculation involving other sampled
parameters (for example the calculation of power from sampled voltage and current
measurements) then analogue filtering before sampling removes fundamental elements of the
time-dependent variation of the signal and can lead to the loss of accuracy in the calculated
data.
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A.4 Example

As an example, consider the appropriate sampling interval for measurements of irradiance. The
greatest fluctuations in the signal occur under partly cloudy conditions, as the irradiance sensor
is alternately shaded and unshaded. Assume a worst-case situation in which the irradiance
changes significantly due to passing clouds approximately once every 30 s. In addition, assume
that the primary monitoring purpose is only to determine the average irradiance over a reporting
period of 1 h, rather than to recover the exact irradiance time series. In this case the time
constants are of more importance than the aliasing error. Sampling the irradiance at least once
every 10 s should be adequate. For this example, a Monte Carlo simulation shows that the
typical sampling-related uncertainty in the average irradiance recorded over 1 h is on the order
of 0,5 %. This is negligible compared to typical instrumental uncertainty.
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Annex B
(informative)

Module temperature sensor selection and attachment

B.1 Objective

This annex provides guidelines for flat-plate PV module rear surface temperature measurement
sensor selection and attachment in typical installed systems.

The |sensor type and attachment method can have significant impacts on the meagured
templerature, leading to significant measurement errors. These errors are affected primar(ly by
the cpntact between the sensor and the module's rear surface, the amount and typé-of'insulation
placgd over the sensor, and the amount and type of adhesive used.

The fecommendations stated in this annex are designed to minimize deyiations from the fideal
meagurement condition while providing for secure and reliable long-term'measurements.

B.2 | Sensor and material selection

B.2.1 Optimal sensor types

Prefgrence should be given to flat probes desighed specifically for long-term sufface
meagurements. Thin-film thermocouples of types T of E are generally acceptable. Small form-
factor RTD and thermistor elements may be utilized provided air gaps are minimized Wwhen
applying the tape overlay. However, bead thermocouples, unpackaged resistive elements|, and
devidges encased in cylindrical probe heads should be avoided when possible.

B.2.2 Optimal tapes

To mlinimize errors and to weather-proof the temperature sensor, reinforcement of the sg¢nsor

sure-
sensmve S|I|cone adheswe is generally apphed to polyester tapes and is recommended

When using an overlay or tape, minimize air gaps as much as possible. Pockets of trapped air
will temper the sensor response, thus negatively impacting the performance of the
measurement system.

Temperature sensor readings may be affected by wind, causing temperature readings lower
than the cell temperature. Application of thermally insulating tape over the sensor can be used
to suppress the wind cooling effect. For this purpose, using foam resin tape with an aluminium
cover layer over the temperature sensor glued to the surface of the PV module backsheet is
introduced in IEC 60904-5.
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B.2.3 Cyanoacrylate adhesives and backsheet integrity

The use of cyanoacrylate adhesive on module backsheets should be avoided, because it is
suggested by material manufacturers that cyanoacrylate may react chemically with PET
(polyethylene terephthalate) or PTFE (polytetrafluoroethylene) backsheets, potentially resulting
in the degradation of the backsheet integrity and thereby affecting the PV module’s long-term
encapsulation performance.

B.3

B.3.1

Dired

Perm
will 1
meas

Temporary attachment is recommended when the measurement”sensor will need t

reloc
comr

B.3.2
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For thin-film modules, place the sensor within the boundary of a cell near the centre ¢

mody

B.3.3
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B.3.4
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d
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Sensor attachment

——Permanent-versus-temporary

tions are provided for both permanent and temporary attachment.

ot be removed or relocated. For instance, when including back-of-madile temper,
urements within a fielded data acquisition system.

ated or removed owing to the short-term nature of the monitoring, such as d
hissioning or periodic maintenance.

Attachment location

t a sensor location at the centre of a cell closé ‘fo the centre of the module, avo
daries between cells.

rystalline silicon modules, select the centre ‘of the centre-most cell within the modul
the module is built with even numbers:of rows or columns of cells, select one of the
st to the centre.

le, avoiding scribe lines between adjacent cells if possible.

Bifacial modules

ifacial modules, rear-side temperature sensors and wiring shall obscure < 10 % of the
y cell, and wiring.should be routed in between cells when possible.

Method

lean the.module's rear surface and sensor element of oil and dust by using lint-free V
ampened with a 70 % solution of isopropyl alcohol in distilled water. Allow all clg
irfaces to dry completely before proceeding.

anent attachment is recommended when long-term monitoring is desired-and the s¢nsor

ature

o be
uring

iding

B, or,
cells

f the

area

vipes
aned
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fach the sensor using the appropriate method:
) Permanent (see Figure B.1):

e The adhesive should be confirmed to be compatible with the back surface ma
so as to not affect the long-term integrity of the module.

e Mix a thermally conductive epoxy as per manufacturer instructions.

terial

Apply the adhesive to the side of the sensor element intended to contact the module
surface. Do not over-apply the adhesive; it should be as thin as possible yet fully
coat the surface of the sensor element.

Place the sensor element in the selected location. Manipulate the sensor to remove
air bubbles and obtain a uniform adhesive thickness.
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e Apply a polyester tape overlay to maintain the sensor position while the adhesive
cures and to provide long-term protection of the sensor element. Round die-cut
shapes are ideal as their lack of corners reduces the potential of delamination. If
round shapes are not available, significantly round the corners of the tape using
scissors.

e Allow the adhesive to cure as per the manufacturer’s instructions.

Polyester overlay
silicone adhesive

Thermally-conductive
epoxy adhesive

Sensor element

1EC

Figure B.1 — Sensor attachment, permanent

O

Temporary (see Figure B.2):

e Trim thin-film sensor encapsulation (such as/tape) to within approximately 3 mm of
the sensor element. Round all trimmed corners.

o Apply the sensor element to the centre of a round polyester adhesive dot or roujnded
polyester tape on the adhesive side. Tapes and dots fabricated with silicone adhgesive
are recommended. The sensor should stick to the tape.

o Place the sensor element in the selected location. Manipulate the sensor to remove
air bubbles.

Polyester overlay
silicone adhesive

Trimmed sensbr
encapsulated

Sensor element

IEC

Figure B.2 — Sensor attachment, temporary

Secure the sensor wire to the module's rear surface using polyester tape at 2 to 4 points to
reduce strain on the sensor element. Generally, tape sections will not need to exceed
approximately 2 cm wide by 5 cm in length. Use as little tape as possible to secure the lead
wires (see Figure B.3).


https://iecnorm.com/api/?name=7be88a2a4405b5028f2f13af88068c8d

IEC 61724-1:2021 © |IEC 2021 -51-

Sensor element

Tape reinforcement

| (2to4)

IEC

Figure B.3 — Sensor element wire strain relief

|
T

pr RTDs or thermistors, the measurement circuit may require a,completion resistor. In this
hse select a resistor with a low temperature coefficient, e.g. A0 parts per million pef °C.

[¢)
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Annex C
(normative)

Soiling measurement using clean and
soiled PV reference device pair

Overview

This annex describes a method for measuring soiling losses by comparing two PV reference

devides,
arrayl and the other of which is routinely cleaned and serves as a reference.

C.2 | Equipment

Implgmentation of the method requires the following:

c)

d)
e)

For ifems c) and.d), in between measurements, the measurement system shall not hol
module in an electrical state which may cause degradation or metastable drift of the de
Therefore,“typical crystalline silicon modules should be held at open-circuit (or max pow

device, which is allowed to accumulate soiling at the same rate-as the PV array. The s
bvice may be either a PV reference cell or PV module, but should preferably be

module that is identical to or representative of those used(in-the PV array to be moni
b that it will soil at the same rate. It shall be mounted in"the same plane as and 4
verage height of the PV array, preferably with identicaDmounting mechanisms.

d
s
a
Alreference PV device (either monofacial device or bifacial device), designated the “c
d
e

ther a PV reference cell or PV module,, but shall have similar spectral and an
résponse to the soiled device. The effect of any differences in response should be incl
i the measurement uncertainty. The clean device shall be mounted close to the s
dpvice and co-planar to it within 0,5°. Cleéaning may be performed either manually or |
alitomated system and should be done“daily or at least once per week. For a bifacial dg
bpth the front side and rear side shall be cleaned.
A
c

measurement system for measuring the maximum power (method 1) and/or short-g
irrent (method 2) of the soiled device. Maximum power may be measured using |-V
tracing or max-power-pojnt-tracking electronics.

measurement system for measuring the short-circuit current of the clean device.

A
Almeasurement system for measuring the temperatures of both the soiled and clean de
uping temperature)sensors affixed to their rear surfaces.

PV

Al reference PV device (either monofacial device or bifacial device), designated the “soiled”

oiled
a PV
tored
t the

ean”’

bvice, which is regularly cleaned so that it is kept free of soiling. The clean device may be

gular
uded
oiled
Dy an
vice,

ircuit

rurve

vices

H the
vice.
er) in

betwgen measurements, to avoid hot spot generation, while typical thin film modules sho
held | atvshort circuit (or max power) in between measurements. Observe the module
manufacturer’s directions as needed to choose the appropriate hold state.

Id be

For tracking systems, the soiled and clean devices shall be mounted in the module plane of the
tracker.

C.3 Normalization

a)

Choose a reference condition of irradiance and PV device temperature, e.g. STC.

b) Determine a reference value for the short-circuit current of the clean device at the
designated reference condition. It is sufficient to use the manufacturer’s datasheet values.

Additional measures may need to be considered for bifacial reference PV devices.
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c) Using the clean device to measure irradiance, determine reference values for the max power
(method 1) and/or short-circuit current (method 2) of the soiled device at the reference
condition as follows:

Completely clean the soiled device.

Simultaneously measure the soiled device maximum power and/or short-circuit current

and temperature as well as the clean device short-circuit current and temperature.

Using the clean device measured short-circuit current and temperature, with the

reference data determined in step b), calculate the effective irradiance.

Using this calculated irradiance and the measurements for the soiled device, calc
the maximum power and/or short-circuit current of the soiled device corrected t

ulate
the

Cc.4

Perfd
a) S
d

b) G

o
a
d) O
e
C.5

Perfd
a) S
d

b) G

th
c) G
in
C

d) O
a

C.6

reference condition of irradiance and temperature.
Measurement method 1 — max power reduction due to soiling

rm the measurement as follows:
imultaneously (within 2 s) measure the short-circuit current and temperature of the
bvice and the max power and temperature of the soiled device.

alculate the effective irradiance from the values for the clean dévice measured in a),
e reference values determined in Clause C.3.

alculate the expected max power of the soiled device.atthe irradiance determined
nd the temperature measured in a), using the referenée values determined in Clause

alculate the soiling ratio SR by dividing the soiled device max power measured in a)
Kpected max power calculated in c).

Measurement method 2 — short-circuit current reduction due to soiling

rm the measurement as follows:
imultaneously (within 2 s) measure the short-circuit current and temperature of the
bvice and the short-circuit current and temperature of the soiled device.

alculate the effective irradiance from the values for the clean device measured in a),
e reference values determined in Clause C.3.

b) and the temperature measured in a), using the reference values determined in C
3.

alculate the'soiling ratio SR by dividing the soiled device short-circuit current measur
by its expected short-circuit current calculated in c).

Non-uniform soiling

Clean
Ising
in b)

C.3.
Dy its

clean

Lsing

alculate the expected.short-circuit current of the soiled device at the irradiance deternpined

ause

ed in

Using a full-sized PV module with Method 1 (max power reduction, Clause C.4) yields more
accurate results because it best represents the actual power loss due to soiling, and in particular
it produces more accurate results when soiling is non-uniform across the modules, especially
for typical crystalline silicon modules. Method 2 (short-circuit current reduction) may be
adequate when soiling is assumed to be uniform across the modules or when the effects of
soiling non-uniformity on the ratio of maximum power to short-circuit current are known to be
small due to the construction or device physics of the module, e.g. for typical thin film modules.
Both methods may be employed simultaneously and the most appropriate value or a weighted
average may be used.
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Daily average value

2021

The soiling ratio measured by the method described above is an instantaneous value. The
instantaneously measured soiling ratio tends to show a time-of-day dependence due to residual
angular misalignment of the two reference devices as well as angle-dependent light scattering
from soiling particles. In addition, the instantaneously measured values typically show noise
due to irradiance fluctuations and other factors. Therefore, the instantaneously measured
values shall be integrated to compute a daily average value.

Computation of daily average may be performed either by:

a)

a
b) s
s
a

If av
filter
time
pass
shou
shou
devig
noon
systq

C.8

The pormalization step in Clause C.3 shall be'repeated at least annually.

Immd
soilin
the s
repe

veraging the instantaneously calculated soiling ratios over a daily period, or

IUmming the measured max power and expected max power (see Clause C.4) ormeas
nort-circuit current and expected short-circuit current (see Clause C.5) over a daily p
hd calculating the ratio of the of the sums of measured to expected values

raging the instantaneously measured soiling ratios per choice a), theydata should fin
d to exclude low irradiance and outliers and/or to limit the measured’values to a sp
window that minimizes the effects of angular misalignment. The humber of data p
ng the filter should be recorded as a quality metric and calculation of the daily ave

d be irradiance-weighted. When angular misalignment  between the clean and s
es has been limited to 0,5°, the averaging should include/only times within £2 h of

, on a fixed tilt system, or all times when solar angle ofincidence is < ~35°, on a tra
m. The time window can be extended if angular misalignment is reduced.

Renormalization

diately following the normalizatiofy or following any significant rainfall, the meas
g ratio should be close to unitys Significant deviation from unity indicates a problem

ted if necessary.

ured
eriod

st be
bcific
oints
rage

d only be performed when a sufficient number of data points are valid. The averaging

oiled
solar
Cking

ured
with

tup. This can be used as a,check of the normalization, so that the normalization may be
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Annex D
(informative)

Derate factors

Derate factors quantify individual sources of loss with respect to the nameplate's DC power
rating.

Derates may be defined as a series of multiplicative factors contributing to the performance
ratio, PR, according to the relation:

N
PR=Y;/ Y, = [ [ DR D.1)
k=1

wherp the DR, are N individual derates corresponding to different |oss“mechanisms, ang are
given by:

DR, =Y, Y, D.2)

Here|Y, is the system yield with loss mechanisms:{:through k operational, given by:

Y, = Yor—L, .3)

wherg L, is the yield loss due toloss mechanism k. Y, corresponds to Y, and Y, corresponds to
Y

The pumber of derate factors may be adjusted for different purposes, depending on the syistem
size and analysis goals:

Catefgorizing alf)losses as either array capture or BOS losses, Formula (D.1) may be writtgn as:

PR = DRcapture * DRpos P-4)

Here DR represents the combined array capture losses, given by:

capture

DRcapture = YA/ Yr = (Yr_LC)/ Yr (D-5)

and DRggg represents the combined BOS losses, given by:

DRgog = Yi/ Ypo = (YA —Lgosg) / YA (D.6)
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As an aid to performance diagnosis, DR;,,1,re @aNd DRgog May each be rewritten as products
of derates corresponding to individual contributing loss mechanisms within the capture and BOS
categories. Determination of these contributing derate factors may be done through direct
measurement (for example, by measuring energies into and out of specific components of the
system during the reporting period, or by measuring specific loss mechanisms such as soiling)

and/or modelling (for example, by fitting a performance model to the measured data within the
reporting period).
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Annex E
(normative)

Systems with local loads, storage, or auxiliary sources

E.1 System types

Figure E.1 illustrates major possible elements comprising different PV system types and energy
flow between the elements. Bold lines highlight a system configuration that includes local

ada

energy-sterage-ancHocaHoads:
e e R e S i i i M -
i - . . <0
3 : 1 H [ H o
! i Backup i Other RNE Load(s) H Lt I
: i source(s) i i source(s) ;i on AG : JUlity i
i i onAC i | onAC i il gridline i
: . S . ; |
I 0 h o i H
: Iguac: VBUac é Ppyac § PREac Llac Mac | PLac e, PTGT lIFG, P'G:
i Pl ol 7L doo PTL doo !
. : : (R : i
! R N — O S 76 ;
| G |
i_ AL ITB,acv PTB,ac ;
\-_ _________________________________________________________ I e e N - - e = ——————— -
VPac T
1 ,V P
IFPac' PFPac T l ITPac' PTPac Aac,ac’ * Aac, ac Aac,aq
PCE-BDI i PCE-GCI
Ip, PTPT l Irp, Prp Padc, ac T Iadc, acf
V)
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G, . S -
i DE ;
I e ) i
b Lo | Tgudo | 4 ! e H Zade, do !
s VBUdc Ire Prs |fve, Pra P Vade, do !
[ Plac Ppuge " PrEdc TS TS T Ade,do i
i !
b Vo H : i
P Load(s) i § Baekiup ‘ i Other RNE ’ E : ‘ :
[ i i sbuice(s) i i source(s) i nergy PV arra i PVarray | |
i i| onDC i 1 ponDC P onDC | storage y : y : :
oy Y : : 4 H I
W e - -- ” ./.'
¥ N 5
e
S S IEC
Key
RNE renewable energy
PCE power conditioning equipment
BDI bi-directional inverter
GCl grid-connected inverter

Figure E.1 — Energy flow between possible elements of different PV system types

For this annex, we consider the different PV system types listed in Table E.1, each including
the indicated elements.
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Table E.1 — Elements of different PV system types

System type
System element Grid tied Grid tied with | Grid tied with Mini-grid Micro-grid
storage storage and
backup

PV array (DC) N N
PV array (AC) v N N N N
Energy storage (DC) \/ N N N
PCU (GCl) y N N N J
PCU|(BDI) N N N J
Utility grid line v v v v
Load(s) (DC) N J N J
Load(s) (AC) N J N J
BacK-up sources (DC) N N N
Other RNE sources (DC) v 4/ N
BacK-up sources (AC) N N N
Other RNE sources (AC) v N N
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Suppression des systémes de surveillance de classe C.
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e Mise a jour de différentes exigences, recommandations et notes explicatives.
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abouti a son approbation.
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INTRODUCTION

Le présent document définit les classes de systémes de surveillance des performances des
systémes photovoltaiques (PV) et donne des recommandations relatives au choix des systémes

de surveillance.

La Figure 1 représente des éléments majeurs de différents types de systémes PV. Les
principaux articles du présent document sont rédigés pour les systémes raccordés au réseau
électrique sans charge locale, stockage d’énergie ou source auxiliaire, comme cela est
représenté par les lignes en gras a la Figure 1. L’Annexe E donne quelques informations

relatives_aux ch’rbmm avec des r‘nmpncnnh nnmplémpnfnimc

Les ¢
dem

roupes photovoltaiques pris en considération dans ce document peuvent étre-const
pdules plans montés sur support fixe ou sur suiveur solaire. Les systémes a goncentr

sont pussi pris en considération.
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Légende:

RNE: énergie renouvelable (renewable energy);

PCE: matériel de conditionnement de puissance (power conditioning equipment);
BDI: onduleur bidirectionnel (bi-directional inverter);
GCI: onduleur raccordé au réseau électrique (grid-connected inverter).

Les lignes en gras indiquent un systéme simple raccordé au réseau électrique sans charge locale, stockage d’énergie

ou source auxiliaire.

Figure 1- Eléments possibles des systémes PV
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Les objectifs d'un systéme de surveillance de la performance sont variés et peuvent
comprendre la comparaison des performances afin de concevoir les attentes et les garanties,

ainsi

que la détection et la localisation des pannes.

Pour comparer les performances afin de concevoir les attentes et les garanties, il convient de
concentrer l'attention sur les données au niveau du systéme et sur la fidélité entre les
prédictions et les méthodes d'essai.

Pour détecter et localiser les pannes, il convient qu’il y ait une plus grande résolution dans les
sous-niveaux du systéme et que I'accent soit mis sur la répétabilité du mesurage et les mesures
de corrélation.

Il cor

vient d’adapter le systéme de surveillance a la taille du systéme PV et aux exigenece

utilispateurs. En régle générale, il convient que les systémes PV les plus grands sqient éq
de davantage de points de surveillance et de capteurs de plus grande exactitude par ra

aux §

ystémes PV plus petits et moins colteux.

5 des
lipés
pport
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PERFORMANCES DES SYSTEMES PHOTOVOLTAIQUES -

Partie 1: Surveillance

1 Domaine d’application

2021

La présente partie de I'|EC 61724 présente une terminologie, des équipements et des méthodes

relatifs a la surveillance des performances et a I'analyse des systémes photovoltaiques

Elle §

2

Les g
de l6
I'édit
référ

IEC 60050-131, Vocabulaire électrotechnique international — Pdrtie 131: Théorie des circ

IEC
phot

IEC 60904-5, Dispositifs photovoltaiques — Partie’5: Détermination de la température de ¢

équiy
ouve

bert également de base a d’autres normes qui s’appuient sur les données collectées.

Références normatives

ocuments suivants sont cités dans le texte de sorte qu’ils constituent, pour tout ou [
ur contenu, des exigences du présent document. Pour les références datées,
on citée s'applique. Pour les références non datées, la derniére‘\édition du docume
bnce s'applique (y compris les éventuels amendements).

0904-2, Dispositifs photovoltaiques — Partie 2;,~Exigences applicables aux dispd
voltaiques de référence

alente (ECT) des dispositifs photovoltaiques (PV) par la méthode de la tension en g
rt

PV).

artie
seule
nt de

its

sitifs

bllule
ircuit

IEC 60904-7, Dispositifs photovoltaiques — Partie 7: Calcul de la correction de désadapfiation

des 1

IEC 61215 (toutes les parti€es);” Modules photovoltaiques (PV) pour applications terrest

Qual

éponses spectrales dans les mesures de dispositifs photovoltaiques

fication de la conception et homologation

IEC

1000 V c.a. et 1 500~V c.c. — Dispositifs de contréle, de mesure ou de surveillance de me
de protection =y PRartie 12: Dispositifs de comptage et de surveillance du réseau élect]
(PMLDp)

IEC TS641724-2, Photovoltaic system performance — Part 2: Capacity evaluation mg
(disppnible en anglais seulement)

1557-12, Sécurité électrique dans les réseaux de distribution basse tension ju

res -

squ’a
bures
rique

bthod

IEC TS 61724-3, Photovoltaic system performance — Part 3: Energy evaluation method
(disponible en anglais seulement)

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

IEC 62053-22, Equipement de comptage de 'électricité — Exigences particuliéres — Partie 22:
Compteurs statiques d'énergie active en courant alternatif (classes 0,1 S, 0,2 Set 0,5 S)

IEC 62670-3, Concentrateurs photovoltaiques (CPV) — Essai de performances — Partie 3:
Mesurages de performances et rapport de puissance
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IEC 62817:2014, Systemes photovoltaiques — Qualification de conception des suiveurs solaires

Guide ISO/IEC 98-1, Incertitude de mesure — Partie 1: Introduction a I'expression de
l'incertitude de mesure

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

ISO 9060:2018, Solar energy — Specification and classification of instruments for measuring
hemispherical solar and direct solar radiation (disponible en anglais seulement)

ISO 1)488, Energie solaire — Vocabulaire

3 Termes et définitions

Pour| les besoins du présent document, les termes et définitions de. 'I'lEC 600501131,
I''EC|TS 61836, I''SO 9488, ainsi que les suivants s'appliquent.

L'ISO et I'EC tiennent a jour des bases de données terminologiques destinées a étre util|sées
en ngrmalisation, consultables aux adresses suivantes:

o |EC Electropedia: disponible a I'adresse http://www.electcopedia.org/

e |30 Online browsing platform: disponible a I'adressé<http://www.iso.org/obp

31
échT;tillon
donnges acquises a partir d’un capteur ou d’up, dispositif de mesure

3.2
interyalle d’échantillonnage
interyalle entre deux échantillons

3.3
enregistrement
donnges enregistrées et stockées

3.4
interjalle d’enregistrement
T
interyalle entre)deux enregistrements

3.5

rapport
valeur totale calculée d’aprés une série d’enregistrements

3.6
période de suivi
intervalle entre deux établissements de rapport

3.7
face avant
cbté d'une surface généralement orienté vers le ciel

3.8
face arriére
co6té d'une surface généralement orienté vers le sol
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3.9
dispositif PV monoface
dispositif PV dans lequel seule la face avant est utilisée pour la production d’énergie

3.10

dispositif PV bifacial

dispositif PV dans lequel la face avant et la face arriére sont utilisées pour la production
d’énergie

3.11
coefficient de bifacialité

P
rapport entre la caractéristique |-V de la face arriere et de la face avant d'un dispositif bifacial,
en rdgle générale dans les conditions normales d'essai, sauf spécification contraire

Note 1 a I'article: Les coefficients de bifacialité incluent le coefficient de bifacialité sous courant de court{circuit
®\sc» P coefficient de bifacialité sous tension en circuit ouvert ¢, et le coefficient de bifacialité sous puigsance

maxinfale gp .
Note 2 a l'article: L'IEC TS 60604-1-2 définit les coefficients de bifacialité.

3.12
éclaijrement énergétique
G

flux de rayonnement incident sur une unité de surface

Note {1 a l'article: Exprimée en W-m™2,

3.13
éclaijrement énergétique dans le plan
G; oy POA

somme des éclairements énergétiquesdirects, diffus et réfléchis, incidents sur la face avant
d’'ung surface paralléle au plan des modules du groupe PV, également appelé éclairgment
énergétique dans le plan du groupé photovoltaique (POA)

Note { a l'article: Exprimée en Wfm; .

Note 2 a I'article: L'abréviation,"POA" est dérivée du terme anglais développé correspondant "plane-of-arrayf".

3.14

albédo horizontal

PH

prop¢rtion delumiére incidente réfléchie par le sol, mesurée dans un plan horizontal
Note 1 @Warticle: 1l s’agit d'une propriété du sol et d'une grandeur sans unité sur une échelle de 0 a 1.
3.15

coefficient d’éclairement énergétique arriére dans le plan

Pi

rapport de I’éclairement énergétique incident sur la face arriere des modules dans le groupe
PV a I’éclairement énergétique incident sur la face avant

Note 1 a l'article: |l s’agit d'une grandeur sans unité, mais elle peut dépasser la valeur de 1 puisque, en plus de la
lumiére réfléchie, les composantes diffuses et réfléchies de la ressource solaire peuvent étre mesurées a l'arriere
du plan du groupe.
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3.16

coefficient d’éclairement énergétique arriére dans le plan adapté spectralement

SP
Pi

rapport d’éclairement énergétique arriere dans le plan défini en 3.15 lorsque les deux grandeurs
d’éclairement énergétique sont mesurées a 'aide d'un dispositif de référence dont le spectre
est adapté ou avec l'application de corrections spectrales selon I'lEC 60904-7

3.17

dispositif de référence dont le spectre est adapté
dispositif de référence, par exemple une cellule ou un module PV, dont les caractéristiques de

répo

se spectrale sont suffisamment proches de celles des modules PV du groupe PV

pour

que
incid

3.18
éclai
real
Gli
somr
d’und

es erreurs de désadaptation spectrale soient petites dans la plage type des spe
bNnts

rement énergétique arriére dans le plan
ou POA™®?"
ne des éclairements énergétiques directs, diffus et réfléchis, incidents sur la face a

énergétique dans le plan du groupe photovoltaique de la face arriere

Note

Note 2
Grear g
L

3.19
disp
dispg

prop
arrie

3.20
facte
BIF

facte
dela
la fag

Note

Note 2

a l'article: Exprimée en W-m™2.

a l'article: (Si elle est mesurée au moyen du coefficient d’éclairement énergétique arriére dans le
pi X GouGle = pff x G;.

bsitif de référence bifacial

sitif PV bifacial (une cellule ou un module, par exemple) ayant sensiblement les m
iétés relatives a la réponse a I'éclairement énergétique de la face avant et de la
e que les modules bifaciaux a surveiller

ur d’éclairement énergétique bifacial

ur sans unité qui peut étresmultiplié directement par I'éclairement énergétique dans le

face avant (Gj) pour.calculer I'éclairement énergétique "effectif" qui atteint en méme t
e avant et la facearriere d’un dispositif bifacial

alarticle: BIR=.1+ @pmax X P;)OU BIF? = (1 + @ppar X pi¥). Voir 3.11, 3.15, 3.16.

a l'articlex“L’éclairement énergétique dans le plan de la face arriere du groupe photovoltaique pe

mesuré en mémestemps que I'éclairement énergétique dans le plan de la face avant du groupe photovoltaid

utilisa
convig

ht uncdispositif de référence bifacial. Dans ce cas, BIF = G/ "¢/ ""* . G, Pour des raisons de cohére

nt/de mesurer I'éclairement énergétique dans le plan de la face avant du groupe photovoltaique a I'a

méme

ctres

riere

surface parallele au plan des modules du groupe PV, également appelé éclairgment

plan):

Emes
face

plan
Emps

t étre
ue en
nce, il
de du

type de dispositif que le dispositif de référence bifacial ou d’un type similaire.

Note 3 a I'article: L’éclairement énergétique "effectif" peut comprendre I'effet des inhomogénéités de I'éclair
énergétique arriére.

ement

Note 4 a I'article: L'abréviation "BIF" est dérivée du terme anglais développé correspondant "bifacial irradiance

factor'

3.21
éclai
GHI

rement énergétique horizontal global

éclairement énergétique direct et diffus incident sur la face avant d’'une surface horizontale

Note 1 & l'article: Exprimée en W-m™2,

Note 2 a I'article: GHI = DNI-cosZ + DHI ou Z est I'angle zénithal du soleil.
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Note 3 a l'article: L'abréviation "GHI" est dérivée du terme anglais développé correspondant "global horizontal
irradiance".

3.22
circumsolaire
entourant immédiatement le disque solaire

3.23
éclairement énergétique normal direct

DNI

éclairement énergétique rayonné par le disque solaire et la région circumsolaire du ciel dans
un angle solide sous-tendu de 5° incident sur une surface plane perpendiculaire aux rayons du
solei

Note 1 a I'article: Exprimée en W-m=2,
Note 2 a I'article: GHI = DNI-cosZ + DHI ou Z est I’angle zénithal du soleil.

Note 3 a l'article: L'abréviation "DNI" est dérivée du terme anglais développé correspondant "direct npormal

irradignce".

3.24
contribution circumsolaire

contribution d’'une partie spécifique de I'éclairement énergétique normal circumsolajre a
I’écldirement énergétique normal direct. La contribution cireumsolaire fait référence g une
région angulaire spécifique en forme d’anneau décrite par@ne distance angulaire intériegre et
extérnieure par rapport au centre du soleil (voir ISO 9488)

Note 1 a l'article: Si I'angle intérieur décrivant cette région_angulaire est le demi-angle du disque solajre, la
contripution circumsolaire est également appelée coefficient circumsolaire.

Note 2 a l'article: En fonction de l'instrument de mesure de I'éclairement énergétique circumsolaire ou|de la
technglogie solaire utilisée, différentes plages de longueurs d’onde sont incluses. Afin de décrire correctement
I’éclaifement énergétique circumsolaire, la plage délongueurs d’onde ou la réponse spectrale de I'instrument|ou de
la technologie solaire utilisée doivent étre spécifiées.

3.25
coefficient circumsolaire
fraction d’éclairement énergétique normal direct (DNI) mesuré émanant de la rg¢gion
circumsolaire du ciel, c’est-a-dire, dans I'ouverture angulaire du capteur de DNI mais hofs du
disqye solaire

3.26
forme solaire (sunshape)
profill de la lupfinance énergétique moyenne azimutale en fonction de la distance angulairg par
rapport au centre du soleil, normalisé a 1 au centre du soleil, et en tenant compte de la plage
de lohgueurs d’onde du rayonnement a ondes courtes (voir ISO 9488)

3.27
éclairement énergétique horizontal diffus

Gq ou DHI

éclairement énergétique global sur la face avant d'une surface horizontale excluant la partie

émanant du disque solaire et de la région circumsolaire du ciel dans un angle solide sous-tendu
de 5°

Note 1 & l'article: Exprimée en W-m™2,
Note 2 a l'article: GHI = DNI-cosZ + DHI ou Z est I'angle zénithal du soleil.

Note 3 a l'article: L'abréviation "DHI" est dérivée du terme anglais développé correspondant "diffuse horizontal
irradiance".
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3.28

éclairement énergétique direct dans le plan

Gip

éclairement énergétique incident sur la face avant d'une surface paralléle au plan des modules
du groupe PV, émanant du disque solaire et de la région circumsolaire du ciel dans un angle
solide sous-tendu de 5°

Note 1 & l'article: L’éclairement énergétique direct dans le plan Gy, = cos(8) X DNI, ou 6 est I'angle entre le
soleil et la perpendiculaire au plan. Lorsque le plan du groupe photovoltaique est perpendiculaire au soleil,
G;p, = DNI.

Note 2 a 'article: Exprimée en W-m™2.

3.29
irradiation
H
intégration de I’éclairement énergétique sur un intervalle de temps donné

Note 1 a I'article: Exprimée en kW-h-m~2.

3.30
conditions normales d'essai
STC
éclaifement énergétique dans le plan 1 000 W m2, incidence normale, température de jonction
de cgllule PV 25 °C et éclairement énergétique spectral de‘référence défini dans I'lEC 60904-3

Note 1 a l'article: L'abréviation "STC" est dérivée du terme~anglais développé correspondant "standarf test

conditjons".

3.31
coefficient d’encrassement
coefficient de salissure

SR
rapport de la puissance réelle de “sortie du groupe PV dans des conditions données
d’engrassement a la puissance prévue dans le cas ou le groupe PV est propre et exempt de
tout ¢ncrassement

Note 1 a I'article: L'abréviation "SR*est dérivée du terme anglais développé correspondant "soiling ratio".

3.32
niveau d'encrassemeént
SL
pertg de puissance fractionnaire due a I'encrassement, obtenu par 1 — SR

Note | a I'article: L'abréviation "SL" est dérivée du terme anglais développé correspondant "soiling level".

3.33
taux d’encrassement

taux de changement du coefficient d’encrassement, exprimé en régle générale en pourcentage
quotidien

3.34

puissance active

P

en régime périodique, moyenne, sur une période, du produit instantané de courant et de tension

Note 1 a I'article: En régime sinusoidal, la puissance active est la partie réelle de la puissance complexe.

Note 2 a I'article: Exprimée en W.
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3.35
puissance apparente

S

2021

produit des valeurs efficaces de la tension électrique aux bornes d’un bipble, élémentaire ou

non

, et du courant électrique dans le bipdle

Note 1 a I'article: En régime sinusoidal, la puissance apparente est le module de la puissance complexe.

Note 2 a l'article: Exprimée en VA.

3.36
facteur de puissance

A

en rggime périodique, rapport de la valeur absolue de la puissance active P a la_puiss

app

A=ty

4

arente S:

i
k

Classification des systémes de surveillance

Le piésent document définit deux classifications des systémes de surveillance, la Classsg
la Classe B.

La Classe A est dédiée aux grands systémes PV, tels{que les centrales a I’échelle d’un ré

pub

lic de distribution ou les grandes installations commerciales.

La Classe B est dédiée aux systéemes plus petits comme ceux installés sur les toits o
installations commerciales de petite ou moyenne taille.

Les
app

utilisateurs du document peuvent’ spécifier la classification la plus adaptée a
lication, indépendamment de la taille du systéme PV.

La clpssification des systémes.de surveillance doit étre indiquée dans toutes les déclarg
de cgnformité au présent document.

Tou
une

classification (particuliéere. Lorsqu’aucune désignation n’est indiquée, les exigg

s’appliquent aux_deux classifications.

5

5.1

Généralités

ance

A et

seau

u les

leur

tions

tlau long du présent‘document, certaines exigences sont désignées comme s’appliqugant a

nces

Eidélité et i itude d

La fidélité de mesure fait référence a la répétabilité et a la résolution, dont le sens est défini

dan

s I'lEC Electropedia.

L’incertitude de mesure fait référence a I'exactitude. Son sens est par ailleurs défini dans
I'lEC Electropedia.

Les

incertitudes de mesure peuvent étre calculées comme cela est indiqué dans le
Guide ISO/IEC 98-1 et le Guide ISO/IEC 98-3.
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5.2 Etalonnage

Le réétalonnage des capteurs et de I'électronique de traitement du signal doit étre effectué
selon les recommandations du fabricant ou a des intervalles plus fréquents lorsque cela est
spécifié dans la norme.

Il est recommandé d’effectuer régulierement des contre-vérifications de chaque capteur par
rapport aux capteurs de méme type ou aux dispositifs de référence afin d’identifier les capteurs
non étalonnés.

5.3 Eléments répétés

SeI0||1 la taille du systéme et les exigences des utilisateurs, le systéme de surveillance|peut
comgrendre une redondance des capteurs et/ou la répétition d’éléments de détéction|pour
diffélents composants ou différentes sous-sections du systéme PV global. En_censéquénce,
les ppramétres mesurés et calculés définis dans le présent document peuventavoir plusfieurs
instapces, chaque instance correspondant a une sous-section ou a un sgus-composant du
systgme PV.

5.4 | Consommation d’énergie

La pyissance parasite tirée par tout systeme exigé pour le fonctionnement de la centrale BV ne
doit pas étre considérée comme une charge fournie par la ceptrale.

5.5 Documentation

Les |particularités de tous les composants du“¢systéme de surveillance doivent| étre
documentées. Toute inspection et toute maintenance du systéme, y compris le nettoyage,
doivgnt étre documentées.

5.6 | Inspection

Le systéme de surveillance doit faire~llobjet d'une inspection au moins une fois par an, et de
préfédrence a des intervalles plus-fréquents. Il convient que linspection recherche les
dommages, les détériorations oules déconnexions des capteurs et des enveloppes électriques,
I’encfassement ou le déplacement des capteurs optiques, les connexions de cablage laches, le
détaghement des capteurs de’température, I'effritement des fixations et les autres problemes
potemtiels.

6 Temporisation’et rapport de I’acquisition des données

6.1 | Echadtillons, enregistrements et rapports

La Figure-2 représente les relations entre échantillons, enregistrements et rapports.

Un échantillon consiste en des données acquises a partir d’'un capteur ou d’un dispositif de
mesure. L’intervalle d’échantillonnage est le temps écoulé entre deux échantillons. Il n’est pas
nécessaire de stocker les échantillons de maniére permanente.

Un enregistrement consiste en des données introduites dans un stockage de données, sur la
base des échantillons acquis. L’intervalle d'enregistrement, noté  dans le présent document,
est le temps écoulé entre les enregistrements. Il convient que l'intervalle d’enregistrement soit
un nombre entier multiple de l'intervalle d’échantillonnage, et il convient que 1 h contienne un
nombre entier d'intervalles d’enregistrement.

La valeur du parameétre enregistré pour chaque enregistrement est la moyenne, le maximum,
le minimum, la somme ou toute autre fonction des échantillons acquis pendant I'intervalle
d’enregistrement, selon le cas pour la grandeur mesurée. L’enregistrement peut également
inclure des données supplémentaires telles que des statistiques complémentaires relatives aux
échantillons, le nombre de points de données manquants, les codes d’erreur, les transitoires
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et/ou d’autres données présentant un intérét particulier. (Pour les enregistrements de données
relatives au vent, voir 9.3).

Un rapport est une valeur agrégée couvrant plusieurs intervalles d’enregistrement. La période
de suivi est l'intervalle entre deux établissements de rapport. En régle générale, la période de

suivi

choisie se compte en jours, en semaines, en mois ou en années.

rstosa SR AARAARIAARMASRIAARIAARMARRAARARRAASRIARRIAARIARS

de données) | | _ Intervalle d’échantillonnage
B

Enregi(strements ? ? ? ? ? ? ? ? ? ? ?

Stockage
de données)

Intervalle d’enregistrement (1)

Rapports ? ?

(Parametres et
métriques

‘ Période de suivi
succincts) [

y_

Temps
IEC

Figure 2 — Echantillons, enregistrements et rapports

Le T
et au

bleau 1 répertorie les valeurs maximales correspondant aux intervalles d’échantillon
intervalles d’enregistrement.

nage

L’Annexe A donne de plus amples informations relatives a l'intervalle d’échantillonpage.

L’intgrvalle d’échantillonnage maximal pour la classe A est plus long que les constantes

de t
élect
en cq

Les 1
s'apq

fondgs sur les satellitesizdés intervalles plus longs, pouvant aller jusqu’a 1 h, peuvent

utilis
pour
par ¢

mps du signal et de l'instrument-pour I'éclairement énergétique, le vent et la puiss
nsidération les systémes courants d’acquisition de données.

ecommandations indiquées relatives a I’échantillonnage et a ’intervalle d’enregistre]

Bs. Un instrumentpour mesurages au sol exige des prélévements fréquents d’échant

xemple dans\des conditions partiellement nuageuses, alors que I'estimation par sat

ypes
ance

rique. Cependant, la valeur de 'intervalle est choisie pour des raisons pratiques en prg¢nant

ment

liquent aux mesurages-au sol sur site. Pour les mesurages d’éclairement énergétique

étre
llons

la génération d’'une moyenne temporelle valide au cours d’un intervalle d’enregistrement,

ellite

utilise la moyethe spatiale de nombreux pixels dans une seule image en remplacement de la
moygnne temporelle.

Tahleau — Exigences relatives aux intervalles d’échantillonnage et d’enregistrement

Classe A Classe B
Haute exactitude Exactitude moyenne

Intervalle maximal d’échantillonnage

Concernant I’éclairement énergétique, la température, le vent 55 1 min

et la puissance électrique

5 min
Intervalle maximal d’enregistrement 15 min
(1 min — recommandée)

6.2

Horodatages

Chaque enregistrement et chaque rapport doivent inclure un horodatage.



https://iecnorm.com/api/?name=7be88a2a4405b5028f2f13af88068c8d

IEC 61724-1:2021 © |IEC 2021 - 85—

Les données relatives a 'horodatage doivent comprendre la date et I’heure correspondant au
début ou a la fin de I'intervalle d’enregistrement ou de la période de suivi. Le choix de l'intervalle
doit étre spécifié.

Il convient que I'heure se référe a 'heure normale locale (pas a I'heure d’été) ou au temps
universel, afin d’éviter les changements d’heures hiver/été. Le choix de I’heure doit étre
spécifié.

Un nouveau jour doit débuter a minuit, exprimé comme suit: 00:00:00.

positlonnement mondial (GPS - global positioning system) ou un protocole de synchronisation
réseau (NTP - network time protocol).

6.3 | Noms de paramétres

Pour| assurer la cohérence de I'extraction des données sur plusieurs plateformes, il est
reconmandé d’utiliser des noms de paramétres normalisés. Les noms normalisés| des
:Fétres qui figurent dans le présent document sont répertoriés dans le document de
tions des données de taxonomie Orange Button Taxonomy-Data Definitions.

7 Mesurages exigés

Le Tableau 2 présente les paramétres mesurés définis dans le présent document ainsi qu’un
résumé des exigences de mesure.

L'objet de chaque parametre de surveillance est présenté dans le Tableau 2 afin de guider
I'utilisateur. De plus amples informations ainsi que des exigences supplémentaires |sont
fournlies dans les paragraphes références.

Une [coche (V) dans le Tableau'2-indique un parameétre dont le mesurage est exigé sur| site,
qualifié par des notes spécifigues, le cas échéant.

Le symbole "R" dans le.Tableau 2 indique un paramétre qui peut étre déterminé d’apréls les
donnges météorologiques a distance ou les données satellites, en lieu et place d’'un mesyrage
sur sjte.

Le Tableau 2-présente le nombre minimal de capteurs sur site lorsque cela est exigé. Dans de
nombreux «cas, cela est représenté par un facteur multiplié par un des multiplicateurs du
Tablg¢au 3.)Lorsqu’aucun nombre n’est indiqué, seul un capteur est exigé, bien que des
captiurs redondants soient généralement conseillés.

Lorsque plusieurs capteurs sont exigeés, ils doivent étre répartis sur la centrale PV a des
emplacements représentatifs ou placés au niveau des points de surveillance indiqués dans le
tableau lorsque cela est spécifié. Si la centrale comprend plusieurs sections qui relévent de
différents types de technologies ou de géographies locales sensiblement différentes ou d’autres
caractéristiques de fonctionnement, alors au moins un capteur doit étre placé dans chacune de
ces sections et des capteurs supplémentaires doivent étre ajoutés, si besoin, pour satisfaire a
cette exigence.

Les cellules vides du Tableau 2 indiquent des paramétres facultatifs qui peuvent étre choisis
pour satisfaire a des exigences spécifiques a un systéme ou a des spécifications de projets.
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Tableau 3 — Multiplicateur référencé dans le Tableau 2

Taille du systéme (courant alternatif)
Multiplicateur
MwW
<40 2
>40a<100 3
=100 a < 300 4
> 300 a < 500 5
> 500 a <700 6
=700 7, plus 1 pour chaque palier de 200 MW
supplémentaire

8 Eclairement énergétique

8.1 | Types de capteurs

Les approches pour le mesurage de I’éclairement énergétique sur'site au sol comprennent les
poss|bilités suivantes:

esurer 'éclairement énergétique solaire hémisphérique.a bande large, indépendant de la
stribution spectrale ou angulaire. Les instruments{destinés a ce mesurage sont clgssés
bmme pyranometres, quel que soit le type de technologie.

M

d

c

Mesurer I'éclairement énergétique adapté corréspondant a la part utilisable par le PV de la
d|stribution incidente spectrale et angulairex:Des dispositifs PV de référence (cellules et
modules de référence) sont utilisés a cettelfin.

M

a

n

esurer I'éclairement énergétique spectrale, a partir duquel I'éclairement énergétique
Hapté spectralement peut étre déterminé. Des spectroradiométres ou des instruments
ultispectres peuvent étre utilisés-a cette fin.

Ces (lifférentes approches peuvent étre interverties a I’'aide de modéles appropriés, ave¢ une
Iégere incertitude. Lorsque des-transpositions et corrections fondées sur des modeles|sont
utilisges, elles doivent étre documentées.

L’éclairement énergétique peut également étre déterminé au moyen de mesurages a disfance
en ulilisant une instrumentation par satellite en complément, ou en remplacement (lorsque le
Tablgau 2 le permet) pour les mesurages sur site au sol. Voir 8.3.12.

Le capteur_cheisi et son type doivent étre documentés.

8.2 | ‘Exigences générales

8.2.1 Apergu

Le présent paragraphe 8.2 fournit les exigences générales applicables a la plupart des
mesurages de I'éclairement énergétique sur site. Les paragraphes suivants portant sur les
types spécifiques de mesurages de [I'éclairement énergétique peuvent comprendre des
exigences différentes et/ou supplémentaires.

8.2.2 Exigences relatives aux capteurs

Les capteurs doivent satisfaire aux exigences du Tableau 4 en fonction du type de capteur.
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Tableau 4 — Exigences relatives aux capteurs d’éclairement énergétique

Type de

capteur Systéme de Classe A Systéme de Classe B
Pyranometre | Face avant (POA et GHI): Classe C ou plus selon I'I|SO 9060:2018
Classe A selon I'ISO 9060:2018 Spectralement plat |Incertitude d’étalonnage <3 % a 1 000 W m-2
Incertitude d’étalonnage <2 % & 1 000 W m2 Plage jusqu’a 1 500 W m™2
Plage jusqu’a 1 500 W m™2 Résolution < 1 W m2

Résolution < 1 W m™2

Face arriere

Classe C ou plus selon I'lSO 9060:2018
Incertitude d’étalonnage <3 % a 1 000 W m™2
Plage jusqu’a 1 500 W m™2

Résolution £ 1 W m2

Dispgsitif PV | Dispositif de référence de travail selon I'l|EC 60904- |Dispositif de néférence de travail selon

de référence | 2 I'lEC 6090452
Incertitude d’étalonnage <2 % a 1 000 W m™2 Incertitude/d’étalonnage <3 % a 1 000 |V m™2
Plage jusqu’a 1 500 W m™2 Plage jusqu’a 1 500 W m™2
Résolution < 1 W m-2 Résolution < 1 W m-2

Les pyranométres comprennent une vaste gammeg’de technologies instrumentales, dont, pntre
autrgs, des pyranometres a thermopile et des instruments construits autour d'une ou plusjieurs
photodiodes. Dans le contexte du mesurage de I'éclairement énergétique solaire de la|face
avant du Tableau 4, "spectralement plat”:signifie que le mesurage de I’éclairement énergétique
a large bande du pyranometre est affecté de maniére négligeable par la distribution spegtrale
de lajlumiére solaire incidente.

8.2.3 Emplacements des capteurs
8.2.31 Face avant

L’emplacement des~capteurs de mesure de I’éclairement énergétique sur la face avdnt, y
compris le GHI et‘les capteurs de plan du groupe PV, doit étre choisi de fagon a| étre
reprdsentatif, et,qu’il évite, si cela est possible, les conditions d’ombrage du lever au codcher
du soleil. Il convient que 'ombrage ne survienne que pendant une demi-heure au lever gu au
coucher du-sofeil. Tout ombrage doit étre documenté.

Dang leCas des mesurages de I'éclairement énergétique du plan du groupe photovoltajque,
pour des systémes a inclinaison fixe ou de suivi, les capteurs doivent étre maintenus a la méme
inclinaison et aux mémes azimuts que les modules. Ceci peut étre obtenu en plagant les
capteurs directement sur le support de modules ou sur des tiges séparées ou des bras
d’extension équipés d'un suiveur, si cela est applicable.

NOTE De maniére facultative, des capteurs d’éclairement énergétique de la face avant supplémentaires peuvent
étre installés dans des emplacements ombragés de maniére temporaire par des rangées de modules adjacents, par
exemple pendant le repli d’'un systéme de suivi, afin de surveiller cet effet dombrage, mais ces capteurs ne satisfont
pas aux exigences du Tableau 2 et du Tableau 3 et les mesures des performances utilisent toujours des capteurs
sans ombre, sauf avis explicite contraire.

8.2.3.2 Face arriere

L’emplacement des capteurs du coefficient d’éclairement énergétique arriere et/ou
d’éclairement énergétique arriére dans le plan doit étre choisi de telle maniére que leur champ
de vision soit représentatif des conditions sur la face arriére dans la majorité du groupe, tout
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en réduisant le plus possible I'ombrage sur les modules. Si la surface au sol attendue est
variable sur I'étendue du site, utiliser une quantité appropriée de capteurs ainsi qu'une
méthodologie d’échantillonnage pour capter les variations. Il convient que les capteurs soient
également placés pour capter I'éclairement énergétique arriére sans impact de 'environnement
local autre que I'ombrage représentatif causé par les portions du groupe PV proches.

Il convient de placer les capteurs selon le méme angle d’inclinaison que les modules,
directement sur les supports de modules en utilisant des structures de soutien des poutres ou
des rails, et positionnés loin des bouts de ligne, des piliers de montage et d’autres sources
locales de phénoménes d'ombrage ou d'illumination accrue, tels que les réflexions des supports
de modules.

La ntl)n-uniformité de I'éclairement énergétique qui atteint I'arriére de la surface du modufe de
bord ja bord constitue une préoccupation relative aux capteurs d’éclairement énergétique afriére
dans|le plan et les capteurs du coefficient d’éclairement énergétique arriere dans'le plan.|ll est
reconmandé de disposer plusieurs capteurs sur l'arriére de la structure de(support af[n de
suier et de mesurer le profil d'illumination non uniforme tout au long de la journ€ée. Ceci pgrmet
a la fois de quantifier la non-uniformité de I'éclairement énergétique arrigre et de calculef une
moygnne effective de I’éclairement énergétique arriére pour les introduire dans les équdtions
de performance choisies.

NOTE| L’éclairement énergétique mesuré peut varier en fonction de la position du capteur, particulierement dans le
cas d¢ mesurages par le capteur du plan du groupe photovoltaique a 'arriéres Par exemple, si le capteur esf| placé
sous $ine rangée de modules, il peut présenter une valeur différente de telle obtenue lorsqu’il est placé au-dessus
de la fangée de modules, étant donné qu’une contribution a I'éclairement énergétique dans un plan incliné provient
du solfou des éléments a proximité.

8.2.3.3 Albédo horizontal

L’emplacement des capteurs d’albédo horizontaldoit étre choisi de fagon a étre représentatif
de I'glbédo sur le site. Il convient de monter.les’capteurs a une hauteur minimale de 1,0 np afin
qu’un groupe de vision de I'éclairement_énergétique suffisant soit reflété a partir du dol. Il
convlent que de la végétation ou que, toute autre structure située a proximité, y compris les
modules et la structure de soutien des\modules, ne projette pas d'ombre, dans les limites| d’'un
anglg de prise de vue de = 80 degrés. Il convient de réduire le plus possible 'ombrage apporté
par Ie dispositif de mesure de {albédo et par sa structure de soutien. Si la surface au sol
attendue est variable sur I’étendue du site, utiliser une quantité appropriée de capteurs|ainsi
gu’unne méthodologie d’échantillonnage pour capter les variations.

8.2.4 Réétalonnage

Le réétalonnage_des capteurs doit étre réalisé de sorte que le temps d'indisponibilité et l|arrét
du capteur sontireduits le plus possible, afin d’empécher I'interruption de la surveillance| Les
méthiodes effectives peuvent comprendre:

e Procéder a un échange entre les capteurs installés et des unités neuves ou réétalonnges

e Fournir des capteurs redondants et alterner les programmes de réétalonnage en laboratoire

Pour les systémes de Classe A, les capteurs doivent étre réétalonnés tous les deux ans, ou
plus frequemment selon les recommandations du fabricant.

Pour les systémes de Classe B, réétalonner les capteurs selon les recommandations du
fabricant.

8.2.5 Atténuation de I’encrassement

Pour les systemes de Classe A, les effets de I'accumulation de ’encrassement sur les capteurs
d’éclairement énergétique doivent étre atténués. Pour les capteurs et installations types, un
nettoyage hebdomadaire est exigé. Un nettoyage moins fréquent peut avoir lieu lorsque les
conditions locales le permettent ou lorsque la technologie employée atténue ou corrige
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I’encrassement des capteurs d'une maniére équivalant a un nettoyage hebdomadaire, ou
lorsqu’elle détecte 'encrassement de sorte que le nettoyage puisse étre programmé au besoin.

8.2.6  Atténuation de la rosée et du gel

Pour les systémes de Classe A, les effets de I'accumulation de la rosée et du gel sur les
capteurs d’éclairement énergétique doivent étre atténués pour les emplacements ou il est
attendu que la rosée ou le gel soit présent plus de 2 % des heures GHI annuelles.

L'’examen des données météorologiques annuelles types pour le site peut permettre de
déterminer si un site de centrale exige une atténuation. L’attention est portée sur la température
nte et le point de rosée. Pour les besoins de cette évaluation, il est considéré \que la
roség¢ ou le gel sont attendus lorsque la température ambiante se situe a 1,5 °C du_poipt de

urs moyens d’atténuation dont le chauffage ou la ventilation externe)‘peuvent| étre
efficgces. Les capteurs d’éclairement énergétique doivent conserver leur ‘eXactitude ef leur
clasdification pendant I'application de I'atténuation de la rosée et du gely ke chauffage n¢ doit
pas perturber I'exactitude et la classification du capteur. Pour les pyfanométres, les mdyens
efficaces d’assurer I'exactitude des performances pendant le chauffage du capteur pelivent
comprendre, entre autres, la ventilation interne et la ventilation extérne.

8.2.7 Inspection et maintenance

Une |inspection de routine des capteurs doit étre réalisée pour vérifier I’'encrassement, les
erredrs d’alignement et d’autres conditions de défaut) Pour les systéemes de Classe A, les
captegurs de la face avant doivent faire I'objet d'une_inspection hebdomadaire.

Les fapteurs doivent étre entretenus selon des exigences du fabricant. Les exigencgs de
mainfenance peuvent comprendre, par exemple, l'inspection et/ou le remplacement des
dess|ccants, selon le cas.

8.2.8 Alignement des capteurs

Les ¢apteurs d’éclairement énetgétique pour I'éclairement énergétique horizontal global (GH/)
doivgnt étre mis a niveau a 0,5° prés.

Les gapteurs d’éclairement énergétique pour I’éclairement énergétique dans le plan du groupe
photgvoltaique (POA) doivent étre alignés sur leur plan de destination a 0,5° d’inclinaispn et
1° d’azimut (Classe.A) ou 1° d’inclinaison et 2° d’azimut (Classe B), avec les dispositions
suivgntes:

e Lprsque—les capteurs sont placés directement sur le support de module, I’exigence
dlalignement est satisfaite s'il peut étre démontré que les capteurs sont alignés gur le
spipport dans les limites des tolérances déclarées.

e Lorsque les capteurs sont placés sur une structure de montage différente et indépendante
des modules, une attention particuliére doit étre portée a ce que I'alignement soit atteint et
vérifié dans les limites des tolérances déclarées. Si l'alignement ne peut pas étre atteint,
I’erreur d’alignement doit étre mesurée et documentée.

NOTE VL’inclinaison du capteur peut étre mesurée avec un inclinometre. L’alignement azimutal des capteurs dans
le plan du groupe photovoltaique peut étre vérifié en examinant puis en modélisant une série de données
d’éclairement énergétique au cours du temps par conditions de ciel serein.
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8.3

Mesurages

8.3.1 Eclairement énergétique horizontal global

L’éclairement énergétique horizontal global (GHI) se mesure avec un capteur d’éclairement
énergétique positionné a I’horizontale et orienté vers le haut, ou est déterminée en associant

I'éc
de |

8.3.

Pourdes—s

lairement énergétique normal direct et I'éclairement énergétique horizontal diffus au moyen
‘équation de 3.21.

2 Eclairement énergétique dans le plan

d’éclpirement énergétique a ouverture paralléle au plan du groupe photovoltaique (POA4),\nonté

sur
aux

la structure de soutien du module ou sur une autre structure alignée de maniere‘paralléle
rmodules.

Dang le cas de systémes suivis, le capteur d’éclairement énergétique doitétre aligné de
manigre permanente sur le plan du groupe photovoltaique réel, y compris le repli, lg cas

éch

Pour|les systémes a concentration, voir 8.3.9.

S’il

épnt.

est prévu que des suiveurs solaires quelconques fonctionnent de fagon non normaliség par

rapport au reste du groupe, il convient d’exclure ces suiveurs'solaires du choix d’emplacements

des

faculfative, servir d’emplacements pour des capteurs.supplémentaires et complémentairep.

¢apteurs pour les besoins du Tableau 2 et du Tableau 3. lls peuvent toutefois, de mahiere

NOTE|1 Le mesurage de I’éclairement énergétique sur une ‘surface faisant I'objet d’un suivi peut étre faussg si le
suiveyr qui soutient le capteur n’effectue pas le suivi correctement. Une approche permettant de vérifier si I¢ suivi
est cofrect consiste a utiliser I’éclairement énergétique~iermal direct et I’éclairement énergétique horizontal diffus,

DNI
prév

e{ G, respectivement, ainsi qu'un modéle de transposition afin de calculer I’éclairement énergétique dans le plan
ulet de le comparer avec la valeur mesurée.

NOTE|2 L’éclairement énergétique POA peut également étre estimé a partir de GHI a I'aide d’'un modg¢le de

déconmposition et de transposition.

8.3.3 Eclairement énergétique arriére dans le plan

Il est|difficile de déterminer avec exactitude la ressource solaire de la face arriére des moglules

PV

bl|faciaux. L’éclairement énergétique arriére sur un groupe PV, ainsi que le contenu spectral

de I'¢clairement énergétique, sont trés variables dans I'’espace et dans le temps en forction

des
sol

otifs d'ombrage, des détails de la structure de montage, des propriétés de la surfage au
el des variations saisonniéres.

Le Tableadi2'présente deux options pour déterminer I'éclairement énergétique arriére dar]s les

modules, PV bifaciaux.

Option 1: Mesurer I'albédo horizontal et, éventuellement, I’éclairement énergétique diffus,
et utiliser un modéle optique tel que le modéle de facteur de forme ou le modéle de tracé
des rayons, afin d'estimer I'éclairement énergétique arriére.

Option 2: Mesurer directement I'éclairement énergétique arriere dans le plan ou,
éventuellement, I’éclairement énergétique arriere dans le plan adapté spectralement.

Le mesurage direct de I’éclairement énergétique arriere dans le plan est réalisé a I'aide d'un

cap

teur d’éclairement énergétique dont 'ouverture est orientée parallélement au plan du groupe

photovoltaique (POA4), monté sur la face arriére de la structure de soutien du module. Il peut
étre aussi réalisé a I'aide d’un dispositif de référence bifacial (voir 3.19).


https://iecnorm.com/api/?name=7be88a2a4405b5028f2f13af88068c8d
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