PD IEC TR 63401-3:2023

Dynamic characteristics of invertei-based
resources in bulk power systems

Part 3: Fast frequency response and frequelicy ride-through from

inverter-based resources during sever = fiequency disturbances

bsi.


https://www.stdhive.com/standards/bs-pd-iec-tr-63401-32023-pdf/

PD IEC TR 63401-3:2023

PUBLISHED DOCUMENT

National foreword

This British Standard is the UK implementation of IEC TR 63401-3:2023.

The UK participation in its preparation was entrusted to Technical
Committee GEL/8/1.

A list of organizations represented on this committee can be obtained on
request to its committee manager.

Contractual and legal considerations

This publication has been prepared in good faith, however no
representation, warranty, assurance or undertaking (expressar
implied) is or will be made, and no responsibility or liab‘iity:is o will be
accepted by BSI in relation to the adequacy, accuracy, coir.nletciiess or
reasonableness of this publication. All and any such respons:bility and
liability is expressly disclaimed to the full extent pern itted by the law.

This publication is provided as is, and is to be usea At th 2
recipient’s own risk.

The recipient is advised to consider seeking rofessional guidance with
respect to its use of this publicatio:

This publication is not intended o conscitute a contract. Users are
responsible for its correct applicarion.

© The British Standards 'i.stiv 'tion 2023
Published by BSI Standai ds ['imited 2023

ISBN 978 0 539 292338 8
ICS 27.160; 27:28¢: ..020

Complianc~'wi:h a British Standard cannot confer immunity from
legal ¢hlhations.

Thiz British Standard was published under the authority of the
S:2ndards Policy and Strategy Committee on 31 December 2023.

amendments/corrigenda issued since publication

Date Text affected



https://www.stdhive.com/standards/bs-pd-iec-tr-63401-32023-pdf/

PD IEC TR 63401-3:2023

IEC TR 63401-3

Edition 1.0 2023-12

TECHNICAL
REPORT

colour
inside

Dynamic characteristics of inverter-based resou:ces in bulk power systems —
Part 3: Fast frequency response and frequency ride -through from inverter-
based resources during severe frequency disturbances

NTENATIONAL
ELZCTROTECHNICAL
COMMISSION

ICS 27.160; 27.180; 29.020 ISBN 978-2-8322-8000-3

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

® Registered trademark of the International Electrotechnical Commission


https://www.stdhive.com/standards/bs-pd-iec-tr-63401-32023-pdf/

PD IEC TR 63401-3:2023

-2- IEC TR 63401-3:2023 © IEC 2023
CONTENTS
O T T 1 I PP 6
LN I 2 1 1 L O 1 PN 8
1 1T o 1= S 9
2 NOrMative referENCES .. o 9
3  Terms, definitions and abbreviated terms ... 9
3.1 Terms and definifioNS .. ..o 9
3.2 AbDbreviated termMS ... .. 9
4 Definition of fast frequency response (FFR) ... .11
4.1 LT =Y o= - ¥ i
4.2 Existing usage of term FFR ... o 11
4.21 FFR in Australia and TeXas ......oooiiiiiiiii i e 11
4.2.2 FFR and synthetic inertia in European Network of Transmissior Syste.n
Operators for Electricity (ENTSO-E) ..ccoiiiiiii e 15
4.2.3 FFR and synthetic inertia in EirGrid/SONI ..o e, 16
4.2.4 The enhanced frequency response and enhanced frequer.y control
capability in the UK ... ..o s e 18
4.2.5 FFR in North American Electric Reliability Council (Nl:"’ ) and North
N 3 =T o= e 18
4.3 Definition of FFR given by CIGRE JWG C2/C4.4% ... i 18
4.4 Recommended definition of fast frequency respunse (FFR) ..o, 19
4.4.1 Clear definition ........ccoooiiiiiiiii PP 19
4.4.2 Impact mechanism on system frequencV.........ccooiiiiiiiiii 19
4.5 Description of the relationship among syi.~*ronous inertia response, fast
frequency response, and primary frequency reSpPoONSEe.......cooeuiviiiiiieiiiiiiiiiiieieeanes 20
451 Relationship between sync:ronous inertia response and fast frequency
=TS 0 T0) 1= S 20
452 Relationship between fast frequency response and primary frequency
=TS 0 To) 1= S 21
4.5.3 Relationship betw.en synchronous inertia response and primary
T QUENCY M O e 21
5  System needs and cor “iticns where fast frequency response is warranted.................... 22
5.1 Higher ROCOI .and 1oWer Nadir........oouiiiiii e 22
5.1.1 L= 0T =Y PP 22
5.1.2 [ [To T 1 0 © PP 23
5.1.3 LA S =T = Vo | PP 24
5.1.4 CHMUIALION STUAY oo e 25
515 Blackout in Great Britain power grid on 9 August 2019 ..o 26
5.¢ Large fluctuation of system frequency in power system operation ......................... 29
<21 LT o= = | P 29
35.2.2 Frequency regulation scheme ... 29
5.2.3 Relatively large load fluctuation ... 30
5.2.4 Relatively weak and slow PFR ... 30
6 Performance objectives for fast frequency response from inverter-based resources ...... 31
6.1 The response time of FFR ... ... 31
6.2 The response characteristics and maximum response capacity of FFR ................. 32
6.3 Test performance for renewable generator equipped with fast frequency
respPONSe IN China ... e 34

6.3.1 [CT=Y Y=Y = N 34


https://www.stdhive.com/standards/bs-pd-iec-tr-63401-32023-pdf/

PD IEC TR 63401-3:2023

IEC TR 63401-3:2023 © IEC 2023 -3-
6.3.2 Engineering CoONStruCtion ... ..o 34
6.3.3 Test practice and performance ..........ooooiiiiiii e 35
7 Available technologies, controls, and tuning considerations for fast frequency
response and primary freqUENCY rE@SPONSE ... i 35
7.1 Available technologies for fast frequency response ...........ccoovviiiiiiiii i 35
7.1.1 Technology capabilities for FFR S€rvice..........coccoiiiiiiiiiiiiiciceeieeee e 35
7.1.2 WINA TUIDINES .o e 36
7.1.3 S0lar PV e 37
7.1.4 Battery energy Storage .......o.ooiiiiiii 38
7.1.5 L Y5 L PP 40
7.2 Available controls for fast freqUENCY resSpPoNSEe .......cccivviiiiiiiiiiiiei e, 11
7.2.1 GENEIAL .. S 41
7.2.2 Additional FFR control for grid-following converter.............c...c......0 - . 41
7.2.3 Grid-forming converter Control ..........ccoiiiiiiiiiiiii e e 42
7.3 Tuning considerations for fast frequency response and primary frequ=ncy
(=357 0T 1= S S PP 44
8 Test methods for verifying turbine-level or plant-level fast frequenc:’ recnons e
CapPability .. B O 45
8.1 LT =Y o= - ¥ A S 45
8.2 Selection of test equIpMeENt ... 45
8.3 Test Wiring Method. ... e 45
8.4 Selection of measuring conditioNS....... ..ol i 46
8.5 Step frequency disturbance test................. T 47
8.6 Slope frequency disturbance test .......... 47
8.7 Actual frequency disturbance simulation s ............ccociiiiiiii 48
8.8 Actual frequency disturbance simulation test.............oooiii 48
9 Rate-of-change-of-frequency (ROCOT) c¢=finition and withstand capability for high
ROCOF CONAItiONS ... e et 49
9.1 Definition of rate of change o1 frequency (ROCOF) ..o, 49
9.2 Ride-through (withstard) ~apability for high ROCOF conditions .................cc.cen.e. 51
10 Test specifications for high KOCOF conditions ........c.iiuiiiiiiiii e 53
10.1  Performance Spe CifiCAtION ........oiviiiii e 53
10.1.1 Effective and cperating ranges ... 53
10.1.2 Accurac re.ated to the characteristic quantity ... 53
10.1.3 Start U m~ for rate of change of frequency (ROCOF) function......................... 54
10.1.4 ~ocuracy related to the operate time delay setting ..o, 54
10.1.5 Yo 1 =T 1= T oY o 11 1 54
10.2.  Fuistional test methodology ... 55
10...1 GBNEIAL .. 55
10.2.2 Determination of steady-state errors related to the characteristic
o [ = a1 157/ 55
10.2.3 Determination of the start time ... 63
10.2.4 Determination of the accuracy of the operate time delay.....................coooiilL 65
10.2.5 Determination of disengaging time ... 66
11 Modelling capabilities and improvements to dynamic models for fast frequency
response and related high ROCOF conditions .............cooiiiiiiiiiiii e, 67
T T 7= o =Y =Y S 67
11.2 Dynamic models for fast frequency response and related high ROCOF
LoTo] Yo 11 40} o 1= PPN 68

11.2.1 Dynamic models of whole power Systems ..........ccooooiiiiiiiiii e 68


https://www.stdhive.com/standards/bs-pd-iec-tr-63401-32023-pdf/

PD IEC TR 63401-3:2023

-4 - IEC TR 63401-3:2023 © IEC 2023

11.2.2 Simplification of dynamic models ...........cooiiiiiiiiii 73
11.3  Modelling iMProvVemMENES .. ... e 75

(27 o] 1Yo [ £=T o] 0 2 PPN 77
Figure 1 — Proposed response times by ERCOT as of 2014 ..o, 12
Figure 2 — Time elements of FFR ... 14
Figure 3 — Impact mechanism on system frequency by FFR ..., 20
Figure 4 — System frequency in response to a large generation trip ...........ccooooiiiiiiiiinin. 22

Figure 5 — Frequency characteristics under the same disturbance with various inverter-
based resources Penetration ... ..o e 26

Figure 6 — Frequency response in blackout in Great Britain power grid on 9 August 2019....2/
Figure 7 — System frequency fluctuation under secondary frequency regulation dt e tc

load fluctuation iN @ Grid ... ..o e e e 29
Figure 8 — Assignment of different modulations for quasi-steady-state frequencyv

118 T3 LU= o T o Sy PP 30
Figure 9 — Controlled contribution of electrical power provided by ROCCF-b.sed FFR ......... 33
Figure 10 — The controlled contribution of electrical power provide! Ly (‘eviation-based
S P 34
Figure 11 — Scheme of the transfer function of ROCOF-base FFR for grid-following

LoTo] V2=t (=Y T PP 41
Figure 12 — Scheme of the transfer function of deviaticn-bxse¢ FFR for grid-following

LoTo] 0V Z=T o (=T PP 42
Figure 13 — Schematic of the droop control of deviuuon-oased FFR for grid-forming

CONVEIBIS . D 43
Figure 14 — Time elements Of FFR ... o e 44
Figure 15 — Test Wiring diagrami ... ..o i i e e e aenas 46
Figure 16 — Test slope curve for ROCZ=-ua3ed FFR ..o, 48
Figure 17 — Schematic of increased K )COF with increased renewable generation ............... 50
Figure 18 — The response of IBR: foi frequency slope change (change from 45 Hz to

S Lo T o A 1 Tt T TP 51
Figure 19 — The respons~ (¥ 1B/Rs for frequency step change of 1 Hz ............c.oooiiiiiiils 52
Figure 20 — Operate time and operate time delay setting ..o 54
Figure 21 — Exampic of i 2st method for positive ROCOF function ... 56
Figure 22 — Tez* metho! for measurement of reset value for ROCOF functions:

example for pasitice ROCOF fUuNCHON ... 59
Figure 23 — Ctarc time measurement of positive ROCOF function...........oooooiiiiiiiiinen, 63
Figure 24 — Operate time delay measurement of positive ROCOF ... 65
Figure 25 - Disengaging time measurement of ROCOF ... 66
Figire 26 — Second generation BPS renewable energy system (RES) modules .................... 69
Figure 27 — Load modelling PracCtiCeS.....o.iii e e 70
Figure 28 — WECC CLM . .oi e e et e et et e et e e et e et e et e et e aaeeans 72
Figure 29 — Electronically interfaced load model ... 72
Figure 30 — Distributed energy resource mModel............oouiiiiiiiiiiiii e 73
Figure 31 — The traditional SFR MOdel.......cooiiiiii e 73

Figure 32 — Improved model in light of ROCOF-based FFR and deviation-based FFR........... 75


https://www.stdhive.com/standards/bs-pd-iec-tr-63401-32023-pdf/

PD IEC TR 63401-3:2023

IEC TR 63401-3:2023 © IEC 2023 -5-

Figure 33 — Electrical power from wind turbines for different combinations of wind

power control strategies under 20 % wind power penetration in system .................cooo 76
Table 1 — Frequency response times of FFR ..., 13
Table 2 — Frequency response in Great Britain power grid on 9 August 2019........................ 29
Table 3 — Summary of response times in different countries and regions .................cccoeeene. 31
Table 4 — Summary of response times for inverter-based resources ............ccoocieiiiiiiininnann. 31
Table 5 — Typical ranges of control parameters of FFR ... 34
Table 6 — Inertia response and fast frequency regulation performance...............cccoovveiinnn.n. 35
Table 7 — Input and output of a data collection point............c.coooiiiiiiiiiii e, ....46
Table 8 — Test conditions for fast frequency response of renewable energy power planv...... 46
Table 9 — Stepped frequency disturbance test ...........cooiiiii i 47
Table 10 — Test conditions for actual frequency disturbance simulation .....................0.......... 48
Table 11 — Example of effective and operating ranges for over- and under-frratsncy

010 €= o3 4 o] o [ S U 53
Table 12 — Example of effective and operating ranges for ROCOF protecior ......ocoevviiennne. 53
Table 13 — Test points for ROCOF fUNCHION.......coouiiiii i e e 57
Table 14 — Reporting of ROCOF QCCUIACY ...ccuivuiiiiiiiiiiiiiee e e 58
Table 15 — Test points of reset value for ROCOF function........ ..., 62
Table 16 — Reporting of the reset value for ROCOF funetic ... ..o 63
Table 17 — Test points for minimum frequency protection 1onction start time......................... 64
Table 18 — Test points to measure operate time delay (..o 65
Table 19 — Test points for accuracy of the operate time delay ..., 66

Table 20 — Test points of disengaging time fc RCCOF function ..., 67


https://www.stdhive.com/standards/bs-pd-iec-tr-63401-32023-pdf/

PD IEC TR 63401-3:2023

1)

2)

3)

4)

5)

6)
7)

8)

9)

)
]
—

It

[

-6 - IEC TR 63401-3:2023 © IEC 2023

INTERNATIONAL ELECTROTECHNICAL COMMISSION

DYNAMIC CHARACTERISTICS OF INVERTER-BASED
RESOURCES IN BULK POWER SYSTEMS -

Part 3: Fast frequency response and frequency ride-through from
inverter-based resources during severe frequency disturbances

FOREWORD

The International Electrotechnical Commission (IEC) is a worldwide organization for standardiz itioi com . rising
all national electrotechnical committees (IEC National Committees). The object of IEC. s tc rromote
international co-operation on all questions concerning standardization in the electrical and electro. ic fields. To
this end and in addition to other activities, IEC publishes International Standards, Techi ical Specifications,
Technical Reports, Publicly Available Specifications (PAS) and Guides (hereafter. retrred to as “IEC
Publication(s)”). Their preparation is entrusted to technical committees; any IEC Natio~al Ccn mittee interested
in the subject dealt with may participate in this preparatory work. International, g vernr ental and non-
governmental organizations liaising with the IEC also participate in this preparatior. IE(. coliaborates closely
with the International Organization for Standardization (ISO) in accordanc=e /wi.> cunditions determined by
agreement between the two organizations.

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

IEC Publications have the form of recommendations for inteinaticnal (se and are accepted by IEC National
Committees in that sense. While all reasonable efforts are mac= tc ~asure that the technical content of IEC
Publications is accurate, IEC cannot be held responsible i r ti.>» way in which they are used or for any
misinterpretation by any end user.

In order to promote international uniformity, IEC Nation.! C,mmittees undertake to apply IEC Publications
transparently to the maximum extent possible in their natonal and regional publications. Any divergence
between any IEC Publication and the correspondir g national or regional publication shall be clearly indicated in
the latter.

IEC itself does not provide any attestation L’ cunformity. Independent certification bodies provide conformity
assessment services and, in some areas, a. cesc to IEC marks of conformity. IEC is not responsible for any
services carried out by independent Certil ~utio’1 bodies.

All users should ensure that they ha'e t. = latest edition of this publication.

No liability shall attach to IEC o1 **s cirectors, employees, servants or agents including individual experts and
members of its technical com: i ces and IEC National Committees for any personal injury, property damage or
other damage of any nature vna’soever, whether direct or indirect, or for costs (including legal fees) and
expenses arising out of: he :liication, use of, or reliance upon, this IEC Publication or any other IEC
Publications.

Attention is drawn i the \ormative references cited in this publication. Use of the referenced publications is
indispensable for the ¢ =rect application of this publication.

IEC draws at.er ‘on to tne possibility that the implementation of this document may involve the use of (a)
patent(s;. IEC take., no position concerning the evidence, validity or applicability of any claimed patent rights in
respect thc-eor. As of the date of publication of this document, IEC had not received notice of (a) patent(s),
which. may b required to implement this document. However, implementers are cautioned that this may not
repres2nt the latest information, which may be obtained from the patent database available at
htio=:// atents.iec.ch. IEC shall not be held responsible for identifying any or all such patent rights.

C 1.263401-3 has been prepared by subcommittee 8A: Grid Integration of Renewable
ne.gy Generation, of IEC technical committee 8: System aspects of electrical energy supply.
5 a Technical Report.
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The text of this Technical Report is based on the following documents:

Draft Report on voting

8A/130/DTR 8A/150/RVDTR

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

The language used for the development of this Technical Report is English.

This document was drafted in accordance with ISO/IEC Directives, Part 2, and develape! in
accordance with ISO/IEC Directives, Part1 and ISO/IEC Directives, IEC Supple.nen’,
available at www.iec.ch/members_experts/refdocs. The main document types develoypea by
IEC are described in greater detail at www.iec.ch/standardsdev/publications.

A list of all parts in the IEC 63401 series, published under the genera' title Dynamic
characteristics of inverter-based resources in bulk power systems, can be ‘~und on the IEC
website.

The committee has decided that the contents of this document will . 3ma'n unchanged until the
stability date indicated on the IEC website under webstore.iec.ch ii. ine data related to the
specific document. At this date, the document will be

e reconfirmed,

e withdrawn, or

e revised.

IMPORTANT - The "colour inside"” lono o.> the cover page of this document indicates
that it contains colours which «re >onsidered to be useful for the correct
understanding of its contents. Ute.s should therefore print this document using a
colour printer.
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INTRODUCTION

Primary frequency response (PFR) denotes the autonomous reaction of system resources to
change in frequency. In most power systems, the main contributor to PFR is the governor
response of synchronous generation. In the systems with less synchronous generators, the
system inertia is relatively low and PFR capability is relatively weak and slow, so the system
frequency tends to change dramatically in severe power imbalance disturbances, which will
trigger under-frequency load shedding (UFLS) or OPC (over speed protection control) of
synchronous generators possibly. Therefore, it is an effective coping method to introduce
some new frequency responses in the systems with high penetration of inverter-based
resources.

This document studies fast frequency response (FFR) as a potential mitigation op.on in
maintaining grid security during severe frequency disturbances. Broadly, FFR is some kind of
rapid injection of electrical power from inverter-based resources or relief of loads “hat ~elps
arrest the decline of system frequency during severe disturbances.
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DYNAMIC CHARACTERISTICS OF INVERTER-BASED
RESOURCES IN BULK POWER SYSTEMS -

Part 3: Fast frequency response and frequency ride-through from
inverter-based resources during severe frequency disturbances

1 Scope

This part of IEC 63401, which is a Technical Report, provides an insight into the various forms
of fast frequency response and frequency ride-through techniques that involve inverter-based
generation sources (mainly wind and PV) in a bulk electrical system.

This document first focuses on extracting the clear definition of FFR from different references
around the world, while studying the mechanism of FFR acting on system frequency and the
unique features of FFR. It then compares various kinds of frequency response and
demonstrates the relationship among synchronous inertia response, fast frequency response,
and primary frequency response. Several system needs and conditions where FFR is suitable
are identified. This document also focuses on the performance objectives, practicality and
capabilities of various non-synchronous resources, and discusses the test methods for
verifying FFR capability at different levels. Finally, it focuses on the ROCOF issues and on the
robust performances of FFR.

2 Normative references

There are no normative references in this document.

3 Terms, definitions and abbreviated terms

3.1 Terms and definitions

No terms and definitions are listed in this document.

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

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

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

3.2 Abbreviated terms

Abbreviated term Description
AEMO Australian Energy Market Operator
AGC automatic generation control
BESS battery energy storage systems
BMS battery management system
BPS bulk power system
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