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ÀBSTRACT

À new method for damping the Subsynchronous frequency Os-

cillations (SSO) in power systems is suggested. The supple-

mentary damping is achieved based on the active povrer modu-

Iation characteristics of the static phase-shifters, using

the rotor speed deviation from the synchronous speed as the

control signal. The complex torque coefficient method and

an eigenvalue analysis technique are used for smaIl signal

analysis and optimization of the parameters of the control

system. The analytical results are verified by a detailed

digital time simulation study on the first IEEE benchmark

model for SSO, using the Electro-Magnetic Transients Program

(eMtp) developed by the Bonneville Power Adrninistration
(spe).

The results from the analytical and the digital computer

studies reveal the technical feasibility of using a static
phase-shifter for damping the shaft torsional stresses of a

turbine-generator, âs a result of smaII signal perturbations

and Iarge disturbances.
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Chapter I

I NTRODUCTI ON

1 .1 BÀCKGROUND

The phenomenon of Subsynchronous frequency Oscillations

(SSO) in power systems was first discussed in the literature

in 1937 [1], and until 1970 it was treated as an e]ectrical

phenomenon. The theory of interaction between el-ectrical re-

sonance in a series compensated network and torsional reso-

nance in a turbine-generator mechanical system was under-

stood and developed after two shaft failures in the Mohave

Generating Station in southern Nevada.

Since the second failure of the Mohave generating unit Ín

1971, as a result of SSO, several other projects in North

America have been identified as potential SSo problems. Con-

siderable effort has recently been devoted to its study and

suppression. The IEEE Bibliography on SSO 12,31 identifies

more than B0 technical papers presented on this subject.

These reports discuss the theory, the methods of analysis,

the methods of prevention, the phenomene Ieading to shaft

failure and che test results. Since 1976 more than 40 pa-

pers have been published on SSo, most of which discuss new

methods for damping SSO.



Subsynchronous oscillation is an electric pol',er system

condition where the el-ectic network exchanges energy with a

turbine-generator at one or more of the natural frequencies

of the combined system below the synchronous frequency of

the electrical system tal. The SSO phenomenon is a result

of interaction between a turbine-generator unit and a series

compensated network, or HVDC converter control-Iers [5], or

power system stabilizers t 6 I . The possibi t ity of mechanical

resonance, due to SSO, exists for the steam turbine-genera-

tors and not for the hydraulic uniLs [7].

The main concerns with the Lorsional oscillations of a

turbine-generator are:

Possibility of shaft damage as a result of torsional

stresses tB]. There are two categories of shaft

failure. One is a result of low amplitude oscillatory

torsional torques in which shaft faiLs in fatigue.

The other rel-ates to hi gh torque levels where the

stress at some locations increases above the endur-

ance I imi t of the shaft mater ial .

Possibility of turbine blade fracture as a resuLt of

interaction between double f reguency electrical-

rorques and higher torsional naLural freouencies o"'

the nechanical svstem oÍ' a curbine-qeneraLo:: unit

tel.

1

2

2



I n the techn ical l- i terature the SSO phenomenon i s ad-

dressed under three titles, namely:

self-excited torsional interaction,

induction generator ef fect, and

transient torque problems.

The self-excited torsional interaction is stimulated as a

result of smaIl amplitude perturbations in power systems.

The transient torque problems are associated with the oscil-

lations of a turbine-generator due to Iarge disturbances in

a power system. It should be noted that in all cases there

is one single phenomenon responsible for SSO. Separation of

the problem into three foregoing aspects is either a result

of emphasis on a certain method of analysis or importance of

particular system parameters [10].

The self-excited torsional interaction is the interplay

between the mechanical system of a turbine-generator unit

and the el-ectricat system. Smal-t amplitude oscill-ations in a

pcwer system can cause simultaneous self-excitation of the

electrical and the mechanical systems aL subsynchronous fre-

quencies. If. the subsynchronous torque component is egual to

or more than the mechanical damping torgue of the rotating

system; the system is electromechanicall¡: self-excited. The

exchange of energy between the eieccrical and the mechanical

sections of a power system is referred as the torsional in-

teraction [11,12] " The induction generator effect is the

2

a
J

3



self-excitation

[ 1 3, 1 4 ,1s, 16 ] .

of the electr ical system alone

Às a resul-t of Iarge disturbances in a power system, high

amplitude el-ectricaÌ torques are imposed on the generator

rotor. Such excessive torgues may result in a catastrophic

shaft failure or a drastic Iife-time reduction as a result

of fatigue process. In the technicaL literature this is re-

ferred as the transient torque problem.

1.2 MOTIVATION ÀND OBJECTIVE

DetaiLed investigations of the SSO phenomenon during the

last 12 years have resulted in the proposed methods to miti-

gate or eliminate the SSO damage to turbine-generator units.

In spite of the efforts that have been involved, and the

diversity of concepts and methods, none of the proposed

countermeasures can be considered to be the best possible

solution for the SSO problem. Moreover, some of the solu-

tions are rather special and suitable only for a certain

system con f i gurat ion or condi t ion .

The objective of this study is to present the technical

feasibility of a dynamically-controlled static phase-shifter

es a new, alternative approach for suppressing the shaft

torsional stresses of a turbine-generator, as a result of

smal-1 signal perturbations and Iarge disturbances.

4



1 .3 OUTLINE OF THE THES I S

The available methods

are briefly explained in

of analysis and suppression of SSO

Chapter I I .

The effect of injecting a dynamically-controlled quadra-

ture phase voltage on the electricaL damping of a power sys-

tem, during smalÌ signal perturbations, is discussed in

Chapter III.

In Chapter IV, two practical- schemes for quadrature phase

voltage injection in power systems by use of static phase-

shifters are expl-ained, and their control algorithms are de-

veloped.

Chapter V covers the results obtained form a detailed di-
gital time simulation study, in order to verify the anal-yt-

ical results of Chapter III. The simulation study is per-

formed on the first IEEE benchmark model [18], using the

Bonneville Power Àdministration (spe) nfectro-Magnetic Tran-

sients Program (elarP) t191.

In Chapter VI, the feasibility of the static phase-shift-

ers for suppressing the shaft torsional torques, due to

Iarge disturbances, is examined.

Finai conciusions¡ major conlributions and suggestÍons

for further research are stated in Chapter VII.

tr



Chapter I I

KNOWN METHODS OF ÀNÀLYSIS ÀND COUNTERMEASURES
FOR SSO

2.1 INTRODUCTION

In this chapter the available methods for t.he analysis of

SSO are reviewed. The theory of operation, ffierits, draw-

backs and the operating experiences pertaining to each coun-

termeasure technique are briefly discussed.

2.2 MÀTHEMÀTICAL MODEL FOR SSO ANALYSIS

Ànalysis of the torsional interaction requires the mathe-

matical model of the power system under consideration.

Fig.2.1 itlustrates the mechanical system of a turbine-gen-

erator unit consisting of six masses: high-pressure turbine

(gp), intermediate-pressure turbine (rp), Iow-pressure tur-

bines A and B (r.pe, LPB), generator rotor (c) and exciter

(sxC). Àssuming the shaft system as a continuous mass, âh

exact mathematical representation reguires the solution of

the elastic behaviour of the whole rotating body. However,

depending on the objective and the required accuracy, cer-

tain simplifications can be made to reduce the complexity of

the mathematical model of the mechanical system.

5



HP IP LPA LPB tt EXC

Figure 2.1 z Shaft system of a steam turbine-generator

For the study of the shaft torsional stresses of a tur-

bine-generator unit, a spring-mass model [20] based on dis-

crete mass representation aIIows the computation of the sys-

tem variables within the required accuracy. Other shaft vi-

brational analysis, i.e. , study of the effect of double

frequency torgue component on the turbine blades, requires

more detailed mathematical modelling of the shaft system'

through the application of finite element techniques

121,221. Such a detailed study was considered to be outside

the scope of the results presented in this thesis. there-

fore, is not discussed any further.

Fíg.2.2 shows the spring-mass representation of the tur-

bine-generator un it of Fig.2. 1 . Applying the Newton' s second

law, the equation of motion for each mass is obtained. The

eguations of motion for a mechanical system consisting of N

masses, constitute a system of N simuLtaneous, second order

differencial eouations witl' constant coefiicients.

The matìreniaiical mooel of the electrical system of a gen-

erator is obtained from the voltage equations of the genera-

tor circuits in the d-q-0 reference frame 123,241. For this

7
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K¡I

D i¡
D¡ D¡

!'lgure ¿. ¿ Spring-mass model of the shaft system of a
turbine-generator

purpose, the generator is represented with three identical

and symmetricalJ-y placed, lumped armature windings, and

lumped rotor windings. The rotor c i rcui ts represent the

field winding and the damper windings in the d-q frame.

combination of the electrical and the mechanical egua-

tions constitute a system of nonlinear, second order, con-

stant coefficient differential eguations which describes the

complete behaviour of. the turbine-generator.

2.3 METHODS OF ÀNALYSIS FOR SSO

The availabl-e methods f or SSO analysis are:

eigenvalue method,

frequency scan method,

complex torque coefficient method, and

oigitai time simulation techniques"

The f irst three of the above are analyiical- methods which

utilize numerical techniques for practical system confígura-

tions. nigital computer methods utilize a step-by-step nu-

I

2

3

4

oI



merical integrat ion technique to solve the system of nonl i-

near di f ferent ial equat ions .

2.3.1 Eiqenvalue Method

by

el

The modal data 14,25 I of a

performing a modal analysis

of the mechanical system.

turbine-generator is deduced

[20] on the mathematical mod-

For simpJ-e polrer system configurations, the voltage egua-

tions of the Iine components are obtained in the d-q refer-

ence frame 126) and combined with the generator mathematical

model. Then an eigenvalue method is applied to obtain the

eigenvalues of the linearized equations. This mathematical-

ly laborious method is not feasible in the following cases:

system has more than one turbine-generator

2

3

when the

unit,

when the

ered, and

when the

nected ne

effect of several controllers are to consid-

generator is supplying power to a mesh con-

twor k .

However, an eigenvalue analysis can be applied to

going cases / provided consioerabie simpli f ications

the fore-

are made.

9



2.3.2 Frequency Scan Method

The frequency scan method 127) determines the system

impedance viewed from the terminals of the generator under

study. The frequency scan method is an approximation method

r+hich i s used to screen out those system condi t ions which

are potentially dangerous with regard to SSO l2B). AIso it

is used to identify those parts of the system which do not

influence the SSO phenomenon.

The ,f reguency scan method can be used to study the el-ec-

trical seLf-excitation of one machine at a time. The genera-

tor under study is represented by its induction generator

equivalent circuit, and other machines are approximated as

voltage sources behind reactances 1291. The transmission

Iines and loads are represented by equival-ent impedances at

the given stator frequency. The electrical self-excitation

is predicted from the plots of the system resistance and re-

actance as functions of freguency. Since the freguency scan

method neglects the ef fect of mechan ical osc i llat i ons , i t

cannot identify the self-excitation as a result of torsional

interaction.

2.3.3 Comp lex Torgue Coefficient. Method

The lorsional oscillations of a turbine-generator can be

predicted by comparing the efectrical damping with the me-

chanical damping at the shaft modal frequencies. This is

10



achieved by calcuLating the net damping, using the complex

torque coefficient method [30,31 ]. The complex torque coef-

ficient method can be used to investigate the effect of im-

portant system parameters on SSO. Another advantage of this

method is that it can be used for the analysis of meshed

power systems [32 ] . This method is applicable on)-y f or the

analysis of power system dynamics due to small signal dis-

turbances.

2.3.4 niqital Time Simulation Techniques

For the prediction of the behaviour of a power system,

subsequent to severe electrical disturbances or small- signal

perturbations, a digital computer program can be used to

soLve the system equations in the time domain. The behav-

iour of a power system during small signal perturbations can

also be obtained by solving the linearized mathematical mod-

el of the system around the operating point. The sol-utions

which are obtained from the l-inearized equations have the

following Iimitations:

The Iinearízation method is an approximation ap-

proach, theref ore, the results are valid onJ-y f or

smal-Ì amplitude csci]Lations and not for ì-arge dis-

turbances.

The linearized mathematical model can be obtained if

the physical system is fairly simple. When the system

consists of more than one generator, several control-

1

2

11



lers , anð./or meshed networks, the Iinearization meth-

od is not feasible.

The mathematical model- of the thyristor-controlled

devices are approximated by l-inear transfer functions

which neglect the switching effects of such devices.

The physical nonlinearit ies can not be easiJ-y includ-

ed in a linearized mathematical- model.

The above mentioned difficulties are overcome by using

digital computer programs which are applicable to a broad

range of machine-network problems.

The Electro-Magnetic Transients Program t33l is a widely

used state-of-the-art program for the digital time simula-

tion study of the machine-network problems. The EMTP solves

the differential equations of the t.urbine-generator by a nu-

merical integration [34,35] and interfaces the results with

the solution of the rest of the system [36,37]. Furthermore'

in the EMTP provisions are made to incorporate the physical

nonlinearities of power systems.

2.4 COUNTERMEASURES FOR SSO PROBLEMS

À back-up relaying scheme is necessary to detect and re-

move the unit from service in the case of an unforeseen

f ai l-ure of the countermeasure used f or SSO [39,39 ] . Coun-

termeasures for SSO are classified as:

3

4

12



2

countermeasures for

countermeasures for

torques, and

osc i l-Iat ions.

trans ient

susta i ned

2.+.1 Control of Transient Torques

High amplitude transient torques resulting from Iarge

disturbances in power systems, are more difficult to control

as compared with the problem of sustained SSO. In a series

compensated system, bhe magnitude of Lhe transient torques

are limited by using a lower level of over-voltage protec-

tion devices across the series capacitor l+1,42). AIso, the

adverse effect of severe torsional torques can be reduced by

instatling damping devices in the control circuitry of the

series capacitor 142,43).

2.4.2 Control of Sustained SSO

The available methods for mitigating the SSO problems, ês

a result of smalI perturbations, are base on the utilization

of : (1) static blocking f il-ters, (2) dynamic f ilters, (3)

dynamic stabilizers, (4) HVDC converter controllers, (5) se-

ries capacitor control, (6) excitation control and, (7)

static var systems.

2.t;.2.i Static Biocf:ing Filters

The purpose of the application of the bl-ocking filters is

to prevent SSO currents from entering the generator unit.

13



This is accompJ-ished by introducing sections of high Q par-

alleL resonant circuits, tuned to block the electrical cur-

rents at frequencies corresponding to the torsional modes

144,45,46,47). The filters are installed on the neutral ends

of the high-voltage winding of the step-up transformer. The

static blocking filters have been under service in the Nava-

jo Generating Station since 1976 148,49). Application of the

blocking filters result in a higher BIL. ÀIso, they have not

been recommended for meshed systems.

2.4.2,2 Dynamic Filters

A, dynamic filter is used to generate a voltage in series,

with egual magnitude, and in phase opposition with the volt-

age produced by SSO [50,S1,52]. À solid-state cycloconverter

can be used to generate the required voltage. The cyclocon-

verter is energized by a synchronous generator and control--

l-ed by a signal- from the rotor speed to provide the required

damping. In contrast to the blocking filters, the perform-

ance of the dynamic filters is independent of the electrical

system parameters. The technical feasibility of the dynamic

filters have been demonstrated by laboratory tests and digi-

tal computer studies, however, there is no system which uses

Lhis method as a countermeasure for SSO.

2.4.2.3 Dynamic Stabilizers

14



The principle

modulate one or

provide positive

of operation of a dynamic stabilizer is to

more of the system variables in order to

damping for SSO.

The modulated inductance stabilizer which principal)-y

uses static var generator hardware with modified controller,

is the first suggested dynamic stabil-izer [53,54]. À modu-

Iated inductance stabilizer consists of three delta connect-

ed reactors each one in series with an anti-paralIeI thyris-

tor switch. This device is in service in the San Juan Plant

[ 55,56 ] .

Thyristor-controlled resistors can be used to damp the

shaft torsional oscillations, as a result of small signaJ.

perturbations and Iarge disturbances in pov¡er systems [57].

A thyristor-controlled resistor bank consisLs of three delta

connected resistors, each one in series with an anti-paral-

IeI thyristor switch. Ànother configuration utilizes a

twelve-pulse converter as the interface between a resistor

bank and the low voltage side of the generator step-up

transformer [58]"

The idea of application of superconductive energy storage

inductor-converter unit has been suggested for damping the

Iow freguency osciltations (hunting) [59]. Àn ambient temp-

erature inductor-converter unit may be used to damp SSO

[60r611, which can also be employed as a controlled var com-

pensator, provided additional controlLers are installed.
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2.4.2.4 Damping SSO by HVDC Converter Controller

The current and the voltage generated due to HVDC con-

verter controllers have frequencies in the range of 5-50 Hz,

which can excite the shaft torsional oscillations 162,63J.

Torsional damping from H\IDC Iinks is obtained by modifying

their current controllers [64,65]. The design procedures of

a supplementary subsynchronous damping control (ssoc) have

been reported in 166,67). In the systems where SSO is ex-

cited by series compensated lines and if in such systems

H\IDC links exist, modifications to the H\IDC controls do not

provide significant damping for SSO.

2.4.2.5 Series Capacitor ControÌ

The methods of damping SSO by controJ-Iing the series ca-

pacitor are: (a) application of a Iine filters, (b) apptica-

tion of a bypass damping filters and (c) application of the

thyristor-controlled series capacitor, which is referred as

the NGH Scheme (N.C.Hingorani's Scheme). À Iine filter is a

reactor connected in parallel with the series capacitor to

block the flow of subsynchronous current at the specified

frequency. In principle, this approach is similar to the ap-

plication of the blocking filters. There is no project uti-

Iízing this technigue.

À bypass damping

the series capacitor

connected in parallel

an induct ive-resi st ive

f ilter is
to act as

ac ross

bypass

16



path

This

for the subsynchronous

method has been employed

current Idiscussion of 47].

in a number of installations.

The basic circuit for one phase of the NGH scheme [68,69]

consists of a resistor in series with an anti-para1Ie1 thy-

ristor switch, connected across the series capacitor. When

the half cycle of the capacitor voltage exceeds the set

time, the thyristors are fired in order to discharge the ex-

cess energy through the resistors and to prevent the line
participation in SSO.

2.4"2.6 Damping SSO by Excitation Control

Power system stabilizers (psS) have been used to damp the

low frequency power system oscillations by modulating the

generator excitation [70]. The damping provided by PSS is

used for: intertie ( inter-area) oscillations L71) and local

oscillations 1721. PSS may exhibit destabilizing effect on

the shaft torsional oscillations [73]. Because of the de-

stabilizing effect of PSS at some frequencies, torsional
filters 174) are provided in the stabilizer Ioop. The desta-

bilizing effect is more pronounced when the rotor speed is

used as the feedback signal. On this account an active

search f or al-ternat ive ll5 ,7 6 ,77 ] or complementary s ignals

178,79,80,811 is to be noticed in the literature. The damp-

ing effect. of PSS has been employed at the Navajo PIanL to

augment the damping provided by the static blocking filters

[ 48,49 ] .
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2,4.2.7 Damping SSO by Static var Systems

Enhancement of transient stability, voltage control and

damping low frequency oscillations by means of static var

systems have been extensively reported. À recent study dem-

onstrates the feasibility of static var compensators for

damping torsional oscillations [421, through modification of

the controls of the existing compensators.
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Chapter I I I

NEW TECHNIQUE FOR DÀMPING SSO BY USING STÀTIC
PHÀSE_SHI FTERS

3. 1 INTRODUCTION

rn this chapter the effect of thyristor controrred phase-

shifters on the erectricat damping of power systems is stud-
ied. Based on the results obtained, a new method for sup-

pressing the shaft torsional torques of turbine-generators
is suggested. The comples torque coefficient method and an

eigenvarue analysis method are used to examine the effect of
quadrature phase vortage injection on the unstabre modes of

torsional oscirrations of the turbine-generator units. The

studies are performed on the first IEEE benchmark moder for
subsynchronous oscillation studies.

The analytical results show Lhat the injection of a dy-

namicarry controlled quadrature phase voltage, proportional
to the rotor speed deviation from the synchronous speedr cân

stabirize the torsional- oscilrations of the first IEEE

benchmark modeI.
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3.2 THE STUDY SYSTEM

In order to compare the static phase-shifters with those

methods used by other investigators for damping SSO, the

analytical studies in this chapter and also further detailed

investigations by a digital time simulation study, are con-

ducted for the first IEEE benchmark system t181. Further-

more I a comprehensive data on the torsional modes and zones

of instability of the IEEE benchmark is available t831.

The first IEEE benchmark model consists of a two-pole

892,4 MVÀ turbine-generator, connected through a 500 kv se-

ries compensated transmission line to an infinite bus. The

shaft system of the turbine-generator comprises six masses:

high pressure-turbine (gp), intermediate-pressure turbine
(rp), two low-pressure turbines (r,pe, LPB), generator rotor
(c) and exciter (exc). À spring-mass model representation of

the mechanical system is utilized for the torsional studies.

The mechanical data of the turbine-generator is given in Ap-

pendix À.

The electrical data for the generator is presented for a

two axes model, with one damper winding on the d-axis and

two damper v¡indings on the q-axis. The electrical data for

the generator, in perunit values based on the generator MVÀ,

is given in Àppendix B.

The transmission system

of a three-phase 26/520 kv

of the benchmark model

step-up transformer,

consists

a three-

20



phase 500 kV series compensated transmission line which is

divided into two sections by the series capacitor. The infi-

nite bus is represented by a three-phase voltage source with

zeÊo impedance at aII frequencies. The electical dat.a of

the transmission system, in perunit values, is also provided

in Appendix B. The first IEEE benchmark model is character-

ized by four unstable torsional oscillatory modes at 15.7,

20 .2 , ?5 .5 and 32.3 Hz.

The generator rotor oscillations due to a disturbance in

a power system, result in the generation of an oscillatory

eLectric torque of the rotor oscillation frequency. The

phase and the amplitude of the oscillatory torque are deter-

mined by the system parameters. When the frequency of the

rotor oscillations is equal to the synchronous frequency mi-

nus the electrical system natural frequency, the oscillatory

electrical torque is in-phase with the rotor speed deviation

and causes negative damping [29,53]. This negative damping,

introduced aS a consequence of the interaction between the

electrical and the mechanical systems, is the cause for the

torsional torques instability.

3.3 DAMPING SHÀFT TORSIONÀL
MODULATION

Intuitively, production

electrical torque in phase

torque produced by the rotor

OSC I LLÀTI ONS BY ÀCTIVE POWER

of an additional oscillatory

opposition to the electrical

oscillations, should cause po-
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sitive damping for the generator rotor. One method to imple-

ment this technique is to modulate the generator output pow-

er. The generator shaft speed can be measured accurately.

IL contains all the modal frequencies, and during torsional

oscillations is in-phase with the oscillatory electrical-

torque. Thus, the shaft speed can be used as the required

feedback control signal. Modulation of the generator power,

proportional to the rotor speed deviation, generates an

electrical torque which provides a positive damping at the

corresponding mode of the torsional oscillations [57]. Mod-

ulation of the generator power by means of inductor convert-

er units and dynamic resistors have been reported in the

I i terature

3.3.1 New Tec hn ioue Emplovinq Stat ic Phase-Shi fters

Àn alternative approach to moduÌate the output power of a

generator is to introduce a phage shift in the generator

terminal voltages, proportional to the rotor speed devia-

tion. À three-phase thyristor-controlled phase-shifter unit

can be used for the purpose. Injection of a lead-Iag quadra-

ture phase voltage at the generator terminals, changes the

effective phase angle between the generator and the system

voltage. This results in the power modulation, which pro-

vides positive damping for the shaft oscillations during

both half-cycles of the torsional oscillation Ig¿,gS].
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The thyristor-controlled phase-shifters

injection of the quadrature phase voltage

Chapter 4.

In Fi9.3.1, r and xtr
tance and reactance,

reactance, and x is
c

capac i tor .

proposed for the

are described in

are the step-up transformer resis-

and x are the line resistance and
L

capacitive reactance of the series

the gen-

the net-

c on stanL

3.4 COMPLEX TOROUE COEFFICIENT METHOD

The complex torque coefficient method [3i ] is used to re-

veal the positive damping effect of the quadrature phase

voltage injection on the torsional oscillations of the IEEE

turbine-generator. Fig.3.1 shows the single Iine diagram of

the first IEEE' benchmark model, which is used for this

study. In Fi9.3.1, the quadrature phase voltage injection
is represented as an ideal controlled voltage source.

Figure 3.1: Single Iine diagram of the sysbem studied

v
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v
X
c

X
tr

r
L

(
lr

X
t

ET

r
L

the

Àssuming sustained smal1 signal oscillations of

erator in the system as a result of a disturbance,

work currents and voltages oscillate about their
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val-ues, determined by the system operating point. The rotor

oscillations with the amplitude Ââ and the frequency f, Hz

in the d-q axes appear as a pulsation around the steady-

state value ô between 6- - 
^â 

and O^+ ¡â.-ooo

aô = ne [^91 (3 .1)

where

\ - f. /60 pur
For the sake of simplicity, in this study, time is nor-

malized such that, 1s=2II Ê.=377 pu. In the d-q ref erence

frame, the system variables are represented by two compo-

nents: a constant term corresponding to the fixed operating

point plus a term with prefix Â which indicates small chang-

es.

¿e = ¿â .JÀc

The

Eqn. 3.2

complex torgue

t311.

^T =K(JÀ)ô6--ee-

coefficient K (j À) is defined by
e

IK + JrD
^ô (3.2)e e

where 
^T 

= Re[ôT ]e-e

In Eqn.3.2 ATe is the complex phasor of the oscillatory
electrical torque and is obtained by linearizing the torque

expression, Eqn.3.3, around the system operating poínt as

follows:

is the direct axis currenl,
24

r¡ .1oqe ûo to

where i
d

(3.3)



i is the
q

tr. i s the'd

ú is the'q

The relationships

rameters and the

quadrature axis current,

direct axis air-gap fIux, and

quadrature axis air-gap fIux.

of the air-gap fluxes, the generator pa-

stator currents are given by

ü¿ - G(p)v, - xo(n) to

(3.4)

Üo=-xo(n)fo

where xo(p), \(p) and G(p) are the operational impedances

(Àppendix B), r f is the excitation voltage, and

p is the Laplace operator.

From the Iinearization of Eqn.3.3, one obtaines the smalI

signal torque component

AT

The osc illatory
from Eqns.3.4 as

v

vuo ^1 
+f (3.s)

q

components of the air-gap flux are deduced

given by Eqns.3.6.

I *v
fo

f
q qo

(3.0)

d
AI

^r!qo 'd ú
qo

f
do

ôqr
qe

-xãúoo

qo

dod

X

^'{,
= G(p) ôv

f.d

^ú =-x(p)^fqq

- xd(p) oto

q
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The oscillatory electrical torque component in the Laplace

domain as a function of the generator parameters, the oper-

at ing point and the stator currents are deduced f rom

Eqns.3.5 and Eqn.3.6, as given by Eqn.3.7.

ôT ou ô1 +0 
^t 

+c(p)l Àv (3.7)
e qo f.

çrhere Ix X (p)l I
qo

d qq

oo qd

ô E - x (p)l
q do

Iv foq Ixd

Small signal changes in the field voltage, Arf, due to the

rotor oscilLations, is determined from the transfer function

of the excitation control. Thus, by calculatingÂi¿ and Oto

as functions of the rotor small arnplitude oscillations, and

subst i tut ing the Laplace operator p by jÀ in Eqn. 3 . 7 , the

complex torque coefficient in the general form of Eqn.3.2 is

obta i ned .

The oscillatory stator current components are obtained by

developing two sets of smaII signal voltage equations for

the generator and the transmission system in the d-q frame,

as functions of the stator currents, and eliminating the

voltage components in favour of the current components. For

this Durpose the smaIl sj.gnal vol-tage components of all- the

system eÌements in the d-q reference frame must be devel-

oped.
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3.4.1 Generator Voltaqe Components

The generator terminal voltage in the in the d-q frame is

expressed by

t"f 
d

d*ãúav -o r|
d q

where t" i s the stator res i stance ,

(¡ i s the rotor speed.

The oscillatory components of the

result of the rotor oscillations,
ing Eqns.3.8, as given belovr:

. å; ,00, ôü

(3.8)

and

generator voltage, âs a

are obtained by lineariz-

v rl +oJ
dúo**ûo

qaq

d 'aôv At

AI

¿-{q q

d* d. ( ôúd)

Small

place

flux

ôv
q

signal

doma i n

=-r

c omponen t s

a

voltage components

are obtained from

from Eqns.3.5.

q + üdo år,oo, oüo * f; tovol

(3.e)

+

of the generator in the

Eqns.3.9, by substituting

c(p) Av, + P ôô (3.r0)
- 

'1,

La-

the

s¡here z =r +pX
""r'o"ll^,,1.1,1d

(p)

d

q

ôv

ôv

z

z

911

c2L

tl,
qo

do

cll

x (p)

a

z
cL2 q
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, _ xo(e)

Z (p)
c22 q

voJ-tage equation of the transmission system, (nig.3.1),

given as:

(3.11)

zgz

v-?l*v
--c

d

dE
v-v =r1*x-Nr-r

5=(v*o+J

v-?

X+r
a

p

The

iê

shere

where

rEr+r
E

tx

! =(f¿+J

-.c

Èr L

=x*xtrL

is the complex

is the complex

is the complex

is the complex

voltage, and

is the complex

(t¿ *1v)e-q

:

-N

i
-c

phasor

phasor

phasor

phasor

of

of

of

of

the

the

the

the

generator voltage,

infinite bus voltage,

staLor current,

series capacitor

phasor of the injected voltage.

J(È+ôô)

j(E+Àô)

j(r+^6) (3.12)

J(r+^ô)

J(E+aô)

P

v

)tNq

1)
q

v(t"d *v

e

J )

)

cq

Pq
(v

pd
+Jv

e

28



The voltage components of the transmission system in the d-q

axesr are obtained by substituting the phasors of the cur-

rent and voltages from Eqns.3.12 in Eqn.3.1 1, and Iinearíz-

ing the deduced equations around the system operating point.

ôv. - ôv--- = r Àl- - x Àf - xd Nd r d c -q --È

ôv(

too l; < ool

d+
dE

( ôrd) * ot"Ox ôv
pdË

qÈNqq

(3.13)

ôv Âv

+ ôt )+ Âv
q Pq

3.4.2 Oscillatory ComÞonents of Network Voltaqe

For the analysis of the machine-network problems, the

variables of each machine must be transformed to the system

gtobal rotating frame by Lhe Iinear transformation:

cos 0 -sln0
T (3.14)

sln 0 cos

In Eqn.3.14, e. is the angle between the quadrature axis of

the machine i and the system reference axis. However in the

case of a single machine system, ês in Fi9.3.1, the s¡zstem

equations wilI have a simpl-er form if aIÌ the variables are

defined in the generator reference frame.

X
^1

r

d
Edr

t d**tldo^1

cq

å, t oo'

x

II

0 fI
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Fiq.3.2 iLlustrates
the d-q reference frame

oscillations, the smalL

finite bus, viewed from

tained from Fig.3.2, as

ôv oô l\l

the infinite bus voltage Phasor in

of the generator. During the rotor

signal voltage components of the in-

the generator rotating frame are ob-

given by Eqns.3.15 and 3.16.

sln( c - 
^6/1)

EV (3.rs)
Nqo ^âNd

Nq

o

ôv oâ l\l

Fig.3.3 shows the generator voltage

injected quadrature phase voltage, v t
-p

frame. Àssuming that the magnitude of

is a fraction of the generator terminal

nents of the injected quadrature phase

by Eqn.3.17 .

phasor, y , and the

in the generator d-q

the injected voltage

voltage, the compo-

voltage are expressed

ô6 (3.16)cos(c Aôzr) = - rNdo
o

V
Nqo

d
vN¿o

Figure 3.22 Network voltage components in generator
d-q axis

3 .4. 3 ComÞonents of I n iected Ouadrature Voltage

q

v
N

ao

-t--r
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v
pd q

pq
v

K

1

-v
d

(3.u)

(3.18)

phase

value

dynami -

q

T
Ppqv

bd

t_

v

Figure 3.3: Components of
generator d-q

d

guadrature phase voltage in
axis

v *ôv
qo

In Eqn.3.17, K is a factor which determines the fraction of

the generator voltage which is injected into the system as

the quadraLure phase voltage. Positive and negative values

of K indicate lagging and Ieading voltages respectively.

The components of the injected quadrature phase voltage,

during smal1 signal perturbations, are deduced by Iineariz-

ing Eqn .3.17 .

ôv +v

ôv *v

pd pdo
(K + ôK)

o

q

d
ôv

do
-vpq Pqo

When the objective is only to inject a quadraLure

voltage, during the system disturbances, the initial

is set equal to zero. Thus, the components of the

ca1ly injected voltage are:

pd
v

qo

K
o

ôv

Av
Pq

=ÂK
-vdo
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When the injected voltage is proportional to the rotor speed

deviation, from Eqn.3.1

d
ôK - I d. tôô co"(Àr - y)l (3 .20)

where g is the

Y is the

cont roI Ie r

control-ler
9arn,
phase

and

shift.

3.4.4 Voltaqe Components of Series Capac i tor s

The voltage

culated from

d

-vdt --c

Av

-c

v
^6+cqo

drop, y, across the series capacitor is cal-

The quadrature components of the voltage drop across the se-

ries capacitor are given by Eqns.3.22, which are obtained by

substituting v and i in Eqn.3.21, and Iinearizing around
-c

the system operating Point.

P
)

p-+1
vÀ6'cdo

2
P

p2+t

xL

+

^1
x

p
,,

p'+r

(3.21)

(3.22)

Ât.d =

cq

c d

It _=- x
p¿+L c

A1
q

p

p2+t
¡ô- I x

p2+r c

2
P,

p'+l
Ât

d ^6
v

cqo cdo

p
a

p'+1
ôt

qcx

c
tXwhere

cqo do
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v
cdo cqo

3.4.5 Oscillatory ComÞonents of Stator Cur rent s

The sma1l signal voltage components of the generator in

the Laplace domain are given by Eqns.3.23, which are ob-

tained by subst.ituting the voltage components from Eqn.3.1 5,

Eqn.3.1 6, Eqn.3.1 9 and Eqn .3.22 in Eqns.3.1 3.

=*x 1

ôv

ôv

d

q

z

zl:::l ^ô+

z
11I r.L2

q

d

zt2l :.22

^ô

+

Af

ô1

tqo

f
^ôdo

qo
ôK

rll r *ox +t't
P

o'*t

I

v

I
z =x x

12I
p +1

t22 ra*pxa*

where z

a

(3.23)
-v do

x
c

ZtLZ = - *a * -T- *
P+l c

tz c

p

p2+l
xc
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The components of the stator current in the d-q axesr ês

functions of the generator rotor oscillation angle and the

system controller parameters, are obtained by substituting
the generator terminal voltage, Egn.3.1 0, in Eqn.3.23.

Àf

where I =

The real and

f ic ient are

ll::.1^'.u-'l
^f d p-I

d
0

óq
p

G(p) Âv z-t
qo

^ô

AK (3.24\

Iq

p
I+z

rI -tdo

z +z z +z
811 rlt cl2 rI2

zg2l + zcz| zeZZ
22

+

the imaginary parts of the complex torque coef-

deduced by substituting the current components

z t

from Eqns .3.24 and p=jÀ in Eqn.3.7 .

3.5 ELECTRICÀL DAMPI NG CONSTANT

The magnitudes of the efectrical spring constant n" and

the electrical damping D" rt" dependent upon the operating

point and the parameters of the system. The mechanical

damping of the rotating masses is also dependent upon the

system operating point. Under aIl operating conditions, the

mechanical damping of the shafL sysLem has a positive value.

However, the electrical damping can exhibit negative values,
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depending on the system operating point, the parameters and

the frequency of perturbation. When the magnitude of the

negative electrical damping exceeds the positive mechanical

damping value, the system wiII experience an unstable mode

of operation. À plot of the electrical damping as a function

of frequency, can reveal the regions of unstability, corre-
sponding to the system operating point.

Fig.3.4 and Fig.3.5 show the variation of O" and n" ot

the first IEEE benchmark modelr âs functions of the rotor
oscillation frequency. The curves shown in Fig.3.4 and

Fig.3.5 vrere obtained under the conditions discussed below.

The excitation voltage is held constant, Avf=0.0.

The controller of the quadrature phase voltage source

is inactive, g=0.0

For aIl different values of the series capacitor, the

operating point corresponds to the rated MVA.

1

2

3

The unstable

benchmark,

309", 509" and

stimulated at series

respect iveIy.

of the first IEEE

compensation levels

torsional oscillatory modes

we re

g 0e"

Fig.3.4 indicates that even when the series capacitor is
not in service, the system exhibits a negative electrical
damping in the frequency range of fr>28 Hz. The negative

magnitude of the electrical damping at the shaft torsional
frequencies increases as the series compensation leveI
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approaches those values which cause electrical oscillat,ions

at the complementary frequency of the mechanical natural

frequencies. with increase in the leve1 of series compensa-

tion, the range of negative electrical damping shifts to-
wards lower frequencies. For the first IEEE benchmark model,

the maximum negative electrical damping occurs at a narrow

range of freguency, corresponding to the first mode of tor-
sional oscillations (f=15.2 Hz).

Fig.3.6 shows the electrical damping of the system, when

a dynamically controlled quadrature phase voltage propor-

tional to the rotor speed deviation is injected in the sys-

tem. The generator delivers the rated MVÀ and the series

compensation level is set at 80.0e". The electrical damping

constants for different values of the controller gain and

the phase-shift, over the subsynchronous frequency range

rirere calculated. The results indicate that f or the f i rst
mode of torsional oscillations (15.5 Hz), the positive elec-

trical damping with smooth variation over the subsynchronous

frequency range is obtained when the controller injects a

quadrature phase voltage proportional to the rotor speed de-

viation and introduces a phase lag in the range of 5-17 de-

grees. Fig.3.6 shows the electrical damping for three dif-
ferent values of the controller gain, when the controller
phase lag is adjusted at 10 degrees.

Fig.3.7 and

constants when

Fig.3.8 depict the system electricaL damping

the series compensation leve1s are set at
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5Oeo and 3Oeo respect iveIy. The generator deI iverS the rated

MVÀ and the controller phase lag is 10 degrees. The effect

of the controller phase-shift on the electrical damping, for

different magnitudes of t.he controller gain was examined.

The results show that at 50.0e" and 30.0e" compensation lev-

eIs, positive electrical damping over the subsynchronous

frequency range can be obtained, when the controller phase-

lag is between three to 21 degrees.

Figs.3.6-B reveal that injection of the quadrature phase

voltage, proportional to the rotor speed deviation with

proper phase and gain can provide positive electrical damp-

ing for a1I the torsional modes. Àssuming under torsional

instability the generator speed can rise up to 0.0'1 PU,

Eqn.3.25 indicates that in jection of 6.0e" of the system

line-to-ground voltage, in quadrature phase' can suppress

the unstable oscillatory modes.

l¿"1 lg nr,rl = 6.0 x 0.01 = 0.06 pu (3.2s)

In practice a higher magnitude of the quadrature voltage

might be needed to provide the required damping effect. This

is due to the non-continuous operating nature of the devices

used to inject Lhe voltage. However, the shaft torsional os-

cillations can be suppressed even with a smal-ler magnitude

of the injected voltage, provided thaL the oscillations are

detected before the shaft speed deviation reaches 0.01 peru-

nit.
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3.6 EIGENVALUE ANÀLYSIS

Àn eigenvalue analysis is performed on the first IEEE

benchmark model to investigate the effect of the proposed

damping method on the unstable modes of the Lorsional oscil-
lations, and to determine the decrement factors of the os-

cillatory modes. For this purpose, the system of nonlinear

equations, representing the electromechanical system of the

first IEEE benchmark, is developed and linearized around the

system operating point. The small signal behaviour of the

system is determined from the characteristic matrix of the

Iinearized equations.

6

6

3

3 1.1

System Equations

Dynamics of Mechanical System

equations of motion of the six-mass mechanical system

first IEEE benchmark model are given by Eqn.3.26.

(3.26)

The

of the

where I = I ån, ãt, ôrro 6t ru ¡; år*. l'
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T

ELE

vector of acceleration'

vector of speed,

vector of position,

vector of input mechanical torques,

vector of electrical torque,

matrix of moment of inertia (Àppendix C),

matrix of mechanical damping, and

matrix of stiffness (Àppendix C).

form, Eqn.3.26 is represented as:
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The numerical values
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Appendix À.
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of the elements of

the generator MVÀ

(3.27)

the matrices M and K

rating, are given in

T

I
1

g

M

gI
6

j

t
ô

+

T{n --€.

I0
r¡here g

I

K I_M

3.6.1.2 Synchronous Machine Electrical Dynarnics

balanceo operating conditions, the

the d-q axes , f or the I EEE benchrnar k

voltage equa-

generator are:

td=
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where L is the matrix of the generator

(Appendix c) .

À state space representation of the

model is obtained by substituting
Eqn. 3.29

i nduc tances

generator electrical

'Jl from Eqn.3.30 in

(3.31)

the stator

torque ex-

(3.32)

v
tt+L+f

TELE = ûo to - üo to = !t tt Ht f

3.6.1 .3 Transmission System Dynamics

ô+('

6a
q

-1.-1l'n+6^L^NL]
(r-t

The generator electrical torque as a function of

and rotor currents is obtained from the general

pres s i on

The voltage equations in the generat,or

transmission system (rig.3.1 ) are obtained

v

where t 1S

x 15
t

The voltage

Eqn.3..21 a's !

axes for the

Eqn.3. 1 1 .

Nd
x

f
v

cd pd

(3.33)

tNq I * x t-qcd *tl pq
+

the transmission system resistance, and

the transmission system reactance.

drop across the series capacitor is deduced from
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The controller is represented by a

as shown by Eqn.3.35.

gain and a time constant,

ôK I
I+pT (3.3s)

3.7 CONSTRUCTiON OF SYSTEM MATRIX

The mathematical model of the shaft dynamics is related

to the electrical equations by the rotor speed and the elec-

trical torque. The behaviour of the electromechanical sys-

tem in the general form is described by Eqn.3.36, which is

obtained by substituting the generator voltage components

from Eqn.3.33 in Eqn.3.31, and the air-gap torque from

Eqn. 3.32 in Eqn. 3 .27, and combining Eqns .3.27 , 3. 3 1 , 3. 34

and 3.35.

i=f(x) (3.36)

The small signal behaviour of the system is obtained by lin-

earizing Egn.3.36 around the system operating point.

(3.37)
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the system torsional
constant.
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The elements of À are functions of the system parameters

and the operating point (eppendix C). The elements of the

system matrix À r{ere obtained by making the following three

assumptions.

1. The effect of mechanical damping

2. The governor system is disabled.

3. The excitation voltage during

oscillations is considered to be

The eigenvalues of the system matrix À determine the small

signal behaviour of the power system. The eigenvalues with

positive real parts, indicate growing oscillations, and con-

sequently an unstable operating condition. The maximum po-

sitive decrement factor for each mode of oscillation occurs

at a specific series compensation level, corresponding to

the complementary electrical natural frequency of the tor-
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sional mode. The magnitude of the decrement factor for each

mode of oscillation at a fixed leve1 of series compensation

depends upon the system operating point.

Fig.3.9 shows the real part of the eigenvalues corre-

sponding to the unstable modes of the shaft torsional oscil-
lations of the IEEE benchmark, as functions of the series

compensations leve1. The numerical vaÌue of the decrement

factors (fig.3.9) !¡ere obtained when the generator delivered

the rated MVÀ at the lagging power factor 0.90, and the

phase-shifter was out of service. Fig.3.9 indicates that
the highest value for the decrement factors occur aL the se-

ries compensation level corresponding to the mode one,

f=15.7 Hz. This indicates that the mode one is the most un-

stable mode of torsional oscillations for the IEEE bench-

mark. The numerical val-ues of the decrement factors illus-
trated in fi9.3.9, are in agreement with the numerical

values of the electrical damping constant shown in Fi9.3.6.

Fi9.3.10 shows the eigenvalues of the system matrix À,

corresponding to the unstable shaft torsional modes, when a

dynamically controlled quadrature voltage, proportional to

the rotor speed deviation is injected in the pov¡er system.

Under aIl different compensation IeveIs, the generator de-
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Iivers the rated MVA at the lagging power factor 0.90, and

the control-Ier gain and time constant are set at 9=9.0 and

T=0.001 5. Fig. 3. 1 0 shows that the real part of the eigenva-

l-ues corresponding to the shaft unstable torsional modes

have negative values, as a result of the injected quadrature

phase voltage. This reveals the technical feasibility of a

static phase-shifter for stabilizing the torsional- modes of

the first IEEE benchmark model.

3.8 CONCLUSIONS

À new' method for damping the shaft torsional oscilla-

tions, based on injecting a dynamically controlled quadra-

ture phase voltage, was presented. the proposed countermea-

sure for SSO, provides the required positive damping by

modulating the generator active power, using the shaft speed

deviat ion as the f eedback signaJ-.

The complex torque coefficient method and an eigenvalue

analysis technique were util-ized to investigate the effect

of quadrature phase voltage injection on the electrical

damping and the decrement factors of the unstable modes of

oscillations of a power system, during small signal distur-

bances. The results from the analytical studies reveal that

the injection of 6.0e¿ of the system line-to-ground voltage,

in quadrature phase, proportional to the rotor speed devia-

tion, provides the required positives electrical damping for

the unstable torsional modes of the first IEEE benchmark.
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Chapter IV

METHODS OF OUÀDRATURE PHASE VOLTÀGE INJECTION

4.1 BÀCKGROUND

The emergence of power semiconductor devices during the

last two decades and the replacement of mechanical switches

by fast acting thyristor valves, indicate a wider range of

application of the phase-shifting and on-load tap changing

transformers in power systems. The steady-state power fLow

regulation of power systems by means of conventional phase-

shifters is a common practice t86]. The operation of a con-

ventional phase-shifter is characterized by a high response

time as a result of the inertia of the moving parts, and

high level of maintenance due to mechanical contacts and oil

deterioration. If the speed and the controlability is im-

proved, the phase-shifters may be used for the enhancement

of transient stability and damping the shaft Lorsional os-

cillations due to small signal perturbations and large dis-

turbances.

The technical drawbacks of the conventionai phase-shift-

ers can be overcome by the use of thyristor valves instead

of mechanical switches [82 ]. However, utilization of the

static switches with the principle of operation of the con-
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ventiona)- phase-shifters requires that the static valves to

withstand aIl the system abnormal conditions, and a large

number of thyristors are necessary to provide a desirable

range of phase shifting. To avoid the foregoing difficulty,
phase shifting can be achieved by using either the point-on-

lrave control method [88 ] or the discrete step method t891.

Transient stability enhancement by introducing a rapid

phase-shift in the system voltage was first suggested in

1973 [90], without indicating the method to realize a fast

changing phase-shift. Based on quadrature phase voltage in-
jection, by means of the thyristor-controlled phase-shift-

ers, a method ot. transient stability enhancement in power

systems has been suggested in l9l ,92,93J.

There are two practical schemes for the thyristor-con-

trol-1ed phase-shifters. In the literature they are referred

as the point-on-wave controlled phase-shifter and the dis-

crete step controlled phase-shifter.

4,2 POINT_ON_WAVE CONTROL METHOD FOR PHÀSE SHIFTING

Fig.4.1 shows the schematic diagram of one phase of a

static phase-shifter which injects a continuously adjustable

voltage in a system by controlling the firing pulses of the

thyristor switches [ 92,94]. The excitation transformer ET

provides the quadrature phase voltage, and the series boost-

ing transformer BT injects the required quadrature phase

vo I tage

s1



S

*Vq

S1

F i gure

BT o

4.12 Sing1e line diagram of one phase of a
point-on-wave control phase-shifter
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in the system. Thyristor switches S1 and S3 are referred as

the boosting and the bucking switches respectivel-y. The cur-

rent path for the boosting transformer, during the time in-

tervals when the phase-shifter is inactive, is provided by

the thyristor switch 52. The magnitude of the injected voLt-

age is adjusted by controlling the firing angles of the thy-

ristor switches 51,52, and 53. If only the boosting or the

bucking mode of operation is required, the phase-shifter is
equipped with either switches S'1-S2 or S3-S2 respectively.

The principle of operation of the point-on-wave controlled
phase-shifters is described in Àppendix D.

4.3 DISCRETE STEP CONTROL METHOD FOR PHASE SHIFTING

Fí9.4.2 shows the schematic diagram of one phase of a

static phase shifter which introduces a phase shift in the

voltage of a power system, in discrete steps. The maximum

number of the steps is equal to the number of sub-convert-

ers. Each sub-converter consists of a bridge circuit with

antiparallel connected thyristors in each arm of the bridge.

In contrast to the switches S1, 52 and 53 in Fi9.4.1, the

sub-converters are not phase controlled, but the magnitude

of the injected voltage is determined by those sub-convert-

ers which are not shorted. The oucput voltages of the sub-

converters can be of equaL or different magnitudes, depend-

ing upon the turns ratio of the partial windings of the

excitation transformer ET. The principle of operation of

the discrete step phase-shifters is described in Àppendix D.
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4.4 CONTROL SYSTEM FOR TÀTIC PHÀSE_SHIFTERS

The simplified block diagram of the control system for

one phase of the phase-shifters which were discussed in sec-

tions 4.2 and 4.3 is given in Fi9.4.3. The required signals

for the control system are:

1 the shaft speed deviation from

the line current,

the quadrature phase voltage,

the phase angì-e between the

phase voltage.

the synchronous speed,

and

Iine current and the

2

3

4

Based on the magnitude and the sign of the generator ro-

tor speed deviation from the synchronous speed, the control-

ler block determines the magnitude and the lead/Iag of the

quadrature phase voltage to be injected in the system. For

the static phase-shifter which operates based on the point-

on-wave control method, the output of the controller block

determines the conduction angles of the boosting and the

bucking switches 51 and 53. In the case of the discrete step

controlled phase-shifter, the controller bLock determines

the number of steps that voltage must be injecLed and Lhe

mode of operation of the thyristor bridges.

Àfter a disturbance in a power slzstem, the rotor speed

signal contains a low freguency (0.5-2.0 Hz) component, as-

sociated with the hunting mode, âs well as high frequency

speed components as a result of the shaft torsional
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oscillations. Depending upon the level of series compensa-

tion, the system operating point and the severity of the

disturbance, the slower component may dominate the speed

signal. Thus, it is necessary to eliminate the low frequency

from the generator speed signaJ-. This is accomplished by

passing the generator speed through a high-pass filter. For

the turbine-generators with the torsional frequencies in the

range of 12-60 Hz, a high-pass filter with the transfer

function

H, (e) 0.0177p(l + 0.OO88p)
(4 .1)

1+0.0177p+0.0002p 2

can be used to eliminate the effect of low frequency oscil-
lations on the control system [60].

Fig.4.4 shows the block diagram of the controller sec-

tion. In Fig.4.4 the transfer function with a single time

constant represents the effect of speed transducer on the

control system. The high-pass filter is used to eliminate

the hunting effect on the control system. The compensator

block with the transfer function

1 + 0.01 (4.2)tu, (n ) (1 + 0.0125p)(t + 0.002p)

is used to

compensate

Func t i on

gl'es of the

opt:irnize the

the effect of

phase of the control signal and to

the high-pass filter.

f(^ur), (Fig.4.4),

thy:r i'stor switches

determines the conduction an-

S1 and S3 (r'i9.4.1 ) . Function
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f ( 
^r.^r) 

i s obta ined based on the requi red magni tude of the

quadrature voltage to be injected as a function of the gen-

erator speed deviation. The rms magnitude of the fundamental

60 Hz quadrature phase voltage, injected by the point-on-

rrave phase-shifter, during the boosting and the bucking mod-

es of operation are ptotted as functions of conduction angle

in Fi9.4.5 and Fig.4.6, respectively. The magnitude of the

injected voltage is limited depending on the system poï¡er

factor. Às compared with Fig.4.5, Fig.4.6 shows that for the

same magnitude of the excitation voltage, in the bucking

mode of operation, a higher magnitude of volLage can be in-
jected. However, the phase-shift of the fundamental compo-

nent of the injected voltage in the bucking mode, increases

as the firing angles of the thyristors increase. Therefore,

full conduction angle of of the thyristor switches can not

be utilized and the magnitude of the injected voltage in the

bucking mode cannot reach to the highest values of Fig.4.6.

ÀT 0.90 lagging power factor, changes in the conduction an-

gle from 0 to 60 degrees causes a phase shift in the inject-

ed voltage between 0 to 14.2 degrees respectively.

Graphical representation of f (Ar¡) during the boosting and

bucking modes of operation are given in Fig.4.7 and Fig.4. B.

The numerical values for Fig.4.7 and Fi9"4.B are for the

cases when the power factor is 0.90 lagging, the excitation

voltage of the static phase-shifter is 6.Oeo of the system

phase voltage and Lhe controller gain is set at 9=9.0. When

the quadrature voltage is injected in discrete steps, f (At¡)
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represents the number of steps as a function of speed devia-

tion. Fig.4.9 illustrates f (Ao ) when the guadrature voltage

is injected in four egual steps, each step 0.6s" of the sys-

tem phase voltage and the controller gain is adjusted at

g=9.0 .

The performance

ing SSO, wiIl be

Chapters 5 and 6.

of the proposed control system for damp-

examined by digital computer studies in

4.4.1 Speed Measurement

The positive damping effect of a stabic phase-shifter for

mitigating the shaft torsional oscillations of a turbine-

generator unit is significantly affected by the phase and

the gain of the control system. Therefore, the time constant

of the speed transducer, as a result of the method used for

the speed measurement, has a decisive impact upon the decre-

ment factors of the torsional modes and the system stabili-

ty.

In practical systems, the shaft speed deviation is ob-

tained from a multi-toothed wheel. The instantaneous shaft

speed is achieved by mounting the precision toothed wheel on

the shafL, and detecting the teeth Íreguency by a magnetic

pick-up t961. Àn FM demodulator is used Eo extract the the

torsional frequency from the toothed wheel frequency.
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When the turbine-generator under consideration is

equipped with the torsional monitoring system (r¡¿s) 197,98),

the output signals from TMS can be used to obtain the in-

stantaneous speed deviations of the rotor.

4.5 CONCLUSIONS

Two practical schemes of the thyristor controlled static
phase-shifters for injecting quadrature phase voltage in a

pov¡er system are briefly explained. À control method for

Lhe static phase-shifters is suggested whi'ch can be utilized
to provides positive damping for SSO.
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Chapter V

SIMULÀTION OF SMÀLL SIGNÀL OSCILLÀTIONS IN THE
TIME DOMÀIN

5.1 INTRODUCTION

In order to verify the analytical results of Chapter fV,

a digital simulation study is performed on the first IEEE

benchmark model, and the effect of the dynamically control-
Ied phase-shifters on the unstable modes of oscillations of

the turbine-generator is examined. The BPArs ElectroMagnetic

Transients Program (sMrp) is used for the digital computer

simulaLion of the: turbine-generator , transmission line,
transformers, thyristor valves and control circuitry.

The two available control methods for the static phase-

shifters, i.e., the point-on-wave and the discrete step are

compared and their damping effects on the three unstable

shaft torsional modes of the first IEEE benchmark system are

presented. The results of the simulation studies indicate

that injection of a fraction of the system voILage, in quad-

rature phase, can effectively damp all the unstable torsion-
aI modes. Às compareci with the point-on-wave controll meth-

od, the discrete step control method was found to be more

effective for damping SSO.
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5 .2 DIGI TÀL TIME S I MULÀTi ON STUDI ES

The analytical methods for the study of the dynamics of a

povrer system are based on the simplified mathematical repre-

sentation of the system components. Depending upon the oper-

ating nature of the component under consideration, the de-

gree of simplifications which is required to obtain the

Iinear mathematical model, varies in a wide range. Repre-

sentation of those components which utilize static switches,

by Iinearized mathematical equations, requires considerable

simplifications of the real equations. It is a general

practice that for smaIl signal studies, these components and

their controllers are represented by Iinear transfer func-

tions which completely neglect the switching phenomenon of

the thyristor valves. Therefore, the accuracy of the re-

sults obtained from analytical studies are significantly de-

pendent upon the assumptions made to deduce the simplified

equations of the system. Furthermore, in the case of a com-

plicated systems, it would be difficult to estimate the ef-

fect of a particular assumption on the system response.

In order to overcome the foregoing difficulties and to

verify the accuracy of the analytical approaches, it is de-

sirabl-e to compare the analytical results with those obtai-

nable from oiher computational tooIs, e. g. , digital time

simulation methods. The underlying principle of the digital

computer simulation techniques for the analysis of the dy-

namics of a poh'er system is to solve the nonlinear differen-
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tial eguations of the system, using a step-by-step numerical

integration technique.

The ElectroMagnetic Transients Program (eMtp) developed

by the Bonneville Power Àdministration (spe), including the

Transient ÀnaLysis of Control Systens (teCS) is a well known

package for the study of the generator-network problems.

The detailed investigations of pos¡er system dynamics, by the

EMTP, and comparison of the results with the field tests,

establishes the validity of performance prediction of the

power systems by using the EMTP [99]. The EMTP has also

been proven aS an accurate method of analysis for the prob-

lems associated with the subsynchronous oscillations phenom-

enon.

In the EMTP the power system modet incl-udes the typical

components. The TÀCS consists of the digital model of indi-

vidual components found in control circuits. Therefore I a

system can be represented realistically and the flexibility

of the program faciLitates the design and optimization of

the required system parameters. Furthermore. the EMTP has

the capability to calculate and plot all the required system

behaviour indices.

ln spite of the appealing features of the digital simula-

lion techniques for the analysis of power systems, they can

not provide a deeper understanding of the physical phenom-

enon involved. Thus, the Simulation methods are to be con-
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sidered as the

as a substitute

complement of analytical techniques and not

for them.

The EMTP-mode 28 t19l is used for the simulation studies

reported in this chapter. The TÀCS dimensions of the origi-

nal package is insufficient to handle the size of the con-

trol system reguired for the static phase-shifters used in

this study, therefore, considerable effort was made to redi-

mension the TÀCS section to accommodate the control system.

5.3 DIGITAL MODEL OF TURBiNE-GENERATOR

The type-50 dynamic synchronous machine component of the

EMTP-28 is utilized for the digita)- simulation of the IEEE

benchmark turbine-generator. The shaft mechanical system is

simulated as six lumped masses, to which adjacent masses are

connected by spring constants. The masses represent the:

high-pressure turbine (up), intermediate-pressure turbine

(tp), two low-pressure turbines (r,pe,LPB), generator rotor
(c) and exciter (nxc). The type-50 machine model has the ca-

pability for the spring-mass representation up to 10 masses.

The generator electrical system is represented by d-q axes

equations, with the field and one damper winding on the d-

axis and two damper windings on the q-axis.

The digital model- of the turbine-generator

under the following assumptions.

is obtained
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The effect of the mechanical damping of the shaft

system is neglected.

The dynamics of the governor system is neglected.

The field voltage is constant and corresponds to the

rated terminal voltage.

5.4 DIGITAL MODEL OF TRÀNSMISSION SYSTEM

The transmission system consists of a 276 mile Iine, a

step-up transformer, a series capacitor and a three-phase

static phase-shifter. The line is divided in two sections

of 246 and 30 miles by the series capacitor. The transmis-

sion line is represented by lumpedr s€ries R-L elements for

each section.

2

3

The generator

phase star-delta
ing transformers

step-up transformer is modeled as a three-

transformer. The excitation and the boost-

are simulated as single-phase transformers.

The point-on-wave controlled phase-shi fter (r'ig. A. 1 ) and

the discrete step controlled phase-shifter (ríg"a.2) are

used for the digital computer studies, and their performanc-

es are compared. The point-on-wave controlled phase-shifter

can be used to damp the torsional oscillations, by utilizing

only the boosting or the bucking mode of operation. However,

injection of only the boosting or the bucking quadrature

phase voltage is not effective in damping SSO, as compared

with the boost-buck method [100]. Therefore, the results of
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the studies based on injection of onry the boosting or the

bucking quadrature phase vortage are not reported in this
Chapter and this method wiIl not be discussed further.

For the digital computer studies, the thyristor
of the phase-shi f ters are represented by a deta i l_ed

each thyristor valve and its snubber circuit.

sw i tches

model of

5.5 DIGITÀL MODEL OF THE CONTROL SYSTEM

The block diagrams of the control system, for one phase

of the static phase-shifters used in this study, are shown

in Fig.4,3, Fig.4.4 and Àppendix E. The TÀCS provides the

digital simuration of individuar components of the control
circuitry. There are no timitations to t,he number of compo-

nents and their interconnections. The input signals for the

control system are obtained from the EMTP, and the output

signars from the TÀcs are interfaced with the EMTP. In this
study the transfer functions of the high-pass firter and the

compensater are those given in Chapter 4, Eqn.4.1 and

Eqn.4.2 respectively. Functions p'(ao ) for the point-on-wave

controlled and the discrete step controlled phase-shifters
are graphically shown in Fig.4.7, Fig. .8 and FiE.4.9.
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5.6 SIMULÀTION RESULTS

Fig.5.1 shows the decrement factors of the unstable tor-
sional modes of the IEEE benchmark, obtained from the eigen-

value analysis and the digital simulation study. Fig.5.1

shows the results, when the static phase-shifter is out of

service and the generator delivers less than 1.3% of the

rated MVÀ. The decrement factors which are obtained from the

eigenvalue analysis are the real parts of the eigenvalues

corresponding to the unstable shaft torsional oscillations.
The decrement factors from the digital simulation study are

the exponential rate of increase in the system variables,
which are obtained by observing the system time responses.

Fig.5.1 shows that the results from both methods are in good

agreement. Furthermore, the results favorably agree with

those reported in IS41, which have been obtained from a hy-

brid computer simulation study.
5

b
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O
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O
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Decrement factors of
first IEEE benchmark

Figure 5. 1
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5.6. 1 Mode 1 of Torsional Oscillations

The system is initiatly delivering 80e" of the rated MVA

at 0.90 lagging power factor, and the series compensation is

set at 90eo of the line reactance. Àt time t=0.25 s, the com-

pensation level is reduced to 80eo, which causes the firsL

mode of oscillations at f=15.7 Hz. Fig.5.2 illustrates the

system response to the disturbance. In this case as well as

in the subsequent studies, the following variables are plot-

ted:

1. T the torque transmitted
HP- IP

- the torque transmitted
I P -LPA

LpA_LpB the torque transmitted

the torque transmitted
LP B-G

_ the torque transmitted
G-EXC

the air-gap torgue,ELE¡...

f rom

f rom

f rom

f rom

f rom

HP to IP,

IP Io LPÀ,

LPÀ to LPB,

LPB to G,

G to EXC,

2. T

T

T

T

T

3

4

5

6

7 Aô

the speed of HP,

spectively, and

8. v the injected quadrature phase voltage.
q

Fig.5.3 shows the system response to the same distur-

bance, when the torsional oscillations are counteracted by

using the point-on-wave control-led static phase-shifter. The

injected quaorature phase voltage for the boosr'ing and the

bucking modes of operation is 6eo of the system phase volt-

age. In Fig.5.3, v is the instantaneous injected voltage
q

oôn, Aô,,
LPA'aôlpu ' aôa

IP, LPA, LPB,

^1' ^.EXC
c and EXC

, changes in

masses, re-
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in perunit, based on the peak magnitude of the system phase

voltage. Fig.5.a shows the system behaviour as a result of

the same disturbance when the discrete step voltage injec-
tion method is used to suppress the oscillations. The quad-

rature phase voltage is injected in four discrete steps,

each step 0.6eo of the system phase voltage. For the results
of the discrete step voltage injection, VO is the rms magni-

tude of the injected voltage in perunit, based on the system

rms phase voltage. Positive and negative values of V repre-
q

sent boosting and bucking voltage inject,ion respectively.

Às compared with Fi9.5.3, Fig.5.4 indicates that with a

smaller magnitude of the quadrature phase voltage, the dis-
crete step method provides higher magnitude of positiv.e

damping for the torsional oscillations. The lower level of

positive damping provided by the point-on-wave method is a

result of the repetitive switchings of the thyristor valves

at the peak of the injected quadrature phase voltage. The

switching operation of the thyristor valves is equivalent to

a series of disturbances in Lhe system.

Fig.5.5 and Fig.5.6 show the damping effect of the dis-
crete step voltage injection on the same disturbance, when

the voltage is injected in 3 steps of O.Beo, and 2 steps of

1.2%, respectively. Comparison of Figs.5.4-6 indicates that
the injection of the same magnitude of voltage in smaller

steps is more effective for mitigating the torsional- oscil-
Iat i ons .
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Às compared with Fi9.5.3, Fig.5.4-6 show that the injec-
tion of 2.4eo quadrature voltage in discrete steps is more

effective in damping the first mode of oscillations of the

first IEEE benchmark, than injection of 6eo quadrature phase

voltage by using the point-on-wave control method. The re-
sults of several computer runs at di f ferent operat ing

points, and compensation levels in the range of 75-85eo, in-
dicate that injection of 2.4eo voltage, in 0.6eo steps can mi-

tigate the first mode of oscillation of the IEEE benchmark.

5.6.2 Mode -3_ of Torsional Oscillations

The shaf t torsional oscillations at f.=25.5 Hz is the

third unstable mode of oscillations for the IEEE benchmark

model. The mode three is stimulated at compensation levels
around 50e" of the line reactance. Fig.5.7 shows the shaft

torsional behaviour when the compensation level is reduced

f rom 60e" to 50e" at time t=0.25 s. The system is init.ially
operat theing at 80e" of the rated MVA at lagging power fac-

tor 0.90. Fig.5.7 shows that the shaft torques start to

build up, as a result of the disturbance, but with a slower

rate of growth as compared with the mode one.

Fig.5.B shows the shaft torsional
disturbance when the quadrature phase

in the system, using the point-on-wave

tude of the injected quadrature phase

system phase voltage. Fig.5.9 shows the

reSponse

voltage

method.

voltage

shaft

to the same

is injected

The magni-

i s 6e" of. the

77
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the same disturbance when 2.4ea quadrature phase voltage, in

equal steps of 0.6eo is injected in the system. Às compared

to Fig.5. B, Fig.5.9 shows that the discrete step voltage in-
jection method provides the required damping with a smaller

magnitude of the in jected voltage ( 1 . Be") . The simul-ation re-

sults at different operating points and compensation leveIs

in the range of 45-55eo, revea] that the injection of 2.+e"

guadrature phase voltage in 4 steps of 0.6eo can effectively

damp the third mode of torsional oscillations of the IEEE

benchma r k .

5. 6. 3 Mode 4 of. Torsional OsciLlations

The mode four of the torsional oscillations of the IEEE

benchmark (f.=32.3 tlz) is stimulated at a series compensation

level, around 30eo of the Iine reactance. Fi9.5.10 il-lustrates

the shaft response of the turbine-generator unit to a sudden

drop in the compensation level from 40eo to 30eo, at tirne

t=0.25 s. lnitially, the generator delivers 80e" of the rated

MVÀ at the lagging power factor 0.90. Fig.5.11 shows the

damping effect of the point-on-wave controlled quadrature

phase voltage injection on the shaft oscillations for the

same disturbance. The magnitude of the injected quadrature

phase voltage during the boosting and bucking modes of oper-

ation is 6."a of the system phase voltage. Fi9.5.12 shows the

shaf! response to the same disturbance, when 1.2e" of the

system phase voltage is injected in two steps of e"6.
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The simulation studies were repeated at different operat-

ing points and series compensation levels in the range of

25-35e". The resul-ts show that injection of 1.Beo, of the sys-

tem voltage, in three steps of 0.6eo can damp the mode four

of the torsional oscillations of the IEEE benchmark.

5.7 CONCLUSIONS

A detailed digital time simulation study vras conducted on

the first IEEE benchmark model, in order to demonstrate the

feasibility of the static phase-shifters for damping the

torsional oscillations of the benchmark turbine-generator.

The simulation results indicate that injection of 2.49a of

the system phase voltage, in four steps of 0.6eo, can sup-

press the unstable torsional modes of the IEEE benchmark mo-

dell. The same damping effect can be obtained by using the

point-on-wave control method, but the magnitude of the in-
jected voJ.tage should be increased to 6eo of the system phase

voltage.
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Chapter VI

DÀMPING TRÀNSTENT SHAFT TORQUES USING A STATIC
PHÀSE_SHI FTER

6.1 INTRODUCTION

In this chapter the shaft torsional- stresses of turbine-
generatorr âs a resuft of large disturbances in power sys-

tem, are discussed. The effect of a three-phase fauIt, fault
clearing, and its successive automatic fast recl-osure (suc-

cessful and unsuccessful) on the mechanical shaft torques

are explained. The technical feasibility of a dynamically

controlled static phase-shifter for damping the transient
torgues of large turbine-generator units is examined.

The system studied consists of two paralleI transmission

Iines connecting the first IEEE SSO benchmark turbine-gener-

ator to an infinite bus. The BPÀ's EMTP is used for the di-
gital time simulation studies of the shaft transient torque

phenomenon.

The results obtained from the digital computer studies

indicate thac by use of a staric phase-shifter, substantial
positive damping for the shaft transient torques is ob-

tained, which reduces the risk of shaft damage as a result
of fatigue process.
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6.2 BÀCKGROUND

As a result of switchings in a power system, the shaft

sections of turbine-generators are subjected to transient

torsional torques, caused by unidirectional and pulsating

forces. These incidents may resul-t in severe shaft fatigue

or even catastrophic shaft failure. During the Iast decade,

the effect of severe stresses on the turbine-generator

shaf ts has received considerable attent ion [ 10'1 , 102 ] and

several different aspects of the problem have been studied

in considerable detail.

For many years the design criteria required that only the

stator winding of turbine-generators had to withstand the

stresses due to terrninal three-phase short circuits. How-

ever, the results of extensive studies reveaL that the shaft

sections are affected more than the stator winding, ôs a re-

sult of being exposed to oscillatory torques due to some

switching operations [103]. Severe electrical disturbances

which may result in the loss of life of the turbine-genera-

tor shaft systems, in order of importance are the:

1

2

)

+

transient subsynchronous osc illations [ 1 04 ] ,

out-of-phase synchronization IlOS, 106],

automatic triple-poIe fast reclosíng [ 1 03,1 07 ] ,

three-phase short circuit and its subsequent

clearing [108].

and

fault
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As a resuLt of Iarge disturbances in series capacitor

compensated networks, due to the sustained feedback from the

electrical system which maintaines the shaft torsional os-

cillations; the osciIJ-atory stresses are amplified and may

result even in catastrophic shaft failure. Às compared with

other electrical disturbances, the subsynchronous oscilla-
tions result in higher peak torsional- torques and without

proper countermeasure(s) can grow far above the shaft endur-

ance limit. The principle approach to counteract the sub-

synchronous transient torques is to bypass the series capa-

citor and prevent the electrical system from contributing in

torsional oscillations [40 ].

Due to the net positive damping of the electromechanical

system, the turbine-generator shaft transient stresses with

the exception of subsynchronous transient torques are decay-

ing phenomena. The time required for the peak torsional
torgues to decay to the half of their peak values, is be-

tween 4 to 12 seconds, which depends upon the parameters of

the system, opêrating point, the instant at which the inci-
dent occurs and the type of incident [108]. However as a re-

sult of the low magnitude of the system damping, with each

disturbance the shaft system is exposed to a large number of

alternat ing mechanical peak torgues. Àl-though mechanical

stresses are usually lower than the shaft endurance Iimit,

they can not be treated as isolated incidents, but the accu-

mulative effect of all the stresses on the fatigue process
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of the shaft system, determines

under consideration. Therefore,

magnitudes of the peak torques

cycles during which the shaft

st resses .

the

ir
and

Ioss of life
1S neceSSary

reduce the

of the unit
to limit the

number of the

system may encounter torsional-

6.3 SHÀFT MECHÀNICÀL TOROUES DUE TO ELECTRI CÀL
DI STURBANCES

Due to an electrical disturbance in a power system three

components of electrical torques may be generated, which

are: un idi rect ional torques, system f requency torgues and

double frequency torques. When the shaft system of a tur-
bine-generator is torsionally excited, the shaft sections

are subjected to pulsating torques with different amplitudes

and shapes. The torsional response of each shaft section to
an exciting torque is different, which results in different
mechanical stress IeveIs corresponding to different excita-
tion torques. The investigation results indicate that the

sensitivity of a turbine-generator shaft is highest for the

unidirectional torgues, then the system frequency torgues,

and finally the double frequency torques [108].

The high sensitivity of the shaft sections to the unidi-
rectional torgues is the reason for the high stress l-evels

in the shaft sections, due to the symmetrical electrical
disturbances. Those electrical disturbances which result in

double frequency electrical torque components, do not con-
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stitute a major danger regarding the shaft fatigue process

[109]. However, the double frequency electrical torque may

result in fractures in the turbine blades, as the conse-

quence of resonance between the supersynchronous mechanical

natural freguencies and the double frequency electrical

torque component [9].

The peak magnitude of the mechanical shaft torques as a

result of a fault and its subsequent fault clearing depends

upon the following factors:

type of the fault,
location and impedance of the fault,

the system parameters,

the system conf igurat ion,

the system prefauLt operating point,

the fault clearing and reclosing time intervals, and

the short circuit capability of the system.

The most severe fault for a generator is a close-in three-

phase fault at the generator high voltage bus. Às a resuft

of such a short circuit, the voltage drops to zero and the

generator is not able to deliver power to the network. Dur-

ing the fault interval, the dc and system frequency currents

excite the shaft mechanical torgues. Depending upon the sys-

tem transient stability criteria, the time elapsed before

the fault removal, is in the order of 3-10 cycles (60 Hz

system) . During the short circuit interval, the generator

1

2

3

4

5

6

7

90



rotor accelerates, thus, the rotor phase angle increases

relative to that of the network. The increase in the rotor
phase angle depends upon the mechanical input power which is
determined by the prefault operating point, and the time

elapsed before the fault is cleared. In order to maintain

the system stability and avoid high torsional torques, the

clearing time of the three-phase fauLts should be l-ess than

90 ms t1081.

If the generator is connected to the network by a multi-
line transmission system, with the fault on one of the

lines, ât the instant of short circuit clearing, the return

of the voltage at increased l-oad angle i s equivalent to a

maJ.synchronization, which is followed by severe mechanical

stresses. In the case of a single tied generator, the fault
clearance does not result in additional shaft stresses, but

the generator rotor angle increases by the time that the

generator terminals are open.

In the systems which are equipped with automatic fast
reclosing switches, the reclosure of the faul-ty line has the

most significant effect on the transient shaft torgues. The

reclosure intervaL is selected based on the system transient
stability criteria, and for 50 Hz systems is in the range of

15-40 cycies [107]. À triple-poie unsuccessful reclosure of

a multi-Iine system, subjects the turbine-generator shaft

system to the three-phase short circuit stresses, which are

followed by additional fault clearing torsional torques. De-
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pending upon the time intervals between the first fault
clearance, reclosure, and the second fault clearance, the

peak magnitude of the mechanical stresses can increase above

the permissible varues. under favourable timing conditions,
the shaft torques due to different incidents counteract each

other and the resultant component may have a small magni-

tude. À trip)-e-poIe successful reclosure corresponds to a

sudden appried load which is equivalent to a sudden erectri-
cal torque. Depending upon the switching time intervals, the

peak mechanical stresses vary in a wide range.

À successful triple-pole reclosure of a single tied gen-

erator is equivalent to an out-of-phase synchronization with
a high magnitude of phase difference between the generator

rotor and the network, which causes severe shaft stresses.

In the case of a single tied generator, the load angle in-
creases after bhe fault occurance, during the fault clearing
and reclosing time intervals, therefore, the peak mechanical

torgues are expected to be higher Lhan those of a multi-line
system. However under favourable switching sequence, the

shaft stresses can be limited to smaller values. Further-
more, reclosure time interval has a deterministic effect on

the stability of a single tied generator.

From the foregoing discusston one can conclude that the

proper timing of the switching operations can prevent the

occurance of high mechanical stresses and reduce the fatigue
process in the turbine-generator shaft sections. However,

due to the variation of the parameters of turbine-generators
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in a system and lhe tolerance of the circuit brakers, pre-

cise timing of brakers is not considered as a practical
method to reduce the transient shaft torques to a desired

Ievel. Therefore, countermeasures should be implemented to

prevent the shaft loss of life, due to severe disturbnaces.

A thyr i stor-controlled phase-shi fter, based on the the

same control principle as described in Chapter fV, can be

implemented to mitigate the shaft mechanical stresses during

power system disturbances. To verify the effectiveness of a

static phase-shifter for damping shaft stresses, due to

three-phase faults, fault clearing and automatic reclosure,

a digital time simulation study is carried out, as explained

in the following sections.

6.4 DESCRIPTION OF SYSTEM STUDIED

The power system considered for this study consists of a

multi-mass turbine-generator unit, connected to an infinite
bus through two paralle1 transmission 1ines, Fig.6.'1 . The

turbine-generator and the step-up transformer are those of

the first IEEE benchmark model as explained in Chapter 3,

Section 3.2. Torsional damping effect of the point-on-wave

controlled phase-shi fter, (Fig.4. 1 ) , and the discrete step

controlled phase-shifter, (r íg.4.2) , for different electri-
cal disturbances are compared. When the quadrature phase

voltage is injected based on the point-on-lrave control meth-

od, the magnitude of the injected vol-tage is 16eo of the sys-
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tem phase voltage. In the case of the discrete step control
method, the voltage is injected in four discrete steps of

1.75v" of the system phase vortage. The data for the boosting

and the excitation transformers is given in Àppendix B. The

transmission lines are presented with lumpedr sêries R-L pa-

rameters, Fi9.6.i. Point À on the transmission system indi-
cates the rocation of a three-phase faurt v¡ith the impedance

0.01 perunit.

For the transient torque studies, the magnetic saturation
of the generator and the transformers are included in the

digital computer model- of the system. The opening action of

the brakers are represented by opening at the zeto crossing

of the line currents. The generator fierd vortage is assumed

to be constant, corresponding to the rated terminal voltage.
The appried mechanicar power to turbines are assumed to be

constant at their steady-state operating point values. The

effect of the mechanicar damping of the rotating masses are

neglected.

TI

T2 T3
Zrr=O.O2 + jO.5

zr"=o'oo2+ jo'o5

Zr. =O.006 + jO' 15

Figure 6.1 ¡ Single line diagram of the system for
transient studies
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6

6

5

5

DIGITÀL TIME SIMULATION RESULTS

1 Double Line Conf iqurat ion, Successful Reclosure

6.s.1.1

In Section 6.5, a three-phase fau1t, a three-phase fault
clearing, and a triple-po1e automatic recJ-osure, are re-
ferred as: a fau1t, a fault clearing, and a reclosure, re-
spectively.

Case 1

lnitiaJ.ly, the machine is delivering the rated MVA at

0.90 lagging power factor, through the two parallel Iines,
Fi9.6.1. Àt time t=0.10 s, the system is subjected to a

fault at point A, followed by a three cycle clearing of the

faulty line. Fig.6.2 depicts the system response to the dis-
turbance. The following system variables are plotted:

T the

the

rotor ,

the

power

transmi tted

t ran smi t ted

'1

2

LPA -L PB

T
LPB-G

e rator

T
ELE

P the

and

torque

torque

from LPÀ Io LPB,

from LPB to the gen-

3

4

a i. r-gap torque,

delivered to the transmissioq system,

v the injected quadrature phase voltage.

Fig.6.2 shows that as a result of the fault and its subseq-

uent line tripping, different torsional modes are excited.

5
g
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Fig.9.3 (a ) shows the mechanical shaft stresses for the

same disturbance , when the point-on-vrave controlled phase-

shifter is used to mitigate the excited torsionar stresses.

Fig.6.3(b) shows Lhe system response when the shaft oscilla-
tions are counteracted by the discrete step quadrature phase

voltage injection. Às compared with Fig.6.3(a), Fig.6.3(b)
shows that the injection of quadrature phase voltage, in

discrete steps, is more effective in damping transient shaft

torgues than Lhe point-on-wave control method.

6.5.1 .2 Case 2

Fig.6.a depicts the system variables when the fault and

the line tripping is followed by an additional 15 cycle suc-

cessful reclosing. Às compared with Fi9.6.2, Fig.6.4 re-
veals that as a result of the reclosing action, the peak me-

chanical stresses are considerably increased. Fig.6.5 shows

the shaft torsional behaviour as a result of the: fault,
fault clearing, and successful reclosing, with the sequence

3-15 cycles, when the point-on-wave and the discrete step

voltage injection methods are used as the countermeasures.

Às compared wirh Fig.6.5(a), Fig.6.5(b) shows that the in-
jection of a smaller voltage, in discrete steps, results in

shorter Iife-time of the torsional torgues, and the shaft

system is subjected to less number of peak torgues. ÀIso,

the maximum stress l-evel is less in Fig.6.5(b), as compared

with Fig.6.5(a).
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6.5. 1 .3 Case 3

At each operating point the influence of the reclosing

action on the shaft stresses depends upon the instant of

recJ-osing. Fig. 6.6 shows the system behaviour to a f ault at

t=0.10 s, followed by a fault clearing and a successful rec-

losing, with the sequence 3-30 cycles. As compared with

Fi9.6.4, Fig.6. 6 indicates that the shaft torques are re-

duced to a lower level. This is due to the change in the

reclosing sequence from 3-15 to 3-30 cycles. Fig.6.7 iIlus-
trate the damping effect of the static phase-shifters, on

the torsional torques, due to the 3-30 cycles reclosing op-

eration. Às compared with Fig.6.5(b), Fig.6.7(b) indicates

that when the voltage is injected in discrete steps, in-
creasing the reclosure seguence from 3-15 to 3-30 cycles,
results in a noticeable reduction in the maximum stress lev-
eÌs. This is due to the additional time given to the phase-

shifter to damp the torgues, as a result of the fault remov-

al.

6.5. 1 .4 Case 4

It should be noted that increasing the reclosing interval
does not necessariJ-y resuft in lower shaft torsionaL

torgues. For example , âs shown in Fig . 6. B , inc reasing the

reclosure sequence from 3-30 to 3-30.5 cycles results in

higher shaft torsional torques. Fig.6.9 shows the damping

effect of the point-on-wave and the discrete step quadrature
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phase voltage injection

suLt of the 3-30.5 cycle

on the shaft oscillations, âs a re-

reclosing operation.

6.5.2 Double Line Conf iquration, Unsuccessful Rec I osure

The unsuccessful reclosure of a three-phase fault and its
successive line tripping leads to severe shaft torsional
stresses, and as a resul-t considerable fatigue. From the

generator terminal point of view, a three-phase unsuccessful

reclosure is equivalent to a three-phase fault which is fol-
lowed by a three-phase l-ine tripping. Àt a constant operat-

ing point, the peak mechanical slresses due to an unsuccess-

fuL reclosure, depend upon the reclosing seguence.

6.5.2.1 Case 5

Fig.6.10 shows the response of the system of Fig.6.1 to a

three-phase unsuccessful reclosing with the sequence 3-1 5-3

cycles. Initially, the generator is delivering the rated MVÀ

at 0.90 lagging power factor, through the two paralle1

lines. At time t=0.10 s, a three-phase fault occurs at point

À, which is followed by a three cycle fault clearance. Àfter
15 additional cycles the line is reclosed. Due to the fault
existance, after three more cycles the fault is cleared

again. After the second fault cl-earance, the generator is
permanently connected to the infinite bus through Line T1.
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Às compared with Fi9.6.4, Fig.6. 1 0 indicates that the

peak mechanical torgues¡ âs a result of the 3-15-3 cycle un-

successful recrosure, are Less than those due to the 3-15

cycle successful reclosure. This is due to the fact that
the unsuccessful recrosure is performed under a favourable

timing seguence. Fig.6.1 1 shows the effect of the phase-

shifters on the shaft oscilrations, as a resurt of the

3-1 5-3 cycre unsuccessful reclosure. As compared with
Fig.6.11(a), Fig.6.11(b) reveals thar the discrete step

voltage injection is more effective in damping the torsional
stresses, due to the tripre-pore unsuccessful recl-osure.

6.5.2.2 Case 6

Fig.6.12 shows the system response to a 3-30.5-3 cycle
unsuccessfuL reclosure. Às compared with Fig.6. 1 0, Fig. 6.12

indicates higher stresses, which are the resurts of increas-
ing the reclosure interval from 15 to 30.5 cycles. Fig.6.13
shows the shaft response to the 3-30.5-3 cycre unsuccessful

recrosure, when the oscillations are counteracted by the

point-on-wave and the discrete step voltage injection.
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6.5.3 Sinqle Line Confiquration

For a single tied turbine-generator I a three-phase fault
and its subsequent fault clearing and reclosure, not only

has a significant influence on the system stability, but

arso has a decisive impact upon the torsionar stresses. when

the generator is capable to deliver some amount of power

during the disturbance interval, the unit acceleration is
relatively less and the sudden torques at the instant of

fault clearing and line reclosing are smaller. For a single
tied generator a three-phase fault reduces the power trans-
fer to a negrigible value and the faurt crearance reduces

the power transfer to zero. This sequence of disturbances is
equivalent to a complete load rejection.

During the time interval between the fault occurance and

reclosure, the generator rotor accelerates and the pole axis
advances ahead of the system voltage phasors. Consequently,

reclosing action is equivalent to a malsynchronization,

which resuÌts in severe torsionar stresses. Àn unsuccessful

reclosure results in further acceleration of the unit and

the generator instability. À successful reclosure may also

l-ead in the generator instability, depending upon the oper-

ating point prior to the fault occurance.

6.5.3. 1 Case 7
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Fi9.6.14 shows the system response to a 3-15 cycle suc-

cessful recrosure when line T1 is out of service. Initial_ry,
the generator is derivering 480 MVÀ at 0.90 lagging power

factor, through the s ingle r ine T2-T3 . I n spi te of ress

power transfer, as compared with Fig.6.4 which depicts the

shaft response for the same disturbance when the two paral-
l-er lines are in service, Fig.6.14 indicates higher peak

torques. The amount of povrer transfer prior to the fault for
Fi9.6,14 is 432 MW and f or Fig.6.4 is BO3 Mw.

Fig.6.15 shows the damping effect of the guadrature phase

voltage injection on the shaft torques, due to a the 3-15

cycle successfur reclosure, using the point-on-v¡ave and the

discrete step control methodsr r€spectively. Fig.5.15 indi-
cates that during the reclosing time intervar (15 cycles),
both methods of vortage injection have no damping effect on

the shaft oscillations, therefore, the peak torques at the
reclosing instant can not be effectively reduced. This is
the result of the fact that after the fault removal, povrer

transfer from the generator reduces to zeto and the phase-

shifter is not abre to affect the amount of power transfer
f rom the generator. Às compared with Fig.6.'1 5(a),
Fig.6.15(b) shows that after the successfur recrosing, the

discrete step vortage injection is more effective in damping

the shaft stresses.
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6.5.3.2 Case B

The magnitude of povrer transfer prior to a faurt occu-
rance for a singre tied system has a decisive effect on the
shaft peak torques and the generator stabirity. For the same

disturbance, higher peak torques occur when the amount of
power transfer is higher. Fig.6.16 shows the system response

to a 3-15 cycre successfur recrosing, when the generator is
delivering 595 MVÀ at 0.90 ragging power factor (535 Mw). Às

compared with Fig.6.14, Fig.6.16 indicates that when the
power is increased from 432 MW to s35 MI^¡, the magnitudes of
the shaft stresses increase. Fig.6.17 shows the shaft re-
sponse when the transient mechanical stresses are counter-
acted by the quadrature phase voltage injection methods.

The simuration resuÌts indicate that when the generator de-
livers more than 590 Mf"I to the infinite bus through the sin-
gle line T2-T3, the 3-'15 cycre successfu1 reclosure resuLts
in the loss of synchronism. Arso a 3-30 cycle successful re-
closure results in the ross of synchronism, unress the the
power transfer prior to the fault is less than 23e" of the
rated MVÀ.
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6.6 EFFECT ON LIFE-TIME ÀND PEÀK
TOROUES

MAGNI TUDE OF TORSIONÀL

The accumulative

a turbine-generator

fatigue process of the shaft segments of

is a function of the:

2

peak magnitude of the mechanical

time interval that the shaft is

c i llatory torgues.

st resses , and

subjected to Lhe os-

Therefore, the peak magnitude and the duration of the oscir-
latory stresses can be used as the comparison indices to il--
lustrate the positive damping effect of a dynamicarly con-

trolled phase-shifter on a turbine-generator shaft transient
torgues. Here, the shaft peak torque is defined as the maxi-

mum torque encountered after the rast switching incident,
and the harf rife-time of an oscilratory shaft torque is de-

fined as the time reguired for the oscilratory torque to de-

cay to half of its maximum peak-to-peak value.

For the cases studied in section 6.5, Fig.6.1B shows the
peak torque as a result of the erectrical disturbances, for
the shaft segments between the low-pressure turbine A (rpa)

and the low-pressure turbine B (Len), and LpB and the gener-

ator rotor (c). Fig.6.18 indicates that the positive damping

effect of the point-on-wave guadrature phase voltage injec-
tion method on the peak torques is minor, especially in the

case of a single tied generator. However, the discrete step

quadrature voltage injection method can considerably reduce

the peak stresses.
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For the cases studied in Section 6.5, Fig.6.19 illus-
trates the effect of the quadrature phase voltage injection
method on the rife-time of the torsional stresses of the

shaft segments LPA-LPB and LPB-G. Due to the high cost of

computer simuration, in the sLudies presented in section
6.5, the shaft response to the electrical disturbances was

not obtained beyond four seconds. During this time intervar,
with no countermeasure, the shaft transient torques experi-
ence virtually no decay, therefore, in Fig.6.19 the half
life-times of the free torsional oscillations are assumed to
be 12 s. Fig.6,19 shows that as a resurt of the quadrature

phase voJ.tage injection, the life-times of the osciJ-ratory
torgues are considerably reduced, especially for the case of

discrete step voltage injection. Due to the high decay rate
of the torsional stresses when a static phase-shifter is in
service, the shaft segments are subjected to a ress number

of peak torques, which resurts in a considerable save in the

Iife-time of the turbine-generator unit.
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6.7 coNCL SIONS

The technicar feasibirity of a static phase-shifter for
mitigating the transienL torques of turbine-generators is
examined. The supprementary damping is achieved based on ac-
tive povrer modulation, using the shaft speed deviation as

the controL signar. The ef fect of switching time intervals
and operating point on the shaft stresses are studied, using

the BPÀrs EMTP. Emphasis is praced on the severe electrical_
disturbancesr €.9., three-phase faurt, three-phase fault
cLearing, and fast automatic reclosing (successful and un-

successful ) .

The digital simulation results indicate that:

Injection of 7eo of the system phase voltage, in quad-

rature phase, in four discrete steps of 1.7íeo, is
more effective in damping the shaft transient
torgues, as compared with the injection of 16eo quad-

rature phase voltage, based on the point-on-wave con-

trol method.

The point-on-wave control method does not have a no-

ticeable effect on the peak transient shaft torques.
Damping effect of a static phase-shifter on the me-

chanical stresses is more pronounced for a murti-line
system as compared with a single tied generator.

1

2

3
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Chapter VI I

CONCLUSIONS ÀND SUGGESTIONS FOR FURTHER STUDIES

The main objective of the

the technical feasibility of

thesis has been to investigate
the static phase-shifters for:

1. suppressing the torsional torgues of the steam tur-
bine-generator shafts as a result of small signal
perturbations and large disturbances in power sys-

tems, and

2. establishing a basis for further investigations in
order to examine the thyristor-controlled phase-

shifters for the stability enhancement of poyrer sys-

tems.

7.1 GENERÀL CONCLUSIONS

Based on the

time simulation

duced:

results from

studies, the

the analytical and the

following conclusions

digital

are de-

1 À thyristor-controlled phase-shifter can be used as

an effective countermeasure for the shaft torsional
oscili-ations of a steam turbine-generator, in a se-

ries compensated power systems.
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2. Phase-shifting by means of a point-on-wave controlled
phase-shifter results in the voltage harmonics in the

system, which necessitates the application of harmon-

ic filters. À discrete step controlled phase-shifter,

however, reduces the magnitude of the injected har-

monics to a negligible val-ue, and eliminates the need

for f i lters.
3. À static phase-shifter can be used to alleviate the

fatigue phenomenon of the shaft segments of turbine-
generator assemblies, by reducing the duration and

the peak torgue of the shaft mechanical stresses, as

a result of large disturbances.

4. As compared with the point-on-wave controlled phase

shifting method, the discrete step control method is
more effective for:

( i ) damping the shaft torsional oscillations
during smaII signal perturbations, and

(ii) reducing the peak torques and the duration of

the transient torques.

5. In the studies presented, the effect of mechanical

damping of the rotating masses were neglected. The

mechanical damping has a significant effect on the

shaf t oscillation under heavy l-oad conditions, espe-

ciaIIy during large disturbances. Thus, the results
are pessimistic.

6. The successful performance of a static phase-shifter,

for suppressing torsional and transient torquesr r€-
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quires fast speed measurement technigues, using ei-
ther precision-toothed wheel-s or auxiliary signals
from a torsional monitoring system.

7.2 DI SC USSION OF THE RESULTS

For the system studied, the following observations are

made:

Insertion of 2.4e" of the system phase voltage in
guadrature phase, in four discrete steps of O.6eo, can

suppress the shaft torsional oscillations, as a re-
sult of small signal perturbations. The same positive
damping effect can be achieved by injecting 6eo of the

system phase voltage in quadrature phase, using the

point-on-wave control method. As compared with in-
jecting 6eo of the system phase voltage, the injection
of 2.4e" of the system phase voltage results in a neg-

ligible system voltage fluctuation from the steady-

state vaIue. This clearJ.y reveals the technical ad-

vantage of a discrete step controlled phase-shifter

over a point-on-wave controlled phase-shifter.
Injection of 7eo of the system phase voltage in quad-

rature phase, in four discrete steps of 1.75e" , dur-
ing Iarge disLurbances:

( i ) reduces the half Ii fe-time of the shaft osci-
llatory stresses to about 0.75 s, which

otherwise takes between 4 to 12 s, and

( i i ) reduces the peak torgues to 7'7eo of the i r val-
126
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ues where no countermeasure is used.

Injection of 16eo of the system phase voltage in quad-

rature phase, during Iarge disturbances, using the

point-on-wave control method:

(i) reduces the haLf life-time of the oscillatory
stresses to about 1 .1 s r which otherwise

takes between 4 to 12 s, and

( i i ) reduces the peak torques to around gleo of

their values where no countermeasure is used.

7.3 MÀJOR CONTRIBUTIONS

À novel approach for damping the shaft torsional os-

cillations of Iarge turbine-generator units, during

small signal perturbations and severe disturbances,

based on quadrature phase voltage injection, by means

of the static phase-shifters was suggested and exam-

ined.

Àn analytical formulation for the smalI signal per-

turbation analysis of power systems, based on "com-

plex torque coefficient method" was developed. This

analytical formulation \das employed to investigate
the stabi)-izing ef f ecL of a static phase-shi f ter on

SSO. Furthermore, this method was used to optimize

the phase and the gain of the control system of a

static phase-shifter for damping SSO.

3

2
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Detailed digital time simulation studies were con-

ducted to verify the analytical results and to demon-

strate the technical feasibility of the static phase-

shifters for damping SSO.

Based on the digital computer studies, two practical
configurations of static phase-shifters for damping

turbine-generator mechanicar stresses $¡ere compared,

and their control algorithms were developed.

7.4 SUGGESTTONS FOR FURTHER STUDI ES

optimizing the cost effective parameters of a static
phase-shifter, i.e., turns ratio of the excitation
and the boosting transformers, the number and the

rating of sub-converters.

Studying the effect of overvoltages and transient
currents on the static phase-shifters, in order to
establish the design criteria.
rnvestigating the interaction between the excitation
system of generators and the static phase-shifters,
especially when a supplementary damping for SSO is
provided by the excitation control.
Studying the interaction between the governor system

and the static phase-shifter, during large distur-
bances.

Investigating the possibility of the accelerating
power as the control signal for a static phase-shifL-

er. Utilization of the accelerating power, instead of

3

4

2

3

4

5
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6

7

B

the shaft speed is advantageous when a phase-shifter
is to be installed remote from a generating station.
Investigating the performance and the effect of the
static phase-shifter on the transient torques, as a

rsult of asymmetrical faults.
Investigating the possibiJ-ity of using the static
phase-shifters for damping the supersynchronous tor-
sional oscillations of the steam turbine blades

Studying the damping effect of the static phase-

shifters for suppressing the transient torques in se-

ries capacitor compensated systems.
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Appendix À

The turbine-generator mechanicar data of the first rEEE

benchmark model for SSO studies IlB].

MASS SHÀFT INERTTe(s) SPRING CONSTÀNT(pu)

HP

IP

LPÀ

LPB

GEN

EXC

MÀSS

HP-IP

I P-LPA

LPÀ-LPB

LPB_GEN

GEN_EXC

0.092897

0. 1 s5580

0.858570

0.88421 s

0.868495

0.034216

19.303

34.920

s2.038

70.858

2.822

I Hp IP LPA LPB GEN EXc

FRACTIONÀL INPUT
MECHÀNICÀL TORQUE 0.30 0.26 0.22 0.22 0.0 0.0

UNSTÀBLE MODE TORSTONAL FREQUENCY(Hz)

15 .71
20.21
25. s5
32.28

1

2
3
4
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Àppendix B

Generator el-ectrical data of the first rEEE benchmark
model [18]:

Rated MVA = 892.4
Rated voltage = 26 kV

xd =1 .790

*j =o '169
*å'=o ' 135

*L =0. 130

x =1 .710
q

x' =0.228
q

Section
end and

r=0.02
x=0.50

\"=o -2oo

r" =0. 0

pu

pu

pu

pu

pu

pu

ñl

'do
ñll

'do

Io
Ttt
q0

pu

pu

S

S

s

S

=4.300

=0.032

=0.850

=0.850

*o (o)=xo [ (1+pr!) (1+nr',)]/l (1+nrjo ) (1+nrio) 
J

Step-up transformer data:

Rated MVÀ = 910
Rated voltage = 26/SZ0 kV
x=0.1 4 pu
r=0.0035 pu

Transmission Iine data;

)l

Section between series
capacitor and network

between sending
series capacitor
pu r=0.00

x=0.06
pu
pupu
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Boosting transformer data:

I ¡rve kv x(pu) r(pu)
Point-on-wave method
dynamic studies

21 20/20 o.0s 0.01

point-on-wave method
transient studies

50 s0/50 0.07 0.01

Discrete step method
dynamic studies

12 10/10 0.os 0.01

discrete step method
transient studies

26 22/22 0.0s o. o1

Exc itat ion transformer data:

I ¡¿ve kv x(pu) r(pu)
point-on-wave method
dynamic studies

21 520/20 0. 09 0.01

po i nt -on-v¡ave method
transient studies

60 s20/s0 o. o9 0.0 1

discrete step method
dynamic studies

12 s20/1 0 0. 09 o .0 1

discrete step method
transient studies

26 s20/22 0.09 0.01
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Àppendix C

Fig.c.1 illustrates the generar form of the system chara-
teristic matrix for the eigenvarue study of Section 3.6.
Nonzero erements of the system characteristic matrix are

given in the following pages.

Figure C.1 System charateristic matrix* - nonzero el-ement
0 - zeto element

000000*00000000000000
0000000*0000000000000
00000000*000000000000
000000000*00000000000
0000000000*0000000000
00000000000*000000000**0000000000000000000
***000000000000000000
0 * * :k 0 0 0 0 0 0 0 0 0 0 0 0 0 000 0
0 0 :r * * 0 0 0 0 0 0 0 00 0 0 0 0 0 0 0000***000000******000
0000**000000000000000
0000*00000*0*******0*
0000*00000*0*******o*
0 0 0 0* 0 0 0 0 0 * 0 * * * * * :k * 0 *
0 0 0 0* 0 0 0 0 0 * 0 * * * * * :k 0 * *
0 0 0 0 * 0 0 0 0 0 * 0 * * * * :k * 0 * :k

0000*00000*0******o**
0000000000*0*000000*0
0000000000*0*00000*00
0000000000*000000000*

À
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rn matrfces M and K, subscrfpts t to 6 correspond to masses from

high-pressure turbfne to excfter, respectfvely (generator rotor ls

defined as mass number 5).

M = dtag I M1 MZ M3 r'k MS Me I

K

Kl,l -Kt,2 o o o

-KIr2 Kz,z-K2,3 o o

0 -K2,3 K3,3 -K3,4 0

0 0 -K3,4 K4,4 -K4,5

0 0 0 -K4,5 K5,5

0000-K5,6

0

0

0

0

-K5,6

K6,6

Ki, f = Kí, i+l + Ki-I, f

-Id

-l-r*a

- ttn¿

0

0

0

0

0

0

_T
'q

-t ïnq

-t .rnq

0

0

0

4t,

Lsq

4t*

0

0

0

Itnq

kq

knq

0

0

0

Itnq

Irnq

k

h¿ L*a

kna

ka

L¡

rma
L

0

0

0

0

0

0

L

Ltt

Lzt

L¡t

0

0

0

Ltz

Lzz

Llz

0

0

0

Lt3

Lzt

L¡¡

0

0

0

0

0

0

ks
Lss

ks

0

0

0

4o

Lso

4o
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alrT = a2rg = a3 rg = a4, l0 = a5rll = a6rl2 = t.0

a7 ,L - -k1 ,l/l4l , ã7 t k¡ ,2/lt¡ , ag, k¡ ,2/142
aB,2 - -k2 ,z/Y|z , €rg,3 = k2,3/lt2 , a9,z = k2,3/M3
a9,3 - k3 3/lt3 , a9,4 = k3,4/l\ , a10,3 = k3,4/t44

alO,4 - -k4 r4/l'14 , 410,5 = k4,5/114 , allr4 = k4,5/145

alI,5 - -k5,5/145, all,6 = k5,6/M5
alt,t3 = (iqolq - foold) /u5, atl,t4 = Ç¿iqg / MS

alI,15 = Irndfq} /ll5 r atl,t6 = (lqt¿O - Itfqg + LmaiaO) /u5
all,tZ = -haido / M5 , all,tg = - I-¿i¿g / M5

a12,5 = K5,6 / Þ16 t a12,6 = -K6 ,6 / 116

413,5 = vNqoll I

al3,ll = xcfqOLtI + kL11iqg - I¡1qLttftqO - I.mql,lliqg

al3,13 = (ra * rr + x¡) Ltt , al3,14 = rf.LLz

al3,l5 = rkdll3 , al3,t6 = (kLrt - x¡L11) åaO

al3,l7 = -Itnqll¡ , al3,I8 = -hqltt
al3,19 = Lll r al3,2I = vqOLtl ¡ a14,5 = vnqoL2l

aI4,ll = xtioOlZl + kl2liqO - hqlZtltqO - I"nqL2¡lgo

al4,l3 = (ra + rr + x¡) LZt , aL4,L4 = tqL1z

al4,l5 = rkdL23 , at4,I6 = (kLZf - x¡L21) dao

a 14, I 7 = -hnq f2 1Ågo , aIA, 18 = -hqi.2 ¡ åao

al4,l9 = L2L' aLî,Z1 = vqol2l, a15,5 = vNqgl3t

al5,lt = xtfoOLtt + IqfqoL3t - h'qftqOL¡t - IrnqL3lfq6

al5,13 = (ru * r¿ + x¡) L3t , aI5,l4 = rfL3z

al5,l5 = rkdl33 , at5,l6 = (kL¡t - x¡L31) Äao

al5,l7 = -Irnql,¡t6Co , al5,l8 = -I.nqf,31O6o
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at5,l9 = Llt , aL5,2I = vooLtt

a16,5 = -vNdgk4 , aI6,13 = (xrl4¿ - þLdA) 6Co

al6,tI = xrfaok¿ - Itl¿OVa + ktrokS + rtft¿Oko
al6,l4 = IdL45ôco , al6,l5 = ItL¿6ôco

al6,l6 = (fa * xr + rt) 4a , al6rl7 = rtqk5

al6,l8 = tgLq6, al6,2o = 4q, al6,2L = -v¿ok¿

a17,5 = -vl¡a0l44 , atl, t3 = (xrl44 - Itlsq) åco

al7,ll = xri¿Ok¿ - I¿LS¿í¿O + tmalSsf tO + Irn¿LSOft¿O

al7,14 = ImdL556Go , al7r15 = Irn¿LSOôCo

aI7,16 = ral54 + (rt + xr) LSS , al7,L7 = rtcgl-55

al7,l8 = tgl56, aI7,ZO = I55, aI7,2L = -vd0l44

a18,5 = -vNd0k6 , al8 ,I4 = knaksÀCo

x¡f q04ø + Irn¿Losrro + knaksf kdo - ItLO¿i¿o

(xtL66 - I.rLO¿*) åc" , al8,l5 = h,aLOOåco

roka + (rr + x¡) 4o , alg,r7 = roks

.gL66 , al8 rzo = 46 , al6 rZI = -vdok6

vcqO ', al9r13 = xc , al9r20 = 6Go

-vcdO , a2O, 13 = xs , a2O, 19 = - Àao

g/T , a2¡,2l = -l / r

alB,ll

aI8,I3

alB,l6

alB, lg

al9,l I

420, I L

a2l,ll
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Àppendix D

The Principre of operation of static phase-shifters

D.'1 . Point-on-Wave Controlled phase-shi f ter

A point-on-wave controrred phase-shifter has two modes of
operation: boosting mode, and bucking mode. The boosting
mode of operation is referred Lo the case when a reading
quadrature phase vortage is injected into the system, by the
proper firing of thyristor switches s1 and s2, Fig.D.1. The

bucking mode of operation is the case when a ragging quadra-
ture phase voltage is injected into the system, by the prop-
er firing of thyristor switches 53 and SZ.

The boosting mode of operation for the static phase-
shifter of Fig.o.1 (a) is described with reference to
Fig.D.1(b). rn Fig.D.1 (b) , vA is the system rine-to-ground
vortage, v^ is the quadrature phase voltage, i is the lineI
current, and ur is the injected voltage. Brhen ve is posi-
tive, thyristor 3 is forward biased and can be switched on

during the positive harf-cycle of the rine current. During
that period of time *hen t,hyristor 3 is conducting, thyris-
tor 4 is reverse-biased. Thyristor 1 is forward biased when

vq is positive. Therefore, when Vq is positive, thyristor 1

can be Lurned on and a commutation from thyristor 3 to thy-
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ristor 1 takes prace. when thyristor .l is conducting and v6

changes polarity, thyristor 3 is forward biased. Hence, pro-
vision of a gate puJ-se can turn on thyristor 3, and a commu-

tation from thyristor 1 to thyristor 3 takes place. The op-
eration of the phase-shifter during the negative harf-cycle
of the line current is the same as described for the posi-
tive harf-cycre, and the commutation takes prace between

thyrsitors 2 and 4. À comprete commutation cycre for the
boosting mode of operation is shown be1ow.

3------> 1*31l
4t 2 4

rig.D.1(c) shows the waveforms for the bucking mode of oper-
ation" The principre of operation for the bucking mode is
simirar to the boosting mode. The commutation seguence for
thyristors 3, 4,5, and 6, during the bucking mode of opera-
tion is shown below.

5->3_+ 5

66- {a_
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BT

(a) 6A point-on-wave phase-shifter

VA vÀ

v

vr vt

szl srl s2 sl s2 lsr rs2
s3 S2 s3 s2 s3 s2l s¡

(b) Boosting mode of operation (c) Bucking mode of operation

Figure D.1: waveforms of a point-on-wave phase-shifter

L

Vq q

l- I

4
+vq

Sl 2 3S
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D.2. Discrete Step Control-1ed phase-Shifters

The output voltage from a discrete step controrred phase-
shifter, (rig.4.2), is adjusted by controrling the operating
modes of the thyristor bridges. Each thyristor bridge has

three modes of operation: (l) the output vortage is in-phase
with the input voltage, (2) the output voltage is in phase

opposition with the input vortage, and (3) the output vort-
age is zero and the bridge is used as a current path. The

modes of operation of a thyristor bridge are shown in
Fig. D.2. I n Fig. D.2 , t, i s the output voltage of the
bridge, v. is the bridge input voltage, and i is the currentA'

which is determined by the power system. Fig.D.2(b) shor+s

the output voltage naveform and the corresponding conducting
thyristors, when the bridge output vortage is in-phase with
the input voltage. Fig.D.2(c) shows the output voltage wave-

form and the corresponding conducting thyristors, when the
output voltage is in phase opposition with the input volt-
age. The bridge operates as a current path, with zero output
voltage, when either s$¡itches s1-s4 or s2-s3 conduct.
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v_A

3

2

L

4

(a) À thyristor bridge

VÀ

-vT

Vt

V¡

I

(b)

¡l
Þ,61

J.

Vr
I

I

I

I

þ I 3 4 ö5

T,4 L,2 6 r7 ,6 4 rr 5,6

operation at mode (1) 
i Operation at móde (2')(c)

Figure D.2z Waveforms of a thyristor bridge

5 7

6 B
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