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IEEE Standards documents are developed within the IEEE Societies and the Standards Coordinat-
ing Committees of the IEEE Standards Board. Members of the committees serve voluntarily and
without compensation. They are not necessarily members of the Institute. The standards developed
within IEEE represent a consensus of the broad expertise on the subject within the Institute as well
as those activities outside of IEEE that have expressed an interest in participating in the develop-
ment of the standard.

Use of an IEEE Standard is wholly voluntary. The existence of an IEEE Standard does not imply
that there are no other ways to produce, test, measure, purchase, market, or provide other goods and
services related to the scope of the IEEE Standard. Furthermore, the viewpoint expressed at the
time a standard is approved and issued is subject to change brought about through developments in
the state of the art and comments received from users of the standard. Every IEEE Standard is sub-
jected to review at least every five years for revision or reaffirmation. When a document is more
than five years old and has not been reaffirmed, it is reasonable to conclude that its contents,
although still of some value, do not wholly reflect the present state of the art. Users are cautioned to
check to determine that they have the latest edition of any IEEE Standard.

Comments for revision of IEEE Standards are welcome from any interested party, regardless of
membership affiliation with IEEE. Suggestions for changes in documents should be in the form of a
proposed change of text, together with appropriate supporting comments.

Interpretations: Occasionally questions may arise regarding the meaning of portions of standards as
they relate to specific applications. When the need for interpretations is brought to the attention of
IEEE, the Institute will initiate action to prepare appropriate responses. Since IEEE Standards rep-
resent a consensus of all concerned interests, it is important to ensure that any interpretation has
also received the concurrence of a balance of interests. For this reason, IEEE and the members of its
societies and Standards Coordinating Committees are not able to provide an instant response to
interpretation requests except in those cases where the matter has previously received formal
consideration.

Comments on standards and requests for interpretations should be addressed to:

Secretary, IEEE Standards Board
445 Hoes Lane

P.O. Box 1331

Piscataway, NJ 08855-1331
USA

Note: Attention is called to the possibility that implementation of this standard may
require use of subject matter covered by patent rights. By publication of this standard,
no position is taken with respect to the existence or validity of any patent rights in
connection therewith. The IEEE shall not be responsible for identifying all patents for
which a license may be required by an IEEE standard or for conducting inquiries into
the legal validity or scope of those patents that are brought to its attention.

Authorization to photocopy portions of any individual standard for internal or personal use is
granted by the Institute of Electrical and Electronics Engineers, Inc., provided that the appropriate
fee is paid to Copyright Clearance Center. To arrange for payment of licensing fee, please contact
Copyright Clearance Center, Customer Service, 222 Rosewood Drive, Danvers, MA 01923 USA;
(508) 750-8400. Permission to photocopy portions of any individual standard for educational class-
room use can also be obtained through the Copyright Clearance Center.
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Introduction

(This introduction is not part of IEEE Std 1204-1997, IEEE Guide for Planning DC Links Terminating at AC Locations
Having Low Short-Circuit Capacities—Part I: AC/DC Interaction Phenomena; Part II: Planning Guidelines.)

The purpose of this document is to give guidance on the planning and design of dc links terminating at ac
system locations having low short-circuit capacities relative to the dc power infeed. This guide is limited to
the aspects of interactions between ac and dc systems that result from the fact that the ac system is “weak”
compared to the power of the dc link (i.e., ac system appears as a high impedance at the ac/dc interface bus).
Some more general aspects of the design and planning of high-voltage dc transmission schemes are
described only when this adds to the understanding of the interaction phenomena and for the sake of com-
pleteness of the guide.

The content of this guide is put into practical perspective through reference to experience from existing sys-
tems. It explains how special ac/dc interaction problems, in a low or very low short-circuit ratio situation,
were considered during system planning; what specific solutions were applied; and the subsequent operating
experience.

This guide contains two parts:

— Part], AC/DC Interaction Phenomena, classifies the strength of the ac/dc system, provides information
about interactions between ac and dc systems, and provides guidance on design and performance.

— Part II, Planning Guidelines, considers the impact of ac/dc system interactions and their mitigation
on economics and overall system performance and discusses the studies that need to be performed.

Part I is separated into the following clauses:

— Clause 1 contains general introductory and useful reference information.

— Clauses 2 and 3 discuss the strength of the ac/dc systems and their effects on voltage stability and
power transfer limits.

— Clause 4 discusses HVDC controls and protection because they play an important role in most inter-
action phenomena.

— Clause 5 provides information about resonances, instabilities, and harmonic transfers.

— Clause 6 examines subsynchronous torsional interactions between dc convertors and nearby turbine
generators.

— Clause 7 discusses the various types of ac system stabilities (i.e., transient, steady-state, low-
frequency, and power-frequency stabilities).

— Clause 8 explains temporary overvoltages.

— Clause 9 examines rotational inertia of an ac system, which is an important aspect of the perfor-
mance of an ac/dc link.

— Clause 10 describes the recovery of dc systems from ac and dc system faults.

— Annex A gives a brief description of the dc conversion process (i.e., basic rectifier and inverter oper-
ation).

— Annex B provides a bibliography pertaining to Part I. While it is not essential reference material for
Part I of this guide, and while no claim is made that it is an exhaustive list, it is a useful resource of
background information.

Part II is separated into the following clauses:

— Clause 1 contains general introductory and useful reference information.

— Clause 2 contains references.

— Clause 3 sets the stage for planning and design by identifying performance criteria and explains how
these criteria can be defined and evaluated. This clause provides the basis for considering interaction
and for evaluating the effectiveness of adopted strategies.
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Clause 4 discusses various aspects of system performance, in the context of low and very low short-
circuit ratios, for the incorporation of the criteria developed in Clause 3. Alternative solutions to
accommodate ac/dc interaction problems are presented.

Clause 5 deals with aspects of economics and reliability.

Clause 6 provides guidance on appropriate planning studies, once a dc link has been selected, with
particular reference to low and very low SCR applications. After a review of appropriate study meth-
ods, both analog and digital, the stages of planning and design are suggested, and guidance is offered
on which aspects to include.

Clause 7 summarizes examples from the literature, in the context of planning studies for low SCR dc
projects.

Clause 8 describes selected projects that are in service with low and very low short-circuit ratios.
Annex A provides a bibliography pertaining to Part II. While it is not essential reference material for
Part II of this guide, and while no claim is made that it is an exhaustive list, it is a useful resource of

background information.

This guide is the result of the work of the Joint Task Force (JTF) of the CIGRE Working Group 14.07—AC/
DC System Interactions, and IEEE Working Group 15.05.05 —Interaction with Low SCR AC Systems, which
was set up in 1986 following the agreement between D. D. Wilson, Chairman of the IEEE Transmission and
Distribution Committee, and T. E. Calverley, Chairman of the CIGRE Study Committee 14—DC Links.

At the time this guide was completed, the membership of the respective working groups were as follows:

IEEE Working Group 15.05.05:

P. C. S. Krishnayya, Chair

R. Adapa M. Holm A.J. Molnar

G. Andersson R. K. Johnson K. Mortensen
M. Baker G. W. Juette S. Nilsson

L. A. Bateman G. G. Karady S. Nyati

L. Bergstrom W. O. Kramer H. S. Patel

J. P. Bowles J. M. Ladden C. Peixoto

G. D. Breuer C. M. Lane, Jr. K. J. Peterson
R. Bunch E. V. Larsen R.J. Piwko

D. G. Chapman R. H. Lasseter D. Povh

D. J. Christofersen R. L. Lee F. S. Prabhakara
C. D. Clarke T. H. Lee J. Reevei

P. Danfors M. A. Lebow J. Slapp

C. C. Diemond S. Lefebvre J. P. Stovall

J. J. Dougherty J. Lemay M. Z. Tarnawecky
A. Ekstrom H. P. Lips R. Thallum

T. F. Garrity W. Litzenberger C. V. Thio

A. Gavrilovic* W. F. Long¥ D. R. Torgerson
A. E. Hammad D. J. Lorden J. J. Vithayathil
R. E. Harrison J. S. McConnach T. L. Weaver

D. P. Hartmann M. E McGranaghan D. A. Woodford
N. G. Hingorani D. Melvold C.T. Wu

* Co-chair of JTF
1 Technical Editor for Part I
I Technical Editor for Part 11

iv
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CIGRE Working Group 14.07:

A. Gavrilovic, Chair

P. Adam R. K. Johnson G. Moraw

T. Adielson Y. Kato F. Nozari

J. D. Ainsworth V. V. Khoudiakov C. A. O. Peixoto
G. Andersson P. C. S. Krishnayya D. Povh

J. P. Bowles R. H. Lasseter J. Reeve

G. D. Breuer J. Lemay M. Szechtman
P. H. Buxton G. Liss H. L. Thanawala
A. E. Hammad W. F. Long C. Thio

B. Hansson J. McConnach P. L. Thomsen
R. E. Harrison V. V. Mogirev T. L. Weaver

R. Joetten R. Yacamini

The following persons were on the balloting committee:

J. E. Applequist I. S. Grant J. Lemay

J. J. Burke J. G. Kappenman W. F. Long
V. L. Chartier G. G. Karady D. J. Melvold
C. C. Diemond C. P. Krishanyya F. D. Myers

When the IEEE Standards Board approved this guide on 26 June 1997, it had the following membership:

Donald C. Loughry, Chair Richard J. Holleman, Vice Chair

Andrew G. Salem, Secretary

Clyde R. Camp Lowell Johnson Louis-Fran¢ois Pau
Stephen L. Diamond Robert Kennelly Gerald H. Peterson
Harold E. Epstein E. G. "Al" Kiener John W. Pope
Donald C. Fleckenstein Joseph L. Koepfinger* Jose R. Ramos

Jay Forster* Stephen R. Lambert Ronald H. Reimer
Thomas F. Garrity Lawrence V. McCall Ingo Rusch

Donald N. Heirman L. Bruce McClung John S. Ryan

Jim Isaak Marco W. Migliaro Chee Kiow Tan

Ben C. Johnson Howard L. Wolfman

*Member Emeritus
Also included are the following nonvoting IEEE Standards Board liaisons:

Satish K. Aggarwal
Alan H. Cookson

Paula M. Kelty
IEEE Standards Project Editor

Documents

Copyright © 1997 IEEE. Al rights reserved. Documgnt Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 24,2026 at 11:46:16 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 1204-1997


http://www.avadocuments.com/doc/ieee-1204-1997
http://www.avadocuments.com/doc/ieee-1204-1997

Contents

Part I: AC/DC Interaction Phenomena

1 OVETVIBW ..niitinieeiteieet ettt ettt ettt ettt at e et et b e et e s bt e st e s bt ea b e bt e et e e bt e st e e bt ent e e bt e et sbee bt emtenbesatenbeensenbean 1
Lol S0P ettt sttt ettt b et h e bttt e be et sh et eae e bt ebaenbeeaaenbeas 1
1.2 PUIPOSE. .ottt ettt ettt sttt st b st s bt et b e st s bt et e b et e bt et sbt e et eseenbeeatenbeenaenbeas 1
1.3 GOMNETAL. ..ttt ettt b et b et e b et bt a e st ae e b b e aae b s 1
Li4  RELEIEICES ..c..eeuteiiiiieeiteteet ettt ettt st et b ettt b et e b et sbe e et eatenbeemtesbeennenbeas 3
1.5 DETINIEIONS. ....eenteriteieeiteteeteet ettt ettt sttt ettt et et et b et b et e bt et sbe e et smeenbeemaesbeennenbees 3
1.6 Acronyms and abbIeVIAtiOnS.........cecueeeeririeriirienierieieetet ettt ettt s eaae e 4

2. AC/DC SYStEM SIIENZN ....eeuiiriiiiiiiieieeiteieeiteeet ettt ettt sttt et st e bbb et esbeetesbeeeenaee 5
2.1 INEEOUCTION ..ottt ettt et b et b et e bt et s bt e te e bt e bt emtenbesaaesbeennenbeas 5
2.2 High-IMpPedanCe SYSIEIMS ....cc.ceouirieriirieniietenieeterieetesteete st et stt ettt et sbeesteestenbeemtesbeeneesbeennenbeas 5
2.3 Inadequate and zero mechanical INEItia..........ccoeevuereriinieiiinieiinieeteeetese et 21
2.4 Numerical examples of CSCRs and TOVi, Values.........ccccoevueviiiiiiiiiiniininiiiiicicnceeeieeene 23
2.5 Calculation Of CSCRS .....co.eiiiiiiiiiiieieriteeetet ettt ettt sttt st s bbbt eaee e eae 24
2.6 Numerical examples of power reduction due to ac system impedance increase

and aC VOItAZE TEAUCTION ....eovuiiiiieeieeiieeieete sttt ettt et e et e st e e bt e sabesbeesaaesnbeessnesnseenns 27
2.7 AC/DC system strength —summary tables .........ccceevuierieriiieniieiiienie ettt 28

3. DC pOWeT tranSTer TMLS.....eeoueiriieiiieriieniteriteete ettt et e st e et e et e sbeesatesabeesasesnseessseenseenseens 28
3.1 Description Of PRENOMENA ......cccuviiiiieriiiiienieeiterte ettt ertee sttt e st e et e sateebeessaeebeessesnseenns 28
3.2 Power lIMits Of an INVEITET.....c..coouiiiiiiiriieiiriieiietet ettt ettt ettt ettt ae e 32
3.3 Power limits 0f @ de TNK .o..eooiiriiiiiiiiiiecc e 36
3.4 PrinCipal PATAIMELETS. ......eevuieeieritieeieerieeeieestte et esteesiteebeessaeebeesaseesseessseeseenssesnseesseessseessessseens 40
3.5 Trends and sensitivities Of SYStEM PaArameterS........cecveerieerueerierrieenieeteentesieeseeeeeesteessseenseenns 40
3.6 POSSIDIE IMPTOVEIMENLS .....eeeuriiiieeiieiieeieenite st esiteeteesitesaeesteesabeesaeessteesseesssesseesssesnseessessseens 41
3.7 Influence Of dC CONIOLS ..c..coiiriiiiiriiiiiiieeeeeete ettt sttt 43
3.8 MethOdS Of STUAY....ccueiriiiiiieiietie ettt ettt et e st e et esbtesbeesatesabeessaesnseesasessseenns 43
3.9 DiSCUSSION Of POWET CUIVES ...eeeviiriiieiieiiieniieeieenitesteesteesaeesteessseesseessseenseesssesnseesssesseesssessseenns 44

4.  Control and protection fOr dC tranSMISSION. ....c..uevcuierierreerieeriteriesieerte et esiteeteesteesseenseeseseenaeesseens 46
4.1 INETOAUCTION ...ttt ettt ettt ettt ettt s bt et s bttt e be et eaeesbeemeesbeemnesueen 46
4.2 Hierarchical division of the dc CONIOl SYSEIM ......ccueeviierieriieniienieeiie et eee e 46
4.3 Types of interaction between controls and the ac SYSteM........cccuevcverriieriierneeriiienienieeneeeeeennes 49
4.4 CUITENE CONIOL...eiutiiiiiiiiiieieeieie ettt ettt ettt sbt et s bt e b e s bt et ebe e bt eaeesbeenaesbeenaesueen 51
4.5 POWET CONIIOL.....eiuiiiiiiiiiitiieiteteetettet ettt ettt sttt et st ettt sbe et sbe et et e sbeesaesbeemaesaeen 56
4.6 Reduction of the direct current at Iow VOItAZE.......ccceevvierriieriiinieeieeieeeccee e 56
4.7 AC SYStemM INSEADIIITIES ...veviieriiieiieiieeiterte ettt ettt ettt e st e eteessaeesbeesaaesnbeensnesnses 57
4.8 Influence on the control of resonances in the ac NEtWOTK..........coeeverirvienirniinieniineencneceenee. 58
4.9 Summary of convertor control instability phenomena............ceecueecveenierrierreesiieeneenieesee e 58
4.10 System parameters of principal interest to the CONLIOlS........c.eevveecieeriieiieenie e 59
4. 11 AC VOIAZE VATIATIONS ..eevveeiiieriieeiieeniieeieenteeieesteeteessteesseesstesseesssesseesssessseesssessseesssesssesnsaesnses 59
4.12 AC network frequency and stabilization CONIOl ...........ccoccevirienerieneniienieicreeteeeec e 62
4.13 Control and protection considerations for back-to-back schemes ...........ccceceevviierierciieneencnennne. 67
4.14 Control and protection considerations for multiterminal sSChemes ...........cccceevveervercieeneenneenne. 68
4.15 Higher-level controller characteristics for dc schemes in operation............cccceceeeeevveneeniencenne. 68

Documents

Document Sharing Hub
Copyright © 1997 |IEEE. All rights reserved
Authorlzed licensed use limited to: Tsinghua University. Downloaded on February 24,2026 at 11:46:16 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 1204-1997


http://www.avadocuments.com/doc/ieee-1204-1997
http://www.avadocuments.com/doc/ieee-1204-1997

O L S (e <o 8 (o) 1 WSRO 72

5.  Resonances, instabilities, and harmonic tranSfer................ooovvieiiiieiiii i 73
5.1 INErOAUCTION . ...cuiiiiiiiiiieitcti ettt ettt ettt sa et sae e et sae e b saee bt senenbeeanenreens 73

5.2 BASIC COMCRPLS ..eeuventiiutinitetieitenteete st et st etestt et s bt et sbt et e ebt et e e st e s bt estesbeemtesbeenbesatenbessnenbeeanenseeas 73

5.3 Harmonic resonance-related instabilities and SOIULIONS........cc.eeoeeieririieniinienieie e 75

5.4 Factors influencing harmonic problems............cccecirieiriirininineneeeeereeeeeeecee e 79

5.5 Trends and sensitivities Of SYStem PArAMELETS. .......cc.eevueruieririieniieeerieeenteerenreereseereseenesanens 79

5.6 MethOdS Of STUAY....ceeuiiiiieriieiieiieeeeete ettt et ettt e st et esate st e e satesabeesabesaseensaesnseenaeens 79

5.7 Different types of schemes and harmonic problems.............ceceevervieririenennenenneneeneneereneens 80

5.8 COMUIMEILS ..ottt ettt ettt ettt et sa e e bt e bt e b e e bt e bt eat et e e st e e bt enteeaeenbesbeenbesatenbesabenbeensanbeans 81

6.  Subsynchronous torsional interactions between dc convertors and nearby turbine-generators ........ 81
6.1 Introduction and SUMIMATY ........cccueereerieerterieeriteeieeteesteesteesateesbeesaeeebeesaeesbeesasesseesssesnseesseeas 81

6.2 Description of the PheNOMENON ........ccocuiiriiriiiiieeieeiee ettt et e ste et esbeebeeseseesseesaeees 82

6.3 PrinCipal PATQAMELETS. ....cc.eerviruiirtirtenieetenteetesttet ettt sttt ettt et e s bt es e sbeeseesbeesbesbeenbesbaenbeesnenbeens 82

6.4 Trends and sensitivities Of SYStEM PATAMELETS ........erueeuerrieriirtienieeienteeteneeeteste et seeeseesreeneesieens 84

6.5 Influence Of dC CONLIOLS ......ieiiruieiieiieie ettt ettt sbe et e b e tesbeeneesneens 85

6.6 MethOdS OF STUAY....ceeiiiiieiieiiie ettt ettt et e st st e st e st e e sabesabeesbaesnseenaeen 87

7.  Transient, steady-state, low-frequency, and power-frequency stabilities........cccccovcverrienierrieennennnen. 89
Tl INEEOUCTION ..ttt ettt ettt ettt ea et e e s bt et sbe e et sbeenbesbtenbeebbenbeesnenbeans 89

7.2 Descriptions Of StAbIlILY LYPES.....ccveruerierueieieiriirinietese sttt ettt ettt ettt sre e e 89

7.3 Main parameters and effECtS ........cceoueririeiiiieiri e 90

7.4 Trends and sensitivities Of SYSteM PATAMELETS .....ccc.eeruiirrieerierieenieeieerite et esteesreeteesebeesaeesaeees 91

7.5 AC and dc paralle]l OPETAtION ........ceveeriierienieeiieeieeiee st esiee st e st e eteebeesaeebeesbeeseeseseeseenaeen 92

7.6 Influence Of dC CONLIOL.....c..iiiiiiiiiiiiei ettt sttt st 92

7.7 Methods and toOlS fOr STUAY ......cc.ccuerieririririeieineieeeees ettt ettt s seens 93

7.8 Different types Of SCRHEMES.........ccueiuiiiriiiiiieieieereeee ettt ettt 94

8. Temporary overvoltages (TOVS) .....oiiiiiiiieeieiie ettt ettt et st e st ebeenaee s 95
8.1 Description Of PRENOMENA .....c..coviriiiiiriiiiiriiiieetecetee ettt sttt 95

8.2 Main parameters affecting the Phenomena.........c.cccecveieiririninenenienieecereeeeeeee e 97

8.3 Trends and sensitivities of the SyStem Parameters..........c.cecerveeererenrerenienienterreeeeeeeeeeerenne e 97

8.4 Influence of dC CONLIOL.......co.iviiiiriiiiiiiieicieeee ettt s 98

8.5 Methods and toO0IS fOr STUAY.....ccuuiiriiiriiiiiirieeie ettt ettt e saee st esaessee e 98

8.6 Measures for the limitation Of TOVS .......ccceviiriiiiiiiiiiiieniieeeeeeeeeee e 101

8.7 Different types of SCHEMES. ....c..coiuiiiiiiiiiiieee e e 103

9. Zero- and IoOW-INEITia SYSIEINIS .....eeuerverteteieietiteteteeiteeett ettt sttt et st et n et e e e st ese st eae et sseeresrenae 104
9.1 INErOUCTION . ...c.uiiiiiieiieiieieet ettt ettt ettt et sae e et esa e saeesne st enneeanen 104

9.2 Zero-inertia systems —Island of Gotland............cccccoeviiriiiiiiiniiiiniiniie e 105

9.3 Low-inertia system—Island of COrsiCa ..........cecereerieriineniinienieiceteieeteeetee et 107

10.  Recovery of dc systems from ac and dc system faults..........ccecevvereninencniinenienenieeeeeeneenns 109
10,1 INEEOAUCTION. ...euteitetieiiectieteet ettt ettt et ettt ettt esbe et e bt ente bt ense st en s eeseenseeneenseeneensesneenseenean 109

10.2 Parametric behavior of the phenomena.............ccceecviiiiiniiriiiniiiee e 110

10.3 Different types Of SCHEMES. ......cc.uiviiiiiiiiiieiierieeterte ettt et e s sbeesaeesbeeneeesasees 115

Documents

Copyright © 1997 IEEE. Al rights reserved. Documgnt Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 24,2026 at 11:46:16 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 1204-1997


http://www.avadocuments.com/doc/ieee-1204-1997
http://www.avadocuments.com/doc/ieee-1204-1997

10.4 System experience and XAMPLES.......cccevuirieririierieie ettt ettt 117

10.5 Methods and t0OIS fOr STUAIES .......eccvierrieiiieriiieieeete et eeee et eete et e e e esteesbeesseeesbeeseeesseenees 121
Annex A (informative) The dC CONVETrSION PIOCESS .......ccoeruierieriertieiientieienieetesteetesteeeeseeesaesseessesseensesneens 123
Annex B (informative) BibliOZraphy........cccoeieiiiiiiiiiieiee ettt sttt 135

Part lI: Planning Guidelines

Lo OVEIVIBW ..ottt ettt ettt et sb et sat et s atea e st esb e s ae e b e san e st easesneenne st enne 141
Lol S0P ettt ettt st ettt e h e e at e e bt e et e e bt e st e et e e sht e e bt e s hte e beesareeabes 141
1.2 PUIPOSE. ¢ttt ettt ettt ettt st et e st e bt e s at e e bt e s st e e b e e s ab e e bt e sate e beenateebeenabeeabes 141
1.3 GONETAL. ...ttt ettt ettt ettt a et a et s a e st neeaeen 141
2 RETETEIICES ...ttt ettt ettt sae et st s neeanes 142
3 Performance criteria and eValuation ............c.covieviierieniiiiiiienieeee ettt st 142
3.1 General CONSIACTATIONS .......ccoueruieriirietieieitetentt ettt sttt ettt beearesre et e saeenaesaeesaeeanen 142
3.2 Power transfer limits and SCR..........cooiiiiiiiiiiiie et 143
3.3 Recovery from ac and dc faUILS ........coceeriiiiiiiiiiiiiiecee e 145
3.4 ReEACHIVE COMPENSALION ..eevuvieniieriieeriieeieeniteeieesite et e siteetee sttt e sbeesateebeesasesbeesabeesseesaseensaesasesases 145
3.5 Temporary overvoltages (TOVS) ..ottt st sttt e 146
3.6 Operation under low ac voltage CONAILIONS ........cocueereirriieriiirienieeiie e 146
3.7 Power transfer during ac and dc faultS...........coocueeiiiiniiiiiiniiii e 147
3.8 Operation with and without Zround TetUIN..........cocutiriiriiiiiie ittt 148
3.9 DC liNE T€-ENETZIZALION.......eeruierieerieieieeriieeiteeteeieesiteeteesiteesbte sttt e bt e sabesbeesabeenbeesaseensaesasesases 148
3.10 Overload CONSIARTATIONS. ....c...eoueeiiriieiieiieiietete ettt sttt st sre e saeesnesaeenneeanes 148
3.11 Operation WithOUt COMMUNICALION ...ecuveeruiiririerieiieerteeiee st eite sttt e ereebeesbeesteesabeesaaesaneens 149
3.12 Commutation FAIIUIES. .....co.eeoiiiiiiirieiieicee ettt s s 149
3.13 Voltage changes during reactive SWIitChing ........c.cccevvveerieriirnienieeniieeieeee e 149
3.14 Availability (adequacy and SECUTILY) .....cccuerrrieriiriiierieeiienieerite sttt et eiee st saeesbeesaaesaeeeas 150
3.15 Economic and reliability criteria for comparison of different solutions to
INEETACTION PTODIEINS. ....tiieiiiiiiiiieeite ettt sttt ettt sat e e bt e st e st e e satesbeesateeseesaneen 150
3.16 Multiterminal CONSIAETALIONS .......eeruiirriieriieeiiierieeiee ettt ettt st e st e e bt esateesaaesareeans 150
4. Planning CONSIAETALIONS ......cevuiiruiiriiierieiieeriteetee e et ettt e steesite s bt e stesbeesateebeesaeeenbeesasesbeesasesnseesas 151
A1 GENETAL ASPECLS ..eeuvieruiieiieeiieerite ettt ettt st e stt e st e e bt e et e e bt e sabe e btesabeesbeesateenbeesaseenbaesasesseenas 151
4.2 POWeT transSfer TIMILS .. .cooiiiiiiiiiieieeiie ettt sttt st e e st e b e sbeebee e 152
4.3 Electromechanical Stability .........cccevoiiiriiriiiiiinieiiieeecese ettt 157
4.4 Planning considerations of HVDC CONLIOIS..........cocuiiriiiiiiiniiiiiiieeieeteeieeteee et 159
4.5 Planning of ac/dc performance enhanCement ............cocueevueeriiiiieniieinieenieneereeeeenee e 163
4.6 Consideration of existing dc schemes in the Same SYSteM .........ccecuervieereeriieenierieenieeieeneens 164
5. System economics and reliability ........ccccceeriiriiiiiiiniiiiie e 164
5.1 General CONSIACTALIONS .....c..eeutiririieiieeeicetete ettt ettt ettt en e s bttt see et et eaeeneenneennes 164
5.2 Aspects of alternative solutions to solve ac/dc interaction problems ...........ccccceveereirveencrnenne. 165
5.3 Reliability and economic aspects of different dc system configurations...........cccceeeceerueenenne. 167
5.4 Study methods, sources of data, and aSSUMPLIONS ........cccueerueerierrieenienrieenie et esee e 168
6.  Planning and initial deSi@n StUAIES.......ccvvirriiiriiiitierieeiie ittt sttt et 170
Documents
i %  Document Sharing Hub
viil Copyright © 1997 IEEE. All rights reserved.

Authorized licensed use limited to: Tsinghua University. Downloaded on February 24,2026 at 11:46:16 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 1204-1997


http://www.avadocuments.com/doc/ieee-1204-1997
http://www.avadocuments.com/doc/ieee-1204-1997

(S 20 B 1 15'go Je 13Tt 5 1o ) s RSO RURRR 170

6.2 Planning STUGIES ....ccueeuertieiietieieetiete ettt ettt ettt ettt te b et e bt e e e bt e e e bt et e eae e teeaeente et enaeeaean 170

6.3 Initial deSi@N STUAIES ...oc.eeitireieiieiiee ettt ettt et et et e b et e e eaeas 173

6.4 Required SYSIEM data.......ccevueriirieieieieieieteeeteeeee ettt ettt ettt ettt st 179

7. Examples of SYStEM STUAIES ....c.eeouieuieriiiertieierie ettt ettt ettt sae e sbe et b e snens 181
7.1 INETOAUCTION. ...ttt ettt ettt ettt et sa et et a ettt et et ebeebeebesaeere b e 181

7.2 Ttaipu tranSmiSSION SYSTEIML......ccueeutertieuierteeterteete st etesteetesteetesseeteeseeteeseenteeneenteeneenaeeneesseenees 181

7.3 CRABAUZUAY ......ooiiiiiiiiiiiiicee ettt st s s saeesae e 182

T4 HIGNZALE ..ottt ettt b et b et b et b et h et e e h e et e et e bt eaeenaeeaean 182

7.5 GOUANM. . .ceeiiiiiieiirierte ettt ettt ettt b et bbbttt sttt sttt 183

7.6 Virginia Smith (formerly SidNeY) .......ccoeieiiiriiiiiiee et 183

7.7 MTDC SYStEIM STUAIES ...c.veuvenreneenrinienieteieitetee ettt ettt ettt eae et et sae b b e 183

7.8 ReElIADIIILY STUAICS. .. .eeutetieiietieieetiete ettt ettt et sb ettt et s b et e e bt et eeae e teeaeenaeeneenaeeaeas 184

7.9 Additional TEETEICES .....c..eoveveietiieieieiet ettt ettt ettt ettt s be e e 184

8. Examples of existing low and very 1ow SCR SYStEMS........ccccevevireriinenenienienienieieieeeeeeeeeecenenes 184
8.1 INErOAUCHION ......euiiiiiiiitietirie sttt st ettt ettt et be b s saenes 184

8.2 Miles City CONVEItEr STATIOM . ..c..eeiueruietieeierteeieeteeteeteeteetesteeetesteeetesbeentesbeenteeseenteeseeneeeneesaeeneas 186

8.3 Virginia Smith (formerly Sidney) .......ccccovieiiriiiiiei e 188

84 HIGNZALE ...cvnieiiiieiieieetie ettt sttt ettt s 190

8.5 ChABAUZUAY ......ouiiuiiiiiiiitiiie ettt st et e ae e 191

8.6 BIACKWALET ...coueiiiiiiiiiiiitectcete ettt ettt ettt ettt s 191

8.7 Cross ChANMEI .....c.couiiiiriiiiiriiiiietctetetet ettt sttt ettt ettt et s e s 192

8.8 VINANYACKAL ...c.ecviiiiiieiiiciric ettt ettt ettt 193

8.0 GOMIANG. ...ttt e ettt ettt 194

810 COMETTOI ...ttt ettt st sttt ettt et et ebe b s b e nes 195

81T NEISON RIVET ..ttt sttt ettt ettt et et 196
BLI2LEAIPU .ottt ettt ettt b et b e sttt sttt b et b ettt be e 197

BLIB MCNEIIL .ttt sttt 198
Annex A (informative) BiblIOGraphy..........ccooiiiiiiiiiiiieee ettt 201

Documents

Copyright © 1997 IEEE. Al rights reserved. Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 24,2026 at 11:46:16 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 1204-1997


http://www.avadocuments.com/doc/ieee-1204-1997
http://www.avadocuments.com/doc/ieee-1204-1997

Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 24,2026 at 11:46:16 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 1204-1997


http://www.avadocuments.com/doc/ieee-1204-1997
http://www.avadocuments.com/doc/ieee-1204-1997

IEEE Guide for Planning DC Links Terminating at
AC Locations Having Low Short-Circuit Capacities
Part I: AC/DC Interaction Phenomena

1. Overview

1.1 Scope

Part I of the guide discusses the effects of various aspects of the ac/dc interactions on the design and perfor-
mance of dc schemes where the ac system appears as a high impedance at the ac/dc interface bus; i.e., low
and very low short-circuit (short-circuit ratio [SCR]) conditions. AC systems having zero or inadequate
mechanical rotational inertia, such as island schemes with no or with limited local generation, are also con-
sidered. Environmental, siting, and construction issues are not addressed. General issues, such as steady-
state reactive compensation and ac and dc filter requirements, are not in the scope of this guide, but would be
included in a complete study for a particular dc scheme design. In order to assist those not familiar with dc
transmission and convertors, a brief description of basic rectifier and inverter operation is given in Annex A
of Part I.

Part II of this guide, which is bound together with Part I, considers how the ac/dc interaction phenomena
described in Part I should be taken into account in the planning and the preliminary design of ac/dc systems
having low or very low SCR values.

1.2 Purpose

The purpose of Part I of this guide is to address factors required to be considered in the design of dc trans-
mission schemes in the context of system interactions resulting from dc links terminating at ac system loca-
tions having low short-circuit capacities relative to dc power infeed and for cases where the inertia of the ac
system is too low for satisfactory operation. The following ac/dc interactions are considered: power, voltage,
and frequency instabilities; harmonic resonance-related instabilities; subsynchronous torsional interactions;
temporary overvoltages; and recoveries from ac and dc faults.

1.3 General

The introduction of thyristor valves based on large-size thyristors, over the last twenty years, has contributed
to the improvement of overall high-voltage, direct-current (HVDC) economy and reliability, making the
application of HVDC transmission more widespread.

From earliest commercial applications of HVDC, planners found, in a number of schemes, that the ac sys-
tem at the point of the proposed dc power infeed was “weak” —that is, its impedance relative to the dc power
was high, and in some cases, the inertia of the ac system was low.
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One of the important criteria in the design of dc links is the value of the permissible temporary overvoltage
(TOV) at ac terminals of the convertor stations. In early schemes, the problem of too-high TOV was solved
by the addition of synchronous compensators in the inverter stations; i.e., by the reduction of the ac system
impedance as seen by the HVDC convertor. The application of metal-oxide (MO) arrestors has been made in
some recent schemes to control TOV without the need for synchronous compensators. However, for a given
dc power, this resulted in the need to accept an ac system having higher impedance compared to previous
schemes, and several aspects of interactions between ac and dc systems became more evident.

The “weaker the ac system”—that is, the lower the ratio of the ac system short-circuit capacity to dc link
power—the greater will be the ac/dc interactions. The ac/dc system strength, from the impedance point of
view, is defined in this guide. Based on that definition and on typical inverter characteristics (such as the value
of the convertor transformer reactance) the following SCR values can be used to classify an ac/dc system:

a) A high SCR ac/dc system is categorized by an SCR value greater than 3.
b) A low SCR ac/dc system is categorized by an SCR value between 2 and 3.
c) A very low SCR ac/dc system is categorized by an SCR value lower than 2.

It should be emphasized that a scheme may be operating with high SCR for most of the time, but that it may
appear as a low or very low SCR scheme during an emergency; that is, at ac system outage conditions. In
such cases, the scheme must be designed to operate for those conditions, unless dc power reduction is
acceptable.

Operation with very low SCR systems is possible only if very fast and continuous control of ac voltage is
exercised, because the inverter operation is in the “unstable” region of the ac voltage/dc power characteristic.
In modern ac system terms, this mode of operation is similar to an ac system whose voltage stability is main-
tained by a fast static var compensator (SVC). In such dc links presently in service, the required fast voltage
control is executed by the HVDC convertor itself.

From the above, it can be seen that problems associated with very low SCR ac systems can be resolved
either by strengthening the system with the addition of synchronous compensators or by stabilizing the ac
system voltage with very fast control. On the other hand, synchronous compensators must be used to
strengthen the system whenever there is a requirement to increase the inertia of the ac system. The system
inertia constant referred to dc power, Hpc, should, for example, be greater than 2 s in order to maintain fre-
quency deviation under fault conditions at less than 5%.

In addition to the system strength classification mentioned above, Part I of this guide defines and discusses a
number of ac/dc interaction phenomena and proposes methods of preventing associated potential problems.

Good preliminary judgement on the impact of most interactions on the design and performance of a dc trans-
mission scheme can be based on the SCR and inertia values quoted above, and on the discussions given in
this document. However, this guide stresses the need to carry out adequate studies at all stages of planning
and design.

HVDC controls play an important role in most interaction phenomena, and for that reason a detailed descrip-
tion of controls is included in this guide.

AC/DC system interactions are concerned with voltage stability (voltage collapse phenomena), overvolt-
ages, resonances, and recovery from disturbances. Examples of their influence on the station design are the
following:

— Voltage stability conditions will determine the type of voltage control and the type of reactive power
supply. The voltage stability—voltage collapse interaction is similar to such phenomena in a purely ac
system.
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— The level of TOV will influence station design, including thyristor valve and surge arrester ratings.
The lower the value of SCR, the higher the potential value of TOV.

— Shunt capacitors are used in convertor stations for ac filters and for var supply. The larger the ratio of
shunt capacitor Mvar to ac system short-circuit MVA, the lower will be the resonant frequency.

Commutation failures and recovery from ac and dc faults represent an important aspect of dc operation.
However, it should be noted that modern controls have a dominating influence on the recovery from faults
and are less affected by ac system impedance compared to controls used in earlier schemes.

1.4 References

This standard shall be used in conjunction with the following publications. When the following standards are
superseded by an approved revision, the revision shall apply:

IEC 60919-1 (1988-12), Performance of high-voltage d.c. (HVDC) systems—Part 1: Steady-state condi-
L
tions.

IEC 60919-2 (1990-10), Performance of high-voltage d.c. (HVDC) systems—Part 2: Faults and switching.
(Equivalent to IEEE P1030.2/D4, Dec. 1990.2)

IEC 60919-3...3, Performance of high-voltage d.c. (HVDC) systems— Part 3: Dynamic conditions.

1.5 Definitions

1.5.1 critical short-circuit ratio (CSCR): The SCR corresponding to the operation at maximum available
power (MAP); for typical inverter design, CSCR = 2.

NOTE— The following operational characteristics are associated with CSCR:
— CSCR represents the borderline between “stable” and “unstable” operating regions. For SCR values lower
than CSCR, the operation is in the “unstable” region of the ac voltage/dc power characteristic.
— If the operation is at unity power factor for systems at CSCR (i.e., the operation is at MAP), then the fun-
damental component of the temporary overvoltage (TOV¢) at full load rejection would be near to /2 .
— A resonance near the second harmonic will occur for systems operating at CSCR.

1.5.2 effective dc inertia constant (H.): The rotational ac system inertia constant H converted to the base
of dc power.

1.5.3 high-impedance ac system: An ac/dc system having low or very low SCR. (In this guide, rated values
are assumed to be equal to nominal.)

1.5.4 inadequate inertia systems: An ac system having limited local generation, and therefore rotational
inertia, so that the required voltage and frequency cannot be adequately maintained during transient ac or dc
faults.

IEC publications are available from IEC Sales Department, Case Postale 131, 3, rue de Varembé, CH-1211, Geneve 20, Switzerland/
Suisse. IEC publications are also available in the United States from the Sales Department, American National Standards Institute, 11
West 42nd Street, 13th Floor, New York, NY 10036, USA.

2Numbers preceded by P are IEEE authorized standards projects that were not approved by the IEEE Standards Board at the time this
publication went to press. For information about obtaining drafts, contact the IEEE.

3This IEC standard was not published at the time this publication went to press. Publication is expected in Spring 1998. For information
about obtaining a draft, contact the IEC.
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1.5.5 maximum available power (MAP): The maximum power that can be obtained by increasing dc cur-
rent while not controlling the ac voltage.

1.5.6 operation with minimum constant y: Operation of an inverter at minimum commutation margin
angle v in order to ensure transmission at the maximum dc voltage (possible only at powers below MAP; i.e.,
in the “stable” region of the ac voltage/dc power characteristic).

1.5.7 operation with variable y: Margin angle vy is varied around an average value in order to stabilize the ac
voltage. This can be achieved either by direct control of the ac voltage or by indirectly controlling the dc
voltage. Another way of stabilizing the receiving system ac voltage is to arrange for the inverter, and not the
rectifier, to be the current-controlling station. These modes of control are normally used for operation

beyond MAP; that is, in the “unstable” region of the ac voltage/dc power characteristic.

1.5.8 short-circuit ratio (SCR): The ratio of the ac system three-phase short-circuit MVA (expressing the
ac system impedance) to dc power.

1.5.9 weak ac system: See: high-impedance ac system.

1.5.10 zero inertia system: An isolated ac system having no local generation.

1.6 Acronyms and abbreviations

ac alternating current

AVR automatic voltage regulator

C capacitor

CCA current control amplifier

CESCR critical effective short-circuit ratio

CQESCR critical Q (reactive) effective short-circuit ratio

CSCR critical short-circuit ratio

dc direct current

emf electromotive force

EMTP electromagnetic transients program

EPRI Electric Power Research Institute

ESCR effective short-circuit ratio

FSPC frequency-sensitive power controller

GTO gate turn-off thyristor

LVCL low-voltage current limit

MAP maximum available power

MO metal-oxide

MPC maximum power curve

MTDC multi-terminal direct current

OLTC on load tap-changes

OSCR operating short-circuit ratio

PMC pole master control

QESCR Q (reactive) effective short-circuit ratio

RAS remedial action scheme

SC synchronous compensator

SCR short-circuit ratio

SR saturated reactor

SSDC supplementary subsynchronous damping control

SSO subsynchronous oscillation

SvC static var compensator

TCR thyristor-controlled reactor
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TCU thyristor control unit

TOV temporary overvoltage

TSC thyristor-switched capacitor

UIF unit interactional factor

VCO voltage-controlled oscillator

VDCOL voltage-dependent current order limit

VSF voltage stability factor

2. AC/DC system strength

2.1 Introduction

Alternating-current system disturbances can affect the operation of any convertor, but mal-operation of a
small convertor should have negligible effect on the ac system. However, it is not uncommon for a dc link to
supply a large proportion of the ac system load so that the loss of its real power and the associated reactive
power changes can have a profound effect on the system.

The interaction between ac and dc systems becomes more pronounced as the impedance of the ac system, as
seen from the convertor ac terminals, is increased for a particular dc power. It follows that even a relatively
small dc link connected to a point of the ac system having high impedance (low short-circuit capacity) may
have considerable effect on the local ac network, even if the latter may be part of a large ac system.

It is important that an adequate system electromotive force (emf) is available not only for normal operation,
but also following a system fault. The rotational mechanical inertia of the ac system transiently provides the
energy to maintain the system emf despite a temporary reduction in the supply of dc power through the
inverter. The ac system generators and their turbines are the main source of the ac system rotational inertia.

If a system receives all or most of its power from a dc link, the inertia of the receiving system may be inade-
quate, so that upon the interruption of the dc infeed, due to any cause, the system emf and frequency may
decrease to unacceptably low values. In such cases synchronous compensators are used to act as “transient
generators” to maintain the system emf and frequency.

An ac system can be defined as “weak” from two aspects:

a)  Alternating-current system impedance may be high relative to dc power at the point of connection.
b) Alternating-current system mechanical inertia may be inadequate relative to the dc power infeed.

2.2 High-impedance systems

2.2.1 Short-circuit ratios (SCRs)

2.2.1.1 Calculating SCRs

The calculation of SCRs is discussed in 2.2.5, which shows that it is really per unit (pu) admittance. How-

ever, for most practical cases this is not very different from that of pure inductance, and the SCR is then
often obtained from the following equation:

SCR = > (1)
dl
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where S is the ac system three-phase symmetrical short-circuit level in megavolt-amperes (MVA) at the con-
vertor terminal ac bus with 1.0 pu ac terminal voltage, and P is the rated (considered in this guide to be
equal to the nominal) dc terminal power in megawatts (MW).

When considering the effects of short-circuit currents on equipment, only the maximum value needs to be
calculated. In contrast, it is the minimum value of S at which the rated power P4 will be transmitted that
must be used when examining limiting operating conditions.

2.2.1.2 Effective short-circuit ratio (ESCR)

Shunt capacitors including ac filters connected at the ac terminal of a dc link can significantly increase the
effective ac system impedance. To allow for this, the effective short-circuit ratio (ESCR) is defined as fol-
lows:

S-0,
Pdl

ESCR =

@)

where Q. is the value of three-phase fundamental Mvar in per unit of Py at per unit ac voltage of shunt
capacitors connected to the convertor ac bars (ac filters and plain shunt banks).

2.2.1.3 Operating short-circuit ratio (OSCR)

The ratio S/P;; will vary in practice due to changes in ac system configuration and due to different levels of
dc power being transmitted. Therefore, it should be remembered that it is the operating short-circuit ratio
(OSCR) that is important, and that refers to actual power and corresponding actual S. Normally, the OSCR
will be higher than the minimum specified SCR of the scheme, particularly at transmission below rated
power. However, the lowest value of OSCR may not necessarily coincide with rated power. For example,
operation at a lower power level may coincide with a system arrangement having higher impedance value
than the one specified for the rated value. It should be borne in mind that, at very low currents, satisfactory
operation may be achieved only at a value of OSCR that has a higher value than the minimum SCR specified
for operation at normal dc currents.

2.2.1.4 Effect of convertor reactive power consumption and QESCR

SCRs are sometimes used as a measure of expected performance of ac/dc systems, but as discussed later, this
can give only an approximate indication, and comparisons between systems made by referring only to their
respective short-circuit ratios can be misleading.

One of the major reasons for different performance of dc systems having the same SCR or ESCR is the con-
vertor reactive consumption, which may differ considerably between the schemes under consideration. The
reactive consumption of the convertor (Q d) (see Annex A of Part I) can vary greatly depending on the operat-
ing o or y and on the value of the commutating reactance (usually the convertor transformer leakage reac-
tance). The value of O, can have a significant effect on performance, in particular on power transfer limits
and on temporary overvoltages. If the system short-circuit MVA and Q.. are referred to the sum of P;and Q
rather than to P,, a better, but still approximate indication of performance can be obtained as can be seen
from examples given in 2.4.

The Q effective short-circuit ratio (QESCR) is defined as follows:

QESCR = S0
~ PO, ©
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2.2.1.5 Synchronous compensators (SCs) and static var compensators (SVCs)

Synchronous compensators (SCs) contribute directly to the reduction of the ac system impedance, and they
are included in the calculation of short-circuit ratios. SCs have been used to strengthen the ac system at the
terminals of an inverter, this being a more economic solution compared to, for example, addition of a trans-
mission line.

Operation of a dc link terminating at a point of high ac system impedance (i.e., of low short-circuit capacity)
can be enhanced by fast control of ac voltage. This can be done by using the convertors themselves to control
the voltage or by employing a separate thyristor-controlled reactor (TCR) or a saturated reactor (SR) at the
ac terminals of the inverter. Fast control of the ac voltage does, in effect, “strengthen” the ac system.

If the ac system has a very high impedance, relative to the power being transmitted (a very low SCR system;
see 2.2.4.3), satisfactory operation can be achieved in two ways:

a) By strengthening the ac system by, for example, addition of a synchronous compensator—and in so
doing, transforming the system to a low SCR system (see 2.2.4.2)
b) By applying very fast ac voltage control (see 2.2.7)

It is possible to express, approximately, the strengthening of the ac system by fast voltage control in terms of
a reduction of the ac system impedance (see 2.2.7.1). However, it is recommended to ignore this effect when
calculating the short-circuit ratios. The ac voltage control and the dc power controls must be coordinated for
each scheme; also, the convertor or TCR or SR are designed, due to economic considerations, to execute the
voltage control within a predetermined ac voltage range. Later in this document it is emphasized that short-
circuit ratios describe the system only approximately and that operation with very low SCR assumes fast
voltage control.

A static var compensator (SVC) normally consists of an element (TCR, SR) that provides continuously vari-
able vars and one or more of the following elements:

— Fixed shunt filters, capacitors, or reactors
—  Thyristor switched shunt capacitors

— Mechanically switched shunt capacitors
—  Thyristor switched shunt reactors

— Mechanically switched shunt reactors

TCR and SR are excluded, as already stated, from the definition of short-circuit ratios, as their effects
depend on their designed range, speed of response, and coordination with other controls. The other elements,
fixed or mechanically switched, would have to be included for calculating ESCR, because their presence
adds directly to the ac system impedance.

Shunt reactors are usually disconnected for normal operating conditions, but would have to be considered if
normally connected.

2.2.2 Power-current characteristics
2.2.2.1 Maximum power curve (MPC)

For a given ac system impedance and other parameters of the ac/dc system shown in Figure 2-1, there will be
a unique P /1, characteristic, shown in Figure 2-2, provided the starting conditions are defined. Additionally,
it is assumed that /; changes almost instantaneously in response to the change of o of the rectifier; for example,
due to a change in current order. All other quantities —ac system emf, y (minimum) of the inverter, tap-chang-
ers, automatic voltage regulation (AVR), and the value of shunt capacitors and reactors —are assumed not to
have changed. When considering the inverter power capability, it is also assumed that the rectifier provides no

Documents

Copyright © 1997 IEEE. All rights reserved. Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 24,2026 at 11:46:16 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 1204-1997


http://www.avadocuments.com/doc/ieee-1204-1997
http://www.avadocuments.com/doc/ieee-1204-1997

IEEE
Std 1204-1997 IEEE GUIDE FOR PLANNING DC LINKS TERMINATING AT AC LOCATIONS HAVING

limitation to the supply of dc current at rated dc voltage. Each subsequent point is calculated by steady-state
equations. These “quasi-steady-state” characteristics give a good indication of dynamic performance.

ESCR — !
: A:
I P

SCR —<«—| | d

i -

I Qq
-] |
{m T

Q. Iy N

/@

Figure 2-1—Simplified representation of a dc link feeding an ac system with shunt
capacitors (Cs) and synchronous compensators (SCs) (if any) at
convertor station busbars
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Figure 2-2—DC power—dc current curve for y minimum

The starting conditions are defined to be as follows:
P;=10pu, Us=1.0pu, Uy, =1.0 pu,and I;=1.0 pu.

(P4 = dc power; Uy, = ac terminal—i.e., convertor transformer line-side voltage; U; = dc voltage of the
inverter; and /; = dc current.)

If the inverter is operated throughout at minimum constant y, the resulting characteristics will represent max-
imum obtainable power for the system parameters being considered. This curve is termed the maximum
power curve (MPC). Any power can be obtained below MPC by increasing a and y, but power higher than
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MPC can be obtained only if one or more system parameters are changed—e.g., by reduced system imped-
ance, increased system emf, larger capacitor banks, etc.

A similar MPC curve can be obtained for the rectifier at minimum constant o.
2.2.2.2 Maximum available power (MAP)

An MPC exhibits a maximum value, termed maximum available power (MAP) as can be seen in Figure 2-2.
The increase of the current beyond MAP reduces the dc voltage to a greater extent than the corresponding dc
current increase. This could be counteracted by changing the ac system conditions—e.g., by controlling the
ac terminal voltage. It should be noted that dP,/dl; is positive for operation at dc currents smaller than Iyap,
the current corresponding to MAP; dP,/dl,; is negative at dc currents larger than Iyjap

2.2.3 Critical short-circuit ratios (CSCRs)

Maximum power curves are plotted in Figure 2-3 for an inverter connected to ac systems having four differ-
ent strengths. It can be seen that the rated (nominal) operating point A is located at different parts of MPC
for different values of SCR.

184 SCR=1.5(ESCR = 0.96)

I N Xc=0.15pu, y = 18°

' SCR:ZI)\\ Q¢ =Qg=0.54-Ry at U =1.0 pu
1449\ oprmen
So \
SCR=3.0"~_ \

~ 127 T=--q2461)\ SCR=4.5
3 e

1.0 )
=) SCR=3.0
© 0.8-
D_'O

0.6 -

AN
047 SCR=2.0
\
\
0.2 1 —— DC Power
----- AC Volts
0

] ] ] | | | | ] ] ]
0204060810121416 18 20
DC Current (pu)

Figure 2-3—Variation of inverter ac terminal voltage

For SCR =4.5, the operating point A is well below MAP and the one per unit current is considerably smaller

than Iygap = 1.8 pu. For SCR = 3, A is nearer to MAP and Iyap is 1.4 pu. In both of these cases, dP;/dl; is
positive.

Copyright © 1997 IEEE. All rights reserved.
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For SCR = 1.5, the operating point A is “beyond” MAP, corresponding to Iyjap = 0.8 pu of rated dc current,
I;n. The value of dP,/dl; is negative. It may appear that there is another possible operating point for
SCR = 1.5 at the left of MAP, point B. However, inspection of Figure 2-3 will indicate that the voltage corre-
sponding to point B for SCR = 1.5 is too high to be utilized, as indicated by point B.

When the rated values of Py, Iy, Uy, and Uy, (all at 1.0 pu) correspond to the maximum point of Py/I; curve
for operation with minimum v, then the corresponding SCRs are termed critical ratios (critical SCR [CSCR],
critical effective SCR [CESCR], and critical Q effective SCR [CQESCR]).

In this example, CSCR = 2, and the operating point A coincides with the MAP of the curve for SCR = 2.
However, as discussed in 2.4, the value of CSCR depends on the inverter reactive consumption; i.e., on the
values of the commutating reactance X, and on the commutation margin y.

For calculation of critical short-circuit ratios, see 2.5.

It is clear that the critical short-circuit ratios represent a borderline, when operating at y constant, as the ratio
dP,/dl; changes its sign. This is further discussed in Clause 3.

2.2.4 Short-circuit ratios as indication of ac/dc system strength

Three typical cases can be distiguished by considering the transient conditions that would temporarily
reduce the ac terminal voltage and/or increase the system impedance; e.g., due to the loss of an ac line. In
such a case, the power for a given current would be reduced; i.e., the temporary system condition would
result in a new power curve that has a lower maximum value.

2.2.4.1 High SCR system

Figure 2-4 shows an inverter connected to a system by two parallel ac lines. It is assumed that the original
SCR of 4.5 is temporarily reduced to an SCR of 3 if one of the two lines has tripped.

(~)—o N
e

Figure 2-4— An inverter connected to a system by two parallel ac lines

In this case, power can be maintained at one per unit value despite the reduction of MAP, as shown in
Figure 2-5 by increasing dc current at the new operating point, B. Operation throughout is at dc currents hav-
ing a lower value than the current corresponding to MAP (I; < Iyiap)- The assumed system disturbances
have resulted in a reduction of MPC, but the new maximum, MAP-2, is still higher than the rated power. All
operating conditions are at y minimum constant and correspond to SCR > CSCR.

(It should be noted that a sufficiently severe system disturbance could always cause an excursion beyond
MAP, but such rare events are not considered as part of the definition of system strength.)
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Xc=0.15pu, y=18°
Q¢ =Qg=0.54-Pynat U_= 1.0 pu (Point A)

1.6

1.4 4 ESCR = (2.46) MPC -1
SCR =3.0 SCR = 4.5 (3.96)

Ry or UL (pu)

0.2 Pd
UL ““T AC Volts

DC Power

| | | | | | | | | |
020406081.0121416 1.8 2.0
DC Current (pu)

Figure 2-5— AC/DC system—high SCR, sudden change of SCR from 4.5 to 3.0

2.2.4.2 Low SCR system

The normal operation is at /; < Iyap but a system disturbance could reduce MAP below the rated power and
operation would continue at a reduced power in current control at /4, which may be greater than Iyjap, or in
power control at a reduced power order. Normal operating conditions are at SCR > CSCR for operation at
minimum ¥, but temporary operation may be at SCR < CSCR at a power level lower than rated.

Power curves for this case are shown in Figure 2-6a. It has been assumed that an SCR of three reduces to
a value of two, as a consequence of the tripping of one line (Figure 2-4). The power at MAP-2 of the
reduced MPC-2 is lower than the rated power at A. Any increase of current beyond 1.0 would be counter-
productive, as the power would further reduce. It should be noted that the system impedance for curves
SCR = 2 of Figures 2-3 and 2-6a are identical, but MAP-2 of Figure 2-6a has a lower value than MAP for
SCR = 2 of Figure 2-3. The reason for this is that the initial ac terminal voltage, Uj, for all values of
SCRs of Figure 2-3 was adjusted at one per unit. In the case of Figure 2-6a, U; was adjusted to one per
unit for initial conditions at SCR = 3. After the line tripping ac terminal voltage was decreased, due to an
increase of the system impedance, to a value of 0.93 pu of Uy and power decreased to 0.92 pu of Pgy at
1.0 pu of 1;. These values represent the initial conditions for MPC-2.

2.2.4.3 Very low SCR system

Normal operation is at a direct current equal to or larger than the current corresponding to MAP (1; > hyiap)-
Normal operating conditions are at SCR = CSCR as indicated by point A on a curve for SCR = 1.5 in
Figure 2.3. In such cases, a stable condition in power control is achieved by operation with variable y. The
variable y is normally kept at a value higher than the minimum, so that the inverter itself can control the volt-
age. An alternative way of operating at SCR < CSCR can be achieved by the use of very fast static var com-
pensators to control the ac voltage, and hence the dc voltage.

The operation with very low SCR systems is discussed in Clauses 3 and 4.
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1.6 -

Xc=0.15pu, y=18°

1.4 SCR=20 Q¢ =Q4=0.54Ry, at U =1.0 pu

Ry or UL (pu)

| |<—ILIMIT

— T T T T T T T T 1
0204060810121.416 1.8 2.0
DC Current (pu)

Figure 2-6a— AC/DC system—low SCR power and ac voltage curves, sudden change of
SCR from 3.0 to 2.0

2.2.4.4 Typical values of SCR

In the initial stages of planning, the utility may know only the short-circuit MVA of the system and the
required dc MW. The following are very approximate indications of the ac/dc system strength in terms of
SCR.

For a high SCR system (approximately SCR > 3.0) as defined in 2.2.4.1, dc could normally be introduced
without the need for any special steps. However, as can be seen from the ac voltage curves of Figure 2-3, the
TOV —the value of Uj at load rejection (I; = 0)—is becoming relatively high as SCR reduces and
approaches the value of three, and ac voltage control has been used for some schemes having SCR in that
region (Cross Channel, Chateauguay).

The application of HVDC with a low SCR system as defined in 2.2.4.2 (approximately 3 > SCR > 2) may
need some additional control features (see Clauses 3 and 4). In addition, consideration should be given to ac
voltage control and to the possibility of second/third harmonic resonance. These considerations may result in
the need for some additional steps to be taken.

If SCR is lower than two, the system may prove to be a very low SCR system as defined in 2.2.4.3, and the
use of “variable y control strategy” (see Clauses 3 and 4) may prove to be essential. Operation at constant y
could be possible, provided very fast ac voltage control is used. Special steps would be needed to control ac
overvoltages and low-order harmonics.

When comparing the performance of a dc link based on the values of SCR, it should be appreciated that the
value of CSCR, unlike SCR, depends on the value of Q4, which in turn depends on the commutating reactance,
X, and the value of y. Two inverters rated for the same nominal power, but having different nominal Qq4, will
have the same SCR, but the values of CSCRs will be different. It can be seen in 2.4 that, for some typical exam-
ples, CSCR may vary by more than 30%. In the examples considered in previous subclauses, X, = 15% and
y = 18° have been assumed, which may be considered to be in the middle of the range of practical values.
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One system may have requirements that necessitate deeper study than another system. System damping,
which in the simple model is represented by the impedance angle, may differ greatly between two systems
having the same value of SCR. This can be important for some interaction phenomena. All meaningful stud-
ies should use the available system data in sufficient detail to match the requirements of a particular study.
However, it should be noted that the trends in convertor control design are making stability and recovery
from faults less influenced by system damping. Hence, in the future, the damping will principally affect the
steady-state harmonics and overvoltages due to major disturbances, such as total load rejection.

2.2.4.5 The nature of ac system disturbance

The definitions of the system strength given in 2.2.4 depend also on the operating conditions of a given sys-
tem. For example, the disturbance described in 2.2.4.2 may be considered, by some utilities, to be an excep-
tional event, and more “normal,” relatively frequent disturbances may not result in the reduction of
maximum available power (MAP-2) below the rated power.

The utilities usually specify the disturbance for which the power should be maintained at the rated value in
terms of the ac terminal voltage reduction, without specifying any associated change of the system imped-
ance; i.e., as if the terminal voltage was reduced only by ac system emf reduction.

The effect on dc power will be different for the same amount of ac terminal voltage reduction, depending on
whether the ac system impedance has changed or not.

In Figure 2-6b, MPC-1 and MPC-2 are the same as in Figure 2-6a: MPC-2 resulted from the ac system
impedance increase by one-third, from SCR = 3 to SCR = 2; this resulted in an ac terminal voltage drop from
1.0 pu (point A) to 0.93 pu (point B) at /; = one per unit; the power has reduced from one per unit to 0.92 pu,
which is very close to the value of MAP-2.

16 Xg=0.15pu, y=18°
' Qc=Qg=0.54Ry, at U = 1.0 pu
1441 _SCR=20

12 4SCR=3.0>~

== N
-
~

1.04 SCR= 3.0\lj\:\\\
at ReducedOd

Ry or UL (pu)

Voltage

0.8 - 9

0.6
SCR =3.00 .

0.4 at ReducedOd WMPC -2 ~,
Voltage SCR=2.0

0.2 7 P4 — DC Power
U, --- AC Volts

0

| | | | | | | | | |
0204060810121416 1.8 2.0
DC Current (pu)

Figure 2-6b—AC/DC system—low SCR, sudden ac voltage reduction
without SCR change (MAP-3)
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MPC-3 was obtained by assuming that ac terminal voltage has reduced to 0.93 pu without a change of the
system impedance. Direct-current power has reduced initially to a similar value as for MPC-2, but because
MAP-3 has a greater value than MAP-2, the power can be increased to 0.98 pu (MAP-3) by increasing dc
current to 1.25 pu.

This means that the power immediately available following the disturbances will differ by 6.5% for the two
cases.

Relevant quantities for these two cases are tabulated in 2.6.
2.2.4.6 Temporary overvoltages (TOVs)

When considering power transfer limits, MAP represents a clear change in the P,/I; characteristic. More-
over, for operation at currents higher that Iyj5op, the control strategy based on constant y operation cannot be
used in power control mode.

When considering the values of TOVs, there is no such definite “break point.” In addition, depending on the
location of the convertor station and on the utility practice, the acceptable value of TOV may vary from
scheme to scheme.

Also, in highly meshed systems having generators that are electrically close to the convertor station, the
effective short-circuit impedance corresponding to the SCR value calculated by subtransient reactances will
apply only to the first fundamental cycle, and the subsequent TOV would be higher as transient reactances
rather than subtransient values influence the voltages.

The fundamental components of TOV (TOVy.) calculated from Equation (27) in 8.5 have the following
approximate values:

a) High SCR systems (SCR > 3): TOVy, lower than 1.25 pu
b) Low SCR systems (3 > SCR > 2): TOVy, higher than 1.25 but lower than 1.4 pu
c)  Very low SCR systems (SCR < 2): TOVy. higher than 1.4 pu

[These are theoretical values, ignoring saturation of transformers; TOVy, values will be lower in reality due
to this (refer to 8.1).] However, the TOV peak values that include harmonic components may not be reduced
by saturation of convertor transformers.

It should be pointed out that operation with low SCR systems does not seem to cause particular difficulties
from the point of view of transfer of power. Occasional temporary power reduction (see 2.2.4, 3.2.2, and
3.6.2) can be contained. However, the corresponding TOV is not always acceptable.

In Figure 2-7, P4/1; curve MPC-2 was plotted using data of the Cross Channel scheme. It can be seen that
for SCR = 3 (ACV-2) this would have resulted in TOVy, of just over 1.3 pu, which was not acceptable to the
utility. Static var compensators were included in the installation to limit TOV¢ to 1.16 pu. SCR equal to
three is the minimum specified value; the operation is normally at an SCR value higher than three.

It is interesting to compare MPC for the uncompensated Cross Channel scheme with the MPC for the “aver-
age” scheme data used in Figures 2-6a and 2-6b for the same SCR = 3. For the “average” system, TOVy. is
just over 1.2 pu, compared to the uncompensated Cross Channel scheme of just over 1.3 pu. This is due to
the difference in the value of the commutating reactance and consequent higher var consumption. The differ-
ence in MAP values should also be noted.
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MCP-1 Xc=0.15pu, y=18° Qq=Qc=0.54-Ry, at U_=1.0 pu
MCP-2 X¢=0.23 pu, y=15°, Q4= 0.6 Fyy Q, =0.52-Fy, at U =1.0 pu

1.4 ]
fCV 2 Cross Channel - SCR 30

. T~ (ESCR 2.48, QESCR 1.55)
3 |Acv-TTmR3y
~, 1.0 4 From Fig. 2.6 MPC -1
- for SCR 3
5 (ESCR 2.46,

0.8 1 QESCR1.6)
D._O

MPC -2
0.6 C
0.4
Pd — DC Power
0.2 - U --- AC Volts
0

I I I I | I I I I I
0204060810121416 1.8 2.0
DC Current (pu)

Figure 2-7—Power and ac voltage curves for SCR = 3 for two different convertor
characteristics

2.2.5 Calculation of SCRs

2.2.5.1 General

In many preliminary calculations it is convenient and customary to use a simplified representation of the ac
system, as discussed in 2.2.5.2. To determine the system impedance and SCRs, digital short-circuit programs
from different origins can give different results for SCR for the same system, while giving the correct results
for the normal purpose of these programs, which are usually used for studying ac systems alone. For exam-
ple, a program may not represent the transmission lines’ shunt capacitance, which would give unrealistically
low system impedance, Z, and in consequence, a too-high SCR. Some interaction phenomena are signifi-
cantly influenced by the system resistive component (system damping), which is primarily provided by
loads, but may not be represented in some short-circuit programs.

2.2.5.2 Simplified representation of the ac/dc system

Referring to Figure 2-1, it is assumed that the ac system can be represented by a Thevenin equivalent emf at
fundamental frequency, behind an impedance Z (or admittance Y = 1/Z).

SCR is defined as the value of Y at fundamental frequency, on a base of rated power (MW) of the convertor
and rated ac system voltage, that is consistent with SCR defined in 2.2.1. Synchronous compensators, exist-
ing or supplied as part of the convertor station, are deemed to be connected as required for the operation con-
sidered; i.e., they form part of the SCR calculation.
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ESCR is defined as (Y + Y,) on the same base as for SCR, where Y, is the admittance of all shunt filters and
capacitor banks on the busbar that are connected for the operation under consideration. This definition is
consistent with the definition in 2.2.1.

The following notes may be useful for defining a suitable system representation:

a) Representation of the ac system by an admittance defined by SCR is assumed to be relevant only to
transients (e.g., ac faults) of a few hundred milliseconds. (For more detailed study of some particular
characteristics, a more detailed representation may be required.)

b) Asaconsequence of a), the calculation of Y at fundamental frequency shall assume that synchronous
machine field controls, transformer tap positions, and capacitor switching controls have no apprecia-
ble effect during the transient.

¢) The reactance value of a synchronous machine is not constant, but effectively depends on the part of
the transient being studied and the method of supplying the field. The apparent value varies between
subtransient and transient reactances (but not synchronous reactance). The effect of any errors in
assumptions about this will normally be reduced by fixed ac system line and transformer reactances,
hence calculation based on subtransient reactances (as commonly used in short-circuit level calcula-
tion) will generally be sufficiently accurate. However, in this simple representation it would be safer
to use the transient reactance for synchronous compensators connected in the station and for any
nearby synchronous machines.

d) The system damping is important for most phenomena, and therefore the impedance values corre-
sponding to SCR and ESCR (and QESCR) should be expressed in polar form as magnitude and
angle. Thus, for example, for a system with SCR = 32-80° the addition of 0.6 pu of capacitors plus
filters gives ESCR of about 2.42-8°. (Please note that because SCR and ESCR are defined as
admittances [see 2.2.5.2], the angle should be negative as indicated.)

e) SCR (ESCR) values calculated at the ac terminals of the convertors may not be directly applicable in
special cases, such as where the convertor transformers have tertiaries connected to a synchronous
compensator or compensators. In this case, the physical position of the tertiary usually is between
line and valve windings such that there is a finite reactance between the filter bus and the tertiary ter-
minals.

f)  If the ac filters are connected to the tertiary winding of the convertor transformer, and if this winding
has a reactance value of almost zero (the tertiary is placed physically between line and valve wind-
ings), then the tertiary becomes the commutating bus. This means that the equivalent ac system
impedance is increased by the reactance of the line winding. Short-circuit ratios must be calculated
as if the line winding reactance forms part of the ac system.

g)  Any capacitor banks associated with static var compensators (SVCs) should be lumped with other
capacitors on the busbar. If switched capacitor banks are used, then the maximum value of capaci-
tors that may be connected during the operation to give lowest value of ESCR (or OESCR) for a par-
ticular system configuration should be used. The representation of continuously responding SVCs
requires careful consideration, as discussed in 2.2.1.5.

h)  Short-circuit ratios defined in this subclause are not applicable for studies involving mechanical
shaft resonances of machines; such studies should use relevant system representation. The same
applies in general to all studies of slow phenomena associated with machines; e.g., inter-machine
and inter-system swinging, field controls, and governors.

i)  For some other studies (e.g., overvoltages and recovery from faults), it is important to represent the
convertor transformer saturation properties and nearby loads accurately. This may also apply to
other large transformers close to the convertor stations.

Although SCR (ESCR) calculated as above would give a numerical definition of the ac system admittance
(and impedance) represented by the Thevenin equivalent circuit, when comparing the results all relevant
convertor quantities must also be stated: commutating reactance X,., delay angle o or commutation margin
(v), and the control strategy. As discussed in 2.2.1.4, QESCR takes most of these into account.
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It was noted in 2.2.5.1 that different computer programs may give different values of system impedance,
which may lead to small errors. The more direct method to obtain an equivalent system impedance value is
to make all system emfs zero, inject a current at the terminal of the convertor, and measure the resulting volt-
age. This is, in effect, what a network reduction program does. It should always be remembered that it is nec-
essary to obtain the value of the system impedance as accurately as possible; the short-circuit MVA has no
direct relevance in the study of dc operation, although it is a convenient quantity to use in discussion.

2.2.5.3 Load representation

It was pointed out in 2.2.5.1 that load representation is important. For example, induction motors add to the
emf of the system, but they do collapse at low ac voltage. A large number of induction motors in the vicinity
of the inverter may have considerable effect on the performance. It is recommended that users of both in-
house and externally sourced computer programs scrutinize how loads are represented in assessing the valid-
ity of SCR calculations. Loads should be represented using the best knowledge available. In the absence of
load data, it is suggested that load characteristics should be estimated rather than completely omitted. The
ac/dc system behavior is influenced by load characteristics, and the omission of load representation may give
misleading and possibly overly pessimistic results. For example, loads may contribute substantial damping
to transient disturbances, and possibly be the source of additional short-circuit MVA.

2.2.6 Application of synchronous compensators

Synchronous compensators have been used to strengthen the ac system at the inverter end in a number of dc
schemes. The cost and maintenance requirements of synchronous compensators may restrict their applica-
tion to special situations.

In addition to the reduction of the system impedance, both at fundamental and harmonic frequencies, the
synchronous compensators have the following beneficial characteristics:

a) They can supply both positive and negative continuously variable reactive power, which in most
cases eliminates the need for frequent shunt capacitor switching.

b) They tend to increase the natural resonant frequency between the filters and the ac system.

c¢) They are able to provide an increase of reactive power on reduction of ac busbar voltage, in contrast
with var reduction when supplied by shunt capacitors.

The application of synchronous compensators at schemes like Nelson River (Manitoba, Canada) and Itaipu
(Brazil) has changed the system from being a very low SCR system to a low SCR system as defined in 2.2.4.

A requirement for dimensioning the synchronous compensator in these schemes was the need to limit the
fundamental component of the temporary overvoltages to values lower than 1.4 pu. From the second table in
2.4, it can be seen that the operation at the CSCR corresponds to TOVy, of 1.4 pu (see also 3.1). It should be
noted that the reduction of the system impedance, by addition of synchronous compensators, to reduce TOV
has at the same time resulted in bringing the operating point, and therefore the operating direct current, to a
smaller value than Iyjsp.

2.2.7 Control of ac voltage by variable static equipment

The consequence of ac/dc interaction, when the ac system impedance is high, is evidenced by large ac volt-
age variations. Very fast and continuous ac voltage control would effectively strengthen the system.

The application of MO gapless surge arresters has contributed to the possibility of limiting TOV to required
values without the need to use SCs.
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2.2.7.1 The application of TCR and SR static var compensators

A fast TCR or SR static var compensator can be used to keep the terminal ac voltage constant within the
required range. The compensator var absorption must be continuously variable within its prescribed range.

In practice, the size (var range) of the TCR or SR has to be limited on economic grounds. These compensa-
tors lose control at very low ac voltage and may have limited overload range. The operating range is usually
increased by the use of thyristor-switched capacitors (TSCs) and/or mechanically switched capacitors to
keep the TCR or SR within its designed range.

Usually, a voltage/current or voltage/var characteristic of the TCR or SR is designed with a slope to suit the
ac system, usually 3-5% on the SVC rating. The equivalent system impedance is determined by the addition
of this slope reactance in parallel with the ac system impedance. However, as discussed in 2.2.1.5, the effect
of a TCR or SR is not included in the definition of SCR but has to be considered for each separate scheme.

2.2.7.2 The application of the inverter with variable y

The reactive power consumption of the inverter can be varied by operation with different values of the com-
mutation margin angle y (see Annex A of Part I).

Highgate and Virginia Smith (Sidney) convertors in the United States and McNeill in Alberta, Canada, are
examples of schemes that are designed to operate with very low SCR systems, and TOV is controlled by a
combination of MO arresters, convertor control action, and subsequent mechanical switching of capacitors/
filters. In the case of the McNeill station, the effective system impedance is increased by the line winding of
the convertor transformer [see 2.2.5.2, item ¢).]

If v is varied in response to ac voltage variation, the inverter can be designed to act as a TCR in a limited
range of conditions. As the dc transmission voltage depends on the value of y, during steady-state conditions
the convertor transformer tap-changer and mechanically or thyristor switched capacitors are used to keep y
near its nominal value. These matters are further discussed in Clauses 3 and 4.

2.2.8 Multiconvertor systems

General guidelines have to be considered with caution while studying a system, because a particular system
has to be studied in detail commensurate with its complexity.

Practical experience with, and the background investigations of, multiconvertor systems are not as wide-
spread as that for more conventional two-terminal schemes. For this reason, the comments in this subclause
are kept in very general terms.

2.2.8.1 Multi-infeed systems

Multi-infeed inverters connected to the same busbar or being electrically close can be divided into two cate-
gories:

a)  All inverters are controlled by one master controller, which shares the duty evenly among the sepa-
rate inverters. In this case, the ac system impedance should be referred to the total dc power. The
short-circuit ratios should be calculated as if this were one large inverter. However, it should be
noted that even when only one master controller is used, the recovery of individual inverters can be
staggered with the effect being as if each inverter is recovering against a stronger system.

b) Two (or more) inverters are operated separately. As an example, suppose inverter A is at constant
power, and inverter B is at constant power but with power modulation. In most respects, the various
phenomena would be as if the system consisted of one large inverter. However, the demand for
power increase from the inverter B will respond as if short-circuit ratios are referred only to its own
power, but Q. in the formula must include all capacitors used with both inverters.
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2.2.8.2 Rectifier—inverter system

There are regions where convertors of two or more different dc schemes of comparable ratings are located
electrically close to each other. If one convertor is operating as an inverter while a neighboring convertor acts
as a rectifier, it can be viewed that the power infeed from the inverter of one dc scheme is totally or partially
taken away by the rectifier of another dc scheme, as shown in Figure 2-8. The situation is not dissimilar from
multi-infeed systems (2.2.8.1). To the first approximation, the reactive power consumption of the rectifier
and the inverter are similar. Therefore, for most phenomena, the SCRs should be calculated by reference to
the total power P of rectifier plus inverter.

If the common ac system voltage suddenly reduces with or without ac system impedance increase, the recti-
fier will consume more reactive power and both dc currents will increase to maintain dc power which would
further increase reactive power consumption.

For the remote inverter, regarding any effects due to its ac system changes or power changes, its short-circuit
ratio should be referred only to its own power.

2.2.8.3 Multiterminal schemes

Each inverter SCR should be calculated with reference only to its own power for all phenomena, except
when considering recovery from faults. The dc peak current due to faults and commutation failures will
depend on the combined rating of the rectifiers. This fact will lead to a risk of consequential commutation
failures, because the recovery will be carried out at this higher dc overcurrent compared to what would be
expected based on the inverter rating.

2.2.8.4 Two independent dc schemes operating in the same ac system

Two independent convertors may be connected to two different parts of the same ac system. To make two
inverters independent of each other, the ac impedance between them should have a high value. If two invert-
ers are interconnected by a high-impedance ac line, they will be more independent of each other than if they
are further away from each other geographically but connected by strong ac lines. A low-impedance ac inter-
connection may lead to more interactions between the two inverters than if they were interconnected by a
“weak” ac link. An ac system fault anywhere on the “strong” ac system will affect, more or less similarly, the
inverters connected to it and will approach conditions described in 2.2.8.1.

2.2.9 DC link in parallel with an ac line
The effect of an arrangement such as is illustrated in Figure 2-9 is not immediately obvious, and it is advis-

able to carry out studies with full representation rather than rely on SCRs. The following comments may
serve as general guidelines.

Figure 2-8 —A rectifier and inverter connected at the same location
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Figure 2-9—Ac and dc operating in parallel
2.2.9.1 Power transfer limits

In Clause 3 it is stated that values of MAP can be calculated for point-to-point schemes initially for the
receiving terminal under the assumption that the sending terminal will not impose a limitation, particularly
as the rectifier station can be designed, if that is desirable, not to impose a power limitation. However, for the
system shown in Figure 2-9, the following cases will indicate the position:

a)  High SCR rectifier-end ac system (low Zg) and high-impedance parallel ac path (high Zp).
In this case, the rectifier loading will have negligible effect on the ac voltage at A, and the rectifier
will not impose a limitation as for normal point-to-point transmission. Furthermore, the inverter-end
ac system will benefit from the ac parallel line, and the impedance to calculate the SCR at B would
be equal to Z; in parallel with Zp + Zp.

b) Low and very low SCR ac system at rectifier end (high Zg) and low impedance parallel path (low
Zp).
In this case, the rectifier loading will influence the voltage at A, and due to the low Zp, the voltage at
B will be affected by both inverter and rectifier loading. Thus, the two convertors will behave in a
manner approaching the case of being connected to the same ac busbars. The use of SCR is not rec-
ommended in this case and full representation is preferred.

c¢) Low and very low SCR ac system at rectifier end (high Zg) and high impedance parallel ac path
(high Zp).
In this case, the rectifier loading may be limited by the low SCR sending-end system. The high Zp
will tend to decouple the two ac systems, but again, the use of SCR is not recommended and full rep-
resentation is preferred.

d)  For the fourth combination of high SCR rectifier end system (low Zg) and low impedance parallel ac
path (low Zp), the inverter end system is unlikely to have low or very low SCR.

2.2.9.2 Temporary overvoltages

Direct-current load rejection affects both the rectifier and the inverter, and therefore similar arguments apply
asin 2.2.9.1.

2.2.9.3 Recovery from faults

The inverter recovers against a system impedance, and therefore it will always benefit from a reduced
impedance.

2.2.9.4 Resonances

This case is similar to 2.2.9.3.
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2.2.10 General comments

It has been pointed out that the use of SCRs for estimating scheme performance should be made with cau-
tion. This is true in particular if the system departs from the standard point-to-point scheme. The more com-
plex the scheme, the greater the need for full representation of the system.

When studying or designing a scheme, the ac system representation has to be as accurate and comprehensive
as required by a particular study. It must be stressed that it is often required to assume the possibility of a
particular ac/dc interaction in order to set up the simulator correctly or use a digital program. For example, in
a number of schemes no studies were carried out during planning or design stages that would have looked
for second harmonic or subsynchronous interactions and instabilities or resonances, and yet these effects
were experienced in service. One purpose of this guide is to draw attention to possible ac/dc interactions so
that correct studies can be carried out at appropriate times.

The effects of dc operation and mal-operation at fundamental frequency with a balanced ac system can be
simulated accurately using load flow, transient stability, and other digital programs. The operating conditions
with distorted and/or unbalanced ac systems are studied by the use of dc simulators and electromagnetic
transients program (EMTP)-type programs.

2.3 Inadequate and zero mechanical inertia
2.3.1 Inertia constants

Turbine generators in an ac system represent a large rotating mass. Their inertia ensures that an ac system
does not collapse due to system faults. During a fault, a balance of power between load consumption and
generation is not maintained. The mechanical inertia of a turbine generator set ensures that its speed, and
therefore the frequency of the system (except for some oscillation), has not changed substantially.

A typical steam turbine generator set may have an inertia constant H of 5 s based on the generator MVA rat-
ing. Assume that a generator operates at 0.9 power factor, so that the inertia constant H,, based on its MW
rating is

5
H, = =5 = 5555

Assuming that 2/3 of the power of an ac system is supplied by dc, then the inertia of the system referred to
dc power would correspond to

Hy, = 5% = 2.77 s, based on dc infeed

As is shown in the next subclause, an Hy. of 2.77 is usually adequate for satisfactory operation. It follows
that the dc infeed must represent a very large proportion of the system power supply, before steps need to be
taken to increase the inertia by addition of a synchronous compensator.

2.3.2 Infeed into a system without any generation
2.3.2.1 Calculation of frequency change
If all the power is brought into a system by dc (i.e., if there is no local generator), then that system will have

no mechanical inertia (apart from the inertia of motor loads, which can initially be neglected). The inverters
presently used in dc are line-commutated; i.e., they rely for their operation on the ac system providing adequate
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sinusoidal voltage to achieve the commutation process. Therefore, a dc inverter supplying an “island system”
must be provided with a synchronous compensator having inertia adequate to maintain the frequency and volt-
age at an acceptable level during system faults.

The relationship between change of machine frequency (df), mechanical power input (P,,), and electrical
power output (P,) for small changes of frequency can be represented by

(P,—P.)x f,xdt
SH “

df =

Where f, is the system nominal frequency and H is the conventional inertia constant of the machine
expressed in MW-s/MVA of machine capacity, and P, and P, are in per unit of machine MVA rating.

If the inertia constant is converted to the base of dc power, it gives an effective inertia constant, Hy..

- MVAratingofthemachine

Hi,=H
de MW ratingofthedcsystem )
giving from Equation (4)
pxdtxf
i = =5 ©
dc

Where p is the per unit machine accelerating power (P, — P.) to the base of rated dc power.

It can therefore be seen that Hy. gives a measure of the inertial weakness of the system by relating the
change of machine speed to the temporary energy imbalance (p - df) imposed by any given disturbance.

Temporary reduction of the power infeed by dc may be caused by the following typical events:

a) A commutation failure lasting some 100 ms

b) A fault in the sending ac system or in the receiving system that may last up to some eight cycles,
depending on the backup breaker setting

¢) A dc line fault, which may be cleared by dc controls in 100-200 ms

From Equation (6)

pxdtxf,
H =—2"2° 7
dc 2 df ( )
For a loss of power for, say, 200 ms, to allow for the breaker clearance time and for the fact that the dc power
would not instantly recover to its rated level, it can be calculated from Equation (7) that Hg to limit the fre-
quency reduction to be, for example, 5%, will be equal to 2 s. It should be stressed that these values give
only an approximate indication of the requirements.

Zero-inertia systems are further discussed in Clause 9.
2.3.2.2 Forced commutation

Feeding into a system without any generation of its own and without synchronous compensators is not pos-
sible with conventional, line-commutated inverters, but “forced commutation” is required and convertor cir-
cuits have been proposed. However, such schemes have not as yet been considered for actual projects.
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2.3.2.3 Gate turn-off thyristors (GTOs)

Inverters using gate turn-off thyristors (GTOs), or similar devices, supplying power into a “dead load” have
been used in industrial applications. However, so far, the application of these devices to dc transmission has
not proved economical, but the promise is there.

2.4 Numerical examples of CSCRs and TOV;. values

CSCRs and the fundamental component of the temporary overvoltage for an assumed impedance angle of
¢ = 80° have been calculated for six cases of inverter operation with different equipment characteristics. For
cases A, B, C, and D, it is assumed that Q. = Q4. For cases E and F, shunt capacitors are sized to provide
some net vars to the ac system at the rated condition.

Commutating Commutation
Case reactance X, % margin y (minimum) [0F] 0.
A 12% 18° 05P 05P
B 15% 18° 0.54P 0.54P
C 20% 18° 0.6P 0.6P
D 20% 20° 0.63P 0.63P
E 12.6% 17° 05P 0.875P
F 20% 18° 0.6P 0.875P
Case CSCR CESCR" CQESCR TOV;*
A 1.87 -80° 1.37 -76.4° 0.91 1.43
B 2.01 -80° 1.47 -76.4° 0.95 1.42
C 22 -80° 1.6 -76.3° 1.0 1.40
D 2.25 -80° 1.62 -76.1° 0.99 1.41
E 2.24 -80° 1.37 -73.7° 0.91 1.39
F 2.47 -80° 1.60 -74.5° 1.0 1.39
NOTE —For these examples, commutating reactance = convertor transformer leakage reactance.

* Calculated by the equations in 2.5.

T Calculated from CESCR by adding the corresponding value of Q. in pu of Pg.

I Calculated by Equation (27), which gives a theoretical value, as it does not include the transformer saturation ef-

fect.

The maximum difference between the cases are as follows (see also Figure 2-10):

CSCR

CESCR

CQESCR

TOV

32.0%

17%

10%

1.8%

It is clear that the value of MAP depends on the system impedance, shunt capacitor Mvar O, and the reac-
tive consumption of the inverter Q. For this reason, the variation in CSCR is the largest. CESCR takes into
account the influence of Q. and the difference in CESCRs is greatly reduced. CQSCR takes into account the
value of both Q. and Q. If QESCR is between 0.9 and 1.0, the operation is at or near MAP.

Documents

Copyright © 1997 IEEE. All rights reserved. Docungent Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 24,2026 at 11:46:16 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 1204-1997


http://www.avadocuments.com/doc/ieee-1204-1997
http://www.avadocuments.com/doc/ieee-1204-1997

IEEE
Std 1204-1997 IEEE GUIDE FOR PLANNING DC LINKS TERMINATING AT AC LOCATIONS HAVING

It is also interesting to note that the value calculated for TOV for all cases is around 1.4 pu. It can be shown
that if the operation at MAP (i.e., at CSCR) is at unity power factor, then TOVy, (for complete load rejection)
is k - 212 of the terminal ac voltage at MAP. The factor k has a value close to unity for typical ac system data
(see also 3.1).

Even if the normal operation is at a y larger than minimum, CSCR should be calculated for y minimum, as
that would represent the maximum obtainable power (MPC). However, TOV should be calculated using the
normal (operating) v, as the rated Q; (not the one corresponding to minimum y) will be rejected by the con-
vertor in case of a fault.

CSCR, CESCR, and CQESCR are plotted on Figure 2-10 against the commutating reactance X, for values of
v =15° and 20°, ® = 70° and 90° and for Q./Q;= 1.0 and 1.5.

2.6 Qc /Qd =1.5

244 ¢p=90° ' 20
8 2.2
o 2.
= 2.04 CSCR Range
_18— Y=15° QC/Qd=1

t

R

S16q  O=70°
S 1;:%
1.04 CQESCR Range
08 T T T | |
10 12 14 16 18 20

Commutation Reactance %

Figure 2-10—Sensitivity of CSCRs

2.5 Calculation of CSCRs

If the starting conditions (P; = 1.0, Uy, = 1.0, I; = 1.0) coincide with the MAP of MPC (e.g., Figure 2-3 for
SCR = 2), the corresponding SCR is termed “critical.”

For a simplified system representation (Figure 2-1), the critical ac system impedance can be calculated from
the following equation:

2

CESCR = L{Sinq)P tan(y +u)— O +J[L} — cos (P tan(y +u)— O )2} 8)
- Ui atanly d cos(y +u) atanty d

It should be noted that shunt capacitors must be assumed to be connected.

The value of CESCR is little affected by the system damping in the range of 70°-90°, and if system damping
is neglected (¢ = 90° approximately), a good approximation is obtained by the following:

CESCR = %[—Qd+Pdcotanl/2(90°—y —u)] ©)
U

U;,  is convertor bus ac voltage per unit,
Q, s reactive power consumed by the inverter (per unit) [calculated from Equation (A.7), (A.11), or
(A.13) in Annex A of Part I],
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P;  isactive power supplied by the inverter to the ac system (per unit),

Y is extinction angle of the inverter,
u is overlap angle of the inverter [calculated from Equation (A.9) in Annex A of Part I],
0] is angle of ac system impedance.

CSCR can be calculated by adding Q.. to Equation (9).

CESCR can also be calculated by considering the effect on the ac voltage of small var changes at the conver-
tor ac busbars. The magnitude of this effect can be judged by the voltage stability factor.

The voltage stability factor (VSF) is defined as the incremental ac voltage variation, dU;, due to a small
reactive power (dQ) injected into the commutation busbar for a given power level, i.e.,

du,
VSF = 70 (10)

This index can be used for calculating the critical ratios for large systems using digital computer programs.
VSF is a more general factor than CSCR and CESCR, and is also used in the study of ac systems. VSF also
permits an approximate evaluation of the system dynamic behavior under small perturbations from a voltage
oscillation point of view. VSF is plotted against ESCR in Figure 2-11. This figure assumes operation in the
constant y mode. A positive VSF indicates that the dc would operate, in constant y mode, at currents smaller
than Iyjap. A negative VSF indicates that the system would operate, in constant Y mode, at a dc current
greater than Iyjap The transition point of VSF as dc current changes gives the same criterion as the MAP
concept and Equation (1) applies identically to both. It should be noted that a negative VSF indicates that the
constant power control mode with constant y would be unstable. However, in constant current control with
constant y, VSF has a positive value.

CSCRs can be calculated with adequate accuracy for planning considerations using the following simple
equations derived from Equation (3):

CESCR = CQESCR(1+0Q,) (11)
and

CSCR = CQESCR((1+0Q,)+Q,) (12)
where

Qg and Q. are in per unit of Py.

From Figure 2-12, approximate values of CQESCR and Q, can be obtained, and Q,. can be selected accord-
ing to the desired reactive compensation.

Example 1, for average value of the commutating reactance X, = 15%: From Figure 2-12, CQESCR = 0.95;
fory =15°, Q,;=0.54; and for Q. = Qy, the following value for CSCR is obtained from Equation (3):

CSCR=0.95*(1+0.54)+0.54=2.0

Using the correct Equation (1) for X, = 15%, y =18°, Q.= Q,4, ® = 80°, CSCR = 2.0.
Using the correct Equation (1) for X, = 15%, y = 20°, Q. = Q4, ® =70°, CSCR = 2.04.

Using Equation (12) and Figure 2-12, we also get CSCR = 2.04.

Documents

Copyright © 1997 IEEE. All rights reserved. Docunggnt Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 24,2026 at 11:46:16 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 1204-1997


http://www.avadocuments.com/doc/ieee-1204-1997
http://www.avadocuments.com/doc/ieee-1204-1997

IEEE
Std 1204-1997 IEEE GUIDE FOR PLANNING DC LINKS TERMINATING AT AC LOCATIONS HAVING

VSP -
dP/dly Constant Y controlO

(a) VSF (14 control by rectifier)O
(b) VSF (P control by rectifier)Od
(c) dPdly

(a)

CESCR

Xc=0.2pu, y=18°
QC = Qd= 0.6 Pdn

Figure 2-11—VSF and dP/dl, as a function of the ESCR at nominal operating conditions
and unity power factor

10 CQESCR
7!—
0.8
QqinO
0.6+Y =212 m—— per unitd
”’ of Pd
Y = 18° p=
0.4——Y =|150
|

10 12 14 16 18 20
Xc Commutating Reactance (%)

Figure 2-12—CQESCR and Q4 as a function of X
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Example 2, for X. = 20%: From Figure 2-12, CQSCR = 1.0; and for y = 20°, Q= 0.64, for Q.= 1.5Q:

CSCR=1.0*(1+0.64)+0.96=2.6

Using the correct formula for X, =20%, y = 20°, ® = 70°, Q.= 1.5Q,4, CSCR = 2.56.
Using the correct formula for X,. = 20%, y = 15°, ® =70°, Q.= 1.5Q,;, CSCR =2.4.
Using Equation (12) and Figure 2-12, we also get CSCR = 2.04.

2.6 Numerical examples of power reduction due to ac system impedance increase
and ac voltage reduction

As discussed in 2.2.4.5, power reduction due to a reduction of the terminal voltage is greater if the system
impedance is increased at the same time.

Consider the case represented in Figure 2.6a and Figure 2-6b.

Initial conditions at SCR = 3.

System emf 1 U U P Y SCR

0.998 1.0 1.0 1.0 1.0 18° 3

a)  Condition after the line trip, increases Z; by 1/3.

0.998 1.0 0.93 0.92 0.92 18° 2
0.998 1.1 0.84 0.81 0.90 18° 2
0.998 0.96 0.97 0.96 0.93 (MAP) 18° 2

b) Condition after system emf reduces to give Uy = 0.93 at SCR = 3.

0.947 1.0 0.93 0.92 0.92 18° 3
0.947 1.1 0.89 0.87 0.96 18° 3
0.947 1.25 0.82 0.78 0.98(MAP) 18° 3

It can be seen that conditions immediately after system change and before dc current changes (i.e., at
1, =1.0) are identical for the two cases, but in case a), Ipjap is at 0.96 pu, and in case b), it is at 1.25 pu of 1.
Operation at a current limit of, say 1.1 pu, would result in a power of 0.9 in case a) and 0.96 in case b).

A demand to maintain rated power (without, say, capacitor switching) at a specified minimum SCR for a
sudden system change may not justify the increase in the extra cost of the convertor equipment and the extra
cost of losses. This is especially true if the particular system change is an uncommon event.
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2.7 AC/DC system strength—summary tables

2.7.1 Power transfer and TOV

MAP? TOVj, (theoretical)
High SCR systems Pyap > 1.1 1.25 < TOVy,
SCR >3,ESCR >2.5
Low SCR systems Pyap > 1.1 1.25<TOV¢. < 1.4
3>SCR>2,25>ESCR > 1.5
Very low SCR systems Q) TOV;. > 1.4
2>SCR, 1.5>ESCR

2.7.2 CSCRs

CSCR =2

CESCR =147
CQESCR =0.95
NOTES to 2.7.1 and 2.7.2:

1 —The figures in 2.7.1 and 2.7.2 are based on assumed typical values of X.. (15%), Y, (18°), and Q= Q. =0.54 - P

If X, and vy,;,;, have higher values resulting in larger Q, then the theoretical division between high and low SCR systems
would be at an SCR value higher than 3, and the division between low SCR and very low SCR systems would be at an
SCR value higher than 2.

Similarly, values of ESCR, CSCR, or CESCR would have correspondingly higher values.
CQESCR would still have a value near unity; see Figure 2-10.

2—Ppap represents the maximum power immediately available starting from nominal (rated) conditions (P, Uy, and
I, are all at one per unit, and y,,,;, = const), without the use of fast ac voltage control.

3—The additional power available immediately, starting from nominal rated conditions, depends on the equipment
design; i.e., the value of vy, or on the available range of TCR and SR.

2.7.3 Inadequate inertia systems

To avoid frequency reduction by more than 5% (i.e., 2.5 Hz for 50 Hz systems or 3 Hz for 60 Hz systems)
due to a system fault, the effective dc inertia constant, Hpc, should be greater than 2 s.

3. DC power transfer limits

3.1 Description of phenomena

Considering the fundamental components of ac currents and voltages, a power system may exhibit two
major types of instabilities:

a) Phase angle instability and
b)  Voltage instability
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The first of these is characterized by the fact that, after a disturbance, a generator or a group of generators
loses synchronism with the rest of the system and line trips are executed by out-of-step relays or some other
protection. The reason for the system to separate could either be that no new operating point exists (steady-
state instability), or that the system cannot settle down to the new equilibrium point due to the kinetic energy
injected into the rotors of the generators as a consequence of the fault (transient instability). The system
could also become unstable due to inadequate damping. The time scale for this instability is typically in the
region of a few to ten seconds. These matters are discussed further in Clause 7.

The voltage instability is characterized by the fact that the voltage at a certain bus or in a certain region of the
network progressively decreases. (Usually it collapses, and this type of instability is often called voltage col-
lapse.) The generator pole angles do not necessarily change significantly. (This is at least true during the ini-
tial stages of the breakdown. The voltage instability may cause protection to act, which could cause the
system to become phase-angle unstable). The time scale for this instability may vary substantially, depend-
ing on different characteristics of the system. If tap-changers are involved, the process can extend over sev-
eral minutes. The instability could develop much faster if, for example, tripping of a line or of a shunt
capacitor bank results in sudden lack of voltage support, or some fast controllable devices play decisive roles
in the dynamics of the system.

Extensive work is going on at present concerning the voltage collapse phenomenon as a consequence of a
number of large breakdowns and disturbances that occurred in recent years and are believed to have been
caused by voltage instabilities. No generally accepted method of analysis or description of the phenomenon
exists for a generic system, but some general characteristics could be described by the following simple
model.

Consider a load supplied by a strong network via a transmission line, as in Figure 3-1. For a given load, there
exist in steady state two possible modes of operation: one with “high” voltage and “low” current, and one
with “low” voltage and “high” current. Normally, the first of these two solutions is the desired one, since it
gives lower losses and exhibits other properties that are attractive. If the voltage at the sending end is kept
constant, curves as shown in Figure 3-2a are obtained for different power factors of the load. From these
curves the following important observations can be made:

—  There is a maximum possible load that can be supplied at a given power factor.
— For a given load smaller than the maximum, two different operating points exist corresponding to
different voltage levels.

Ug ZLCD UL

Source P, Q.

Figure 3-1—Simplified ac system representation

Furthermore, a simple analysis shows that

— For operating points on the upper branch of the curve, dU/dQ >0; and on the lower branch, dU/dQ < 0.
— If Uy is the voltage at the sending end it can be shown that dU/dU, > 0 for points on the upper branch,
whereas dU/dUg < 0 on the lower branch.
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The last two observations, together with the standard ways of controlling voltage in ac systems, lead to the
fact that points on the upper branch are called stable and those on the lower branch are called unstable. The
point corresponding to the maximum load is mathematically called a static bifurcation point. If a power
larger than this maximum is demanded by a load device, the system cannot converge to any of the solutions
that are given in Figure 3-2a. To predict the behavior of the system for such a case, the dynamic properties of
the system are needed, such as load characteristics, tap-changer control, and generator/motor dynamics.

U
LA
1.0

Terminal Voltage

0.4 0.'8 1?0 1.'2 1.6 2.0
Power pu

Figure 3-2a—Terminal voltage versus power for different load power factors

Consider the curve for unity power factor of Figure 3-2b for the case in which the small resistance of the ac
line is neglected. It can be shown that for such a case, the terminal voltage, U;, corresponding to the MAP, is
related to the sending end voltage by the following equation:

v, = % (13)

In the curves in Clause 2, dc power and ac terminal voltages are plotted as a function of dc current. From
these curves it is seen that the ac terminal voltage is a monotonic decreasing function of dc current, and con-
sequently there is a unique relationship between the dc current and the ac terminal voltage. Therefore, it is
possible to plot the dc power as a function of the ac terminal voltage. Furthermore, if in such a plot the ac
terminal voltage is on the y-axis and the dc power on the x-axis, the well-known ac voltage/power curve
used in ac system analysis is obtained. Some of the curves shown as dc power versus dc current will be dis-
cussed below as ac voltage versus dc power.

The ac system impedance for Figure 3-2b was chosen to be equivalent to the system impedance of the
inverter operation curve for SCR =2 (ESCR = 1.46) of Figure 2-3. The ac voltage/power curve correspond-
ing to Figure 2-3 for SCR = 2 is almost identical to that of Figure 3-2b. The reason for this is that in
Figure 2-3, the power factor at P y = 1.0 pu is unity.

AC voltage and power from Figure 3-3 for SCR = 4.5 and from Figure 3-4 for SCR = 3 are plotted in
Figure 3-2c. The main difference between the curves of Figure 3-2c and Figure 3-2a is that the former are
calculated to give one per unit ac voltage at one per unit dc power, and those of the latter are calculated to
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UL

1.4-

T :

0 1.2

Figure 3-2b—AC voltage/power curve (unity load power factor)

give one per unit ac voltage at zero power; also, there are differences in system impedances in the former
curves. However, curves corresponding to the operation of a dc convertor are the same as those of an ac load
having the same P and Q characteristics.

The third curve in Figure 3-2c¢ corresponds to the curve for SCR = 2 of Figure 3-4. This curve is obtained by
tripping one of the two parallel ac lines to which the inverter was connected (Figure 2-4) when operating at
the point A of the curve for SCR = 3, as discussed in 2.2.4.2 and 3.2.2. It can be seen that the maximum
power (MAP) of the curve, corresponding to the new condition, is lower than the power before the distur-
bance at point A. The attempt of the convertor load to draw an increasing current, in order to maintain the
original power, would result in voltage collapse, as already discussed.

UL
SCR =2.00
- /From Fig 3.4
1.2 SCR =4.50
A /From Fig 3.3
10q--——-—-----=------
1
1
1
0.8 |
1
0.6- i\ SCR=3.00
? : From Fig 3.4
|

1 1 1 1 1 1 Pd
02 04 06 08 10 12 1.4

Figure 3-2c—AC voltage—dc power curves
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An important factor, which differs in the dc case as compared with the pure ac configuration, is the control-
lability of the dc convertor. As will be shown in this clause, unlike the general ac case, the convertors can be
controlled in such a way that voltage instability does not occur and that, moreover, the dc controls can fur-
ther enhance the performance of the ac system. For these reasons, it is convenient to plot power against dc
current, the controlled quantity, rather than against the voltage, but the phenomena are considered the same.

1.6 1 Xc=0.15pu, y=18°
Qc =Qg=0.54"Ry, at U_=1.0 pu (Point A)
1.4 - MPC - 1
ESCR=(246) gcR = 4.5 (3.96)
124 -_SCR=3.0
5\ \§~§‘4
e X T =S
~ 10 —§C(9Ff ;6;"5 = MPC -20
2 ' SCR = 3.0 (2.46)
© 0.8-
D_'O
0.6
0.4
0.2 - Pd — DC Power
' U --- AC Volts
0 | | | | II | | | | |
0 0204060810121416 1.8 2.0

DC Current (pu)

Figure 3-3—AC/DC system—high SCR, sudden change of SCR from 4.5 to 3.0

3.2 Power limits of an inverter
3.2.1 Power limits of an inverter connected to a high SCR ac system—with y constant

The operating point of an inverter connected to an ac system having a high SCR, will be well below MAP; in
Figure 3-3 an SCR = 4.5 has been assumed. In such cases, it is most economic to design the system so that
the operating point is on the MPC for y minimum. The operation at MPC is achieved while operating the
inverter at a constant commutation margin having minimum y value of, say, 15° (50 Hz), 18° (60 Hz). The dc
voltage is maintained close to its rated value by the inverter transformer tap-changer

Operation at MPC (minimum y) gives minimum cost due to the following factors:

— Minimum reactive power consumption

— Minimum ratings of valves, transformers, and shunt capacitors
— Minimum generation of harmonic currents

— Minimum losses

MPC can be suddenly reduced by a combination of the increase of the ac system impedance and of the

reduction of terminal ac bus voltage, possibly due to a line trip in the ac system. Such a reduction of MPC is
shown in Figure 3-3.

Documents

) “  Document Sharing Hub
32 Copyright © 1997 IEEE. All rights reserved.
Authorized licensed use limited to: Tsinghua University. Downloaded on February 24,2026 at 11:46:16 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 1204-1997


http://www.avadocuments.com/doc/ieee-1204-1997
http://www.avadocuments.com/doc/ieee-1204-1997

IEEE
LOW SHORT-CIRCUIT CAPACITIES—PART I: AC/DC INTERACTION PHENOMENA Std 1204-1997

The pre-disturbance operation is with a system having SCR = 4.5. The operating point A corresponds to P,
U, Uy, and I; having the rated values of 1.0 pu. The commutating reactance is 15%, the inverter reactive
consumption Qgn = 0.54 - P;N. The nominal rating of shunt capacitors (including filters), Q.. is fixed and,
at Uy =1 pu, is equal to Q N. Operation is at minimum constant y.

If, following an ac line trip, as discussed in 2.2.4.1, while operating at point A, the system impedance is
increased by one-third corresponding to the sudden reduction of SCR from 4.5 to 3, the operation will be
according to MPC-2 of Figure 3-3.

MPC-2 is also a quasi-steady-state curve, but for the new ac system conditions.

Assuming constant-y control at the inverter, a decrease in the inverter ac voltage causes an immediate
decrease in dc voltage. Assuming for the present that the HVDC master control at the rectifier is for constant
power (which is not always the case), then it will increase dc current to maintain power at the set value,
unless the current-limit setting in the rectifier is reached. It is still assumed that AVRs, circuit breakers con-
trolling shunt capacitors, etc., and on load tap-changes (OLTCs) have not operated, as they are slow com-
pared to dc current controls. MAP-2 in this case is higher than the rated power P,y and the power has been
maintained at its predisturbance level, at the new operating point B.

For details of numerical values see 3.9.
3.2.2 Power limits of an inverter connected to a low SCR ac system with y constant

There are a number of schemes in service with SCR having an approximate value of three or lower, but
higher than SCR equal to two, with normal operating point at MPC with constant y at rated currents smaller
than Iy ap (see 3.6.2). However, the operation is sufficiently near MAP-1 that a sudden, but relatively moder-
ate, change in the ac system voltage may result in a MAP-2 being lower than the rated power. This event is
illustrated in Figure 3-4. A similar event, as shown in Figure 3-3, has been assumed, except that the system
impedance prior to the line trip corresponds to SCR = 3, and after the line trip to SCR = 2. The required
power cannot be maintained, but the current limit imposed by the rectifier prevents the collapse of the sys-
tem, despite the demand for higher power from the master controller.

The operating point B on MPC-2 will be in the region where dP;/dl; is negative and stable operation would
not be achieved in power control mode, but stable operation continues in constant current control mode.

If the dc system is used to control ac frequency or to provide system damping, operation in the constant-cur-
rent mode would not be acceptable except for a very brief period of time; e.g., while the fault is being
cleared. Also, for these changes in ac system conditions, the power level may drop quickly to a lower value
(determined by current limit) and also jump back to the original value if ac system conditions are suddenly
restored. For possible steps to be taken to enhance performance in such cases, see 3.6.

For details of numerical values, see 3.9.
3.2.3 Power limit of an inverter connected to a very low SCR ac system with variable y control

The operation at currents higher than Iyj5p corresponds to operation at a point on the lower branch of a curve
shown in Figure 3-2, which in ac transmission is considered the unstable part of the characteristics. In prin-
ciple, it can be argued that it is the nature of the load that determines the stability. Assume that the load in
Figure 3-1 is a static impedance load. If the impedance of the ac supply line is high, and if the inductive
component of the load is high, the maximum power in Figure 3-2 would be relatively low and the operating
point may be at the lower “unstable” part of the curve. An inverter connected to a high-impedance ac line
operating at constant y in the region where dP,/dl; is negative will be unstable if its controls demand an
increasing current to keep the power constant. But if the controls are arranged to keep the current constant,
stability can be achieved. However, any variation of ac voltage would directly cause variation of power that
would not be acceptable for most applications.
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Xc=0.15pu, y=18°

16 - Qc=Qy=0.54Ry,at U =1.0 pu

1.4 - SPR =2.0

~

124 ~~--~ SN
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0.6
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Figure 3-4—AC/DC system—Ilow SCR power and ac voltage curves, sudden change of
SCR from 3.0 to 2.0

An alternative control strategy, used in a number of schemes, is to control the dc voltage through inverter
action by varying vy. The rectifier performs the same duty as in the previous case of controlling the dc current
in order to achieve the desired power. An increase of y increases var consumption and a decrease of y reduces
the var consumption. Therefore, in order to be able to increase ac voltage, as well as to reduce it, the inverter
must be normally operating at a higher y than the minimum.

Consider the four power curves in Figure 3-5. Normal operation is at point A with y = 25°, curve MPC-1.
Commutating reactance X, is 15%, as in the previous cases. The value of shunt capacitors is made equal to
Qg aty =25° at Ur, = 1.0 pu. It should be noted that normal operation at currents smaller than 1.0 are not
practical due to the high voltage as explained in 2.2.3 and by Figure 2-3. For example, MAP-1 occurs at
Iviap =0.75 pu, Uy = 1.4 pu, and U, = 1.5 pu. Therefore, for normal operation with ac systems having very
low SCR at dc currents higher than Iyap, the power transfer limit is lower than the power corresponding to
MAP. In the example in Figure 3-5, the maximum transmittable power, before ac system conditions are
changed, is obtained by reducing vy to its minimum value. In this example, at the minimum y = 18°, the point
B is reached on MPC-2, which represents the maximum power that can be achieved from normal operating
conditions by increasing current. The straight line O-A-B is the line of constant dc voltage. It should be
noted that control of dc voltage, for operation with ac systems having very low SCRs, is not necessarily the
only control strategy for operation at I; > Iyjap. Controlling other quantities, such as ac voltage, reactive
components of the inverter current, etc., could also be considered.
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MPC-1 X¢=0.15 pu, Q¢ =Q 4= 0.665 Py, at
UL=1.0& Y =25°(Point A)

147 MAP -1,.\/ MPC -1 (SCR =15,y = 25°)
12+ /NN MPC-2(SCR =15, 7 = 18"
- '/,’5i7'1§\ 2B
32 101— —77"
= MPC - 3 (SCR=1.3, y = 25°)
D_'O
§ 0.8 MPC -4 (SCR=1.3,y = 18°)
c 064 / |
/
1 |
04
. II[I |
1/ Constantl:l
024" ; —
/" DC Voltage | Pq DC Power
, U --- AC Volts
0L |

1 1 T T T T T T 1
0 02040608101214161820

DC Current (pu), Id
DC Current (pu), l4

Figure 3-5—AC/DC system—very low SCR, sudden change of SCR from 1.5 to 1.3

Curve MPC-3 is obtained by assuming that an ac line has tripped, causing an increase in the system imped-
ance by 13%. At I = 1.0, before a change of y value, this would result in reductions of Uy, to 0.81 pu, U, to
0.8 pu, and P, to 0.8 pu, point C on MPC-3. However, y would instantly respond by reducing its value. In
this example, this would result in restoring the power to 1 pu, with Uy =0.95, y;= 1.0, and I; = 1.0, at mini-
mum y = 18°; i.e., point A on MPC-4.

The variable y is maintained at its normal value, in the example considered at 25° by the inverter tap-changer
and by shunt capacitor switching. For example, if the condition of MPC-4 persisted, additional shunt capac-
itors would be switched in order to increase the ac voltage and allow y to return to a value near 25°. It must
be stressed that, as in the previous cases, the controls must be stable during the period before capacitor
switching in, for operation at y minimum in the current control mode (at dP;/dQ < 0).

The cost of the inverter designed for continuous operation at larger values of y will be higher compared to
the inverter designed for operation at minimum y for the following reasons:

a)  Reactive power consumption will be greater.

b)  Valves, transformers, and shunt capacitors will have higher ratings.
¢)  Generation of ac and dc harmonics will be higher.

d)  Convertor terminal losses will be higher.
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The benefit of operating with variable v is the ability to operate stably in the power control mode, for the
design range of ac system variations, at dc currents larger than /yjap, with ac systems having very low SCRs.

A further benefit is that, due to normal operation at y larger than minimum, the probability of commutation
failures would be reduced.

For details of numerical values, see 3.9.
3.2.4 Results from a transient stability program

As discussed in the previous subclauses, to determine the power limits of an inverter (or of a rectifier)
“quasi-steady-state” power curves are used; i.e., each subsequent point is calculated by steady-state equa-
tions. These calculations are conveniently done by hand or, as in most cases of curves in this guide, by digi-
tal load-flow programs having adequate dc link representation. The statement that these quasi-steady-state
curves give a good indication of dynamic performances was verified by using a transient stability program.
The conditions of an inverter having data as used in the case of the power curve in Figure 3-4 for SCR =3
has been used. The SCR of the rectifier was set to a very high value in order not to represent a limitation to
the inverter performance. Results are shown in Figure 3-6. It should be noted that the particular controls used
with this program allowed normal vy to reduce from 18° to an absolute minimum of 15°. Temporary reduction
of y allows a higher (short time) overload or maintenance of required power for a slightly greater voltage
depression, at a risk of higher commutation failure probability. The power order was increased by 10% at
time = 0.04 s. The current limit was set to a value of just over 1.3 pu in order to show the power increase to
MAP and its subsequent reduction, despite the current increase. Soon after 0.1 s the current is reduced in
response to ac voltage reduction, and so reduces the inverter var consumption. This is one of the methods
used in practice to avoid ac voltage collapse. The analysis of the values of I, Uy, Py, and y indicates that
these quantities are consistent with values achieved for Figure 3-4 for SCR = 3.

3.3 Power limits of a dc link
3.3.1 Introduction

In the preceding subclauses, the limits that an inverter may impose on the value of power transmitted were
considered under the assumption that the rectifier operation will not be responsible for a lower limit. How-
ever, the rectifier is subject to the same limitations as the inverter; at increasing dc current the voltage will be
reducing and the amount of control in hand depends on the value of o in normal operation. In this subclause,
an example is given that takes into account both ends of the dc link. It has been assumed that the scheme is
bidirectional and that the two ac systems have different values of SCRs. Either end may function as an
inverter, but with differing operating strategies. Normal operation at y = 19° (with absolute limit at y = 15°)
was assumed for the ac system having a low SCR value (system X) and a variable vy strategy was assumed to
control dc voltage for the other end, which has a very low SCR value (system Y). The effect of a 5% ac volt-
age reduction on power transfer was calculated.

3.3.2 Example data

System X SystemY
ESCR 2.75 1.0
X, 15% 14%

(¢ was assumed to be 90°, as the resistive component has only a small effect on power calculation.)

Table 3-1 gives initial conditions. Power is assumed positive for the system X to system Y direction and it is
assumed negative (marked with a minus sign), for the opposite direction.
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Figure 3-6 —Results of transient stability program for a 10% increase of power order,

applies at 0.04 s, X =0.15%, Q. = Q4 = 0.54P4,y=18°at U =1.0
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Table 3-1—Initial conditions

DC system data System emf
Case Uge pu I;pu a (rectifier) y (inverter) X Y
A 1 1 12° 25° 1.047 1.169
B -1 1 12° 19° 1.047 1.101

*Power from Y to X.

3.3.3 Application of the disturbance
Voltage changes are specified as “changes of 5% of the nominal bus voltage.” It is therefore assumed here
that the observed voltage change at the disturbed busbar is 5%, whatever the prime cause (e.g., a remote fault

or loss of a line with negligible change in the value of the system impedance).

Table 3-2 summarizes the cases studied.

Table 3-2—Summary of cases studied

Case Power System voltage
ref. flow depressed 5% at
Ay X-Y X
A, X-Y Y
B, Y-X X
B, Y-X Y

3.3.4 Calculated solutions
Table 3-3 gives the calculated solutions. These are for the conditions after the convertor controls have settled

(i.e., after about 100 ms) but before tap-changers or capacitors have switched. The “remote busbar” is the
convertor busbar not subjected to the initial voltage depression.

Table 3-3—Calculated solutions after voltage depression

Case | Power pu AC voltage Uge pu I,pu a (rectifier) y (inverter)
on the remote busbar

A 0.970 0.990 0.970 1 3° 26.7°

A, 1 1 1 1 12° 18.4°

"B, 0.969 0.969 -0.962 1.039 10.5° 15°

*B, 0.972 0.997 -0.972 1 3° 21.9°

“Power from Y to X.
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3.3.5 Comments on individual cases

For cases A and B, the rectifier o reaches its minimum of 3° and the inverter takes over control of current
(and power) by increasing its y, which increases its reactive power consumption—hence reducing its ac bus-
bar voltage.

For case B, a combination of the reduction of y to 15° and the increase of dc current to 1.039 pu success-
fully restores power to 1.0 pu.

Power is reduced by up to 3% for cases A| and B; otherwise, power control is maintained (except for a brief
dip until the master control takes effect). This is because the master power control output (current order)
reaches the sliding current limit (refer to 3.6.2.1), which, for a power order of 1 pu, limits dc current to 1.05
pu if the rectifier is still in control or to 1 pu if the inverter is in control.

The ac voltage on the “remote” busbar is only slightly depressed in all cases, with a maximum of 3.1%
(case B)).

The results in Table 3-3 are to some extent a compromise, because they depend on the values used for the
current limits (1.05 and 1.0 as described above). For example, an increase in current limit by .05 pu for case
A1 would cause the power to be maintained at 1 pu (instead of 0.97 pu) but with a larger reduction of remote
ac voltage —by 3.2% instead of 1%. In other cases, an increase in current limit would actually reduce power,
with a further voltage depression, and would therefore be pointless.

In practice, the capacitor switching and tap-changer control would restore the desired conditions.
3.3.6 Rectifier connected to a very low SCR ac system

The main consideration in this guide is given to the conditions at the inverter of a dc link terminating at loca-
tions having low short-circuit capacity. However, particular attention must be given to the case in which the
rectifier ac/dc system has a very low SCR.

In ac/dc systems having a very low SCR, it is essential to have fast control of the voltage. If the dc link itself
is used to provide this fast control, the inverter is the voltage-controlling convertor. One common method is
to control for constant dc voltage, which indirectly exerts a control on the ac voltage. In back-to-back sys-
tems, if the ac voltage at either end rises to a predetermined value, an ac voltage loop takes over to control ac
voltage directly, operating through the inverter control system.

If there is a dc line between the rectifier and the inverter and the rectifier ac/dc system has a high SCR value
and the inverter has a low or very low SCR value, the system will operate well, as the inverter controls dc
and ac voltages local to the very low ac/dc system. However, if the rectifier ac/dc system has a very low SCR
value, the inverter will not be very effective in quickly controlling the dc voltage at the rectifier end, and
therefore its ac voltage (due to the inductance and the capacitance of the dc line), even if the telecommunica-
tion were to be very fast. There are examples of back-to-back schemes where both ac systems have low or
very low SCRs. On the other hand, it is difficult to visualize a practical case where power would be supplied
from a very low SCR ac/dc system over a transmission line. However, the application of a fast compensator
at the rectifier ac system would enable operation even in such a case. Of course, there is always the option of
strengthening the ac system (2.2.6).

Using only the inverter to provide fast voltage control in back-to-back schemes where both ac/dc systems
have very low SCR values may have some limitations. If both ac systems exhibit frequent and fast ac voltage
variations, inverter voltage control, coupled with automatic capacitor and inductor switching at the two ac
bus-bars, may not always provide acceptable performance. In such cases, consideration should be given to
improving the conditions of one of the two ac systems. This can be done by providing fast ac voltage control
by an independent compensator (2.2.7.1) or by strengthening one of the ac systems (2.2.6).
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3.4 Principal parameters

For ac/dc systems having low and very low SCRs, the ac voltage stability at the terminals of the convertor
station has to be fully analyzed and studied. Such a phenomenon can be responsible for the ac voltage excur-
sions during steady-state as well as dynamic operation of the dc scheme. Fault recovery performance, tem-
porary overvoltages, and overall ac/dc system transients and dynamic stabilities are also closely tied to the ac
voltage stability phenomenon.

The solution(s) adopted to alleviate such a problem stem from the following parameters, which directly
influence the severity of such a phenomenon:

a)  AC system impedance (fundamental frequency)

b) Rated dc power

c¢) Rated reactive power (which depends on commutating reactance and on o and )
d) Range of acceptable ac voltage regulation

e) Level of var compensation

f)  DC control strategy

For a given system impedance and other system parameters shown in Figure 2-1, there will be a unique Py/I
characteristic for operation at y minimum (constant), which will represent the maximum power curve.

3.5 Trends and sensitivities of system parameters
3.5.1 AC system impedance

The closer that the system impedance approaches that corresponding to the CSCR, the greater the probabil-
ity that the operation may take place at currents larger than the Iyjap.

The curves of constant MAP have been drawn in Figure 3-7 [see B1 14] for different values of system admit-
tances and for three different values of ac terminal voltage. For a system impedance having the angle ¢ =
90°, ESCR has the numerical value of the susceptance B, and for a system impedance having the angle ¢ =
0°, ESCR has the numerical value of the conductance G. It can be seen that the value of MAP, and therefore
of CSCR, does not vary much for system impedance angles in the practical range of, say, ¢ = 70° to ¢ = 85°,
which means that the simpler Equation (9) given in 2.5 can be normally used.

The variation of the terminal ac voltage was achieved by varying the emf behind the ac system impedance
without varying the value of impedance, in order to indicate the effect of ac voltage on MAP. In practice, a
disturbance, such as an ac line trip, would result in a change of both impedance and terminal voltage values.

3.5.2 Convertor reactive power consumption

It was shown in Clause 2 that QESCR gives a better indication of ac/dc system operation, because it takes
into account the convertor reactive power consumption (Q,). The values of CSCR and CESCR will be higher
for higher values of Q;. This means that the higher the O, the lower the value of MAP, and hence of power
transfer for the same values of SCR and ESCR. A value of QESCR equal to about 0.95 indicates that the
operation is near MAP (see 2.4).

“The numbers in brackets correspond to those of the bibliography in Annex B of Part I.
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