POWER SYSTEM
OSCILLATIONS



THE KLUWER INTERNATIONAL SERIES
IN ENGINEERING AND COMPUTER SCIENCE

Power Electronics and Power Systems
Series Editor
M. A. Pai

Other books in the series:

STATE ESTIMATION IN ELECTRIC POWER SYSTEMS: A Generalized Approach
A. Monticelli, ISBN: 0-7923-8519-5
COMPUTATIONAL AUCTION MECHANISMS FOR RESTRUCTURED POWER
INDUSTRY OPERATIONS
Gerald B. Sheblé, ISBN: 0-7923-8475-X
ANALYSIS OF SUBSYNCHRONOUS RESONANCE IN POWER SYSTEMS
K.R. Padiyar, ISBN: 0-7923-8319-2
POWER SYSTEMS RESTRUCTURING: Engineering and Economics
Marija Ilic, Francisco Galiana, and Lester Fink, ISBN: 0-7923-8163-7
CRYOGENIC OPERATION OF SILICON POWER DEVICES
Ranbir Singh and B. Jayant Baliga, ISBN: 0-7923-8157-2
VOLTAGE STABILITY OF ELECTRIC POWER SYSTEMS, Thierry
Van Cutsem and Costas Vournas, ISBN: 0-7923-8139-4
AUTOMATIC LEARNING TECHNIQUES IN POWER SYSTEMS, Louis A.
Wehenkel, ISBN: 0-7923-8068-1

ENERGY FUNCTION ANALYSIS FOR POWER SYSTEM STABILITY,
M. A. Pai, ISBN: 0-7923-9035-0

ELECTROMAGNETIC MODELLING OF POWER ELECTRONIC
CONVERTERS, J. A. Ferreira, ISBN: 0-7923-9034-2

MODERN POWER SYSTEMS CONTROL AND OPERATION, A. S. Debs,
ISBN: 0-89838-265-3

RELIABILITY ASSESSMENT OF LARGE ELECTRIC POWER SYSTEMS,
R. Billington, R. N. Allan, ISBN: 0-89838-266-1

SPOT PRICING OF ELECTRICITY, F. C. Schweppe, M. C. Caramanis, R. D.
Tabors, R. E. Bohn, ISBN: 0-89838-260-2

INDUSTRIAL ENERGY MANAGEMENT: Principles and Applications,
Giovanni Petrecca, ISBN: 0-7923-9305-8

THE FIELD ORIENTATION PRINCIPLE IN CONTROL OF INDUCTION
MOTORS, Andrzej M. Trzynadlowski, ISBN: 0-7923-9420-8

FINITE ELEMENT ANALYSIS OF ELECTRICAL MACHINES, S. J. Salon,
ISBN: 0-7923-9594-8



POWER SYSTEM
OSCILLATIONS

Graham Rogers
Cherry Tree Scientific Software

\ 4
W\

Springer Science+Business Media, LLC



ISBN 978-1-4613-7059-8 ISBN 978-1-4615-4561-3 (eBook)
DOI 10.1007/978-1-4615-4561-3

Library of Congress Cataloging-in-Publication Data

A C.I.P. Catalogue record for this book is available
from the Library of Congress.

Copyright © 2000 by Springer Science+Business Media New York

Originally published by Kluwer Academic Publishers, New York in 2000
Softcover reprint of the hardcover 1st edition

All rights reserved. No part of this publication may be reproduced, stored in a
retrieval system or transmitted in any form or by any means, mechanical, photo-
copying, recording, or otherwise, without the prior written permission of the
publisher, Springer Science+Business Media, LLC

Printed on acid-free paper.



Notice to Readers

I have prepared a CD_ROM containing the data and results for all examples used in
this book. The data are in the form of MATLAB m-files, and the results are given as
MATLAB binary files.

The CD_ROM is available, at cost. Please contact me at

Cherry Tree Scientific Software

RR#5 Colborne, Ontario, KOK 1S0
CANADA

or by email: cherry @eagle.ca

Graham Rogers



Dedication

I dedicate this book to Jean, my wife, best friend, and constant companion, who has
sustained and supported me in my endeavours for so many years.



N —

Contents

Introduction
The Nature of Power System Oscillations
1 Introduction
2 Classical Generator Model
2.1 Local Modes
2.2 Inter Area Mode
2.2.1Case 1
2.2.2 Case 2
3 Detailed Generator Model
3.1 Local Modes
3.2 Inter Area Mode
4 Controlled Detailed Generator Model
4.1 Local Modes and Inter Area Mode
5 Response to System Faults
6 Final Discussion and Comments
6.1 Classical Generator Model
6.2 Detailed Generator Model
6.3 Detailed Generator Model with Turbine/Governor Model
and Automatic Voltage Control Model
7 References
Modal Analysis of Power Systems
1 Introduction
2 Modal Analysis of Linear Dynamic Systems
2.1 Example

10
11
14
15
16
17
18
19
23
24
27
28
29
29
30

30
31

32
34



Contents viii

2.1.1 Lag Block 34
2.1.2 Lead Lag Block 35
2.1.3 Transient Feedback Block 36
2.1.4 The Complete State Space Model 37
2.1.5 Power System Example 38
2.2 Eigenvectors 40
2.2.1 Modes of Oscillation 41
2.2.2 Example 42
2.2.3 Equal Eigenvalues 46
2.3 Eigenvalue Sensitivity 50
2.3.1 Participation Factors 50

3 Modal Analysis Applied to the Detailed Generator Case with 54
and without Controls

3.1 Detailed Generator Model 54
3.2 Detailed Generator Model with Controls 58
3.2.1 Real Eigenvalue 60
3.2.2 Unstable Complex Mode 61
3.2.3 Stable Oscillatory Modes 64
3.3 Step Response 70
4 Final Comments and Discussion 72
5 References 73
Modal Analysis for Control
1 Introduction 75
2 Transfer Functions 75
2.1 Transfer Function Poles and Zeros 76
2.1.1 Example 77
2.2 Controllability and Observability 82
2.3 Residues 82
2.3.1 Sensitivity and Residues 83
2.3.2 Example 84
2.3.3 Root locus and Residues 88
2.3.4 Sensitivity to Dynamic Feedback 88
2.3.5 Example 89
2.4 Frequency Response 90
2.4.1 Nyquist’s Stability Criterion 91
2.4.2 Example 92
2.4.3 Application to Feedback Systems 93
2.4.4 Power System Example 94
3 Synchronizing and Damping Torques 97
4 Summary and Conclusions 100
5 References 100
Power System Structure and Oscillations
1 Introduction 101
2 Coherent Generator Groups 102
2.1 Ideal Coherency in a Multiple Generator Plant 102
3 Coherency in an Interconnected Power System 105
3.1 Reference Generators 106

3.2 Bus Coherency 108



3.3 Example 16 generator 68 bus system
4 Tie Line Influence on Inter-area Mode Stability
4.1 Response to a fault
5 Comments on System Structure
6 References
Generator Controls
1 Introduction
2 Speed Governor Controls
2.1 Hydraulic Turbine Governors
2.2 Thermal Turbine Governors
2.3 Turbine Governor Effects on Low Frequency Inter-area
Modes

3 Excitation Controls
3.1 Open Circuit Stability and Response
3.1.1 Dc Exciter
3.1.2 Static Exciter
4 References
Power System Stabilizers
1 Introduction
2 Power System Stabilizer Basics
2.1 Example — Single Generator Infinite Bus
2.1.1 Static Exciter
2.1.1.1 Compensation Determination using Residue
Angle
2.1.1.2 Compensation of the Phase Lag between V¢
and Electrical Torque
2.1.2 Rotating DC Exciter
3 Stabilization of a Complete System
3.1 Power System Stabilizer Placement
3.2 Power System Stabilizer Design
3.2.1 Generator 11
3.2.2 Generator 8
3.2.3 The Remaining Generators
4 Evaluation of Power System Stabilizer Performance
4.1 Small Signal Performance
4.2 Transient Stability
5 Comments
6 References
Power System Stabilizers — Problems and Solutions
1 Introduction
2 Generator Torsional Oscillations
2.1 Speed Input Stabilizers
2.1.1 Application of Torsional Filters
2.2 Power Input Stabilizers
2.2.1 Example
2.3 DeltaP/Omega Stabilizers
2.3.1 Example

108
115
116
118
119

121
122
123
127
128

129
129
130
135
137

139
140
141
143
145

148

149
154
154
156
157
158
159
166
166
167
168
168

171
171
172
175
179
181
182
184



10

Contents

3 Power System Stabilizers at a Plant of Identical Generators
3.1 Solutions
4 Comments
5 References
Robust Control
1 Introduction
2 Performance Specifications
2.1 System Model Conventions
2.1.1 One Degree of Freedom System
2.1.1.1 Sensitivity Matrices
2.2 Power System Example
2.3 Power System Performance in Control Terms
2.3.1 Step 1 Normalization
2.3.2 Step 2 Performance Specification
2.4 System Performance without Controls
2.4.1 Excitation System
2.4.2 Turbine Control Valve Servo
2.5 System Performance with Automatic Voltage Regulator
2.5.1 Performance with Power System Stabilizer
2.6 System Performance with Turbine Governor
2.7 Comments
3 Robust Control
3.1 Performance Weights
4 Robustness of Power System Controls
4.1 Nominal Performance
4.2 Robust Stability
4.3 Robust Performance
4.3.1 Structured Singular Value
4.4 Decentralized Controls
5 Robust Control Design
5.1 Coprime Factors and Coprimne Factor Uncertainty
6 Final Comments
7 References
Damping by Electronic Power System Devices
1 Introduction
2 System Performance without Electronic Controls
2.1 Contingency Performance
3 Static VAr Compensators
3.1 SVC Location, Poles and Zeros
3.2 Damping Control Design
3.2.1 Damping Control to Modify Residue at Inter-area
Mode
3.2.2 Robust H.. Loop Shaping Control
3.2.2.1 System Reduction
3.3 Control Performance
3.3.1 Small Signal Stability Performance
3.3.2 Transient Stability Performance
3.4 Comments

185
194
196
197

199
200
201
204
204
207
212
212
215
216
216
219
221
222
225
226
227
228
234
235
237
240
244
246
247
248
250
251

253
254
258
258
261
262
263

265
266
270
270
273
274



XI

Al

A2

Index

4

6
7

Thyristor Controlled Series Capacitor
4.1 Performance with an Uncontrolled Series Capacitor
4.2 Damping Control Design
4.2.1 Residue Based Design
4.3 Robust Loop Shaping Design
4 4 Transient Performance
4.5 Comments on TCSC Damping Control
High Voltage DC Link Modulation
5.1 System Performance without Damping Control
5.2 Damping Control Input
5.3 Residue Based Damping Control
5.4 Robust Damping Control
5.5 System Performance with Robust Control
5.5.1 Transient Performance with Damping Control
5.6 Comments on HVDC Damping Control
General Comments
References

Model Data Formats and Block Diagrams

1
2

Load Flow Data

Dynamic Data

2.1 Generator

2.2 Exciter System Data

2.3 Turbine/ Governor Data

HVDC Data

Case Data

4.1 Two-Area Test Case

4.2 Two-Area Test Case with Series Capacitor
4.3 Two-Area System with Parallel HVDC Link
4.4 16 Generator System

4.5 Single Generator Infinite Bus System

4.6 Multiple Generator Infinite Bus System

Equal Eigenvalues

1

2

Nonlinear Divisors

1.1 Example

1.2 Time Response Calculation with Nonlinear Divisors
Linear Divisors

2.1 Example

276
276
277
279
281
284
284
285
286
286
290
291
297
298
298
299
299
301
302
303
303
305
308
309
311
311
312
314
315
317
318

319
320
322
323
324
327




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200039002000280039002e0033002e00310029002e000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




