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FOREWORD

International Electrotechnical Commission (IEC) is a worldwide organization for standardization)con
ational electrotechnical committees (IEC National Committees). The object of IEC is to promote’intern
bperation on all questions concerning standardization in the electrical and electronic fields. 1o this ¢
ddition to other activities, IEC publishes International Standards, Technical Specifications;, Technical R
licly Available Specifications (PAS) and Guides (hereafter referred to as "IEGC, ‘Publication(s)")
baration is entrusted to technical committees; any IEC National Committee interestedvn the subject de
participate in this preparatory work. International, governmental and non-governmental organizations

hdardization (ISO) in accordance with conditions determined by agreement‘between the two organiza

formal decisions or agreements of IEC on technical matters express, as nearly as possible, an intern

rested IEC National Committees.

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

rder to promote international uniformity, IEC National' Committees undertake to apply IEC Publi
sparently to the maximum extent possible in their national and regional publications. Any divergence b
IEC Publication and the corresponding nationakerregional publication shall be clearly indicated in thé

itself does not provide any attestation of conformity. Independent certification bodies provide con
essment services and, in some areas, access to IEC marks of conformity. IEC is not responsible
ices carried out by independent certificatioh bodies.

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

liability shall attach to IEC or its-directors, employees, servants or agents including individual expe|
nbers of its technical committeés-and IEC National Committees for any personal injury, property dan
br damage of any nature whatsoever, whether direct or indirect, or for costs (including legal feqg
enses arising out of the ‘publication, use of, or reliance upon, this IEC Publication or any oth
lications.

ntion is drawn to the _Normative references cited in this publication. Use of the referenced publica

ntion is drawnte:the possibility that some of the elements of this IEC Publication may be the subject o
ts. IEC shalknot be held responsible for identifying any or all such patent rights.
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The text of this Technical Report is based on the following documents:

Draft TR Report on voting
8A/99/DTR 8A/103/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.
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This document was drafted in accordance with ISO/IEC Directives, Part 2, and developed in
accordance with ISO/IEC Directives, Part 1 and ISO/IEC Directives, IEC Supplement, available
at www.iec.ch/members_experts/refdocs. The main document types developed 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 general title Dynamic
characteristics of inverter-based resources in bulk power systems, can be found on the IEC
website.

The committee has decided that the contents of this document will remain unchanged until the
stability date indicated on the IEC website under webstore.iec.ch in the data related to the
speciffc document. Atthis date, the document wittoe ... |
e regonfirmed,

e withdrawn,

e replaced by a revised edition, or

e amended.

IMPORTANT - The "colour inside” logo on the cover page of this document indicates that it
contfins colours which are considered to be useful for.the correct understanding 9f its
contents. Users should therefore print this document using-a colour printer.
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INTRODUCTION

Advancements in power electronic converters have led to an increased proportion of converter
based renewable power generators in modern electric power systems. Power electronic
converters use multi-time scale converter control structures to achieve smooth grid connection.
Such control interactions cause oscillation with the frequency ranging from a few hertz to
several kilohertz, which can interact with other converter-based devices or system components
such as static compensators (STATCOM), series capacitors and weak AC grids. The
interactions of converter control with series-compensated or weak AC grid cause oscillation in
the subsynchronous and its complementary supper synchronous frequency ranges, named as
sub- and super-synchronous control interaction or simply sub-synchronous control interaction
(SSCIy-

In the| past decade, several incidents have been reported where wind turbine andsphotovoltaic
(PV) |converter controls interacted with series-compensated or weak ¢AC" grids at
subsyjnchronous and/or supersynchronous frequencies. Post-event investigations have ghown
that the converter controls actively participate in these interactions. Unlike classical sub-
synchfonous resonance (SSR), SSCI is a system-wide phenomenon rather than a locplized
convdrter control issue. The mechanism and characteristics of SSCI arée)greatly influended by
convdrter control structures and parameters, generation resource ~intermittency, negtwork
topoldgy change, grid strength, etc. Such factors distinguish the eonverter control participated
interaptions in converter-based generators from the classic SSR‘phenomenon associatefl with
the conventional power generators. The oscillation caused, by”SSCI seriously threatens the
stablg and reliable operation of wind power systems.

Powef systems with high-penetration of power electronic’converters face a variety of oscillatory
stability issues. Power electronic converter-based:components such as converter-based wind
turbine generators (WTGs), photovoltaic (PV), flexible AC transmission system (FACTSY) and
high yoltage DC (HVDC) can interact with eachy other and/or with the series-compensated or
weak [AC networks. As a result of such interactions, oscillation from a few hertz to tgns or
hundrgeds of hertz could be triggered, as jllustrated in Figure 1.

The ipteraction between doubly-fed_ induction generators (DFIGs) and series compensated
transmission lines was first reported in the electric reliability council of Texas (ERCOT] wind
powel system in 2009. The frequency of triggered oscillation was 20 Hz to 30 Hz. Later on|, from
2010 to 2016, frequent oscillation events were reported between DFIG and series-compernsated
netwdrk in the Guyuan system located in Hebei, China. In 2015, a new type of interaction was
repor:l‘ed in the Hami wind'power system in Western China. Post-event investigations showed
that tihe full-scale caonverter (FSC) interacted with the weak AC grid causing strong sul- and
supertsynchronousyoscillation. The frequency of oscillation originating from the FSC| wind
turbines matched_with the shafts' natural frequencies of the nearby steam turbine genenators,
which| resultedin intense torsional vibrations. In 2019, a power outage event in thel UK's
Natiopal Grid>was also found to have been worsened by a 9 Hz oscillation. The conpyerter
contrglsof.the FSCs in the Hornsea offshore wind farm participated in the event and amplified
the nggative resistance effect, which led to the sudden shutdown of the wind farm.

The frequency of oscillation triggered by the interactions between converter generators (e.g.
wind or PV) and series-compensated or weak AC grid falls in the range of sub- and/or super-
synchronous frequency. Due to the active participation of converter controls, the interaction is
widely known as the subsynchronous 'control' interaction (SSCI). Note that although the
frequency of the 2019 event in the UK's National Grid is below the system's synchronous
frequency, careful consideration must be given before characterizing this event as an SSCI
event.

Besides SSCI, several high-frequency resonance events have also been reported around the
world. For example, the harmonic instability with frequency ranging from 100 Hz to 1 000 Hz in
the Borwin1 offshore wind power project in the North Sea of Europe. In 2017, a high-frequency
resonance was reported in the Yunnan grid after the Luxi project was put in operation. The high-
frequency resonance occurred between the modular multilevel (MMC)-HVDC and the AC grid,
triggering the 1 272 Hz and its complementary frequency oscillation. Similar events involving
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interactions between converter-based devices and the grid have occurred around the world.
The interaction phenomenon causing such high-frequency oscillation is widely known as high-
frequency resonance or harmonic resonance.

This technical report aims at revisiting the existing terms and definitions, proposing benchmark
models, modeling and analysis methods and mitigation schemes to better understand, analyze
and control SSCI.
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DYNAMIC CHARACTERISTICS OF INVERTER-BASED
RESOURCES IN BULK POWER SYSTEMS -

Part 2: Sub- and super-synchronous control interactions

1 Scope

Based on the interaction phenomenon and frequency range, this part of [IEC 63401, whid
technijcal report, covers the "control interactions" in converter interfaced generators(e.g
and PV with the frequency of the resulting oscillation below twice the system frequency.
can be categorized into:

1) S$CI in DFIG is caused by the interaction between DFIG wind turbine(converter cd
and the series compensated network.

2022

his a
wind
SSCI

ntrols

2) S$Clinvolving FSC (both type-4 wind turbine or PV generators) is-caused by the interaction

bgtween wind turbine or solar PV's FSC controls and weak AC grid.

0 f 2r 2f<

<
)

Subsynchronous Supersynchronous High-frequency

oscillation oscillation resonance
IEC

Figure 1 — Multi-frequency oscillations in the modern power system
with high-share of renewables and power electronic converters

and

echnical report is organized into-nine clauses. Clause 1 gives a brief introduction and
ights the scope of this document. Clause 4 presents the historical background of various

, and
stand
ption,
world
tems.

wind
g and

stability analysi§*approaches to investigate the SSCI phenomenon. Clause 8 outlines various
technijques to_mitigate the SSCI. It discusses various SSCI mitigation schemes, sugh as

contrgl schemes. Clause 9 highlights the need for future works towards standardization of
definition assification, analysis methods, benchmark models, and mitigation method

2 Normative references

There are no normative references in this document.

3 Terms and definitions

No terms and definitions are listed in this document.

sing-Ahe series capacitor, selective tripping of WTGs, generator, and plant-level dapping

terms,

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

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

e |SO Online browsing platform: available at http://www.iso.org/obp
4 Terms, definitions and classification

4.1 Existing terms, definitions and historical background
4.1.1 General

This subclause gives a brief overview of the historical developments to define and classi
subsynchronous oscillation issues in traditional power systems. Figure 2 shows a timel
the classical SSR events and the historical development of terms and definitions relatedto

The fgrmation of a series resonance circuit in induction generators in the presence of a
capaditor is not a new phenomenon. This series resonance phenomenon was, first obg
and npmed as the induction generator effect (IGE) in 1937 [1]'. The resonance phenon
related to the turbine's shaft emerged after the two consecutive resonance incident
occurfed in Mohave generating stations in 1970 and 1971 [2]. The Mohave’incidents hap
due tq the excitation of the shaft's torsional modes, resulting in severe.damage to the sh
the turbo-generators. Post-incident studies on the Mohave incidénts led to defining s
terminjologies for the first time, which have been reported in [3].) The concept of SSR
torsiohal interaction (Tl) and torque amplification (TA) in aXseries compensated ind
generptor was presented. Until this time, SSR was thought to be triggered by the

capaditors in the transmission line. To harmonize the S8SR research community, in 19
bibliographic report was published by the IEEE in which’the work was classified into ind
machine effect (IME) and torsional torque oscillation{(TTOs) [4]. However, a few years
anothpr shaft failure event in the Navajo power station revealed that SSR can also be trig
by HYDC converters [5], [6]. Such a phenomenon was later named as the subsynchr
torsiopal interaction (SSTI) [5]. In an attempt o’ standardize and redefine the terms, in
the IE[EE SSR working group proposed standard definitions of the terms, such as SSR, IG
and TA to streamline the research community [7]. Subsequently, a second bibliog
supplément was published, which apart\from the existing terms/definitions included a nev
called device-dependent subsynchreohous oscillation (DDSSO). The DDSSO was defined
oscillgtion caused by power system devices, such as the power system stabilizers (PSS
static|var compensators (SVCs):\[8]. The SSR field tests at Square Butte showed that the

system was involved in adversé interaction with the shaft of an adjacent turbine generat
Subsequently, the secondy third, and fourth supplements to the bibliographic report intro
a new classification in 4985, that is the DDSSO [4], [10], [11].
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In 1992, the IEEE's working group put forward standard terms to define and classify the SSR
issues in conventional turbo-generators [13]. The SSO was divided into SSR and DDSSO. The
SSR was further divided into self-excitation (SE), IGE, Tl, and shaft TA, as depicted in Figure

3.

Subsynchronous
oscillation

SSR DDSSO

| I
| I ] PSS, SVC, HVDC,

4.1.2
4.1.2.

Accor
wherg
naturg

The S
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IGE TI TA variable speed drives,
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\ J
|
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Figure 3 — Terms and classification of SSR by IEEE [13]}

Subsynchronous resonance (SSR)
U General

ding to the IEEE definition of the term SSR [13], "it is &n electric power system cor]
the electric network exchanges energy with a turbine generator at one or more
| frequencies of the combined system below thesynchronous frequency of the sys

SR is further divided into self-excitation (SE)xalso called steady-state SSR, and tra

" Induction generator effect (IGE)

a series compensated induction~generator is caused by the IGE, that is when thg

ts. Under this condition, the:-rotor resistance to subsynchronous current as vieweq
mature terminals becopies’negative. The IGE occurs when this negative resista
than the sum of the armature and network resistance at a certain subsynchr
ncy [13].

¢ Torsional.interaction (TI)

the interplay between the mechanical systems (turbine-generator) and a

bnsated\ electrical network. The shaft of the turbine-generator responds to s

bancges. at its natural frequencies and produces corresponding subsynchronous vo
dgenerator terminals. If this subsynchronous frequency matches with the ele

dition
pf the

em-.

hsient
3].

rotor

s turn faster than the rotatingc<magnetic field produced by the subsynchronous armature

from
nce is
bnous

series
ystem
tages
ctrical

reson

hnce frpqnnnr‘y of the netwark the r*nrrp:lnnnding stator current induces a ’rnrqun’

which

excites the torsional oscillations. Each time, the magnitude of the torque increases, resulting in
growing oscillations [13].

4.1.2.4 Torque amplification (TA)

TA occurs following a large disturbance in a series capacitor compensated system. The system
disturbance causes electromagnetic torque oscillation at the complement of the electrical
network's natural frequency. If, somehow, this frequency aligns with one of the natural
frequencies of the shaft, a resonance between the network's electrical and shaft's mechanical
frequencies occurs [13].
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4.1.3 Device dependent SSO (DDSSO)

DDSSO is defined as the oscillation caused by the interaction between turbine generators and
a wide range of fast-acting controllers of the power system components, such as HVDC
converters, static VAR compensators, and high-speed governor controls.

4.2 Necessity to revisit the terms and classification

The mechanism and characteristics of the SSO associated with the WTGs are quite different
from the previously reported conventional SSR events involving turbine generators. For
example, the mechanism and characteristics of the interaction phenomenon depend on the
structure _and parameters of the wind turbine or PV's converter control. which actively
partic|pates in the interaction. Furthermore, the SSCI in converter-based generators isnot just
related to the converter controls; it is rather a system-level issue that is also influenced| by| other
systefn-wide parameters. The parameters influencing the mechanism and features of the
oscillation include wind speed, number of online WTGs, wind turbine converter)controlg, and
their garameters, degree of series compensation, network topology, and stiffness of the AC grid.
Anothler key difference is that the frequency coupling is sometimes very strgng, which leads to
a verly large supersynchronous oscillation component in addition tp' the subsynchrpnous
compénent. The frequency coupling effect is obvious in full-copyverter WTGs, in |which
somef{imes, the magnitude of the supersynchronous oscillation{is even larger than the
subsynchronous oscillation. These characteristics are very different from the characterisjics of
SSR ip turbo-generators. Thus, the terms, definitions, and classification should be redefined to
betterfunderstand the mechanism of SSCI in WTGs.

4.3 |Revisiting the terms and classification
4.3.1 General

It is recommended that the term "subsynchrofnous oscillation or SSO" should be used as a
generpl term for an "oscillation" caused by any'phenomenon that results in the "oscillation" with
its frequency being within the sub-/super-synchronous range. Thus, the SSR, SSCI, IGE, TI,
TA apd DDSSO should be considered as "phenomena" whereas the "subsynchrpnous
oscillation" as the cause of this phenomenon.

In an| electric power systemjsthe subsynchronous interaction phenomena can be petter
undergtood by categorizing._the contributive system components into the "base'| and
"interactive" components {12], where

e Bagse components are the system components that are prone to be interacted by|other
sytem components present in the power system;

e Inferactive_.components are the system components that have the potential to initiate or
trigger the.interaction.

Figure 4 shows a bunch of base and interactive components in a typical power systeny, that
couldwmmmmm_mmw.uper-

synchronous frequency. Based on the origin, the subsynchronous interactions can be classified
into: 1) torsional interaction, 2) network resonance, and 3) control interaction, as illustrated in
Figure 5. The revisited terms and classification are valid for the subsynchronous interaction in
both conventional and renewable generations.



https://iecnorm.com/api/?name=8b583448faa43e0ae89652bbdefc7cb1

- 14 — IEC TR 63401-2:2022 © IEC 2022

Base components Interactive components

. L
[~ =T —————= R betot T i
h )
' ) ] Series - H
I 1 Steamturbine 44— compensaton Tt v T 1 T T T T T | :
| ' (thermal, nuclear) H sve |: ! | '
' VL —_——-_— - = ]
' ' R | H
| @ i Hydroturbine | E ' TE H | : !
| Torsional | (low GTR) i CCC-HVDC — +:- ' senil -opsso | ;
interaction | e [t - .
[ i WTGs (shaft) ' i~ VsCHVDC — l:J ' : [ '
I I - I HE ] SRS (A ! :
L] ' L] 3 - N - I '
H ' ! I '
l ‘= Large motors - i L Breaker switching T +- ————— =SSR !
———————————- +e—==== b L
L}
H o ! ] H | ]
e — e e e e e e e ' H ]
i [ Serles compensation P Synchro_nous _ JLI E 1 S
| ' (SC/TCSC) H machine |: ' | '
| : ¢ 1| Asynchronous _ !!! ' | ¢
@ E ' E machine T: [ = IGE (IME) — — — | )
[ o[ Filter circuits ' | 'l ' ]
INetWOTK(LC) ! (BF and DC filter) | * 1 [ Y /A
resonance ¢ H e WTGs (1-3) — 4+
I : 0 | 1 Emerging.SSO
[ E | Shuntcompensation | ; E I: vttty 'e N ATEELLED! .
' (lines/substation) ¢ — WTCs (type 3-4) —I+ T Sscit '
' ' . Pl :
L _-——————— !
5 B b 5
-—_————y— —_ = - — — S 1 '
' WTCs (type 3-4) R . _ v H
' : or PV i ACud —Th :
. L]
I @ i vschwoc i | WTCs(ype34) JE_: ' :
' N or PV ' '
: Control CSC-HVDC E : 'E' i _ Nodefined E
'\ 2 — ¥ M 1 7 T terminology '
| interaction . b VSC-HVDE +:| ' !
(]
| ‘[~ VSC-FACTS  —i |- VSC-FAQTS — 1y ' :
' H | I ]
| - svc it gsévpc -— T 4 :
I U e i e 1 ;
bescscsscsscssscsssssee bossSvpeccscssscscsscsss boecsscscscsscccsccscsccccccs
\ v J . v J
Classification based on base and interactive Terms and classification
components by IEEE e
Fjgure 4 — Classification of subsynchronous interaction based on the origin [12]
Subsynchronous
interaction
Torsional Network Control
interaction resonance interaction
IEC
= . . . .
Figure 5—Rectassificatiomof-subsynchronous-interactions———

based on the interaction mechanism

4.3.2 Torsional interaction

The torsional interaction is defined as the interaction in which the mechanical dynamics of the
generator shafts (either turbine generator or wind generators) interact with the converter
controls of power electronic devices, such as the HVDC, and FACTS.

Referring to Figure 4, the torsional interaction can occur due to the interaction between the
mechanical dynamics of any of the base components (such as traditional steam turbines, hydro
turbines with low generator turbine ratio, type 1 to 3 wind turbines, and large motors) interact
with any of the interactive components (such as fixed series compensation (SC), HVDC
converter, FACTS converter, power system stabilizers (PSSs), governor controls, and breaker
switching). This type of interaction covers all types of subsynchronous oscillations involving the
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shaft dynamics of conventional turbine generators as well as WTGs. It covers the
shaft/torsional-related terms proposed in the |IEEE's reader guide. The shaft or torsional
dynamics terms by the IEEE are Tl, TA, and SSTI.

The frequency of oscillation caused by the torsional interaction is in the range of
subsynchronous frequency (f,<f;), where f, is oscillation frequency and f; is the system's

fundamental frequency.

4.3.3 Network resonance

The network resonance is defined as an electric power system condition where a series
compgnsated electric nefwork exchanges energy with the induction generators (either fufbo or
wind @generators) at one or more of the natural frequencies of the combined system belqw the
synchfronous frequency. The definition is a modified form of the classical SSR definition.

The network resonance occurs between physically installed inductive (L) and” capacitiye (C)
elemgnts in the generation and transmission sides. The network resonance ean also be falled
the L-C resonance. According to Figure 4, the base components include SCj thyristor-confrolled
serieq capacitor (TCSC), blocking filter (BF), DC filter, and shunt eompensation. The| base
compopnents can interact with any of the interactive components including synchrpnous
machines, asynchronous machines, WTGs (type 1 to 3), and wind turbine converters (type 3 to
4). The L-C oscillation includes the oscillation phenomenon defined as IGE/IME in the IEEE's
classification.

The frequency of oscillation caused by the network resonance lies in the range of
subsypnchronous frequency (f,<fy), where f, is oscillation frequency and f; is the system's

fundamental frequency.

4.3.4 Control interaction

The cpntrol interaction is the interaction:between power electronic converter (PV or wind tlirbine
converter) controls and series compensated or weak AC network. The converter controls |n this
type of interaction play a key role~in defining the mechanism and characteristics ¢f the
oscillgtion.

The RQasic principle of this type of interaction is similar to the network resonance gr L-C
oscillgtion; except that the interaction is between virtual capacitance/inductance offered by
powel electronic converters controls instead of physical capacitive and inductive elements.
Accorfding to Figure 4,the base components include wind turbine converters (type 3 to 4) or PV,
voltage/current-sgurce converter (VSC/CSC)-based HVDC, or FACTS) devices such as|static
serieq compensator (SSSC), static compensator (STATCOM). These base components|could
be interacted. by the interactive components such as weak AC grid, wind turbine convrters
(type B to” 4), VSC-HVDC, CSC-HVDC, and VSC-based FACTS controllers. This tyjpe of
oscillatiofn-cannot be explained with IEEE's existing terms.

The frequency of oscillation caused by the control interaction lies in the range of
subsynchronous and/or supersynchronous frequency (f,<f, and/or fy<f,<2fy), where f, is

oscillation frequency and f; is the system's fundamental frequency.

Besides the above three types of interaction phenomena, the network resonance, torsional
interaction, and control interaction can exist simultaneously in a practical power system. The
co-existence phenomenon has been observed in the recent real-world events in Guyuan and
Hami wind power systems, for example:

e The network resonance and control interaction co-existed in the Guyuan incident. The SSO
was triggered by the network resonance and sustained by the control interaction.
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e The control interaction and torsional interaction co-existed in the Hami wind power system.
The oscillation was initiated by the control interaction and propagated through the grid,
which caused the torsional interaction with the nearby turbo-generators.

4.4

Clause summary

The modern power system with high penetration of converter-based renewable power
generators faces emerging instability challenges, including the SSCI in converter-based WTGs.
The existing terms, definitions, and classification are revisited to accommodate the emerging
oscillation issues as indicated by the historical background. In a proposed classification, the
subsynchronous interactions are divided into 1) torsional interaction, 2) network or LC
resonance, 3) control interaction based on the interaction phenomena.
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Figure 6 — Timeline of SSCI events reported around the world

The above events can be broadly organized into two types of interactions: 1) the interaction
between DFIG and series compensated network, and 2) the interaction between FSC based
generators (e.g. type-4 wind turbine and PV) and weak AC network. The active participation of
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wind turbine converter "controls" is the key to both types of interactions. Thus, they can be
referred to as the "control interactions" or more precisely the "subsynchronous control
interactions or SSCI". The "control interaction" can also be caused by the controls of other
power electronic devices, such as FACTS and HVDC converters [26]. However, in this
document, the term "SSCI" is used to describe the interaction phenomenon involving wind
turbine or PV converter controls in the presence of either a series-compensated or weak AC
grid. In the following subsections, the prominent real-world SSCI events in DFIG/FSC wind
turbines and their mechanisms and characteristics are discussed.

5.2 SSCIl in DFIGs connected to series-compensated networks

5.2.1 __ERCOT SSCl incident in 2009

5.21( System description

At thg time of the SSCI event, the South Texas transmission network consisted of two|50 %
seried compensated transmission lines connecting Lon Hill with Edinburg (LH-EB) and Nelson
Sharpe with Rio Hondo (NS-RH), as shown in Figure 7. The wind powerigenerated from the
DFIG wind farms is fed into the grid through the Ajo substation, located at thie middle of the NS-
RH line.

— 345 kV line @ FSC O Ajo substation )F Wind farm
Edenberg
Rio Hondo
~—_ — 0< \}k Lon Hill

% Lihe
opening To Nelson Sharpe

Figure 7 — Structure of the ERCOT wind power system in 2009 [16]

IEC

5.2.1.2 Event details

In 2009, an SSCI event occufred when the 345 kV Ajo-LH line was tripped due to a ljne to
grounfd fault, which eventually-left the wind farms in radial connection with the rest of the South
Texaq grid [16]. The tripping of the AJ-LH line resulted in a sudden increase in the degfee of
serie§ compensation frem 50 % to 75 %, which quickly triggered the oscillation with the
oscillgtion frequency of‘around 20 Hz to 30 Hz. The recorded current and voltage waveforms
are shown in Figure 8. It can be observed that the amplitude of oscillation increased quiickly.
The post-fault @nalysis showed that at subsynchronous frequencies, the rotor's negative
resistance significantly increased by the participation of WTG's converter controls as seen from
the stator términals. The interaction was indeed triggered by the active participation of the wind
turbine gonverter counters.
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gure 8 — Oscilloscope record of the 2009 SSCI event in the ERCOT)system [19]

ude of the system voltages increased to 150 % within 150-ms. The sudden incre

t and voltages damaged the series capacitors and thecDFIG's crowbar circuits [19]f

ERCOT SSCI events in 2017
1 System description

he-line diagram of the relevant part of the,ERCOT system in 2017 is shown in Fig
are a total of six DFIG-based farms connected with the Lon-Hill Edinburg (LH-EB)

capacitor banks at both ends.t is obvious from the system topology that tripping
nission line from either side of\the wind power plants would leave the wind farms r4
cted to the rest of the network, as shown in Figure 9. In 2017, three SSCI events
ed, which were triggered,by the transmission line outages.
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Figure 9 — Structure of the ERCOT wind power system in 2017 [24]

5.2.2.2 Event details and consequences

In 2017, three SSCI events were recorded in the ERCOT system in three months [24].

Event#1: The first SSCI event was detected on August 24, 2017. The SSCI was triggered when
the 345kV transmission line section connecting substations 4 and 5 tripped due to a
transmission line fault. After the 2009 event, the ERCOT system was equipped with an
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appropriate protection system to detect the oscillation. Thus, the series capacitors were
bypassed automatically when the oscillation was detected by the protection system, which
saved the capacitors from being damaged. Twenty minutes later, the series capacitors were
brought into service manually. However, the SSCI triggered again and the magnitude of the
oscillation increased rapidly. The recorded current and voltage waveforms along with the
frequency spectrum before and after the capacitor reinsertion are shown in Figure 10. The
oscillation disappeared after the series capacitor was bypassed.

Event#2: The second SSCI event was recorded on September 24, 2017. A line-to-ground fault
between substations 2 and 3 left the wind farms 1 and 2 to operate with the two series capacitors,
as indicated in Flgure 9. The d|verg|ng oscHIahon suddenly appeared |n the current S|gnal

Event#3: The third SSCI event was observed on October 27, 2017. In this_event, a ljne to
grounfd fault between substations 4 and 5. The line opening caused the windyfarms 3 and 4 to
operale with the two series capacitors installed between the substation 3)and 4. Compafed to
the Atigust 24 event, a less intense oscillation was excited. The oscillation disappeared after
the faulty line section was manually restored within three minutes,<the SSCI event wag less
severg and the series capacitors were not damaged, nor the wind ‘power plants tripped. The
recorded current, voltage, and frequency spectrum are given invFigure 12.

In all three events, the SSCI occurred when the wind powetplants formed a radial conngection
with the series capacitors. The frequency of the resulting oscillation remained within the
subsyjnchronous frequency range 20 Hz to 30 Hz)) The magnitude of the correspgnding
superpynchronous frequency components was negligible in all three events.
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Higure 12 — Eveni#3 October 27, 2017: current, voltage and frequency spectrum
of the current during the SSCI event [24]
5.2.3 SSClevents in Guyuan wind power system
5.2.3.(1 System description
The uyuall V!I;II\’.J.l }JUVVUI OyOtUIII ;O :Ubatcd ;II thc IIUIthVVUOt Uf ::ch; PIUV;IIUU, Ch;ll . The

geographical layout of the wind farms and the series compensated transmission lines in the
Guyuan system is shown in Figure 13. There are twenty-four wind farms in the Guyuan area —
with an installed capacity of 4224 MW. In the whole wind power plant, there are three types of
WTGs, including DFIG, FSC wind turbine, and self-excited induction generator (SEIG) with the
proportions of 82,8 %, 15,4 %, and 1,8 % respectively. Most of the wind farms are homogenous,
meaning that they contain only one type of WTG. Each wind farm in the Guyuan area is radially
connected to the corresponding 220 kV substations. The substations are Beilonghshan, Yiyuan,
Chabei, Lianhuatan, and Hengtai, as shown in Figure 13. The power from the 220 kV
substations is collected at the 500 kV Guyuan substation through a 220 kV/500 kV power
transformer. The Guyuan substation connects the Hanhai and Taiping regions through double-
circuit parallel transmission lines. The transmission lines connecting Hanhai with Guyuan and
Guyuan with Haiping are referred to as Guyuan-Hanhai and Guyuan-Taiping, respectively.
There are a total of four series capacitor banks installed at the double circuit Guyuan-Hanhai
and Guyuan-Taiping with the compensation degrees of 40 % and 45 %, respectively.
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5.2.3.2 Event details
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Figure 13 — Geographical layout of the Guyuan wind
power system, Hebei Province, China

The sgries capacitors in the Guyuan system were commissioned in October 2010 to enhance

the p

Since|then the Guyuan wind power system has been faéing severe SSCI incidents. The
5 under the condition that all the series capacitors/of the 500 kV double circuit lings are

occur

in opegration and the wind farms are operating normally. The SSCI phenomenon disap

when
instal

issue$. During December 2012 and Decembé&r*2013, as many as fifty-eight SSCI events

detec
most

recorded at the 220 kV side of the Guyuan transformer is plotted in Figure 14. When the
occurfed, a diverging oscillation emerged at 14:12:0. The magnitude of the oscillation g
incredsed. Consequently, when the oscillation is detected by the protection system, hun
of WTIGs tripped within 30 s apd\the total generated power decreased dramatically. The re
number of ins-service WTGs resulted in positive damping at the subsynchronous frequeng
the ogcillation gradually_ damped or converged. Although the oscillation was damped to
, the SSCI still existed until one of the series capacitors was brought out of seryice at

exten

14:1413.0, as seen in(Figure 14. The corresponding single-phase current and voltage wave
recorded at the 220kV substation are shown in Figure 15 and Figure 16, respectively

evide

subsyjnchronous component. The frequency spectrum of the current in Figure 15(b) show

the fr
the ¢
The

pwer transfer capability of the Guyuan-Taiping and Guyuan-Hanhai transmission

one of the four series capacitors is bypassed;'In December 2012, more wind farms
led in the Guyuan area. The increased proportion of wind farms led to more frequent

ed. Here, only one SSCI incident is discussed because the mechanism and characf
bf the SSCI events are identical. ‘For one of the fifty-eight events, the active powe

nt from Figure 15(a) that the current waveform during the SSCI event has a

lines.
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quency of the oscillation is 8,1 Hz. Besides the subsynchronous frequency comp
1rrent waveform also has a large super-synchronous oscillation component of 91

hental

component, while the magnitude of the supersynchronous component was negligibly small. The
measured voltage waveform and its frequency spectrum are shown in Figure 16(a) and (b),
respectively.
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Figure 14 — Power flow measured at the 200 kV side of the Guyuan step-up transformer
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Figure 15 — Field recorded line current and frequency spectrum
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Figure 16 — Field recorded voltage and frequency spectrum

haracteristics of the SSCI eventsare summarized as follows:

e SSCI occurs when the power generated by wind farms is small, i.e., the output
es not exceed 13 % of the\total installed capacity of wind power.

r the fifty-eight SSCI .events, the oscillation frequency is different for different
ents, approximately-ranging between 6 Hz and 9 Hz.

e oscillation frequency during an SSCI event also varies with time due to changes i
eed and hence the output power level. The frequency decreases as the number of
Gs decreases.

e characteristics of the triggered oscillation such as magnitude and frequency depe
e wind® speed, the number of in-service WTGs, series compensation, wind t

power

SSCI

wind
bnline

nd on
irbine

nverter controls, and their parameters.

e The current amplitude of the FSC-based wind farms in the Guyuan system is much lower
than that of the DFIGs-based wind farms. The oscillation originated from the DFIGs due to
negative damping at the subsynchronous frequency.

e One of the main differences in the SSCI events in Guyuan and ERCOT is that the SSCI
occurs without transmission line faults that leave the WTGs in radial connection with the
grid. The SSCI is triggered at certain operating conditions, such as low wind speeds and a
small number of in-service DFIGs. In addition, the SSCI events in the Guyuan system are
quite frequent. The SSCI events in the ERCOT system were triggered when the equivalent
series compensation was increased due to a transmission line outage. Thus the SSCI events
were less frequent.

5.2.3.

3 Consequences

When the SSCI occurred, the subsynchronous current grew rapidly. Consequently, hundreds of
WTGs tripped when the current distortions exceeded the preset threshold. This resulted in a
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sudden decrease in wind power being sent to the grid. The frequent decline in wind power
seriously threatens the safe and stable operation of the Guyuan wind power system. Besides
the loss of power, the vibrations and loud noise in the substation transformers speed up the
aging of transformer insulation or can even damage the transformers, which makes the system
less reliable.

5.3 SSCIl in FSC-based generators connected to weak AC network
5.3.1 SSCI event in Hami wind power system

5.3.1.1 System description

The Hami wind power system is located in the Xinjiang Autonomous Region of China. It copsists
of seyeral DFIG and FSC wind turbine clusters. The geographical layout of the Hami, System
and the relevant portion of the nearby generators and regional loads is shown in Figure 17. The
powel generated by the wind farms is collected at substations A, B, and C. It is then'transpmitted
to sufgstation D through 109 km and 134 km long transmission lines. The accumlated popwer is
fed to|the main 750 kV grid through a 220 kV double circuit transmission line) The grid-gtation
H is ¢onnected with the thermal power plants M (consisting of four 660 MW units) and N
(consisting of two 660 MW units), and a +800 kV HVDC link to transfer,the surplus power[to the
Central China Power Grid. The large number of wind farms located far away from the central
grid makes the short circuit ratio smaller, and thus the AC grid becomes weak. The grid
conngction becomes even weaker, particularly when the generated output power is vefy low
becayse of low wind speeds or a smaller number of in-service WTGs.

~()~750kVlineahdbus  __ 35KV line

—O~ 220 kV line'and bus — 11 kVline

G — 500 K\Mihe HVDC line
Wikd farm @ Turo-generators

Or

Turbo-generators facing

torsional oscillations maintenance IEC

Figure 17 — Hami wind power system, Xinjiang, China [27]

5.3.1.2 The SSCI event

The Hami wind power system faced a severe SSCI incident on July 1, 2015 [27]. The post-fault
analysis demonstrated that the oscillation originated from FSC wind turbines and spread in the
whole central grid having a low short circuit ratio. The measured phase A current and active
power show strong sub- and super-synchronous oscillation components, as shown in Figure 18.
The current and power waveforms are severely distorted due to the very high magnitude of the
oscillations. The corresponding frequency spectrums of the current and active power are
obtained with a window length of 10s and are given in Figure 19. The magnitude of the
subsynchronous component is slightly less than the fundamental component while the
magnitude of the supersynchronous component is higher than the fundamental.
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Figure 18 — Current (upper plot) and active power (lower plot)
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Figure 19 — Frequency spectrum of the current (upper plot)
and active power (lower plot)

The nearby thermal pawer plants are represented by M and N. Unfortunately, the frequepcy of
triggefed oscillation matched with the torsional frequencies of these thermal generators, which
triggefed a strong.torsional vibration in the shafts of the turbo-generator unit #1, #2, and #3.
Eventually, the<torsional relays tripped the turbo-generators and the power transfer, thereby
droppjng the.power transfer in the HVDC link from 4 500 MW to 3 000 MW. The field recorded
activeg powers of the actual incident are shown in Figure 20. The frequency matching pf the
turbogenerator oscillation modes and frequency of SSO is illustrated in Figure 21.
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Figure 20 — Field measured active power of a wind farm (a) From-09:46 to 09:4}
(b) From 11:52 to 11:53
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Higure 21 — Torsional modes and frequency variation of the unstable oscillatioh

5.3.1.8 Consequences

The post-fault @nalysis on the data recorded from phasor measurement units / widg-area
measyirement.system (PMUs/WAMS) showed that the direction of subsynchronous poyer is
from gubstations A/B/C to the power plant M, through grid-stations D, F, and H [28]. Morg¢over,
it wag found that the power flow from HVDC to grid-station H was quite low (almost gero),
meaning-the HVDC converters did nof participate in the interaction. Essentially the gscillation
was caused by the interaction between the weak AC grid and the FSC- based wind farms.
Besides, it has also been found that the FSC's controls actively participate and play a key role
in defining the characteristics of the interaction. The SSCI event lasted for 300 minutes and the
oscillation frequency during the event varied between 27 Hz to 33 Hz, as shown in Figure 21.
The frequency matching with the natural frequency of the shaft modes can cause torsional
stress on the shaft. As a result, the tripping of turbo-generators by their torsional relays resulted
in the loss of generated power. The effect of generator tripping on their natural oscillation modes
is depicted in Figure 22.
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Figure 22 — Torsional speed of modes 1 to 3 of unit #2 in Plant M

5.4 |[Clause summary

This ¢lause overviewed the most prominent real-world )SSCI events in wind power syptems
arounfd the world. The interaction mechanism and consequences of each event are discyssed.
The $§SCI in DFIGs connected to a series-compensated network triggers oscillation at the
subsyjnchronous frequency and the frequency coupling effect is not strong. The SSCI in FSC
conngcted to a weak AC grid leads to both sub= and super-synchronous frequency due fo the
strong frequency coupling effect. The participation of wind turbine converter controls is common
in either type of interaction. The characteristics of the interaction phenomena are significantly
influepced by system-wide parameters-and operating conditions in both network and genefration
sides| A summary of the SSCI eventsin various wind power systems is presented in Tabje 1.

Table 1 — Comparison of the characteristics of real-world SSCI events

Event t‘;v[ﬁe Freq;enc Grid Causes Characteristics Consequences
) Interaction Fast in@tiation
compensation, | Detween DFIG | and buld-up | JERAGe foyihe
ERCAT. | b 20 Hz to 30| - P dby | converter controls process, ) d
Texag Hz riggered by and series ; ; capgmtors pn
) transmission compensated Time-varying turbine's
line outage h pensated oscillation crowbar cirfuits
ransmission line frequency
\ Lo law.corias Tioca o, H=v=1
compensation | Ineraction oscillation ignifi
Ievelp triggered between DFIG frequenc Sianificant loss

Guyuan, | yeio 6 Hzto9 by oo g_% converter control X dq i Y of power,

Hebei Hz y capacitor and series induction i
switching ted generator effect | stability and
and/or output °°;"peﬂsa e (IGE) and SSCI | reliability issues
power level networ co-exit

Interaction . . A
Hami, FSC 27 Hz to 33| Weak grid between FSC Time-varying Significant loss
o wind ) oscillation of power,
Xinjiang ) Hz connection control and weak .
turbine AC grid frequency torsional stress
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6 Modeling and analysis approaches

6.1 Preview

Several modeling and analysis methods have been used to investigate the SSCI phenomenon
and characteristics. Based on the analysis domain, the modeling and analysis approaches can
be classified into 1) time-domain modeling and analysis approaches, and 2) frequency-domain
modeling and analysis approaches. The modeling and stability analysis methods include the
classical approaches, which have been utilized for the classic SSR studies in turbo-generators,
and the emerging approaches developed during the past decade, e.g., the small-signal
impedance modeling and analysis approaches, which are more suitable for the SSCI related
Studl S r')01 Thlc enr\hr\n \nl||| Hler\llec r\nl\l +hr\en mr\rlnllng Qnrl Qnalycle mafhr\rlc H’\Qf I’\Q\l been
widely used for investigating the SSCI. However in addition to the modeling methods ménfioned
here, there have been efforts on empirical modelling (or generic multi-frequency modeling) on
converter-systems, which can also be used for SSCI studies.

6.2 |[Time-domain modeling and analysis approaches
6.2.1 General

Time-domain modeling analysis approaches include nonlinear time-domain electromagnetic
transient (EMT) simulation, hardware-in-the-loop simulation,( and linearized state-gpace
modeling and modal analysis. This clause discusses the technical requirements, strengths, and
weaknesses of each method for SSCI studies.

6.2.2 Nonlinear time-domain EMT simulation

The time-domain EMT simulations are based, on'the EMT models of the actual system
components. The EMT models include enough_ details for reproducing the dynamics on @ time
scale [according to the electromagnetic phenemena. EMT models can represent the dynpmics
of poyer electronic converters and their control systems. EMT modeling and analysi$ is a
common and widely used method for studying the control participated oscillatory instabjlities.
In order to carry out EMT analysis fer' SSCI studies, a validated and verified EMT model
provided by the original equipment«xmanufacturer should be used. It is recommended that the
standard default models availablglin the built-in libraries of EMT software should not be Uised.

The HMT simulations are important as they are generally used to confirm the analysis results
obtairled from other metheds, for instance, eigenvalue, impedance modeling and analysis,
complex torque analysis, and frequency scan analysis. Once the equivalent EMT simylation
mode| of an actual system has been established, it is easy to perform various studies and check
the syistem's behavior under different operating conditions and contingencies.

The importance of power system analysis using validated/benchmarked and verified usef/OEM
EMT models' cannot be under-emphasized. In Australia for example, the entire transmjssion
netwarkhas been modeled in EMT due to the pervasive and rapid uptake of largetscale
transnissioTTonMETtedToNveTteT-hased TenTeEwabte geneTration.

The EMT simulations require a very small simulation time step to study sub- and super-
synchronous frequency dynamics, which could result in a heavy computational burden. The
EMT simulation of a normally large-sized power system can take several hours. Another major
limitation of the EMT simulation-based analysis is that all the mechanical and electrical
parameters of the system components are required to replicate the actual system into a
simulation model. Sometimes, the control structures and parameters of the converter based
devices are not available.

6.2.3 Controller hardware-in-the-loop simulation

The SSCI is a 'control interaction' phenomenon. The dynamics of the 'wind turbine converter
controls' significantly impact the mechanism of the SSCI. The hardware simulators allow real-
time simulations by interfacing the physical wind turbine converter 'controllers' with the rest of
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the software simulation model under realistic operating conditions. Both, the software and
hardware parts of the simulation are simulated in real-time, called the controller controller-
hardware-in-the-loop (CHIL) simulation.

Figure 23 shows the configuration of a typical CHIL simulation platform for a DFIG-based wind
power system. The DFIG, wind turbine converter controller and hardware simulator are
connected by input-output (IO) boards to form a closed-loop test system. The hardware part
includes the wind turbine converter controllers, the main controller, the hardware simulator, and
a user workstation. The software part includes the simulation model of the wind power system
(DFIGs, grid, transmission lines, etc.), which are developed in an EMT software, depending on

parts . The
hardware sim hnals.
The { h the

One df the countermeasures for mitigating the SSCI is to modify the WTG's Converter controls,
mple, adjusting the wind turbine converter control parameters or supplementing th}wind
are

rbine

rter control modifications on the WTG's dynamic and low-voltage ride-through (LVRT)

perfoimance, before implementing the modified wind turbine conyerter controls in actual WTGs.

The hprdware equipment required for the CHIL simulations is ‘expensive.
Wind power system under Modeling and Stability criteria and sensitivity
study simulation analysis
N Z 100 , \—l___g;s"t;ble
> > % 0PN WA
3 -100 AR
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C-code
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Figure 23 — Configuration of CHIL simulation

6.2.4 Linearized state-space modeling and modal analysis

Moda dlldiybib rs—ameffectiveand—=accurate methodthat plUVidUb vatuabtemformatiomabout
the dynamic stability of the power system. It is suitable for the analysis of various types of SSO
issues except for transient TA. The accuracy of the calculation results depends on the accuracy
of the parameterized models of the dynamic components of the system. The application of
modal analysis in the study of SSCI stability consists of the following three steps:

1) First, the state-space model of the system is established and linearized to obtain the state-
space matrices;

2) Then, the eigenvalues of the system are solved according to the state-space matrices. After
that, the damping and frequency information of all oscillation modes are obtained, and the

dominant and oscillation modes with the lowest damping are identified.

3) Finally, solve the eigenvectors and the participation factors of the dominant oscillation
mode, and get the participation degree of the dynamic components of the system to the
mode (optional).
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The details of the above three steps can be found in [31], [32].

6.2.5 Discussions on time-domain approaches for SSCI studies

The features, advantages, and disadvantages of the time-domain approaches for SSCI studies
are presented in Table 2.

Table 2 — Main Features of time-domain approaches for SSCI studies

Method Features Advantages Disadvantages

Lack of theoretical
analysis and hard t
understand the

mechanism behind [the
Can be used to validate the results | phenomena
Software-based simulations | obtained from other stability

o

. analysis methods Difficult tofind the
EMT $imulation | Includes nonlinear loops, operating points where
and detail electromagnetic Can be used to check system the system is unstdble
transient dynamics response at different operating
conditions Detailed prior

information about the
system configuratig
topologies, and

parameters is required

=}

Converter control dynamies can be

Combines the hardware and studied in real-time with' controller In addition to the

software hardware disadvantages of EMT
Hardware-in- Can be used to carry out ) ) \ simulations, the
loop gimulation | jmpedance analysis based Real-time simulation can reflect hardware equipment for
the real cireuit\dynamics in detail the CHIL simulations is
frequency sweeps and including communication delays i
testing mitigation controls otc ’ expensive
Linearized . . Theaoretical analysis is useful to Cannot reflect the
state-space Linearized system based on derstand th hani behind | i ts of linea
modeling and a specific operating point understand the mechanism behin impacts of nonlinedr
the SSCI phenomena factors on the SSC

moda| analysis

6.3 |[Frequency-domain modeling and analysis approaches
6.3.1 Frequency scanning

Frequency scanning is.a/ traditional frequency domain analysis method that has been usgd for
the classical SSR in‘turbo-generators. It can also be used to study the SSCI in WTGs. |n this
methqd, the equivalent impedance (or damping), as seen from the internal buses of genefators
looking into the<network, is computed for different values of frequency. It gives information
about|the natural frequencies of the system and the tendency towards SSCI. This appropch is
particllarly suited for the preliminary analysis of SSCI.

The core of the frequency scanning method is to get the impedance-frequency curve of the
whole system seen from the internal bus of the generator, including the reactance-frequency
curve and the resistance-frequency curve. To obtain the impedance-frequency curve, a series
of voltage/current perturbations with different frequencies are injected.

Assume the damping provided by generators is zero. The system is unstable if the system
resistance is negative, i.e., R(f) <0 at the oscillation frequencies. On the other hand, the system
is stable if the system resistance is positive at the oscillation frequencies.

The frequency scanning method is a cost-effective method to screen out the system conditions
that may trigger the SSCI and determine the parts of the system that do not influence the
oscillation phenomenon. It is however only an approximate linear method, which can only tell
the possible occurrence of an SSCI event. It is suitable for preliminary analysis of the risk of
SSCI during the planning and design stages. If the risk of SSCI has been identified by the
frequency scanning method, it is necessary to study the detailed characteristics of oscillation
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more accurately and quantitatively by other analysis approaches, such as modal or time-domain
simulation analysis.

The advantages of the frequency scanning method are summarized as follows:

1) Itis an easy, simple, economical, and faster way to check where there is a risk of SSCI or
not.

2) It has a clear physical meaning, which can easily be understood by field engineers.

The main disadvantages of this method include:
amathod uc alatha ricl ~Af QQO] Iftharn 1o A ricl ~fQQD f,,
1) ThemethodtusttelstheriskofFSSGHthereis—arisk oSSR

refluired.

raty sis is

2) THe generator model is highly simplified; thus, the influence of the system operation|mode
and transient characteristics of the controller are not considered.

6.3.2 Complex torque coefficient method

Complex torque coefficient method is an extension of the damping torque”analysis in th¢ field
of S§0 analysis. In this method, the focus of the stability studies extends from the
electrpmechanical oscillation mode of the system to the SSO mode: It is a frequency dpmain
analysis method based on a linearized system model.

On the one hand, based on the linearized equations of the Multi-mass shaft system of a furbo-
generptor set [33], perturbations in the generator rotor~angle (Ad), in the Laplace domain, is
relatef to the perturbations in the electrical torque (AZTy)by

AT, = e (5)A (1)

Wherg k., (s) is the mechanical trangfer function and s is the Laplace operator. The incremental
mechanical torque components are_neglected.

On the other hand, considering the electrical system, including that of the generatofr, the
electr|cal torque AT, can be developed into the function of the generator rotor angle Ad gs

ATy = kg (s)A0 (2)

Wherg kg(s) is the electrical transfer function between AT, and Ad.k(s) can also include injpacts
of vakmmmmmmwmm the

PSS, on the torsional phenomenon.

Substituting for AT, from (1) in (2), we obtain

(ke (s)+ky(s))Ad =0 (3)

The total complex torque coefficient can be expressed as

k(jw) =k (jo)+ ke (jo) = K(w)+ joD(w) (4)
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ke(jw) = K¢ (@) + joDg(o)
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(®)

where complex torque coefficient of mechanical system k., (s) is divided into mechanical elastic

torque coefficient K, (w) and mechanical damping torque coefficient D, (), complex torque

coefficient of electrical system kg(s) is divided into electrical elastic torque coefficient K (a))

and e

The s
1) If
2) If

3) If

wherg

Electr

mode
curve

respe

1) TH

simulation are as follows:

a)

b)

c)

d)

ectrical damping torque coefficient Dy () [34].

ystem stability criteria are as follows.
D(w)|g—o>0, oscillation will not occur (positive damping).
D(w)|g—0=0, the system is critically stable(critical damping).

D(w)|x-9< 0, oscillation will occur (negative damping).

o is the angular frequency when the elastic torque cegfficient K, (a)) equals to

cal complex torque coefficient kg (jw) can be derived either from the transfer fu

of the system or from the test curve of thephysical system or time-domain res
The steps of these two approaches to-obtain k.(jw) are introduced as fo

Ctively.

e detailed steps of the complexstorque coefficient method based on time-d

Establish and debug the transient simulation model of the system and bring the s
to a steady-state condition.

AT, =Z[Tacos(/1wot+¢i)] is applied to the generator rotor, the frequency of A

is the phase of /AT, .
When the~system enters the steady-state again, the electromagnetic torque T,
angle™®, and speed o of the generator are intercepted for the same period.

Speetrum decomposition of the above three quantities at each frequency f.

zero.

nction

bonse
llows,

bmain

ystem

Under the operating ,conditions to be studied, a small perturbation torque

I, is

=4 (0< i<t fy is the fundamental frequency), T, is the amplitude of AT, and ¢

power

e)

Tla 1 das 1 ' 4 £L: o 4 ol bl 1 o | H 4 £E: o 4
T TITUUTU TIAS UL TUTUYUT CUTITTIUITTTU alTtu UTe TITUUTC UalitpiTyg turgutc CUTTITUITTIU

at the

excitation frequency are calculated. Then the stability of the system SSO is judged

according to the complex torque coefficient stability criteria.

2) The complex torque coefficient of a mechanical system is usually calculated by the transfer
function model. The steps of the complex torque coefficient method based on the transfer
function are as follows:

a) The relationship between the total electromagnetic torque variation and the rotor speed

can be obtained as

AT, (s) = Gra(s)Aw,

(6)
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Where Gt.(s) is the equivalent electrical transfer function from the generator's
speed looking into the network.

rotor

b) When the frequency of the rotor speed change is Q, the gain of the total torque change

at this frequency is given as

Gre(/j02) = |G|-e|COSg0-|-e +j|GTe|Sin¢Te = Gex +jGI'ey

(7)

where | Gt | and g1 represent the amplitude and phase of the total torque at frequency Q;

Gl'ex

It is a

total glectromagnetic torque increment and rotor speed oscillation is that ¢, € [—90",90"_

is Gt

ssumed that the initial phase of the rotor speed variation Aw, is 0. If the angle lbe

and Grey are the real and imaginary parts of the total torque variation gain, respectively.
fween

, that

Ly >0, which means the variation of total torque increases the amplitude of rotor $peed

sitive

oscillation and the total torque variation negatively damps oscillation, Mofeover, the greafer the
amplijude of Gy, the greater the negative damping. On the contrary; it acts as a pd
damp|ng effect.

Complex torque coefficient method has a clear physical meaning and can get the curve pf the

electr
powe
no fix

6.3.3
6.3.3.
6.3.3.
The i

systems with a fixed frequency AC source, but not/for multi-machine systems if th
bd frequency source.

Impedance-based modeling and analysis
U Impedance modeling of components
1.1 Analytical impedance model

pedance method, originating.from the pioneering work of Middlebrook in the 197

cal damping torque coefficient varying with frequencyc-However, it is only suitable for the

ere is

Os on

the input filter design of DC-DC>¢oenverter [35], has been further extended to general gmall-

sigha

phasg AC devices are expressed as an impedance model. In other words, if there
bance current Al at the terminal of these devices, the voltage response to the disturpbance

distur
is AV

In recent years, various impedance models have been developed in the synchronous rg

= ZAl, and Z is theximpedance model.

stability analysis for three-phase AC devices. The external characteristics of these [hree-

is a

tating

frame| (dg-domain) [36] to [38] and stationary frame (abc-phase or sequence-domain) [B9] to

[41].
All of|the state variables in the dg domain remain constant during steady-state operatipn, to
which i i i fcat fgure 24

presents the dg domain equivalent circuit, where the subscript "0" denotes the steady-state
operating point and "A" represents its small-signal property. The converter model is composed
of two sub-circuits, which are coupled with each other.
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g-axis subsystem

Figure 24 — Three-phase subsystem represented in the dq domain
using equivalent small-signal impedance

2022

Negle
and o

the dqg

Unlikeg
it is f
three-
sequ€g
the vd
identi

Figur¢ 25, where subscripts 'p' and 'n' represent the positive and negative seq

comp

cting the steady-state components (8) represents the relation of input small-signal v

impedance.
Feuf S i Fex| EXE Fesl

the dg domain, state variables in the sequence domaimare always time-varying. Ho

phase variables are Wy + Wy with the positivesequence and Wp — W1 with the ne

nce components while other frequencies would be negligible in most of the cases.
Itage of a three-phase device can be given'in‘/(9) by writing one single-phase voltag
ying the sequence of each component. lf4ds also composed of two sub-circuits, shq

bnents of voltage and current, respegtively.

va = Vo coS (it +pyq) +dVy cos[(cop +w1)t+¢vp} +4V, cos[(a)p —a)1)t+q)vn}

Positive sequence Negative sequence
subsystem subsystem

bltage

utput small-signal current, which is expressed in the Laplace domain. Zyq is(defined as

(8)

wever,

pund that, under wy, perturbation in dg domain, the’ dominant frequency componegnts in

hative
Thus,
e and
wn in
ience

9)

Figure 25 — Three-phase subsystem represented in the sequence
domain using equivalent small-signal impedance

With this representation, the small-signal behavior of a three-phase device can be described

by an

impedance matrix Zpn @s given in (10).

{Vp (s + jooq )} _ [pr (s) pn (S)] {Ip (s + jooq )} _z,, (S)[Ip (s + joy ):l

Z
/8 (s —ja)1) an (s) Zan (s) I, (s —]0)1) 1, (s —ja)1)

(10)
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The equivalence of the dg impedance and the sequence impedance models has been proved
recently, which contributes to the fundamental understanding in the family of the impedance-
based stability analysis [42], [43].

The diagonal elements, respectively, represent the positive voltage induced by the positive
current and the negative voltage induced by the negative current. Whereas, the off-diagonal
elements denote a cross-frequency coupling between the two sequences. Together, the 2 x 2
impedance matrices Zon represents the impedance model of the system accurately but makes

analysis and interpretation complicated.

By different accuracy and computation, sequence impedance can be further divided into original
modeling with cross-frequency coupling neglected and modified impedance modeling-with all
elemgnts considered. It is worth pointing out that the dg impedance is well correlated) with the
vectof control mode commonly used in the existing converter control, which is cenvenignt for
the edtablishment of an analytical model, but not for external testing. Thereforesthey generally
need o be converted to other domains, such as the positive-negative sequenc¢e domaip. For
the impedance modeling of voltage sourced converter based devices, the)consideratjon of
convdrter control details depends on the required analysis. Based on the’control details, the
impedance model of a converter can be divided into three categories: 1) considering the|inner
loop gnly, 2) considering the inner loop and PLL [44], [45], and 3),cansidering the outer loop,
inner Joop and PLL [27], [36], [43].

6.3.3./1.2 Frequency coupling

The ffequency coupling effects indicate that if the systeém is disturbed by a component at a
certaip frequency, another component at the mirror ffeqlency would also appear. Usually, the
originpl disturbance and its mirror frequencies are.expressed as w, + Wy with the pgsitive

sequgnce and Wp — W1 with the negative sequence.respectively. With the increase of freqyency,

the cqupling effect will be weakened. It has)been proved that the frequency coupling gffects
can bg ignored when analyzing the high-frequency dynamics. However, coupling effects are not
negligible in the analysis of medium and low-frequency dynamics such as subsynchrpnous
frequency dynamics [44], [46], [47]. The.impedance models, which take the frequency coppling
effectp into account, are at least 2-dimensional. So a multiple-output (MIMO) model neIds to
be adppted to incorporate more détails to represent the external characteristics of the degvices
accurately [42], [46].

6.3.3./1.3 Measurement-based impedance model

If the pontrol structures and parameters of a WTG are fully known, its impedance model dan be
derivgd using analytical methods. However, for a device with partially or fully unknown
confiquration or parameters (also called a "black/gray box" device), the impedance modg¢l can
hardly be obtained using analytical methods.

Taking.the impedance model in sequence-frame as an example, the relationship befween

t o oo iano and naaativa caoaciianan oo AN ANte e nracancaofcaonnlbna ic ac f ”
pOS| e ST TCTTCCaTma e TtV ot U CTTCC—COUTT TP OTTICT IO 1T T PTreStTe T oTcouUpmTgToasS FOIIOWS

[48].

" (S_fa’1) an(s) Iy (S_j“’1)

[Vp (s + jooq )} _ [pr (s) ipn (s)][lp Es + jooq )] _ an (s)[lp (s + joy )] (11)

To characterize the two-by-two impedance matrix, at least two different tests (identified here as
test x and test y) are required to solve for the impedance as follows
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(12)

where the subscript px denotes the positive-sequence component of the injection test x, the
subscript ny denotes the negative-sequence component of the injection test y, and other
subscript combinations follow the same convention.

The in

First,

and detect the harmonic current with frequency Wy + Wy and Wy — Wy. Then, inject ne

seque
harmg
sequg

operations with a wide frequency range, we can obtain the final positive-sequence and ne

sequg
recon

and gssessment of.electrical characteristics — Test Specifications for Components

Subsy

For th
doma

Igure £o.

Vap = Vp sin(apt + 4 )
Disturbance Vi = Vp sin(opt + ¢p - 120°)

voltage injection | °P _ i
Vep = Vp sin( ot + Pp+ 120°)

Pm _T . L1 }' 7777777777777777 v/ Vi Lg
Vo 1 == H — T —A#— |
L= 1 1™ ||l | - 0 beeeeeeereeeee- ! Rc
i Vin (]&Jh) C;
Y
Harmonic Harmonic Frequeney response
current voltage »| measurement of VSC
detection generator impedance
[vh Gon) )

IEC
Figure 26 — Impedance measurement in a simple system

nject positive sequence voltage with frequency Wy + Wy into the terminal port of the g

evice

hative

nce voltage with frequency wy— wq into the terminal port of the device and detect the
nic current with frequency Wy + Wy and Wy — Wy. Then the positive-sequence and negative
nce impedances of the device at frequency wp can be obtained (12). Repeat the gbove

hative

nce impedances~of the device [49], [50]. A test procedure and specificatioh are
mended in IEC61400-21-4 (Wind energy generation systems — Part 21-4: Measurg¢ment

stems) forithe impedance measurement for power quality studies.

5 and

e dg-impedance measurement, we can build the transfer matrix below to associate dg

nariables with sequence domain variables [43].

1
Vp {_]}wdq =Wy — 4

-
Vap
Vdn
[an}

1
Vn{ _},wdq = wp, + o
J

(13)

Therefore, the voltage and current between the dq domain and positive-negative sequence
domain can be transformed through the transformations in (14).
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{Vd(s)}_{ 1 1} Vo (s + jax)
Va(s)| L= J)[F(s = jen)
{Id (S)} _[ 1 1} Iy (s + jou)
Iq (s) —J T I (s = jey)
Since the impedance matrix in dg domain can be presented as
{Vd(S):IZ Zga(s) Zuq(s) {Id(s):l
Va(s)] | Zqa(s) Zgq(s) || Za(s)
Then,|associating (11), (13) and (15), we can obtain [21]
Zaa(s) Zaq(s) { 1 1} Zop () Zpn (5) { 1 T
Zqgd (s) Zqq (S) = T Znp (s) Znt (s) —J
From|(16), we can obtain the impedance matrix‘inthe dg domain directly from the sequ
domaln impedance matrix.
6.3.3.2 Impedance modeling of a system
The impedance model of a system can be obtained by dividing the system into load and s

subsyj
imped
repres
side,
the sy
Figuré
sourc

stems, which are characterized by the input and output impedances, respectively
ance model can be in theldg domain or sequence domain. Figure 27 shows the s
ented by its Thevenin equivalent, where Z; denotes the output impedance of the s

and Z, indicates thetinput impedance of the load side. The resultant equivalent cir
stem can be considered as a control system, in which, Z; and Z, are the functions

28 presents _the closed-loop with voltage and current as of the input and output
b and load_sides. Therefore, the system open-loop transfer function matrix is

H(s) = 2 (s)Zs (s)

(14)

(15)

(16)

ence-

ource
. The
ystem
ource

cuit of
of 's'.
of the

(17)

Accor

dingly, the system closed-loop transfer function matrix is

Gls) = Z(s)] 1+ z,'1(s)zs(s)]1

(18)

Usually, the source is stable when unloaded, and the load is stable when powered from an ideal
source. The stability of the interconnected system can be solely determined by the system
transfer functions, H(s).
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Source Load

Figure 27 — A simple system in the impedance model, consisting
of two separable components: source and load

IS = —I|
0 Zg (s) B>
Source
Zl (S) «
Load IEC

Figure 28 — Impedance model with voltage and current as input and
output of the source and load sides; system stability is determined
by the two transfer function matricés, Z (s) and Z(s)

Howeyer, for a complex large-scale system, it isidifficult to divide it into source and load
subsylstems. To address this problem, the complex system can be modeled as an impeglance
netwdrk, as shown in Figure 29. In the networked impedance model, the original topolpgy is
presefved, and each device and line in the system is equivalent to one impedance. Thefefore
the ngtwork contains more details of the ofiginal system.

-----------------------------------------------------------

iH 2l -|—4—oo—] 0l H [0l H (2l ]—Joo—-—]— Zedl e

Zstorage b ZRrec ZpCLine Ziny e Zpc
. 00— [%al [Z2:] [Z2:2] - f: | 2] [l
Zpy T Zrcsc Zlinet Zrsc e e
H_ze H-oo- Vod [ Vad |00 '
ZoE : 7 Z ' Z
: - ine2 S-FACTS : cPL
. X "
: ' | ZP-FACTS :
: = Transmission network :
H 12a H00— 124 tod H 12l |00 l
Z1g \ ZRec-vsc Zpcline  ZINv-vsc 7 Zvg

.....

IEC
Figure 29 — The unified dg-frame INM of a typical power system

It is pertinent to mention that the impedance models in the dqg-frame cannot be connected
directly due to the different dg-frames. The impedance models have to be transferred into a
unified dg-frame through transformations. In contrast, impedance models in the stationary frame
can usually be connected directly without complex transformations.
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As a small signal model, the impedance model varies with the operating conditions. Therefore,
it is necessary to calculate the power flow before connecting impedance models of components.

6.3.3.3 Impedance model-based analysis

When the whole system is divided into source and load subsystems, the Nyquist criterion can
be used to analyze system stability. If the impedances of both source and load subsystems are
simplified as a one-dimensional model, the traditional Nyquist criterion can be utilized based
on the ratio of source and load impedances. If the two impedances are two-dimensional, the
generalized Nyquist criterion (GNC) can be used.

Theb - rally,
the impedance (dg domain or sequence domain) is a 2 x 2 matrix. Thus, the system is'a/MIMO
system, and the stability can be analyzed by the GNC by identifying the minor-loop.gajn als H(s)
[51].

Simildrly, the return-ratio matrix, which is calculated from multiplying the 'source impeg@lance
matriy¥ by the inverse of the load impedance matrix (i.e., admittance matrix);'can also be applied
to anglyze the stability.

Howeyer, it is very difficult to regard the whole system as two impedances, and H(s) is dlways
a transfer matrix with very high order, which makes it too diffictit,to utilize the GNC. Thefe has
been jsome research on deriving other stability criteria reldted to Nyquist. For examplg, [52]
presepts several criteria and norms which are more applicable than the Nyquist. Another
criteripn based on the infinity norm is formulated in [563}. In [54], the stability or damping is
jointlyl judged by the polarity of the real part of the imp&dance and the slope of the imaginary
part at the zero-crossing point where the imaginary impedance vanished. In [55], the
Impedance-based stability criterion was extended-from the source/load representation jnto a
nodal| admittance matrix representation. These papers provided efficient approachgs for
analyzing larger systems.

6.4 |[Guidelines on the approaches-to SSCI studies

A step-wise procedure is suggested to investigate the SSCI in a practical wind power system.
A summary of the procedure isialso described in Figure 30. It involves the following steps:

Step f1: The first step istto collect the information about the target system, which ingludes
generption and networKtopologies, and parameters of the system components, such as WTGs,
transmission lines, HVDC lines, nearby STGs, transformers, etc.

Step R: Next, obtain the upper and lower limits of normal operating conditions, such ag wind
speed, number/of online WTGs, short-circuit ratio, series compensation, etc. If each djstinct
comb nation of the values is considered as one operating condition the total number of
model

R model
of the WTG has to be re- establlshed for each operatlng condltlon ThIS is one of the issues yet
to be addressed. The authors recommend intuitively narrowing down the total number of
'operating conditions' to form a set of critical evaluation conditions by eliminating the safe
operating conditions which do not pose the risk of SSCI.

Step 3: For each of the 'critical evaluation condition', construct a representative impedance
network model according to the system topology and configuration determined in Step 1.
Convert the impedance-network model into lumped impedance to apply the quantitative
reactance-frequency crossover approach. If the system is stable, update the set of critical
evaluation conditions by excluding the studied combination of operating conditions.

Step 4: In the next step, construct a risk matrix, indicating the most critical to the least severe
operating conditions and disturbances constituting the risk of SSCI.
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Step 5: Finally, identify the stability or protection boundary and inform the system operator to
design and implement a strategy to alleviate the instability risk.

Step 1

Step 2

Step 3

* Obtain system topology and
configuration;

+ Obtain system parameters;

+ Obtain system operating

conditions with their upper
and lower limits;

« Filter down the total
operating conditions to for a
new set, named as "critical
evaluation conditions":

For each set of operating
conditions:

* Build impedance network
model;

 Analyze stability, update the
"critical evaluation condition"
set to further narrow down:

Step 4 Step 5

» Form a risk matrix based on
"critical evaluation
conditions"™;

» The matrix would reflect the
most critical to the least
critical operating conditions

« Identify the stability or
protection boundary;

« Pass on the information to
the system operator to
develop appropriate
countemeasures;

IEC

Figure 30 - Recommended guidelines for the SSCI stability analysis
of a real-world wind powet/system

6.5 [Clause summary

This ¢lause covered the state-of-the-art conventional and emerging modeling and stpbility
analysis approaches both in time and frequency domains. The modeling requirements and
interpfetations of analysis results for both.time and frequency domain methods are discyssed.
A comparison is also provided to highlight the strengths and weaknesses of each anjalysis
methqd in terms of SSCI. Finally, a general procedure and recommended guideline is proposed
for cafrying out the stability studies™or any practical power system.

7 Proposed benchmark*models

71 Overview

The IEEE SSR werking group has proposed the first and second benchmark models to|study
the classical SSRphenomenon in conventional steam turbines [56], [57]. However, to thig date,
no benhchmark-model has been proposed or available for investigating the SSCI in WT{s. In
this s¢ction,two benchmark system models are proposed, which are based on the Guyugn and
Hami wibd power systems for studying SSCI in DFIG and FSC-based wind farms, respectively.

7.2 Benchmark model based on Guyuan wind power system

7.21 General

This benchmark model is adopted from the Guyuan wind power system located in Hebei
Province, China. The actual wind power plant in the Guyuan area contains about twenty-four
wind farms. However, a simplified aggregated six-wind farm model is adopted to reproduce the
SSCI events and to study the mechanism and characters of the SSCI in DFIG-based systems.
The one-line diagram of the six-wind farm system model with series compensated lines is shown
in Figure 31. The proposed model incorporates the system details that are sufficient to retain
the SSCI phenomenon and its characteristics in DFIG-based wind power systems. It has been
used widely used to study many aspects of the SSCI phenomenon. The mechanism and
characteristics of the SSCI events have been well investigated in the literature [22], [23].
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Figure 31 — One-line diagram of the proposed benchmark model adopted
from the Guyuan wind power system
7.2.2 Configuration and parameters of the WTGs and Guyuan substation
The s|x wind farms are situated at different geographical locations, i.e., the\distance from

wind farm and Guyuan substation are different, as labeled in Figure 311 he benchmark model

Cconsis
YY, B
the G
220 k
wind
mode
type,
Each
of DF
collec
transf]

wind power system and are given in Table A2.

7.2.3

As thg
contrd
contrg
contrd
contrg

7.2.4

The s
stepp
into th
The tn

ts of six wind farms, namely YY-A, BLS-B, CB-C, LHT-D, HT-E; and JLQ-F. The 1
| S, CB, LHT, HT, and JLQ represent the abbreviated names of the original substati
yuan wind power system. The wind farms A, B, and C send,the generated power
/ substation. The accumulated power from the 220 kV.sdbstation, and the D, E,

bnd parameters. These assumptions have a negligible impact on the investigation rg

ted from all the six wind farms is stepped upfrom 220 kV to 500 kV by a step-up subs
brmer. The parameters of the DFIG andthé step-up transformers are taken from th

Parameters of the DFIG's converter control

Is. The parameters for_the’rotor side converter (RSC) and grid side converter

llers of the GSC centrol are identical. Whereas, the parameters for the inner ¢
llers of the RSC eontrol are different and are more sensitive to the SSCI character

Series-compensated electrical network

x wind farms are radially collected to the Guyuan substation. The generated volt
bd up.through 0,69/35/500 kV step-up transformers. The generated power is then inj
e main grid of Inner Mongolia and North China via 500 kV double circuit transmis

ames

bNs in
to the
and F
arms are then collected at the 220 kV side of the Guyuan substation. For the sake of
ing convenience, the WTGs in all the wind farms are*assumed to be of the same make,

sults.

wind farm is represented by aggregating the 1,5/MW DFIG according to the total nimber
IGs. The total number of DFIGs in each wind farm is given in Table A.1. The power

tation
e real

name suggests, the SSCI phenomenon is dominantly participated by the DFIG conpyerter

GSC)

Is of the DFIGs are listed)in Table A.3 and Table A.4. The parameters for the inner current

urrent
stics.

hge is
ected
sions.

ansmission lines are 40 % and 45 % series compensated to enhance their power cafrrying
capacity: i i TSI i iven in

Table

7.2.5

A5,

Case study

The proposed benchmark model has been validated through extensive simulation studies [22].
The benchmark model can produce the SSCI events that occurred in the Guyuan wind power
system and the associated characteristics can be investigated. Figure 32(a) to (c) shows the
simulation results of a typical SSCI event. The current waveform measured at the Guyuan
substation and its frequency spectrum shows a 7,4 Hz oscillation. The magnitude and frequency
of the SSO component shown in Figure 32(c) are consistent with the actual wind power system.
The frequency spectrum was obtained with a window length of 10 s.
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Figure 32 — Simulation results of benchmark model (a) phase A current (b) frequency

7.3
7.3.1

Thep
for st

spectrum of the current (¢) subsynchronous cufrent component

Benchmark model based on Hami wind power system
General

roposed benchmark model is adopted from the Hami wind power system, which is sy
idying the SSCI in FSC-based wind farms. The system consists of 733 MVA/66

synch
syste

onous generators, 1,5 MW FSCs, and"£800 kV line commutated converter (LCC)-
and 500 kV transmission systemsy-as shown in Figure 33. The electrical, mechg

itable
0 MW
HVDC
nical,

and FSC's control parameters are takeh from the actual Hami system. Furthermorg, the
propoged simplified benchmark modelis tested to reproduce the actual SSCI event occur
the Hami wind power system. The modeling is sufficiently detailed to simulate and study v

red in
arious

aspedts of the SSCI phenomehon in FSC-based wind power systems and nearby tfurbo-
generptors.
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Figure 33 — One-line diagram of the proposed benchmark
model adopted from the Hami wind power system
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7.3.2 Configuration and parameters of FSCs

FSC is interfaced with the grid through a voltage-sourced converter (VSC). The VSC adopts the
decoupled control of active and reactive powers. The inner loops adopt current vector control
in the dq reference frame. When the terminal voltage vector is oriented, the d-axis and g-axis
currents represent the active and reactive power components, respectively. The outer loop
adopts DC voltage control to form active current reference in the d-axis and adopts reactive
power control or AC voltage control to form, or directly gives reactive current reference in the
g-axis. To realize the terminal voltage orientation, a PLL scheme is adopted. The typical
performance requirement for PLL is to be as fast and accurate as possible to detect the phase
angle of the terminal voltage.

In the|benchmark system, the wind farm contains 300 FSC-based wind turbines, each ra|ted at
1,5 MW, and is represented by an equivalent aggregated model. Table A.6 shows the elettrical
parameters of the VSC in per unit on the base capacity of the FSC wind turbine.

7.3.3 Configuration and parameters of LCC-HVDC

7.3.3.4 General

The structure diagram of a bipolar LCC-HVDC system is shown in Figure 34, which is different
from the first CIGRE HVDC benchmark system [38] used in the case'studies in this papef. The
ratedJlSC voltage is +800 kV, the rated power is reduced from/8-000 MW to 800 MW, and the
bipolgr neutral points are grounded. The model of the LCC-HYDC system includes AC/DCffilters,
transfprmers, rectifier/inverter, DC smoothing reactance, and)control systems. Each pole |of the
LCC-HVDC station is composed of two 12-pulse convertefs in series.

Normally, the rectifier controls the DC line current;while the inverter operates in constapt DC
voltage or constant extinction angle control. Eachiconverter needs a PLL to realize the tefminal
voltage orientation.

.l ac Ld Positive DC line
filter

A "
filter

Neutral Neutral
point point
i a—

DC D
filter filt

Negative DC line

933 G ,,
filter

1EC

AC
filter

Figure 34 — The structure of the LCC HVDC system

7.3.3.2 DC line and DC smoothing reactance parameters

The length of the DC transmission line is 2 211 km, adopting 6 x JL/IG3A-1 000 mm*"2
conductors with 6 splits, the resistance of each pole DC transmission line is Ry = 10,65 Q. The
parameter and layout plan of the smoothing reactance is that: the total reactance of each pole
is 300 mH, and the layout plan is to divide the smoothing reactance into two parts, which are
installed on the pole bus and the neutral bus, respectively, as shown in Figure 34.
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7.3.3.3 Parameters of the converter transformer

The LCC-HVC is a £800 kV DC transmission system. The converter valve is connected in series
with 12-pulse valve groups (400 kV+400 kV), and the converter transformer adopts a three-
phase double winding transformer. Due to the reduced capacity of LCC-HVDC from 8 000 MW
to 800 MW, and the capacity of the converter transformer is reduced correspondingly, but the
unit value of the parameter is kept unchanged. The capacity of a single converter transformer
is determined according to 1,2 times of the rated active power passed through the converter
transformer. The converter impedance is 0,18 pu. There are 8 converter transformers on the
rectifier side and the inverter side, respectively. Their parameters at the rectifier side and the
inverter side are the same, and the rest of the specific parameters are given in Table A.7.

7.3.3.0 Configuration and Parameters of AC filters

The rated transmission power of DC transmission is 800 MW, and the number of AC)filter panks
is degigned according to the requirements of reactive power. Here, according t6)62,5 % [of the
rated DC power, the reactive powers of rectifier and inverter sides are given.as'500MVatr.

The AC filters at the rectifier side and the inverter side can be divided inte, four types: i) dpuble-
tuned|filter DT11/24 (type A); ii) double-tuned filter DT13/36 (type b;lii) high pass filte HP3;
iv) Shunt capacitor. The configuration of the AC filters is shown ifznFigure 35. See Table A.8
and Tlable A.9 for specific parameters. If the rated capacity of DC power is increased, the
number of AC filter groups needs to be increased accordingly:

DT11/24 DT13/36 HP3 sC
J— c1 J— c1 J—c1 J: c1
L1 R1 L1 R1 c2
L1 g
L2 Cc2 Cc2 L2 L1
= -
(@) (b) (c) (d)

IEC
Figure 35 — AC filters and reactive power compensations

7.3.3.p Configuration and parameters of DC filter

There| are two groups of DC filters at the rectifier side and inverter sides, respectively.| Each
pole i$ equippedwith a group of DC filters, all of which are three tuned passive filtersTT12/24/45.
The gonfiguration is shown in Figure 36 and the parameters are given as: C1 =20 uF,
L1 =11,773;mH, C2 = 3,415 uF, L2 = 10,266 mH, C3 = 11,773 uF, L3 = 4,77 mH.

D T1Z7Z4/49

1

C1

L1

Cc2 L2
L3 C3

IEC

Figure 36 — Three tuned DC filtersTT12/24/45
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6 Parameters of Control

Table A.10 shows the control parameters on both the rectifier and inverter sides of the LCC-
HVDC system.

7.3.4

Synchronous generators

The synchronous generator model considers the multi-mass spring model of the mechanical
system, including high-pressure cylinder HP, low-pressure cylinder LPA, LPB as well as the
generator rotor. Since there are low-pass filters in the PSS to filter out the higher frequency
components, its influence on the subsynchronous frequency range is small. The dynamic

influe

nce of PSS js ignored in the synchronous generator model

Table
per uf
unit.

Table
a 4-m
range
appor
and 1

7.3.5

Figurg
and L
zero

gener
three-
paran

A.11 shows the rated parameters and electrical parameters of the synchronous gen
it on the machine MVA base. Current, voltage and rotor speed are also expressed

A.12 shows the inertias and spring constants for the spring-mass model. The shaf
ass model, in which the natural torsional vibration frequencies 'ifh the subsynchr

fioned among the turbine sections HP, LPA, and LPB, respectively as follows: 66 %,
7 %.

Electrical network

CC-HVDC systems. The infinite voltage bus.s a three-phase 50 Hz voltage sourc

IEC

Figure 37 — The common electrical network

7.3.6

erator
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ing is
bnous

are 15,86 Hz, 26,64 Hz, and 32,02 Hz. The steady-state~mechanical torque is

17 %

37 shows the common electrical network for connecting the synchronous generator, FSC,

e with

mpedance at all frequencies. Synchronous>generators and VSC-based wind tlirbine

ptors are connected to the point of common coupling through set-up transformers and
phase transmission lines, respectivelyxTable A.13 shows the common electrical ngtwork
eters.
VS
O
g A ig—9>
Infinite
ig > voltage bus
26:500
Ver
W AY iy ic—p |
1
| QO—= — |
35:500 PCC

Case studies

The proposed benchmark model is validated through simulation studies [22], [58]. Figure 38
shows the simulation results of a typical SSCI phenomenon. The rotor speed wave and its time-
frequency analysis clearly show about 16 Hz SSO.
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Figure 38 — SSO in the second benchmark model (a) the SG rotor speed
(b)(subsynchronous frequency component in the speed
(c) time-frequency analysis of the rotor speed

7.4 |[Clause'summary

The §SCi in wind power systems is an emerging system stability issue. At present, thefe are
no bebhchmark-models—availablethatcould be used-to in\lncfiggfn the SSCIl _In this claus , two
benchmark models are proposed to study the SSCI in DFIGs and FSC wind turbines or PV
generators. The proposed benchmark models are simplified and are derived from real-world
systems that have experienced SSCI incidents, such as Guyuan and Hami. The benchmark
models include the details that are sufficient to retain and reproduce various aspects of the
SSCI phenomenon. The electrical, mechanical, and control parameters necessary to reproduce
the SSCI incidents are also provided.

8 Mitigation methods

8.1 General

The SSCI is a system-wide phenomenon and thus can be better explained by the system level
impedance analysis in the frequency domain. The SSCI occurs when the system's cumulative
resistance becomes negative at the subsynchronous frequency. In this context, the potential
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remedy to the SSCI problem is to cancel out the negative resistance effect of WTGs or wind
farms by reshaping the impedance on either generation or transmission side. Besides other
operational measures, a possible mitigation scheme is to add a subsynchronous damping
controller (SSDC) at the generator or network sides. The SSDC could then reshape the
impedance response at the concerned frequency range, and thus stabilizing the corresponding
oscillation modes.

The measures to partially or fully eliminate the risk of SSCI could be taken at various stages of
the power system, for instance during the system operation, control, and protection stage [59].
Out of several available mitigation measures, some of the practical schemes are discussed
below.

8.2 |Bypassing the series capacitor

Undel certain operating conditions, the switching of series capacitors in the series, comperfsated
transmission lines play can trigger the SSCI. The proper control of the series capgcitors
installed in the transmission lines can be considered as a temporary solutiomat'the operdtional
schedule. The series capacitors can be bypassed when the unstable oscillation is detected and
can bg reinserted when there the oscillation is disappeared. Such a capacitor bypass sdheme
has bgen proposed and tested in [60].

For example, the Guyuan system experienced several SSCl events when all four series
capaditors (referring to system layout shown in Figure 13)care” in-service and the total wind
powel output is less than 10 % of the installed capacity. The field experiences have shown that
the S$CI does not occur when one of the four series compensations is brought out of sgrvice.
This lled to a temporary solution, which is temporarify./disconnecting one of the four series
capaditors of the double-circuit transmission lines when the wind farms' output power is|lower
than B certain level, e.g., 100 MW in the case_of the Guyuan wind power system| This
countermeasure of bypassing the series capacitor was adopted by the Guyuan system opgrator
in Magch 2011. Later on, this output power limit'was set to 250 MW instead of 100 MW after the
additipn of new wind farms in the Guyuan system. The modified countermeasures were adopted
by thg system operator in April 2014.

A simjlar method has also been practiced in the ERCOT wind power system. When the|SSCI
occury, ERCOT passes the information to system operation to adopt a mitigation measufe, for
instance, the switching/bypassing the series capacitors as an immediate measure.

8.3 |[Selective tripping.of WTGs

The $SCI occurswwhen the total system or generation-side resistance is negative |[a the
subsynchronous-frequency. On the generation side, the number of in-service WTGs in g wind
farm determinés‘the equivalent impedance. During an SSCI event, the degree of participation
of a wlind farm.or WTGs in the interaction is different. Some WTGs participate more and ¢thers
partic|pate_less in the interaction. The unstable SSCI can be stabilized if the number of pnline
WTGY ofithe most sensitive wind farm are adjusted to reshape the equivalent impedance |of the
or wind fTarm. Based on this idea, a system-wide SSCI mitigation scheme can be adopied [61],
as shown in Figure 39. The protection scheme consists of several distributed protection relays
(DPRs) and a centralized protection coordinator (CPC). The DPRs are deployed at the wind
farm substations. Each DPR is responsible for collecting the waveform data of the bus voltage
and line currents. It detects and computes the supersynchronous and subsynchronous
components and measures the aggregated impedance of each wind farm. The data are time-
stamped, packaged, and sent to the CPC through communication links. After receiving the data
from all the DPRs, the CPC computes the aggregated impedance model of the whole system.
If the aggregated system impedance has a negative resistance at the subsynchronous and/or
supersynchronous frequency, the oscillation mode is considered as unstable. The CPC
computes the sensitivity-of-tripping index to decide the location and number of wind turbines
required to trip for stabilizing the oscillation. The CPC issues the trip commands through
communication channels to the DPRs. The data sent to and from CPC include locally measured
impedances, frequency of the oscillation mode, and trip commands. The CPC is an additional
function or program that can be added to the 'control center'. The identification and tripping
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logic functions can be added to existing wide-area measurement systems (WAMs) and
centralized control centers [61]. Such a system-wide system utilizes the synch-wave or sub-
/super synchronous oscillation enabled WAM/PMUs to monitor and protect the system against
the SSCI [62].

CPC
(Centralized Protection Coordinator)

Figure 39 — A system-wide SSCI mitigation scheme based on selective tripping of WTGs

8.4

The i
speci
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Network/Grid-side subsynchronous damping controller_(GSDC)

The grid-side subsynchronous damping controlier (GSDC) is a practical scheme,

pedance response of the whole wind farm or plant Zyr can be reshaped by adding a
I-purpose shunt-connected power electronic convérter-based SSDC at the network/grid-

which

consigts of an SSDC supplemented to a subsynchronous current generator (SCG), as shgwn in

Figur
syste

40(a) and (b) [63]. The basic idea is to¢modify the impedance characteristics
by injecting the currents at the subsynehronous frequency into the system to p

bf the
ovide

activgl damping. It consists of two main parts{the SSDC and the SCG. The SSDC utilizgs bus
voltages and line currents as feedback signals. The subsynchronous currents are extractgd and
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and p
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Figure 40 — (a) A series-compensated wind power system with GSDC
(b) design and configuration of GSDC inctuding SSDC and SCG

. The GSDC is connected at the wind farm,"C-CB" substation. First, the system is s
dy-state when only 20 % of WTGs are’in-service and the wind spend is 6 m/s, geng

mping
lation
tarted
rating

output power of 148 MW. It is an ufAusual but vulnerable scenario in practice. Th
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irrent diverge immediately after the switch-on of series compensation, indicating that an
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ble SSCI is triggered. After some time, the wind turbine converter controllers reach
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turbine converter control parameters. For instance,

incred

Generation-side subsynchronous mitigation schemes
Adjusting the wind turbine converter control parameters

appropriate wind turbine converter control settings can enhance the negative resig
and thus lead(to SSCI. The SSCI can be mitigated by carefully tuning or adjustir

rtional contreller K, in the inner current control loop of the GSC can stabilize the
HIL simwulation results are presented in Figure 42 when the Ky is multiplied from
he plots show that the SSCI is significantly attenuated by increasing the Kp. Howevgr, the
se of the proportional coefficient may lead to the under-damping of the system

IEC

ure 41 — CHIL test results of GSDC (a) active power (b) subsynchronous curré¢nt

tance
g the
bf the
SSCI.

1,1 to

increasing the coefficient

n the

high-

requency band and induce LC resonance.

Besides adjusting the current loop parameters, the SSCI can also be mitigated by reducing the
PLL bandwidth as illustrated in Figure 43. However, it may affect the response of its dynamic
process such as power grid fault, and thus it can only be reduced within a certain range.
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Figure 43 — SSCI mitigation by reducing the PLL bandwidth (a) voltage at PCC
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8.5.2 Adding an SSDC in the RSC control loop

Similar to the low-frequency oscillation damping in the conventional turbo-generators, the SSO
caused by the SSCI can also be suppressed by adding a damping control in the excitation
system of each unit with the PSS. By doing so, the damping in the oscillation frequency band
of each unit respectively can be increased and the dynamic stability of the entire power grid
can be improved. The introduction of a rotor side subsynchronous damping controller can be


https://iecnorm.com/api/?name=8b583448faa43e0ae89652bbdefc7cb1

- 52 - IEC TR 63401-2:2022 © IEC 2022

understood as a "virtual resistor" which adds positive resistance at the subsynchronous
frequency, thus improving the damping at that frequency range.

A typical gain and lead-lag compensator based SSDC added in the d-axis and g-axis loops is
depicted in Figure 44. The stator current or the rotor current of the DFIG is used to extract the
oscillation component as shown in the schematic block diagram. Next, the lead-lag block is
used for phase compensation. Finally, the output is multiplied with gain K, which determines
the damping coefficient of the virtual resistance.

Ird Oscillation Lead
extraction lag

irg ﬂ@—b PI —>®—>
+ + Vrd

q PI

rq Oscillation Lead
extraction [ 7| lag

IEC
Figure 44 — Control diagram of the virtual resistor for DFIG's RSC controllers

The Voltage, current, and active/reactive power plots in Figure 45 show that the SSPC is
enabled at 2s, and the oscillation is attgnuated quickly. The damping rate qdf the
subsynchronous frequency current is around 18-% of the original within 250 ms. The actie and
reactive powers also returned to a steady state. The results show an excellent performance of
the SEDC, which adds a virtual resistor. ir;the subsynchronous frequency range.
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Figure 45 — The SSCI damped out when the virtual resistor is enabled at 2 seconds in
simulation (a) voltage at PCC (b) current phase-A (c) active and reactive power

The structure of SSDC can also be based on the gain and proportional derivative controller. In
[30], Shair et al have validated proportional derivative based SSDC through CHIL and field tests
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