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INTERNATIONAL ELECTROTECHNICAL COMMISSION

PHOTOVOLTAIC SYSTEM PERFORMANCE -
Part 2: Capacity evaluation method

FOREWORD

International Electrotechnical Commission (IEC) is a worldwide organization for standardization cen
national electrotechnical committees (IEC National Committees). The object of IEC is o'y

intgrnational co-operation on all questions concerning standardization in the electrical and electronic fig

thi

end and in addition to other activities, IEC publishes International Standards, Technical Specifi

prising
romote
Ids. To
ations,

Tedhnical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to ap “IEC
Pulllication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee int

in

he subject dealt with may participate in this preparatory work. International, governmental an

govlernmental organizations liaising with the IEC also participate in this preparation, IEC collaborates
witl) the International Organization for Standardization (ISO) in accordance with-conditions determi

agr

bement between the two organizations.

2) Thdg formal decisions or agreements of IEC on technical matters express, as nearly as possible, an interr

con

sensus of opinion on the relevant subjects since each technical committee has representation fi

intgrested IEC National Committees.

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

mis|

4) In

nterpretation by any end user.

rder to promote international uniformity, IEC National Committees undertake to apply IEC Publi

trarlsparently to the maximum extent possible in their, hational and regional publications. Any dive

bet
the

veen any |IEC Publication and the corresponding national or regional publication shall be clearly indig
latter.

5) IEQ itself does not provide any attestation of conformity. Independent certification bodies provide cor
asspssment services and, in some areas, acegéess to IEC marks of conformity. IEC is not responsible

ser
6) Al

7) No
me
oth

ices carried out by independent certification bodies.
isers should ensure that they have thé‘Jatest edition of this publication.

liability shall attach to IEC or its'directors, employees, servants or agents including individual exp€]
nbers of its technical committees-and IEC National Committees for any personal injury, property dan|
er damage of any nature whatsoever, whether direct or indirect, or for costs (including legal feg

expenses arising out of the +publication, use of, or reliance upon, this IEC Publication or any oth
Publications.

8) Attgntion is drawn to the Normative references cited in this publication. Use of the referenced publica
indispensable for the 'cofrect application of this publication.

9) Attgntion is drawf:to' the possibility that some of the elements of this IEC Publication may be the su

pat

exce

ent rights. IEC-shall not be held responsible for identifying any or all such patent rights.

tiohal’circumstances, a technical committee may propose the publication of a tec

brested
d non-
closely
hed by

ational
fom all

ational
of IEC
or any

cations
rgence
ated in

formity

for any

rts and
age or
s) and
er IEC

ions is

ject of

s. In
hnical

The P]ﬁain task of IEC technical committees is to prepare International Standarg

specification when

o the required support cannot be obtained for the publication of an International Standard,
despite repeated efforts, or

e the subject is still under technical development or where, for any other reason, there is the
future but no immediate possibility of an agreement on an International Standard.

Technical specifications are subject to review within three years of publication to decide
whether they can be transformed into International Standards.

IEC TS 61724-2, which is a technical specification, has been prepared by IEC technical
committee 82: Solar photovoltaic energy systems.
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The text of this technical specification is based on the following documents:

Enquiry draft Report on voting
82/1101/DTS 82/1159/RVC

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

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

A list
syste

The ¢
the s
relate

A bilin

tra
re
Wi
re

amended.

of all paris in the TEC 61724 series, published under the general title Phojo
n performance, can be found on the IEC website.

ommittee has decided that the contents of this publication will remain unchange
ability date indicated on the IEC website under "http://webstore.iec.ch" in the
d to the specific publication. At this date, the publication will be

nsformed into an International standard,
confirmed,

hdrawn,

blaced by a revised edition, or

gual version of this publication may be issued at ‘a’later date.

oltaic

i until
data
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INTRODUCTION

The performance of a PV system is dependent on the weather, seasonal effects, and other
intermittent issues, so measurement of the performance of a PV system is expected to give
variable results. |IEC 62446-1, Photovoltaic (PV) systems - Requirements for testing,
documentation and maintenance — Part 1 Grid connected — Documentation, commissioning
tests and inspection, describes a procedure for ensuring that the plant is constructed
correctly, but does not attempt to verify that the output of the plant meets the design
specifications. IEC 61724-11, Photovoltaic system performance — Part 1. Monitoring, defines
the performance data that may be collected, but does not define how to analyze that data in
comparison to predicted performance. ASTM E2848-13 Standard test method for reporting

. _ ; ming the
powel output of a photovoltaic system based on a regression. IEC TS 61724-3 Photoyoltaic

evaluates performance over the full range of operating conditions and is the preferred method
luating system performance. However, it is essential that plant performance cap also

his document is designed to complete an evaluation in a short timg as'a complement to
IEC T|S 61724-3. As a capacity test, it measures power (not energyjyat a specified get of
reference conditions (which can differ from standard test conditionstthat have been degigned
to fac|litate indoor measurements). The method in IEC TS 61724-2"is a non-regression-pased
methqd for determining power output.

This method uses the design parameters of the plant to) ‘quantify a correction factor for
compfring the plant’s measured performance to the performance targeted under refdrence
condifions. In other words, the measured performances adjusted by the correction factor, is
then gompared with the target plant performance to.identify whether the plant operates pbove
or belpw expectations at the target reference conditions.

Multiple aspects of PV system quality are dependent on both the weather and the system's
quality, so it is essential to have a clegar understanding of the system being tested. For
example, the module temperature is primarily a function of irradiance, ambient tempernature,
and wind speed, all of which are weather effects that can be difficult to simulate pregisely.
Howeyer, the module-mounting configuration also affects the module temperature, and the
mounting is an aspect of the system that is being tested. This document presents a process
for test development and clarifies how measurement choices can affect the outcome pf the
test sp that users can benéfit from streamlined test design with consistent definitions,| while
still allowing flexibility ificthe application of the test so as to accommodate as many ynique
installations as possible.

It is tp be noted)that when the output of a PV system exceeds the capability of the inyerter,
the oytput of the'system is defined more by the inverter operation than by the PV modules. In
this case, the*measurement of the capacity of the plant to generate electricity is compl|cated
by thg need’to differentiate situations in which the inverter is saturated and when the oufput of
the P)M system reflects the module performance. For PV plants with high DC-to-AC power
ratios, the operation of the plant can reflect the capability of the inverters for the majority of
the day, with the capability of the DC array only being measurable for a short time in the
morning and in the evening. In this case, it can be necessary to disconnect parts of the DC
array to reduce the DC-to-AC power ratio during the measurement period.

IEC TS 61724-2 is applicable to times when the system is fully available.

Methods presented in this document can be used in place of ASTM E2848-13 to determine
photovoltaic system performance.

1 Under preparation. Stage at time of publication: IEC/FDIS 61724-1:2016
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PHOTOVOLTAIC SYSTEM PERFORMANCE -

Part 2: Capacity evaluation method

1 Scope

This part of IEC 61724 deﬂnes a procedure for measuring and analyzmg the power prod
of a s
perforfmance. The test is intended to be applied during a relatively short time period
relatiyely sunny days).

In thig procedure, actual photovoltaic system power produced is measured and compa
the pgwer expected for the observed weather based on the design parameters of the sy
The expected power under reference and measured conditions are typic¢ally derived fro

uction
stem
a few

red to
stem.
m the

design parameters that were used to derive the performance target fordhe plant as agrg¢ed to

prior fo the commencement of the test. For cases when a power¢niodel was not devs
during the plant design, a simple model that increases transparency is presented
annexes as a possible approach.

The intent of this document is to specify a framework procedure for comparing the meg

powel produced against the expected power from a P¥-system on relatively sunny dayg.

test pfocedure is intended for application to grid-connec¢ted photovoltaic systems that ir
at leapt one inverter and the associated hardware.

The performance of the system is quantified both during times when the inverter
maximum-power-point tracking and during, times when the system power is limited k
output capability of the inverter or interconnection limit, reducing the system output rela
what |t would have been with an invekter with generation freely following irradiance,
condifion is relevant.

This procedure can be applied to any PV system, including concentrator photo
systems, using the irradiance’ (direct or global) that is relevant to the performance
syste

This fest procedure—was designed and drafted with a primary goal of facilitatin
documentation ofta’ performance target, but it can also be used to verify a model,
perfoimance (e.g., degradation) of a system over the course of multiple years, or to doc
systemn quality-for any other purpose. The terminology has not been generalized to apply
of thejse situations, but the intent is to create a methodology that can be used wheneyv
goal |s&o verlfy system performance at a specrflc reference condltlon chosen to

loped
n the

sured
This
clude

s are
y the
ive to
if this

oltaic
Df the

g the
track
iment
to all
er the
be a

=an be

accomphshed by using the complementary Technlcal SpeC|f|cat|on IEC TS 61724-3,

Photovoltaic system performance — Part 3: Energy evaluation method.

2 Normative references

The following documents are referred to in the text in such a way that some or all of their
content constitutes requirements of this document. For dated references, only the edition

cited applies. For undated references, the latest edition of the referenced document (inc
any amendments) applies.

luding
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1724-12, Photovoltaic system performance — Part 1: Monitoring

S 61836, Solar photovoltaic energy systems — Terms, definitions and symbols

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

ASME, Performance Test Code 19.1

3 T

erms and definitions

For tHe purposes of this document, the terms and definitions given in IEC 61724-1\1H
61834, the ASME Performance Test Code 19.1 and the following and definitions apply.

ISO a
addre

3.1

hd IEC maintain terminological databases for use in standardization'at the foll
5ses:

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

D Online browsing platform: available at http://www.iso.org/ebp

constlrained operation

opera
invert
array,

ion of a plant in a condition when all inverterstare limited by the capability
brs (otherwise referred to as inverter saturation)\rather than by the output from t

irradignce is high

3.2
corre
ratio
meas

3.3
curta
outpu

ction factor

ired conditions

led operation

receile the power or contractual agreement

3.4

expegted power
powel generation of a PV system that is expected for actual weather data collected at th
during operation of the system based on the design parameters of the system

CTS

owing

pf the
he PV

as is observed for a system with high DC rating relative to the AC rating and when the

pf the power expected for the réference conditions to the power expected for the

of the inverter(s) is limited due to external reasons such as inability of the local ¢rid to

e site

3.5

measured power

electric power that is generated by the PV system

Note 1 to entry: See also 3.14 to define the location of measurement.
3.6

model

simulation model used to calculate the predicted or expected PV power generation based on
the design parameters of the system

2 Under preparation. Stage at time of publication: IEC/FDIS 61724-1:2016.
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3.7
parties to the test
individuals or companies that are applying the test

Note 1 to entry: Commonly, these parties may be the PV customer and the PV installer, with the test method
applied to define completion of a contract, but the test method may be applied in a variety of situations and the
parties to the test may in some cases be a single individual or company.

3.8

performance target

power generation expected from a PV system under reference conditions based on the design
parameters of the system

3.9

POA
plane| of array
physi¢al plane in which the modules are deployed according to the orientation of the siystem
under]test

3.10
system operation
attribytes of the system performance that can be traced to the quality of operations and
maintgnance service provided

Note 1[to entry: For example, low availability of the system may be & result of slow response to a disruption.

Note 2|to entry: If different entities are responsible for the instalfation and the operations, then it is ugeful to
distingliish between aspects of the performance that are traced to the initial installation and those that arel traced
to the gqperation.

3.1
system quality
attribytes of the system performance that'can be traced to the quality of the system design,
the qyality of the system components and the quality of installation

Note 1[to entry: Generally, the installeris-held responsible for the system quality.

3.12
target power
powel generation expected from a PV system at target reference conditions (TRC) based on
the dgsign parameters,of the system

3.13
targef reference conditions
TRC
referenee conditions at which the expected power is the target power, which include
irradidnce, ambient temperature wind _and any other parameter used to define the farget
performance

Note 1 to entry: See 6.1.3.

3.14

test boundary

physical differentiation between what is considered to be part of the system under test and
what is outside of the system

Note 1 to entry: In addition to defining the physical boundaries and which electricity meter is quantifying the
electricity production, the test boundary definition includes the location, type, and accuracy class of all
measurement devices.

Note 2 to entry: To facilitate the description of the test method, this document defines a default test boundary.
Ambient temperature and wind speed lie outside of this default test boundary. When this standard is applied using
class A (high precision) measurements as defined in IEC 61724-1, soiling will lie inside of the default test
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boundary, consistent with the IEC 61724-1 class A requirement that the sensors be cleaned, quantifying the
irradiance without interference from soiling. When this standard is applied using class B (medium precision)
measurements as defined in IEC 61724-1, soiling will lie outside of the default test boundary and it is expected that
sensors will not be cleaned, allowing soiling to be considered as part of the weather. The alignment of the array is
brought inside of the test boundary by confirming the alignment of the plane of array sensor. The parties to the test
may define the test boundary however they wish; the default test boundary is defined only as a tool to clarify the
application of the test method described here and as an example for how to define the test boundary. However, if
the purpose of application of the test is to measure degradation rates on small systems, it may be preferable to
measure module temperature in consistent locations on the modules.

3.15

unconstrained operation

outputs of all inverters freely following the DC array’s capability to respond to the solar
insolation rather than being limited by the capability of the inverters or curtailing influences

3.16
maximum-power-point tracking
inverter accurately maximizing the DC array’s output

4 Test scope, schedule and duration

This test may be applied at one of several levels of granularity of a PV plant. The users |of the
test shall agree upon the level(s) at which the test will be applied.)The smallest level at|which
the telst may be performed is the smallest level of AC power‘generating assembly capgble of
independent on-grid operation.

When| PV plant construction is divided into phases, it'iswecommended that the test be applied
at the| highest level, that which encompasses the entire PV project. However, the test nlay be
appligd to smaller subsets of the plant as they»become available for interconnection. If
desirgd, upon full plant completion the test may,be applied again in a way that encompjasses
the epntire plant, taking into account expected degradation in accordance with the model
accepted by the parties to the test as wellias soiling levels if not able to wash the entirg| array
beforg testing. In every case, the sysiém boundary and test boundary shall be explicitly
defingd.

Some| PV modules show measurable performance changes within hours or days of |being
installed in the field; others do not. The time duration of the test should be negdtiated
between the parties using, the manufacturer’s guidance for the number of days of expospre or
the irfadiance exposure heeded for the plant to reach the targeted performance along with the
details of the actual-installation and interconnection dates. Any metastability (variatjon in
module efficiency, that depends on previous operating conditions) and degragation
assunptions (ineluding those with short and long time constants) should be agreed to|by all
partiep and documented as part of the target description.

NOTE Newly installed modules can undergo light induced degradation (LID), a transient effect that redufes the
photovgltaic.conversion efficiency of the modules when exposed to light.

NOTE 2 The efficiency of some modules can vary over a year depending on irradiation and temperature history
due to metastabilities.

It is recommended that the test include data from at least two days if sufficient stable data are
acquired. The test may be extended to seven or more days if desired to assess repeatability
or if weather is volatile. The filtering criteria for selecting relatively stable times are described
in Clause 6.

The test may be completed at any time of year, though the deviation from reference
conditions and the effects of variable angle of incidence may increase the uncertainty at some
times of the year.

All parties to the test should agree on a detailed test procedure before the test commences as
described in Clauses 5 and 6.


https://iecnorm.com/api/?name=b1f6b1149045b385fc30548cb7ee2077

IEC TS 61724-2:2016 © IEC 2016 -1 -

5 Equipment and measurements

Measurement equipment and procedures for all measured parameters are recommended to
conform to class A requirements in IEC 61724-1. However, a class B or class C evaluation
may also be completed and documented in the final report.

Using the default test boundary, the weather is characterized by:

plane of array irradiance (global for flat-plate and direct for concentrator systems; for
systems with multiple orientations, see Annex C);

ambient temperature;

wihd speed.

If addjtional characterization of the weather is required for implementation of the-agreed-upon
mode|, these data shall be collected in a manner consistent with the derivation of the tafjgeted

perfofmance and documented in the detailed test procedure.

The system output is characterized by:

repal AC power delivered to the grid or load at the system/test.boundary;
reactive AC power or power factor if real power is dependent.on changes in power fagtor;

the inverter state (whether the inverter is tracking the maximum power or whethdr it is
operating in a constrained mode, limited by its outpuf«€apacity).

The definition of the AC power, including the point.ofimeasurement (such as at a utility{grade
meter| at the point of interconnection) is documented as part of the "test boundary" defjnition
(3.14). If parasitic loads outside the system boundary exist (e.g. trackers), the contract ¢r test
definifion defines whether adjustments are made for these, and, if so, how these adjustments

are characterized.

cleani
exce

All dj:ails of data collection (includjng sensor number, calibration, installation location}, and

ng) shall follow IEC 61724-1"according to the chosen class of measurement with the
ion of the following.

THhe type of sensor and sensor positioning shall be consistent with the power performance
model that is being«used for the test (which may differ from the energy performance
model). Temperature)sensors should measure ambient temperature in order to account for
the effects of module mounting. However, modelling of module temperature may vary from
day to day due-fo'variation of sky temperature and other conditions, increasing unceftainty
in [the measurement, and motivating the use of the module temperature if it is viewed to
propvide better reproducibility. If module temperature is to be measured, the location |of the
me¢asurement should be agreed upon in advance by the parties of the test.

NQTE{ Often the final uncertainty of the measurement is dominated by the uncertainty of the irrgdiance

" foriard ' : '
mUdbUIUIIIEIIL, SU THYIT=atlurdly STIISUTS dIT UTSITTU.

The time record for the visual inspection and cleaning by hand of irradiance sensors
during the test shall be documented.

Irradiance sensor(s) are mounted in the plane of the array with an alignment accuracy as
specified by class A, B, or C in IEC 61724-1. For the case of arrays with modules that are
not all within one plane, see Annex C.

When irradiance sensors are deployed on a tilted plane, the ground albedo for the area
near the sensors should be representative of the ground albedo throughout the array. Any
anomalies in ground albedo should be discussed in the uncertainty analysis of the test.

For class A tests, because the irradiance measurement is so crucial to the test, the
calibrations should be independently verified either by using sensors calibrated at different
test locations or at different times so as to prevent a systematic bias to the calibration.
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o Data shall be filtered to identify times of stable operation under full sun as described in
Clause 6.

e Data are collected both for “unconstrained” and “constrained” operation, if relevant. Any
periods affected by grid outages or other anomalous states should be removed from the
analysis.

6 Procedure

6.1 Documentation of the performance targets under “unconstrained” and
“constrained” operation

6.1.1 General
The expected power output and the associated reference conditions shall be defined bgth for

“uncopstrained” operation and for “constrained” operation, if relevant, as described in 6J1.2 to
6.1.8.

6.1.2 Definition of test boundary to align with intended system boundary
This test method is intended to quantify the performance of a system, but the result of tHe test
can depend on what is considered to be part of the system. The(parties to the test shall[agree
on thg definition of the system including:

o the meter(s) that defines the output of the system;

e aslpects of system design that are being tested, such as whether modules are mqunted
according to the design (tilt, azimuth, height, facking design) allowing the expected
cooling and capture of sunlight;

e aspects of system operation that are beingtested such as whether the soiling level Will be
considered as part of the test.

The tgst boundary shall be aligned withthe system boundary in order to have the result [of the
test regflect the performance of the system under test.

6.1.3 Definition of the reference conditions for “unconstrained” operation

perfofmance target (se&:6.1.4). TRC should be chosen so as to result in unconstfained
operation (i.e. within-the inverter’s capability) and the irradiance condition may diffef from
1 000[ W/m?2 if the “plant is designed to be constrained by the inverter’s capability at
1 000|W/m2. Preferably, the TRC are chosen to reflect an ambient temperature and wind
speed that are~frequently observed at the site and the highest irradiance that is unlikely to
caus€ constrained operation (when the inverter has reached the limit of its capability)
lowes} temperature expected to be included in the test. The optimal choice of TRG may
depernjd.on the weather during the test. However, use of the design parameters for the plant
as the i i fations in
conditions, reducing the need to have the TRC align exactly with the conditions during the
measurement. The TRC should be agreed upon by all parties to the test before
commencement of the test.

Targe’r reference conditions (TRC) for unconstrained operation are defined for the

The sources of the irradiance, ambient temperature, wind speed, and any other
meteorological data shall be described so that the definition of the TRC will be unambiguous.
Data collection requirements defined in IEC 61724-1 shall be followed according to the
desired monitoring class A, B, or C except as noted in Clause 5. These should be
documented as specifically as possible in the detailed test procedure before the test
commences (e.g. sensor type, location, cleaning and calibration, and any additional relevant
information).
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6.1.4 Definition of the performance target under “unconstrained” and “constrained”
operation

The targeted system output is defined for “unconstrained” operation under the TRC defined in
6.1.3 and a model that defines how the power varies with irradiance, temperature, and wind
using the design parameters of the plant. The rationale for the performance target shall be
agreed to by all parties of the test. For situations when the plant design was developed based
on a model for the energy output, translating that energy model into a power model or deriving
a power model from measured data on a similar plant can introduce anomalies in the power
model. For example, application of linear regression to subsets of data during different times
of the year may result in variable observed temperature coefficients. In this case, where a
power model was not created during the initial design of the system, it is recommended that
the rationale be described by using a simple model that starts with the name plate rating and
applig¢s loss factors that can be clearly understood such as loss factors for inverter_éfficjency,
cablinlg losses, mismatch losses, etc. and applies a temperature coefficient (that can be
directly related to the module performance. It is to be noted that a modehthat in¢ludes
shading losses is important for predicting the energy from a plant, but this\capacity {est is
intended to document performance when there is no shading, so a simplg'model can rgplace
the mpre complex model, increasing the transparency of the test procedure:

Typically, it is assumed that the plant is being assessed in an““as-installed” state that is
nominally clean. If the assessment is completed at a time when the plant may have bgcome
soiled, the soiling loss may either be included as one of the les§ factors or the plant hag| to be
cleang¢d before the assessment.

If a complex model is used, the model may be defingd jas described in IEC TS 6172443 and
the test applied ensuring that the model is consistently applied for both the targgt and
meastired conditions.

The plerformance target under “constrained™operation is typically defined by the capabllity of
the inyerter. If this value is independent ofieperating conditions, verification of operation|in the
“consfrained” state is straightforward and may not be of concern for the parties of the test.
Howeyer, if a system is intended to operate in the “constrained” state for many hours pf the
year, |t is highly recommended to confirm correct operation in the “constrained” state.

6.1.5 Definition of the temperature dependence of the plant output under
“unconstrained’ operation

If a temperature model.has been defined for the plant, this should be used preferentially

If the|model uses*wind speed as an input, the location (including height) of the wind gensor
should be specified.

If a tgmperature model has not been defined, a possible model is provided in Annex A. It is
preferfable to use a temperature model based on ambient temperature and wind speed rather
than measuring the back-of-module temperature because the assessment then includes some
aspects of the module mounting that could cause the modules to run hot and because it
avoids the challenges of characterizing the module temperature, which may be highly variable
across the field. However, although the model in Annex A has been demonstrated to provide
accurate modelling of the average cell temperature, from day to day it may result in variable
accuracy caused by variation in sky temperature or other conditions. The parties to the test
should choose the approach that provides the best result for the given situation. If measuring
the module temperature rather than the ambient temperature is chosen, then there may be a
separate verification to ensure that the modules are operating at a temperature that is
consistent with the plant’s design specification. Suggestions on how to accurately measure
the back-of-module temperature may be found in Annex B of IEC 61724-1:2016.

In any case, the model shall be agreed to by the parties to the test before the test and
documented in the test report; IEC TS 61724-3 provides guidance on documenting a complex
model.
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6.1.6 Definition of irradiance dependence

The plant output as a function of irradiance shall be defined by the power model agreed to by
the parties of the test. Practitioners should choose a power model based on the design
parameters of the system. If a complex computer program is used as the power model, the
power model should be documented as described in IEC TS 61724-3 along with the
performance target. The irradiance filter applied with Table 1 should be verified to be
consistent with the functional range of the model used to determine the correction equations.
For example, the plant output may be assumed to be linear with irradiance in a limited
irradiance range, such as +20 %. Any added uncertainty should also be documented. An
example of a simple model is given in Annex B.

6.1.7 Definition of the performance target under “constrained” operation

The gerformance under “constrained” operation may be equivalent to the AC ratihg pf the
inverter adjusted for any losses between the inverter and measurement location)for AC power
and i§ documented as such. If the performance under “constrained” operatioh<can depgnd on
the ambient temperature or other condition, this shall be documented as well.

If the performance under “curtailed” conditions is controlled by_-an external party, the
assessment of performance under such conditions may be excldded from the assesgment,
with agreement from both parties to the test.

Meastirement under the “constrained” condition may be omitted, at the discretion of |those
requepting the test.

6.1.8 Uncertainty definition

role in defining the pass/fail test outcome cemparing the targeted and measured powef shall
be agfreed upon. It is highly recommended that this agreement be documented prior o the
test.

Testj\mcertainty should be computed as descriped in 6.5. The uncertainty definition gnd its
[

NOTE | Typically, the uncertainty agreed to by the parties typically forms a dead band around any target. Thjs dead
band i to the disadvantage the all parties of the test, so should be kept as small as possible. A 95 % confidence
interval is a common industry practice:

Stratdgies for reducing ungertainty include:

e usle of higher quality irradiance sensors and/or use data from multiple sensors for each
weather station.deployed, first discarding erroneous data from malfunctioning or shaded
seinsors, then averaging the remaining data points for each measurement;

e u of multiple sensors either to add redundancy or to document variability of that
parameter;

e pgying special attention to possible shading and soiling of irradiance sensors, as well as
correct in-plane adjustment;

e comparing data to other similar measurements obtained nearby to detect and resolve
problems quickly; on relatively sunny days, data may be compared directly; on cloudy
days, comparison of integrated data may provide better identification of problems
depending on the distance between sensors.

6.2 Measurement of data
6.2.1 General

The power output, irradiance, temperature, wind speed, state of cleanliness of both the
sensors and PV systems, and any other data are collected over several days.
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6.2.2 Data checks for each data stream

Each data stream shall be checked for data out of range or unreasonable trends as described
in IEC 61724-1. A recommendation for application of this procedure for this application is
given in more detail in Table 1 with values suggested when the collected data have been
averaged over 15-min time periods. Depending on the local conditions, the details of the plant
design, the addition of other data streams and the frequency of data collection, the filtering
criteria may be modified, but all four types of filters (range, dead value, abrupt
change/stability and inverter status, as outlined in Table 1) shall be applied and documented
as part of the final report.

The i
identi
data
Reconds are categorized according to whether zero inverters are constrained, all invertefs are
constfrained, or some, but not all, are constrained. In the first case, data records chn be
treated as unconstrained. In the second case, data records can be treated.as constrainJed. In
the thjrd case, data records cannot be used for evaluating system perforniance. If the sfate of
any irfjverter changes during the recording period, that data point shaltbe excluded from the
analysis.
Table 1 — Data validation and filtering criteria
Suggested criteria for flagging rejected data (15-min data)
Flag fype Descriotion Irradiance Ambient Wind speed Power (AC
g yp P (W/m?2) temperature (°C) (m/s) power rafing)
Range Value outside of <0,5-TRC > 5000r<-10°2 >150r<0,5 > 1,02-rating or
acceptable bounds irradiance < -0,01-rating
or>1,2.TRC?®
Dead Values stuck at a Derivative < 0,0001 and < sensitivity of < 0,1 % chgnge in
value single value over time. |< 0,000 1 while sensor 3 readings
Detected using value is >'5 > -0,0001
derivative.
Abrup Values change Assuming 15 min |> 4 >10 Assuming 15 min
change unacceptably between [data derived from data derivedl from
and data points. Detected atlTeast 1 min at least 1 mlin
stabilify using derivative for data, standard data, standard
temperature and wind. [deviation > 5 % of deviation >[5 % of
speed. average average
Invertgr The states of the Not applicable Not applicable Not applicable Not applicaple
status inverters are
inconsijstent (not all are
constrained — see text)
NOTE|1 Therirradiance filtering may be adjusted to align with the range of linear system performande with
irradiance. '\Flagged data are considered for exclusion and documented in the test report regarding the rajionale
for exglusion.

NOTE 2 Potential-induced degradation (PID) effects may start to reduce the power output at low irradiance
conditions remarkably, without a measurable effect at high irradiance. Early detection of evidence of PID is
outside the scope of this test.

2 May be adjusted depending on the season of data acquisition.

b The maximum irradiance included in the analysis may be adjusted to account for the possibility of cloud edge

effects, whereby light is scattered by a nearby cloud and can cause irradiance readings up to approximately
1500 W/m2. For most systems, these conditions will cause saturation of the inverter, and will typically be
excluded from the evaluated data by the stability filter.

The stability filter recommended here calculates the average of at least 15 data points
(measured at least every minute during 15 min) and confirms that the standard deviation for
those data points is less than 5 % of the average of the same data points. Applying the
stability filter to both the irradiance and power data is recommended.
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The number of data points identified as meeting the criteria in Table 1 will affect the
uncertainty of the test. As a guide to determining an adequate, yet reasonable, number of
data points, Table 2 may be used. The larger number of data points during the summer
reflects the ease of collecting more data on longer days and is expected to result in a higher
accuracy measurement, depending on the local weather. Locations that seldom experience
clear, sunny days may require longer data collection times or reduction of the targeted
number of data points, resulting in higher test uncertainty. For CPV applications, Table 2 is
not directly relevant. For CPV, after filtering for stable conditions, the data collected should
include at least 30 data points (assuming 15 min averages) or at least 7,5 h of filtered data if
averages for a different time period are used.

S S—\ power—ratios—the—number——o points ired for
“uncopstrained” an insufficient sample size. If the test cannot be campleted
becayse of this, or if there is concern that the characterization only during early morhing and
late afternoon will cause bias in the results, the definition of the system boundary and the
TRCs|should also direct that a fraction of the PV strings will be temporarily disconnected to
reducg the DC-to-AC power ratio.

Table 2 — Example guide for seasonal minimum
stable irradiance requirements for flat-plate applications

S pason (northern Dates . Min.imum POA quuired number ¢ f_1 5-

hemisphere) irradiance, (Wfni2) min average data points
Winter 22/11 to 211 450 20
Spring 22/1 to 23/3 550 30
Summer 24/3 to 21/9 650 60
Autumn 22/9 to 22/11 550 40

The data may also be screened according*to normal function of the system. Time periods for
which|tracker malfunction or system saoiling would affect the results of the test may be omitted
or in¢luded depending on the pufpose of application of the test. These inclusions or
exclugions should be reported as\part of the test report (see Clause 8, item 8)).

6.2.3 Shading of irradiance sensor

Becayse of the sensitiyity. of the test to the irradiance data, special attention shall be giyen to
the irjadiance data. Specifically, irradiance data that may result from accidental shading of a
sensdr or sensor_malfunction should be removed before taking the average of the dat3 from
the rgmaining sensors. The use of multiple sensors at each weather station is espg¢cially
helpfyl for idehtifying issues with shading of some sensors.

Additipnally; if an irradiance sensor is not correctly oriented (e.g. if mounted on a trackTr and
the tracker anp‘:), the data from this sensor should bhe rpjpntpd

6.2.4 Calibration accuracy

All sensors shall have accurate calibrations to provide a test result with low uncertainty
consistent with the requirements described in IEC 61724-1 for the desired class of
measurement.

6.2.5 Using data from multiple sensors
6.2.5.1 General

In the case where multiple sensors have been used, if data inspection identifies errors in the
output of a sensor, that data should be discarded before taking the average of the data pool.
This action should be done only with mutual consent of the parties.
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6.2.5.2 Multiple irradiance sensors

The irradiance used as input to the power model should be the average of the available
measurements, except where a measurement is determined to be erroneous, in which case
the input to the model should be the average of the remaining measurements, as described
previously.

6.2.5.3 Multiple ambient temperature sensors

The ambient temperature used as input to the model should be the average of the available
measurements, except where a measurement is determined to be erroneous, in which case
the input to the model should be the average/median of the remaining measurements.

Multiple PV module temperature sensors

Any PV module temperature used as input to the model should be the average ¢f the
available measurements, except where a measurement is determined to-be erroneous, in
which| case the input to the model should be the average/median\ of the rempining
measlirements.

6.2.6 Unconstrained operation and constrained operation when the output limit pf
the inverter is reached

As defscribed in 6.1, data shall be flagged depending on whether all inverters were max|{mum-

power-point tracking or all inverters limited the output because their output capabilitieg were
reachgd. All other data are discarded.

If the [inverters limit the output in different wayscdepending on the operating conditions| then
the dgta shall be binned to identify those that are all under the operating condition of intgrest.

6.3 |Calculation of correction factor
6.3.1 General

The cprrection factor is calculated'to adjust the measured power to the conditions used flor the
perforimance target. Subclauses'6.3.2 to 6.3.7 provide a step-by-step procedure.

6.3.2 Measure inputs

Meastire all variable/inputs, including meteorological data and plant-specific parameters
necegsary to define.the measurement conditions.

6.3.3 Verify data quality

As negessary, validate the measured variable input data as per 6.2.

6.3.4 Calculate the correction factor for each measurement point

Input measured meteorological data into the system’s model and calculate the correction
factor needed to translate the measured data to the temperature, wind and irradiance
conditions specified by the TRC for all points measured during “unconstrained” stable
operation.

Calculate the correction factor for each point using the power model and Equation (1):

CF= PPredtarg/PPredmeas (1)
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where

CF is the correction factor;
Ppredtarg 1S the power predicted at the target conditions;
Ppredmeas 1S the power predicted at the measured conditions.

Both predicted powers are taken from the model agreed to by the parties. See the annexes for
an example model.

6.3.5 Correct measured power output

Correft the measured power by the correction factor for all points measured- @luring
“uncopstrained” stable operation as calculated from the power model that describesrthg plant
using|Equation (2):

P P CF (2)

corr — “ meas

6.3.6 | Average all values of corrected power

Taking care to consider only the data that were included after data filtering (see 6.2.2),
averape all corrected power output values taken under “unconstrained” operating condjtions,
and separately average all power values measured during censtrained operation.

6.3.7| Analyse discrepancies

If an ipdividual averaged corrected power deviates-from the average by more than 5 %, then a
root cpuse diagnosis should be completed for the data point to see if any outlier situation was
in effgct and not caught by the data filtering.

If the|laveraged power values deviate from the performance target values significanf]y (as
established by the parties to the test),.théen a root cause diagnosis should be completed. The
test rgport shall comment on whetherthe test should still be considered valid.

6.4 |[Comparison of measured'power with the performance target

The average measured corrected power (see 6.3) and performance target can be compared
either|as a simple difference, percent difference, or ratio calculation.

Difference calculation:

Peorr = PTarget (3)
Percehnt difference calculation:
[Peorr — PTarget] 100/ PTarget (4)
Ratio (performance index for power):
Pcorr / PTarget (5)

Ratio (units of %):

(Peorr - 100) / Prarget (6)


https://iecnorm.com/api/?name=b1f6b1149045b385fc30548cb7ee2077

IEC TS 61724-2:2016 © IEC 2016 -19 -

A similar comparison is made of the average power generated during times of constrained
operation relative to the performance target’s definition of expected generation during times of
constrained operation. If the output capability of the inverter is dependent on the inverter
temperature or other factor, the performance should be evaluated in that context.

For systems that frequently have constrained operation and when the parties to the test agree
to include it, the test report shall include two test results to reflect both the unconstrained and
constrained operation. The use of these two test results is chosen by the user of the test and
should be defined before the application of the test. If a single number is desired, one
approach is to use typical weather data to identify how much energy is expected to be
generated in unconstrained and constrained operation, and then derive a composite result
that gpplies—tothesetypical energy valuesto obtain—a weighted average—of the two test

resultp.

The gomparison of P.,., and the performance target shall include a consideration of the
uncertainties calculated in 6.5, as guided by the initial agreement.

6.5 [Uncertainty analysis

As palrt of the performance target or test plan, the agreement shall 'state how the unceftainty
of thel measurement is considered. Thus, it can be essential to quantify the uncertainty |of the
measyirement as part of determining whether the measured petrfoermance meets expectgtions.
Regaldless of whether the uncertainty is used as part, 6f" determining the test fesult,
uncerfainty analysis should be part of the assessment.

The dpta are collected with an accuracy that is consistent with, or better than, the descriptions
provided in |IEC 61724-1 for the chosen class ofi measurement. While the measurgment
accuracy defines the class of the measurement; the final uncertainty associated with the
conclyision of the test will also depend on the’ fraction of data that is discarded and|other
factorp that are not defined in IEC 61724~1. This subclause provides some addjtional
guidapce regarding the uncertainty analysis:

The Wincertainty is determined fer)P.,,, not for the performance target. Uncertainties
assodjated with the model used for the original prediction are neglected. However,

uncerfainties associated with the-measured weather data will introduce uncertainty in P {...

Both s$ystematic (bias) and.random (precision) uncertainties are included in the analysi$. The
contriputions to the uncertainty depend on the model that is used, but generally include
uncerfainty in the measurements of the irradiance, temperature, wind speed, and elegtricity
generpted as well.asuncertainties in corrections of these.

All mEasurements and associated uncertainties are tabulated and combined using stgndard

propagation,of errors as described in:
o  ASMEPRerformanceTestCode49-4:
o ISO 5725;

e |ISO/IEC Guide 98-1.

The uncertainties associated with each sensor are taken from the manufacturer’s specification
and/or from the calibration report provided by the calibration laboratory.

The uncertainty analysis should also include systematic errors that may arise from
misplacement or inappropriate installation of the sensors including:

e irradiance sensor placement (tilt, azimuth, and height);

e positioning of temperature sensors relative to power model;

e positioning of wind sensor relative to power model;
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iling that has not been addressed;

2016

e spatial variation when a subset of point measurements may not capture the true array bulk

va

lues (e.g. wind speed).

Data acquisition device uncertainties should also be considered.

The uncertainty evaluation should include a review of the range of conditions that were
successfully sampled during the test. For example, bias related to spectrum, angle of
incidence, etc. may be introduced if the measurement is confined to a short time in the
morning and a short time in the afternoon when the DC output is within the capability of the
inverter.

The t?l\ermal model described in Annex A and other thermal models are typically desigrLed to
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Nonlinear system output may be specific for the technology, or caused by degradation of the
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eration, and data analysis, including responsibility for:

i)
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i)

calibrations;
cleaning of sensors;

cleaning of array;

iv) detection of system issues;

v)

resolution of system issues;

vi) determination of constrained operation (if applicable);

vii

vii

) analysis of data;
i)writing/review of final report;

ix) any other relevant roles.

e) plant operating requirements including cleaning, inspection for evidence of wildlife
interaction, build-up of debris, etc.;
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f) instrumentation;

g) pre-test uncertainty analysis;

h) detailed data treatment and reduction methods;

i) criteria for a successful test;

j) instrumentation cut-sheets and calibration certificates;

k) historical meteorological data as a reference and/or electronic file.

8 Testreport

The fipal test report shall include both the test procedure (either explicitly or by refereng¢e) as
well as the following items:

1) dgscription of the party doing the test;

2) dgscription of the site being tested, including latitude, longitude, and altitude;

3) dgscription of the system being tested; specific note should be made.of whether thefe are
pdrasitic loads and how these are documented by the test;

4) a|summary of the performance target made for “unconstfained” and “constrained”
oferation, including definition of the TRC and associated power model;

5) a [summary of the definition of the meteorological data taken during the test, including
cdlibration data for all sensors (sensor identification, -test laboratory, date of tes{) and
sgnsor location, including photographs for documenting the sensor location and ground
cgnditions like rough or smooth vegetation or snowsand records of sensor cleaning;

6) a pummary of the definition of the system output data collected during the test, including
records of completed calibrations;

7) thg raw data that were collected during¢the test, including note of which data mgt the
stability and other criteria;

8) arn explanation of why data that met-the filter criteria (if any) were removed;

9) fol CPV tests, the average (irradiance-weighted) air mass that was experienced during the
tept shall be reported;

10) a |ist of any deviations fromthe test procedure and why these were taken;
11) a pummary of the correction factors that were calculated for the filtered data;

12) a [summary comparison of the performance targets and average measured, corfected
pgwer values as(calculated in 6.3 for both “unconstrained” and “constrained” operafion, if
rejevant;

13) a |description of uncertainty analysis and statement of uncertainty associated with the
cqdrrectionfactors, based on the uncertainty of the weather measurements (see 6.3) and
urfcertainty of the model assumptions such as the temperature model and the assumption
of|lin€ar response to irradiance;

14) a description of uncertainty analysis and statement of the uncertainty associated with the
measured performance (see 6.5) including an analysis of any uncertainty introduced by
extrapolation (all data points falling on a single side of the TRC);

15) a summary version of the test results may be provided containing:
a) the P, under “unconstrained” operation;
b) the P_,,, under “constrained” operation;

c) the reference conditions for unconstrained operation (TRC) and target power
associated with those conditions;

d) the performance index under TRC (ratio of P to target power, expressed in %).

corr

For items that are duplicated on both lists, the final report should duplicate the original
information, verify that the project was executed as originally planned, or note modifications
that occurred during the test period.
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Annex A
(informative)

Example of model for module temperature calculations

A.1  General

Generally, there are two parts to defining the temperature dependence of the power output of
a PV system: 1) relating the weather conditions to the module temperature and 2) the power
output as a function of module temperature.

The module temperature can be measured directly using a sensor on the back of the module
as described in IEC 61829 or in Annex B of IEC 61724-1:2016, or an infrared camera that has
been farefully calibrated for the emissivity of the module, but the module temperature rgflects
both the weather conditions and the quality of the installation or design)*since improper
installation of modules or a poor mounting design may cause modules to”opérate at elgvated
tempgratures when compared to design expectations. To include™ module opgrating
tempgrature within the test, the ambient temperature and windspeed may be uged to
calculpte an expected average module temperature. If measurements from IEC 6185312 are
available, these may inform the model for calculating the module temperature from the
ambignt temperature and wind speed.

A.2 | Example heat transfer model to calculate-expected cell operating
temperature

This gection presents a heat transfer model that has demonstrated good results. However,
other Imodels exist, and practitioners should choose the model that best fits their situatipn. Of
great [importance is using identical heat transfer models for setting the capacity performance
targetlas well as the target reference conditions.

The module and cell temperatures may be described by Equations (A.1) and (A.3):

Tl = Gmeas - €@ W9][°C m2/W] + T, (A1)
where
T is the calculated module back surface temperature (°C);
Gmead is the measured POA irradiance (W/m?2);
Ty is\the measured ambient temperature (°C);
WS is the wind speed corrected to 10 m height (m/s);
is the module glazing coefficient (see Table A.1):
is the forced convection glazing coefficient (s/m);
e is the natural logarithm base.
WS = WSmeas " [ H/! Hpeas 1 @ (A.2)
where
wSs is the the wind speed corrected to a 10 m height or to the height that is relevant to
the power model;
WSmeas is the as measured wind speed,;
H is the height used by performance model (m) (typically 10 m);
Hieas is the above grade anemometer height (m);
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a is the resistance coefficient for ground cover or the Hellmann exponent
(see Table A.2) (unitless).

The conductive temperature drop between the module's back surface and interior PV cell can
then be calculated from Equation (A.3).

Te = Ty + (Greas/ 1000 W/m2) -dT, 4 [°C] (A.3)
where
T, is the calculated cell temperature (°C);
chon ween

module surface and cell centre (°C).

The cpefficients a, b, and dT.,,4 are defined as part of defining the temperature.dependence.
Thesg may be derived from measured data or taken from the literature for gimilar
confidurations, such as those given in Table A.1. If the measured and model-iriput wind gpeed
data were taken at the same height, the wind speed correction in Equation (A.2) mpy be

omittgdd.

Table A.1 — Empirically determined coefficients
used to predict module temperature

Module type Mount a b dfT .. g
(s/m) °C)
Glassfcell/glass Open rack -3,47 -0,0594 3
Glassl’celllglass Close roof mount -2,98 -0,0471 1
Glassl’celllpolymer sheet Open rack -3,56 -0,0750 3
Glassfcell/polymer sheet Insulatéd back -2,81 -0,0455 0
Polynjer/thin-film/steel Opefn‘rack -3,58 -0,113 3
22x lihear concentrator Tracker -3,23 -0,130 13

NOTH Wind speed was measured at the standard meteorological height of 10 m.

The Hellmann coefficienfiis dependent on the stability of the air and the shape of the terrain.
Valuegp from Table A2 may be selected. The uncertainty analysis should incluge an
estimation of the sensitivity of the final result to the value selected from Table A.2 or|other
mode| assumption:

Table A.2 — Hellmann coefficient, a, for correction of wind speed
according to measured height, if values in Table A.1 are used

Location or situation a
Unstable air above flat open coast 0,11
Neutral air above flat open coast 0,16
Unstable air above human inhabited areas 0,27
Neutral air above human inhabited areas 0,34
Stable air above flat open coast 0,40
Stable air above human inhabited areas 0,60

For some designs, the temperature coefficients may have a strong dependence on wind
direction. If so, measuring the wind direction and adjusting the temperature model accordingly
may improve the accuracy of the test.
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