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ABSTRACT

weak ac systems which interface to a dc link can form a
parallel resonance with the ac harmonic firters or with the
ac filters plus a stat,ic var compensator (fixed capacitor
and thyristor-controlled react,or). The resonant frequency

is of row harmonic order, usually near the second or third
harmonic" Harmonic current, coincident with the resonant

frequency, can generate a rarge harmonic voltage component

due to the high parallel resonant impedance. Severe

harmonic distortion of the fundamentar frequency vortage

waveforms can result

A concern cofirmon to most static var compensator (svc)

apprications is the interaction of the thyristor-controrled
reactor (TCR) of the SVC with the ac system when a low

frequency resonance occurs" Equidistant fíring of the TcR

when the terminal voltage is distorted by a second harmonic

volt.age component, generates a dc component and a second

harmonic component in the positive sequence TCR line
current. The second harmonic current component can enhance

a system resonance whose resonant frequency is near the

second harmonic, and possibry cause harmonic instability of
a lightly damped power system"
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The feasibiriLy of damping system harmonic resonances (near

the second harmonic) by modurating the firing angle of the

TCR is examined" the second harmonic phasor component in
the positive sequence TCR line current is measured and

processed by a firing angle modulation controller" The

firing of the TCR antiparalrel thyristors is modurated sinu-
soidally such that a harmonic phasor component of appro-

priate magnitude and phase is generat,ed with the objective
of cancelling the undesired harmonic component.

computer models $¿ere developed for the digitar t,ime domain

simul-ation program EMTDC in order to study several system

paraller resonant configurations " These study systems were

resonant near the second harmonic.

The simuration results showed that modulation of the TcR

firing angle reduced the system resonant frequency. Con-

sequent,ly, damping of the second harmonic voltage component

was achieved for syst,ems resonant at or below 120 Hz. The

modulation enhanced the second harmonic voltage component if
the system resonance was just above 1zo Hz. under this
condit,ion, TcR firing angre modulation control of the dc

component of rcR rine current. wourd be more beneficial to

avoid excessive saturation of the svc step-up transformer.

1l -
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CHAPTER ONE

INTRODUCTION

1" 1 Ob'iectives and Outline of the Thesis

This thesis is a simulation study which investigates the

feasibilit.y of damping power system resonances by sinu-

soidally modulating the firing angle of the thyristor-

controlled reactor (TCR) of a static var compensator (SVC) "

An undesired harmonic phasor component of a system current

or voltage is measured and processed by a mooulation

controller such that a phasor component of appropriat,e

magnitude and phase is generated in the TCR line current

wit.h the objective of cancelling the undesired harmonic.

In Chapter 1, a brief description is given of tne second

harmonic resonance problem often encountered when applying a

SVC in a power system. The concept of applying TCR firing

angle modulation to solve this resonance problem [3'4] is

described "

The digital time domain simulation Program EiqTDC [7] is useo

to investigate the performance of a TCR with firing angle

modulation under a variety of harmonic resonant network

configurations and conditions" The scope of the work
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includes the development of the EMTDC models required to
simulate firing angle modulation control of a TCR" The

EI{TDC models that were developed and the network configura-

tions investigated are described in Chapter 2"

In Chapters 3-7, the performance of the TCR with firing
angle modulat,ion, as observed from the simulation results'

is presented and analyzed. Chapter 3 analyzes the TCR per-

formance with firing angle modulation using a simple model

with the TCR represented on the high volt,age bus" This

simple model is the same as that, used in previously pub-

lished work t3l on this subject" The simulat,ion results are

presented as a base case for the following chapters in this
manuscript, and to check the simulat,ion model and results

for consistency with the published work" Chapter 4 examines

the effect of the SVC step-up transformer and transformer

saturation on the modulat,ion. Chapt,er 5 examines TCR firing

angle modulation performance with t,he SVC connected to a

system which is in second harmonic parallel resonance"

Chapter 6 examines the TCR firing angle modulation perfor-

mance with Lhe SVC connected to the system where a second

harmonic parallel resonance exist,s between the system and

the SVC fixed capacitor" Chapt.er 7 examines TCR firing
angle modulat,ion performance for the case where the SVC is
connected to a network where a second harmonic parallel
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resonance exists between the network and the SVC ( fixed

capacitor plus TCR).

In Chapter 8, some conclusions are present,ed on the feasi-

bility of using a TCR wit,h firing angle modulation to darnp

power system harmonic resonances. The effectiveness of

using signals other than the TCR line currents as the con-

trol parameter is discussed" The current on the high volt-

age side of the SVC transformer t ot the high side compen-

sator bus voltage pot,entially could be used as the control

input signal. The feasibility of eliminating more an.n one

problem harmonic is discussed. Finally some comments are

offered with regard to t,he speed of cont,roller response t,hat.

is required.

The appendices consist of program Iistings for the digit,al

simulat,ion models " -
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1 "2 Problem Description

Static var compensators (SVC) have been installed in power

transmission systems where rapiO and continuous control of

reactive power is required in response to changing system

conditions "

Static compensators have been primarily applied in power

transmission networks to provide dynamic reactive power

compensation and rapid transient voltage control at t,he

receiving end of a long high voltage ac transmission line,

or at the interface of a dc transmission Line feeding into a

weak ac system. For example, two static compensators

consisting of thyristor-conLrolled reactors (TCR) ancl

thryistor-switched capacitors (TSC) are installed at Chate-

auguay on the 120 kV ac system side of the Hydro Quebec HVdc

back-to-back tie to the United States to maintain stringenL

voltage control and reactive poi^Jer balance t9l.

The installat,ion of a SVC at the midpoint of a long ac

transmission line to enhance power transfer capability and

transient stabilit,y is also f easilcle t 10I ,

Static compensators with indivioual phase control have aISo

been applied in the Republic of South Africa on the ESCO¡j

132 kV and 400 kV transmission systems for line voltage
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balancing and voltage level control necessitated by the

single phase electric railway loads [5'6]"

A concern common to most of the svc applications is the

interaction of the svc with the ac system in the presence of

a low frequency system harmonic resonance condition such aS

a second harmonic resonance condition"

The general equivalent circuit at an ac/dc interface is

shown in Figure 1 " 1 " The quantities vs and zs are respec-

t,ively t,he Thevenin source voltage and Thevenin impedance of

the ac system as viewed from the interface bus. For a fu]ly

compensated system, the interface voltage, vc and the

Thevenin voltage, Vs both are assumed to be 1.0 pu in steady

state. Therefore, the short circuit capacity of the ac

network is equal to:

kv2 1 (l.t)
s = Ef = lz=l Pullll

Zs is normally inductive at 60 Hz and at the low order

harmonic frequencies "

The parameter, Qc represents the reactive power of the ac

harmonic filters (essentiatly capacitive at frequencies
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below the tuned frequency) and shunt capacitors connected at

the interface bus " For some system conditions the ac system

inductive reactance can be in parallel resonance with the ac

harmonic filters at a particular harmonic of the supply

frequency" The harmonic resonance frequency can be

expressed approximately as:

\^¡O rad/s (1"2)

where wo is the fundamental frequency in radians/second "

If Qc approaches a value of S/4, conditions for a resonance

near second harmonic would exist. Such a resonance $¡as

observed at Chateauguay when all the reactive compensation

(filters and static compensators operating fully capacitive)

vJas connected and the ac system configuration was such that

the short circuit capacity at the converter bus \^¡as at a

minimum.

A sysüem disturbance, such as the energization of a large

transformer, or the clearing of a system fault' or a load

rejection, can cause harmonic currents to flow in the ac

system. Transformer saturation is a typical source of

harmonic current. If one of these harmonic current compon-

ents coincides with a system parallel resonant frequency, a

wr
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harmonic voltage of high

an overvoltage condition

the harmonic voltage on

voltage "

The severity and

dependent on the

damping angle is

amplitude will build up and cause

to occur due to superposition of
the systen fundamental frequency

duration of such

system damping "

given by:

system overvoltages is
The ac system impedance or

A damping angle of 90" indicates

damping angle of 75" indicates a

syst.em "

(1"3)

an undamped system while a

reasonably well damped

+= tan -1 (wol,s)
F)-

where the system Thevenin impedance is Zs = Rs + j\^rols.

Low harmonic frequency resonant probrems are not restricted
t.o locations where a dc link interfaces to a weak ac

system. The line capacitance or reactive compensation of a

high vortage ac transmission line, shown in Figure 1.2, can

also form resonances with the ac system as the ac system

impedance changes due to line swit.ching, or the addition or

removal of generators. Harmonic overvortages can similarly
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be generated bY sYstem

harmonic currents that

disturbances which

coincide with t'he

produce low order

system resonances "

The normal sources of harmonic current in the ac system may

decay nat,urally to negligible levels wit'hin a few cyeles, or

as in the case of transformer inrush currentr maY decay

slowly over several seconds.

The TCR of a StatiC compensator can enhance second harmonic

instability since harmonic voltage distortion can cause

large f iring asymmetries' Firing asymmetries even with

equidistant phase-locked loop (PLL) firing controlsr câfi

produce non-characteristic even harmonic currents' the most

significant being the dc component and t'he second harmonic

component [3r4]. The TCR can be considered as a sustained

source of both characteristic and non-characterist'ic

harmonic currents. second harmonic instability was exper-

ienced during commission of a FC-TCR type static compensator

on the EScoI4 132 kV sYstem t5l"
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1

Figure 1.1 Equivalent at an AC/DC lnterface

Figure 1.2 Equivalent Circu¡t of a High Voltage AC Transmission Link

Xs
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1"3 SVC Generation of Non-Characteristic HaEmonics

!,Ihen the compensator bus voltages are balanced and consist

only of the fundamental frequency component, tne TcR line

current contains only characteristic harmonics of order

n = pqtl , I = 0, 1, 2t 3...and p is tne pulse numl¡er. The

dominant low order harmonic currents are prevented from

flowing into the system by a combination of filtering and

the use of the twelve putse (p = 12) TCR configuration"

With balanced ac System voltages non-characteristic odd and

even harmonic can also appear in the TCR line current due to

normal tolerances in transformer and reactor impedances and

due to f iring asymmetries þet\^¡een the '.ICR phases and between

the positive and negative half cycle thyristors in one phase

121 " These harmonics are generally an order of magnitucle

smaller than the dominant characteristic harmonics; however,

some of the lower order ones may cause Proþlems, For

example, the dc component generat,ed by firing asymmetry of

the anti-para1le1 thyristors in one phase may cause the SVC

step-up transformer to saturate" The saturation current

contains harmonic components which may excite SyStem reson-

ances.

Under most conditions phase-locked loop equidistant firing

controls reduce firing asymmetries such that the magnitudes

of the non-characteristic harmonic currents are negligible.

Page 1 0



However, Lf the compensator bus voltage is severely

distorted due to the presence of a second harmonic voltage,

the zeto crossings of the source voltage waveforms will no

longer be equidistant. Firing of the thyristor valves

equidistantly will result in TCR phase current waveforms

which are not s'mmetrical:with respect to the zeyo current

axis. Numerical Fourier analysis of the TCR ]ine currenÈ

waveforms sho\,/s that large non-characteristic Oc anO Second

harmonic components exist t4l "

These harmonic components in the TCR line currents flow

through the ac system harmonic impedances, thereby creating

harmonic voltage components which can add t'o the source

voltage distortion, and can leao to harmonic instaoility'

especially if a para1lel resonance condition exists near Lhe

point of connection of the SVC. The dc component can cause

transformer saturation, which wilI result' in additional

harmonic currents being generated.
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1,4 TCR With Firing Angle Modulation Control

As discussed above' ac systern paralleI resonance conditions

can result in severe harmonic distortion of the Source

voltage. Equidistant firing of the TcR in the presence of

distorted voltage waveforms produces low order non-

eharacteristic even harmonics which can cause saturation of

the SVC transformer' and can lead to harmonic instability'

Firing angle modulation of the anti-paralleI thyristors of

the TCR has been applied in the EscoM system [5'6] to

eliminate the dc component from the TCR line current to

avoid saturating the SVC transformer"

The concept of using sinusoidal modulation of the TCR firing

angle to generate TCR line currents having a harmonic

component with the appropriate magnitude and phase to cancel

a problem harmonic has been developed and demonstrated using

,d ig ital s imul at ion 13 , 41. The three phase instantaneous

values of the measured TCR line current are converted to

their equivalent (a ,ß) - components using the (a'b'c) to

(c ,ß) transformation. The TcR PLL signals are then used

to identify the positive and negative sequence phasors of a

desired harmonic component. The measured phasor quantity is
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input to a modulation controller which generates the firing

angle modulation signal required to eliminate the measured

harmonic phasor component from the TCR line current" The

firing angle modulat,ion signal is based on sinusoidal modu-

lation of the anti-parallel t.hyristor valves about the

nominal firing angle" Digital simulation was used to demon-

strate that the dc component or second harmonic component

could be eliminated from the positive sequence TCR line

currents. The simulations were conducted on a Simple system

where the TCR was connected directly to a high voltage

infinite bus "

In Reference t3] the author recommended that additional v¡ork

be done with a more det,ailed model in order to assess the

effect of the SVC step-up transformer on the firing angle

modulation controller performance. Further, it lvas recom-

mended that the ac system be represented such that a

parallel resonance exists between the ac System and the SVC

fixed capacitors in order to see if TCR firing angle modula-

tion can damp the harmonic resonance-

The digital simulat,ion program [3,4] could not be easily

applied to a more complex ac syst.em with the SVC connected

through a step-up transf ormer. Further t,he models were not

compatible with digital simulat,ion programs' such as E¡'ITDC
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or EI{TP (Electromagnetic Transients Program) o that have t'he

capability to model the ac system to any level of detail

desired.

A major contribution of this work was the development of

digital models, compatible with the EIvi-IDc Program' that

could be used to simulate sinusoidal firing angle modulation

of a general six pulse Lhyristor valve group" These EI'IÎDC

models t{ere then appl ied to study the ,oerf ormance of

sinusoidal firing angle modulation of a TCR with the ac

system represented in varying detail. The system parameters

were adj usted such that, a parallel resonance !üaS formed

between the system inductance and the SVC capacitors t ot the

system inductance and system shunt connected capacitorst to

determine if the modulation could damp the resonance. The

effect of the svc step-up transformer and transformer

saturation on the modulation effectiveness vras afso

analyzed.
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CHAPTER TWO

STUDY TOOLS AND MODELS

2.1 Digital Simulation Program

The Electromagnetic Transient Prograln for DC (El'lTDC) t7i was

used to perform the digital simulation described in this

manuscript, This time domain digital simulation program vras

developed at i"lanitoba Hydro with contributions from the

University of i"lanitoba, and is currently available from the

tvlanitoba HVDC Research Centre "

The EII{TDC program is structured such that a main program

coordinates all the activities of input, output, network

solution and interfacing to available models or user written

models through calls to subroutines. 'Ihe user int'eracts

with the E¡,ITDC program through three f iles:

( i) A "DATA" file which defines the electrical network'

( ii) A Fortran subroutine "DSDYN" which contains the user

defined dYnamics' and

( iii) A Fortran subroutine "DSOUT" which contains the user

defined outPut variables"
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The rules reguired to assemble each of these files are

described in detailed in the EivlTDc usERrs I"IANUAL tBl "

Figure 2.1 contains a flow chart of the dynamic simulation

models used for this study" The dynamic models are calleo

from within the EFITDG subroutine "DSDYN". Appendix A

contains the "DATA" file, "DSDYN" fil-e and "DSoUT" file

necessary for E¡4TDC simulation Of the circuit snown in

Figure 2"2"
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Figure 2.1 Flow Diagram of the EMTDC Simulation Model

Modulation
Controller
PCTR2O
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Fd3:

Xd:,

T1

N2

120/12.46 kv
332.4 tvlvA
XÈ1ùo

't N14 N1i

Xs - Tlrevenìn lmpedance of the AC System
Xr - Reactance of ùre TCR Reacor
Xl - SVC Transformer Leakaoe Reactance
Xfc - CaDacitivê Reacance ol the SVC Fixed Capacitor
Xc - Eoúivalent Svsþm CaÞacitive Reac¡ance
Xsnb - Snubber éirqrit CadaciÌive Reacence
Xd - Numerical Damping (ircuit Capacitive ReacÞnce
Rs - Thevenin Resislance ol the AC System
Flot.Rst - SVC Transformer Primary &'Secondary Winding Resistances
RiJr,Rd2,Rd3 - Numerical Damping Circuit Resistance
Bsnb - Snubber C¡rcuit Resistance
Rfc - Fixed Caoacior lnt€mal Resistencs
Va ,Vb,Vc - Thevenin Voltage behind Readance

Figure 2.2 Detailed EMTDC Simulation Circuit
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2.2 Description of the Electrical Network

The detailed

Figure 2"2,

of the high

and a SVC of

three phase EÈ1TDC simulation networt<, shown in

consists of a Thevenin equivalent representatÍon

volt,age system, high voltage shunt' capacitors

the FC + TCR tYPe "

The ED,ITDC "DATA" f ile def ines t,he connectivity and paratneter

values of the network comPonents'

The Thevenin voltage source is defined by

tine, SRCT' which is described in Section

The high voltage system at the point

SVC is represented in varying detail

line diagrams of Figures 2.3 to 2.6"

source suþrou-

3.

connection of the

shown by the single

a

2.

of

d.5

In Figure 2"3 the delta connected TCR is modelled on the

high voltage bus by reflecting the SVC parameter values to

the high voltage side of the transformer. The SVC

transformer and the high voltage system equivalent shunt

admittance are ignored. The high voltage network Ís

represented by a simple Thevenin reactance and Tnevenin

voltage source. Tne concept of sinusoidai firing angle

modulation of the TCR was stuoied in previous work t3l using

this simple system. The equivalent, system is assu¡ned to Þe

resonant at the seconO harmonic, causing 'severe distorLion

Page 1 9



of the voltage waveforms at the point of connection of the

SVC. This condition is modelled by adding a balanced second

harmonic component to the fundamental frequency component of

the Source voltage. The second harmonic component magnitude

is 30g of the fundamental, wit,h a phase displacement of

-30". The Thevenin reactance is assumed to be small to

represent a strong (high short circuit capacity) system

relative to the SVC rating.

In Figure 2.4 Line SVC step-up transforftêr'r fixed capacitors

and the TCR are represented explicitly. The system equiva-

Ient is assumed to be the same as in Figure 2"3"

In Figure 2"5 the high voltage shunt capacitors¡ such as the

ac filters of a HVdc converterr âFê represented explicit,Iy

in addition to the SVC. The values of the Thevenin reac-

tance and the shunt, capacitance are selected such that a

second harmonic parallel resonance exists in the network aS

observed from the point of connect,ion of the SVC to t'he high

voltage system" The Thevenin vottage source is assumed to

have a small second harmonic component, about 28 to 3t in

magnitude with respect to the fundamental and phase

displaced by -30o, superimposed on the fundamental. The

effect of the parallel resonant system is to amplify the

small second harmonic source voltage at the high voltage SVC
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bus by injecting a second harmonic current into t,he high

second harmonic impedance "

In Figure 2"6 the SVC is connected t,o an equivalent' network

with a parallel resonance near the second harmonic" The

addition of the fixed capacit.or type SVC shifts the resonant

frequency such that a second harmonic parallel resonance is

f.ormed between the syst,em and svc fixed capacitor, or the

system and the SVC ( fixed capacitor plus TCR) "

Additional detail of the characteristics of the system

equivalent representat,ion will be given in the appropriate

chapters with the discussion of the simulation results.

The svc modelled is of the fixed capacitor, thryistor-

controlled reactor type" The SVC reactive power range

applied in the simulations was 180 llvar capacitive t'o 12O

Mvar reactive.

The magnitude of the Thevenin voltage $las adjusted to

establish an initiat condition fundamental frequency syst'em

volt,age of 1.0 pu at the point, of connection of the svc"
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The FC and TCR were both modelled as delta connected

elements. Small resistors were required in series with the

FC to avoid numerical problems in the solution due to a

purely capacitive loop. The resistors \¡Jere sized to

represent the capacitor bank losses, taking care that the

time constant of the branch was not less than t'he solution

time steP.

The TCR was modelled in the network as a linear reactor in

series with a resistor, which represented the antiparallel

t,hyristors. The rroNlr and "oFF" resistances' 0.025 ohms and

1 000 ohms respectively, are altered by the TCR dynamic model

(described in Section 2.5) to simulat'e thyristor swit'ching'

The thyristor on-off resistor is paralleled by a series

resistor-capacitor circuit, called a snubber circuit" The

snubber circuit, is required to absorb the energy associated

with the thyristor recovery current¡ and to limit the

resultant voltage rise and the rate of rise of this volt-

age" The recovery current, which appears as the thyristor

changes from a conducting to a non-conducting state, is

trapped in the TcR induct,ance and is forced to commutate to

the RC snubber circuit,. A series resonant circuitt damped

by the snubber resistance, R is formed by the TcR induc-
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tance, L and the snubber capacitance' C" The undamped

natural frequency of this circuit is:

rad/s. (2.11

The time constant of the circuit is:

T = 2L/R s. (2 "2',)

The selection of the snubber circuit resistor and capacitor

values for the model also required that the snubber circuit

time constant be greater than the simulation time step by a

factor of three or more [B], in order to avoid numerical

integration error.

The chosen snubber circuit parameters of ft = 1 00 ohms and

C = 1.5 uF resulted in a snubber circuit time constant of:

T = RC = 150 us (2.3)

This RC time constant of 150 us and a simulation time step

of 50 us were found to produce satisfactory results. The

inductance of the TCR reactor was 4.12 mH.
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A 332"4 MVA, 120/12.46 kV wye-delta connected three phase

transformer was modetted as the SVC step-up transformer "

Three single phase coupled windings, connected in wye-delta

were used" A transformer leakage reactance of 122 on trans-

former base, and a rated magnetizLng current of 2Z of rated

fult load current were assumed" Transformer saturation was

represented as described in Section 2.4" The low voltage

delta connected windings required large stabilizing

resistors connected to ground to prevent dc offset voltage

buildup. These resist,ors were also required for numerical

stability when transformer saturation was modelled. The

resistors served as the Norton conductance for the satura-

tion current which was injected into the terminals of the

low voltage winding. The resistors were sized to represent

the t,ransformer core losses which typically are one-half to

one percent of transformer rating. A stabilizing resistor

sized on the basis of one-half percent losses draws a cur-

rent of about 0.608 of the TCR line current. Consequently'

t,he current drawn by the numerical damping resistors had

negligible impact, on the simulation accuracy.

A series RC shunt \nras placed in paraltel with the stabi-

Lizing resistor to smooth numerical voltage chatter at the

nodes of the delta connected TCR. The time constant of this

circuit was 250 us, five times the simulation time step"
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Vs=V1 +V2

Point of SVC
Coupling

Vs = System Thevenin Voltage Source_
V1 = Fúndamental Frequenry Voltage Source
VZ = Second Harmonic Voltage Source
Xs = System Thevenin Reactance
Xr = Reactance of TCR Reactor
Xfc = Reactance of Fixed Capacitor
TCR = Thyristor Controlled Reactor
Th = Thyristor Valve
FC = Fixed Capacitor
SVC = Static Var Compensator

Figure 2.3 Equivalent Circuit of a SVC Modelled on the High Voltage Bus

TCR

Page 25



Point of SVC
Coupling

Xfc

Vs = System Thevenin Voltage Source
Xs = System Thevenin Reactance
Xr = Reactance of TCR reactor
Xfc = Reactance of Fixed Capacitor
Xl = Transformer Leakage Reactance
TCR = Thyristor Controlled Reactor
Th = Thyristor Valve
FC = Fixed Capacitor
SVC = Static Var Compensator

Figure 2.4 Equivalent Circuit of a SVC with a Step-up Transformer

1
FC

SVC Transformer
X
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Po¡nt of svc
Coupling

Parallel Resonce
-between Xs and Xc

SVC = Static Var Compensator
TCR = Thyrístor-controlled reactor
FC = Fixed Capacitor
Vs = System Thevenin voltage
Xs = Equivalent system reactance
Xc = Eqilivalent system capacitive reactance
Xfc = Fixed capacitor reactance
Xl = Transformer leakage reactance
Th = Thyristor valve

Figure 2.S Equivalent Circuit of a SVC Connected to a Parallel Resonant Network

TCR
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Point of SVC
Coupling ' 

-t/ Parallel Resonce between
Xs and Xc and Xsvc

Vs

Xfc

SVC = Static Var Compensator
TCR =Thyristor-controlled reactor
FC = Fixed Capacitor
Vs = System Thevenin voltage
Xs = Equivalent system reactance
Xc = Equivalent system capacitive reactance
Xfc = Fixed capacitor reactance
Xl = Transformer leakage reactance
Th = Thyristor valve

Figure 2.6 Equivalent Circuit of a SVC Connected to a Network- 
in Parallel Resonance with ü'le SVC

TCR
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2"3 Three Phase Voltage Source Model

subroutine sRcT models a sinusoidal three phase star

connected Thevenin voltage source which consists of a

fundamental frequency sinusoidal source and provision fox

specifying a second harmonic component.

The EMTDC network DATA file allows for the specification of

one Thevenin voltage source per node. This source can be

connected in series with either a resistor, inductor or

capacitor as the Thevenin impedance" The Thevenin voltage'

as shown in Figure 2"7 (a) is def ined as e = ES (k'n) at each

node, k in subsystem, m. The subroutine SRCT calculates the

value of the Thevenin voltage each time stepr and interfaces

to the network via the parameter ES (krn).

Figure 2"7 (b) shows the phase displacement relationship

between the fundamental frequency source vectors and the

second harmonic source vectors in subroutine sRc7"

The subroutine source listing is included in APPENDIX 81"
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k = Node Number
m = Subsystem Number

(a) EMTDC Thevenin Voltage Source Representation

(b) Positive Sequence Vector Relationships

Figure 2.7 Three Phase Voltage Source
Subroutine SRCT
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2"4 SVC Transformer Model

The three phase SVC step-up transformer was represented by

interconnecting three single phase transformers in a wye-

delta configuration as shown in Figure 2.2. This

representation is valid for any three phase transformer with

a shell form core designr any three phase transformer with a

positive sequence impedance equal to tfre zer.o sequence

impedance, or a three phase bank consisting of three single

phase transformers.

The EMTDC program represents a single phase two winding

transformer as two mutually coupled coils as shown in Figure

2.8(a)" The relationship between the voltage across each

winding and the current is:

:;l [:i ;":l;l [:[; :

II

lz
(2"4)

The winding self-inductances (L r r and L 22) and the mutual

inductance (M rd between each winding are required for the

model. These parameters can be calculated from

manufacturers test data or alternatively from data obtained

from fransformer open circuit and short circuit tests. The
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procedure and formulae are described in detail in the EÙI'IDC

Userrs Manual t8l.

The equivalent circuit for tire two mutually coupled windings

is shown in figure 2.8(b)"

Adding transformer saturation effects to the equivalent

circuit of Figure 2"8(b) involves modelling the shunt

magnetizíng reactance, Xm as a non-linear element.

Alternatively the saturation current can be modelled as a

current source, Is( t) connected across one of the windings

as shown in Figure 2"9. This is the metho<l used in the

EMTDC program t8l" The saturation current Is(t) is a

funcÈion of the voltage across the winding V( t) , wirere Is( t)

is the current flowing in the transformer magnetizing

branch "

The flux in the transformer magnetizing branch is calculated

as the integral of the voltage.

ô s(t) = / vtr) dt (2"5)

The current, Is(t) flowing in the magnetizing branch is

related to the flux' Q s(t) by the non-linear saturating

inductance Ls( t) such that

(2.6)O's(t) = Ls(t) Is(t)
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The non-linear induetance, Ls shown in Figure 2"10t

represents the transformer saturation characteristic which

can be approximated by either a two slope characteristic

using the non-saturated inductance (Lm) and the saturated

inductance (La - air core inductance) r or by using a

mathematical expression relating the magnetizing current as

a function of the flux.

The following mathematical expression, used in the EMTDC

program, gives a saturation curve which is asymptotic to the

vertical flux axis and the sloping air core inductance

characteristic.

rs (0) a 0+ (2"7)
2La 0k2

where: a 0

A

0s
La

0

IM

0k

.2
K

0m

IM

B

B

c

D

0

(La 0k)

k

Im - 0m +

ffi
2A

0k K Óm 1"15 < K < 1"25
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0m = ãVm
l.¡o

0s = flux (webers)

0 k = knee point flux

0 m = flux at rated winding voltage

K = per unit knee point
L¡ = air core inductance (henries)

wo = rated frequency ( rad,/s)

Vm = winding rated rms voltage (volts)

Im = rms magnetizing currenL at rated voltage

' ( amperes)

The EMTDC subroutine TSAT 21 uses equations (2'5) and (2.6),

as shown in Figure 2"9, to approximate the effect of

transformer saturation. The saturation current is injected

into the network at the winding nodes" To maintain

numerical stability of the solution, a large resistor must

be connected to ground at these nodes. The value of these

resistors hras chosen to approximate the transformer core

losses.

lfhen the voltage across the transformer winding is

sinusoidal then the flux will also be sinusoidal. Large

currents wilt flow through the magnetizing branch when the

flux exceeds the knee value" The shape of the current

waveform depends on the parameters of the transformer
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Saturation curve and on the amount by which the flux exceeds

the knee point vaIue.

Figure 2"11 shows the winding voltage, tne flux and the

saturation current waveforms of one phase for the conoition

where the SVC transformer is suþjected to a balanced tnree

phase overvoltage of 1.25 pu. The transfornter rating is

332"4 MVA, 120/12"46 kV wye-delta connected, with a 122

leakage reactance. The rated magnetizing current was

assumed to be 2Z of rated winding current. The air core

reactance was assumeo to be 408. The saturation was applied

to the low voltage secondary winding. A saturation flux

knee point of 1 " 1 5 pu was used "

In general, the saLuration current contains not only a

fundamental component but also harmonic components. If the

saturation characteristic is symmet'rical and the flux is not

offset there wiII be no even harmonic components present in

the saturation current"

Numerical Fourier analysis of the magnetizing current

waveform of Figure 2"11 indicates the presence of harmonic

components aS tabulated in Table 2.1 " The current cont'ains

a large 60 'È12 component and a seventh harmonic component.

The TCR was fired equidistantly at a firing angle of 30".
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The rated

peak was

base used

transformer winding

used as the per unit

for the transformer

magnitizing current of 251"5 A

base current" The per unit

flux was 46"74 VoIt-seconds"

TABLE 2"1 Transformer Saturation Current of Figure 2"11
Positive Sequence Harmonic Components Due to 60 Hz

Balanced Three Phase Overvoltage

Component Magnitude - pu Phase

dc

1

2

3

4

5

6

7

0 " 0019

3.0867

0"0029

0"0031

0 " 0038

0.0047

0.0051

0 .607 6

134"5"

97"0"

43 "9"
g3. g'

160"5'

-105"3'

-1 6 .2'

-44.2"

Harmonic currents flowing in the magnetizing branch must

also flow in the ac system and will produce harmonic volt-

ages" The magnitude and phase angle of each harmonic volt-
age depends on bot,h the harmonic current and the harmonic

impedance of the ac system. The harmonic voltages add to

the fundamental frequency voltage at the transformer

terminals and modify the flux and the saturation current

which is responsible for the harmonic voltages in the first
place.
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If the voltages aÈ the terminals of the transformer are dis-
torted due to the presence of a large second harmonic¡ the

flux will be offset, and the saturation current will also

contain even harmonics" Figures 2"12, 2"13 and 2.14

respectively show the Phase ArB and'C transformer secondary

winding volt,age, flux, and saturation current for the case

where the fundamental frequency energizing voltage rt'as 1 " 0

pu in magnitude e 0' but contained a second harmonic

component of 30t e -30""

The Fourier components in t,he positive sequence of the

saturation current are t,abulated in Table 2.2.

TABLE 2.2 Transformer Saturation Current
Positive Sequence Harmonic Component.s Due to Second

Harmonic Voltage Distortion

Component Magnitude Phase

dc

'l

2

3

4

5

6

7

0.1394

0 " 8578

0"3806

0 . 1167

0 " 033s

0"0150

0 " 0322

0.0699

1 33. 4'

97 .1"

60"4'

23.9"

-9"00

-9"0'

-1 6.6'

-47 " 4"
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The secondary winding flux is now offset and a dc, second

and third harmonic components are evident in the magneti zíng

current. The TCR was fired equidistantly at 30' as in the

case shown in Table 2"1 "
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M12 <_
i2

L22

øø

v1 -v2

N2

(a) Two Mutually Coupled Windings

R1 X1

L11 = Self lnductance of Winding 1

122 = Self lnductance of Winding 2
M12 = Muiual lnductance between Winding 1

a : 1 = Turns Ratio between Windings 1 & 2

a- V1 -V2 =[-111rWJø

V3-V4

N4

&2

x2 R2

Winding 2Winding 1

R1 = Resistance of Winding 1

R2 = Resistance of Winding 2
Rm = Resistance of Magnetizing Branch
X1 = Reactance of Winding 1

X2 = Reactance of Winding 2
Xm = Reactance of Magnetizing Branch

(b) Equivalent Circuit of Two Mutually Coupled Windings

Figure 2.8 EMTDC Two Winding Transformer Model
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N2

*t"--------- il,;;

Figure 2.9 EMTDC lmplimentation of Transformer Saturation

0s (t)

Q=

Qn

0m

¡¿ = Air Core lnductance
Ls = Non-linear Saturated lnductance

Figure 2.10 EMTDC Transformer Saturation Characteristic
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c)

Ïtmg
. i. !¡{
€tccoñd3

Satr:ration Current

Figure 2.IL Transforner Winding Voltage,
û:rrent for a Balanced Three

Fh:x and Satr¡ration
Plnse Ovenzoltaqte.

Page 41



i---'-----l

' too I ' roo tttr'.". 
- =. J.lit

a) Vüj¡dj¡rg Voltage

- - -- - - - - --- - - - -J-

1t ñc -

c) Saturation Cì:rrent.

Transformer Phase A Winding Voltager Flux
and Saturation Current for Overvoltage
Due to 2nd Harmonic Distortion

. a r ô r . aa$
1¡ñc - Sccondc

Figure 2.12
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a) Winding Voltage

b) Wjrrdj¡g FIux

c) Saturation

Transformer Phase B Winding VoItage, FIux
and Saturation Current for Overvoltage
Due to 2nd Harmonic Distortion

f tm@ - Sccoôda

Figure 2.13
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a) Windi¡rg Voltage

c) Saturation

1tñê - S0coôdg

Transformer Phase C Winding Voltage, Flux
and Saturation Current for Overvoltage
Due to 2nd Harmonic Distortion

1!mo - Sccoñdo

Current

Figure 2"14
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2"5 TCR Model

Subroutine R6P120 model-s the operation of a six pulse

thyristor controlled reactor complete with a phase-Iockeo-

loop equidistant firing control system ancl thyristor

switching logic" The subroutine also has provision to alÌow

the user to modulate the firing of each anti-parallel

thyristor pair" The nominal firing angle ( * o) ano the

modulating angle ( A) are deLermined externally and passed to

the subroutine.

Figure 2.15 shows the three phase representation of.the TCR

to illustrate the node naming convention required þy t,he

model.

The appropriate circuit node numbers are passed to the moqel

via,the subroutine call statement in the E¡4TDC user def ined

dynamics subroutine DSDYN.

The numbering.of the circuit nodes is arbitrary. The

inductance of the TCR reactor, the tnyristor snubber

circuits, the SVC step-up Lransformer, the capacitance of

fixed capacitors and circuit damping resistances that make

up the SVC circuit are entered into the EiqTDC "DATA" file as

network data. Each anti-parallel thyristor pair in each

phase of the delta connected TCR is represented as a
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resistance between positive node numbers" Each thyristor

has the anode identified as node NxF and the cathooe identi-

fied as NxT" The thyristor firing pulses are referenced to

a three phase reference voltage waveform which is generated

by a phase-locked oscillator. The firing sequence shown in

Figure 2"15 (T1, 12, T3, T4, T5, T6) assumes that the PLL

reference voltage waveforms are synchronized to a positive

sequence (anti-ctockwise A'B'C phase rotation) three phase

voltage source. The thyristor nodes must be numoered Sucn

that N1F=N4, N1T=N2¡ N2F=N1, N2T=N6r etc., tO ensure the

proper firing sequence.

The positive Sequence three phase Voltage Source to which

the PLL oscillator is synchronized is the AC commutatíng

voltage measured across each phase of the TCR. In sub-

routine R6P120, t,he commutating voltage is derived from the

phase-to-ground voltage measured at the high voltage bus to

which the svc is connected. The measured voltages are

vDc(NArt{A) , VDC(NB,MA) and VDC(NCTMA) , which requires that

node NA=N13r NB=N14 and NC=N15 for the node numbering

sequence used in Figure 2.15"

The phase relationship between the measured high voltage bus

waveforms and the TCR commutating voltage is shown in Figure

2.16. For a wye-delta connected SVC transformer the ac
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commutating voltage (Vab) is in phase with the high side

voltage since:

Vab = E fo" rwhereVab=Va-Vb.n (2"8)

For a w!¡e-\¡Jye connected SVC transformer, the ac commutating

bus voltage leads the high side voltage by 30o since

Vab =E v¡ /30"
n

V¡ = VRnf'U sin 0 r
vg = vnerl¿ sin (o r _ 120)

vg = vnertt sin (o r ¡ izo. )

0 r= wrt

(2"9)

The logic contained in subroutine R6p120 is shown in Figures

2"17, 2.18 and 2"19 in block diagram form" The Fortran code

for subroutine R6P120 is included in Appendix 82.1.

A proportional-integral controrler is used to synchronize

the phase-Iocked oscillator voltage waveforms to the

measured commutating voltage waveforms.

The phase-locked oscillator generates a three phase set of
reference voltages having the form:

(2.10)

(2. 11 )
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where 0 r is the phase position of the PLL.

The zeYo crossings ( 0 r = 0 ) of the PLL reference voltage

waveforms, shown in Table 2"3, are constant.

Table 2"3 PLL Reference Voltage Zeto Crossings

PLL Voltage Phase Crossing -/+ Crossing +/-

A
B
c

00
120'
240"

190'
300 "
60'

The model requires the source voltage to be a cosine

function. Consequently the commutating voltage is of the

form:

V¡

vg = ã vlcos(os-120" + O1)

vg = 'E vlcos (os+ 120" + O1)

eS = hrst+ 01

(2.12)

(2"13)

where 0 s is the system phase position at time "t",
0 1 is the initial phase position ( t=o) '

V 1 is the rms fundamental frequency voltage magnitude,

ws = 377 rad/s is the system angular velocity

assuming a frequency of 60 Hz "
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The reference ( o o = o) for the nominal firing angle is
defined to be the peak of phase rrAtr ( 0 s = o) of the

fundamental frequency component of the system voltage. The

system commutating voltâg€, the PLL reference voltage, anct

the nominal firing angle reference are shown for pnase A in

Figure 2.20" The reference voltage waveform is synchronized

to the system voltage, but there is a 90o phase difference

between 0s and 0r"

A proport,ional-integral (PI) controller synchronizes tne PLL

reference voltage waveform to t,he system commutating voltage

waveforms by acting to reduce the totaL phase error. The

total phase error per cycle is defined as:

Eror = Innn(jl = ftor (j) 0s (:)l (2"14)
j=1 j=l

The zero crossings of the measured commutating voltage are

determined by checring if a polarity change has occurred.
-v{hen a zeyo crossing is detected, linear interpolation is

used to reduce the sensit,ivity of the measurement to the

solution time step, and the storage register, ERR (j) is

updated. The total error is then calculated and passed to

the PI controller.
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The firing pulses are issued to each

PLL phase position, a r satisfies the

2"4, where the thyristor arrangement

thyristor whenever the

Iogic shown in Table

is as in Figure 2.15"

Table 2"4 Thyristor Firing Pulse Logic

Thyr istor Range of 0 r
1

2

3

4

5

6

co + 90' < er < 180'

ao +150" < 0r < 240"

eo +210" < 0r < 300"

".o +270' j 0r < 360"

oo ( or < 60oror
-o +330'? 0r < 360'

cÊo + 30' < 0r ( 120'

The PLL position , 0 r is calculated with modulus 2 t¡, as is
the system phase position, 0 s to avoid computational

problems" Referring to Figure 2.20, thyristor, T1 can only

be fired when the voltage, Vab across it is positive and

..o*90'! 0r < 1B0o (-o< 0s < 90o). Thyristor, T4 can

on1ybefiredwhenvo1tagelVabisnegativeanddo+270"<
0r < 360""

Firing angle modulation logic is provided for each anti-
parallel thyristor pair to allow one thyristor to be fired
at cc o + À *, and the opposite thyristor to be fired at
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cc o A *y. The modulation angle, À xy is calculated

externally and passed to the subroutine, as is a o.

Input fittering is provided to filter the higher frequency

ripple arising from tirne step discretization' computational

voltage and current chaLter and the presence of higher order

harmonics due Lo system unbalances. A filter gain of 1.0

Iunit less] and a filter time constant of 0.0083s (one-half

cycle) were found to be suitable. Figure 2.21 compares the

unfiltered and filtered PLL steady state error for the case

where the TCR is fired at a o = 30 o in the presence of

severely distorted system voltage waveforms Cue to second

harmonic voltages. The PI controller minimizes the total
phase error between the phase-locked oscillator voltage

waveforrns and the system voltage waveforms by varying the

angular frequency, w, of the oscillator. The PLL steady

state error was within 1 0.006"" The controller gain

settings $rere chosen minimize the synchronization time

following large phase errors such as encountered during

system startup or following a step change in the phase

(generation - load unbalance) of the measured voltage. A

minimum response time of about 300 ms was achieved using the

parameters listed in Table 2.5"
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Table 2"5 PLL Control Parameter Settings

Parameters Value

Input Filter Gain
Input Filter Time Constant

Proportional Gain
Integral Gain ( slow)

( fast)
Integral Gain Switching
Pickup Level
Hysteresis
Time Delay Pick Up
Time Delay Drop Out

Gf
Tf

1"0
0" 0083

Kp = 10 s- I
Kis = 100 s- 2

Kif = 250 s- 2

Vset = 0"2618 rad (15')
Hyst = 0. 17 45 rad ( 1 0')
Tdpu = 0.01s
Tddo = 1"00s

The response of the pLL was slightry underdamped using these

settings as observed in Figure z.zz which shows the input
error, integral outputr and pLL output, wr for a step

change in system phase of 90o (at | = 0.75s)" A normal

integral gain of 100 =- 
2 *.= found necessary to quickry

minimize the steady state error due to proportional action
following small phase changes. A steady state error of less
than t 0" 006' was obt,ained within 300 ms of a system phase

deviation 
"

rntegral gain switching was used to increase the gain from

100 =- 
2 to 250 s- 2 for phase changes exceeding 15o. Gain

switching allowed fast settling time to be achieved

following large changes in system phase, and also alrowed

the PLL to remain in phase-lock during system frequency

changes. The gain switching rogic in the TCR moder requires
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the modelling of a relay with a time delay on pickup and

dropout" The Fortran code for this subroutine, T1t'ID5 is
included in Appendix 82.2.

Figure 2"23 shows the input error, integral output, and pLL

output following a system frequency increase ( starting at
| = 0.5s) at a rate of 10 Hz/s. The integral output
produces a steady state output, A wr = 62"g rad/s to
augment the PLL base frequency of 377 rad/s (60 Hz) in order
to remain synchronized to the system whose frequency has

increased to 439"8 rad/s (70 Hz) "

Figure 2.24 shows the TCR system voltages, the pLL reference
voltages, the TCR phase currents, and the thyristor firing
pulses for TCR operation at a firing angle of 30 degrees in
the presence of an sinusoidal 60 Hz source voltage. The pLL

reference voltages are observed to be in phase with the
fundamental frequency system vortage. The firing pulses are

equidistant and the TCR phase currents are symmetrical.

Each thyristor is modelled as a resistor.
Iogic changes the value of the resistance
Rott to turn the thyristor off, and vice
first checks the status of the thyristor
time step. Due to numerical constraints
switch model is not ideal. Consequently,

The switching

from Ror., to

versa. The logic
from the previous

the thyristor
when the voltage
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across the thyristor becomes positive, some current will
flow in the forward direction. The value of ROFF must be

large enough so that the error is insignificant with respect

to the fulI load current.

The thyristor current, Ivj(t) is used in the model to
determine when to turn the thyristor off. In order that the

thyristor remain conducting (on), the current must exceed a

"holding current" level > Chold. When the current falls
below this leveI, the thyristor is turned off, the syst,em

conductance matrix is inverted, and the t,ime the thyristor
is turned off is recorded" Arso, the thyristor current turn
off level lvoff(t) is set to zero. When the thyristor is
turned off , there will be a small negat,ive current through

the thyristor due to the finite value of Roff"

During the next cyc1e, when the thyristor becomes forward

biased, there will be a small positive current through the

thyristor" fhis current exceeds the current turn off level
which is zero when the thyristor is off" If the firing
pulse exists the t.hyristor is t,urned oû¡ the system conduc-

tance matrix is inverted, and the identity of the thyristor
is recorded; otherwise the thyristor remains off. When the

thyristor is orlr the current turn off level Ivoff(t) is set
to ChoId"
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The thyristor current is calculated each time step by the

relationship:

Ivj(t) = Gvj(t) * Vj(t), j = 1,6 (2" 15\

where cvj(t) is the thyristor conductance (Gon or Goff)

Vj(t) is the forward voltage across the thyristor"

The model interfaces to the networr by calculating the

conductance element for each anti-paraIIel thyristor pair
between nodes I and J each time step"

GDC (I'J'f4) = 0

GDC (IrJriu) = GDC (IrJr!l) + Gvj( t) , j = 1r6,1 (2"1o)

GDC (JrIrM) = G(IrJrM)

The EMTDC prograrn requires the conductance to Þe initialized
to zevo each time step,
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subrout¡ne R6P120 (MÁ, NA. ry9,J{c-, ly1], l¡18 N2TLNzFrNsr, N4F, Nsr, NsF, KV, KB, RoFF, RoN, cro, ALpHo,
yEE¡/.qFEgS.yvB.c' Tt' TtF, yo' TLo, THt, cL, TL, vsEr, HysT, mpu, moo, npùl_e+,
DE-TR, DELST, DELTR)

Figure 2.15 TCR Model lnterface to the Electrical Network
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Vb-Vc

(a) SVC Translormer Y - Y Connected - PLL Relerence Voltage Lags TCR Commúating Voltage by 30'

Vb-Vc

(b) SVC Transfornrer Y - AConneded - PLL Reference Voltage in Phase with TCR Commutating Vottage

Ftgure 2.16 Relationshþ between PLL Reference Voltage Phasors and TCR Commutating Vohage Phasors
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PLL Propot¡onal - lntegral
Conrroller Logic (Figure 2.1 8)

Er0) = Erü) d- zPl

Aph(i) = ao+A Alph(i)

Gonerate Firing Pulses

Tl ao+90<0r<180
TZ do+ 150<0r <24O

T3 qo+210<0¡'<300
T4 s.o+n0<øt <3û
T5 0<0r< 60

æ+330<0r <360

T6 cro+ 30<0r <120

Figwe 2.17 TCR lÍodel Block Dlagram Showing Thyristor F¡ring Pulse Logic
Subroulin€ R6P120
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Subroutín€ TIMDS

Gf = lnpt Filter cain [- |
Tf = lnput Filter Ïrn€ Conshnt Is I
Kp = Proportional cain [ 1/s ]
Ki = lntegral Gain [ 1/s'2 ]
Vset = lntegral cain Switching Pickup Sening Irad ]
H¡rst = lntegral Gain Switching Dropout Setting I rad ]
Tdpu = 

'l ¡¡ns Delay On Pickup Is ]
Tddo = ïnp Delay On Dropout Is ]
Kb = ¡6y¡ lntegra¡ cain If /s'2 I
K¡f = High lnÞgral cain [ 1/s'2 |

Figure 2.18 TCR Model Phase - Locked Loop Block Diagram
Subroutine R6P120
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Thyristor F¡ring Pulse Logic
FEwø2.17

Tum Vaive On
Gvj(l)=GonTum Valve Otf

Gv j(t) = Gotf

tv¡(r) =Gv¡(U'wi(l)

lnterilacs to Nêtwork
G (i,j,m) = G (i,j,m) + GVj (t)

Figure 2.1 9 TCR Model Block Diagram Showing Thyristor Switching Logic
Subror¡line R6P120
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û,o =0,

0'

Vab=Vmcos 0a

lab

Firing Range
T4

271'. e

d,o

Firing Range
T1

(a) System Angle Reference

(b) PLL Angle Reference

Figure 2.20 TCR Model Nominal Fiiring Angle Reference
Subroutine R6P120

6¿ O =0'

0' 90'

Vpll = V¡sf 5¡¡ e r

Firing Range

;__r4 _\

,r/

lab

I

e360'
0o I¡=-;¡l

Firing Range
T1
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Figure 2"21 PLL Steady State Error,
Firing r¡rith Alpha = 30'
Harmonic Voì.tage 30S G

Equidistant
, Source 2nd
-300
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o.J o.ô ê.o
llm@ - Secoôds

PLL Integral t:tput - rad/s

PLL Output - Wr

f Imc - Sccoôdt

- rad/s

ê.t o.ù o,{
llme - Sccoñ

PLL Filtered Error - Degrees

âd

.-t

TCR PLL Response to a 90' Step Increase
in System Phase, Equidistant Firing with
A1pha = 30o, Source 2nd Harmonic Voltage
30s e -30"

o. ù o, a
llmc - 3cêôñdâ

Figure 2.22
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*s{

€d

62.8 rad/sl

Integral

439.8 rad/s

b) PtL Orrtput - üir - radls

o'5 
ïr".. - s..å-"oo

PLL Filtered Error - Degnrees

TCR PLL Response to a 1 0 Hz/s Ramp in
System Frequency, Equidistant Firing with
Alpha = 39', Source: 2nd Harmonic Voltage
308 G -30"

Figure 2.23
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Figure 2"24
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2.6 Phasor Measurement of Control Parameters

If a troublesome harmonic is to be eliminated from the TCR

line current, this quantity must be measured and processed

by the TCR firing angle modulation controller. The phasor

value of the positive sequence second harmonic component

must be measured if the second harmonic is to be control-
Ied, Similarly, if the dc component of t,he TCR line current

is to be eliminted, the phasor value of the dc component in

the positive sequence line current must be measured.

In the presence of distorted system voltage waveforms due to

a second harmonic system resonance, the TCR line current can

have the form:

n
i(t) = r In cos (n wst + 0 n) (2.17)

i=1

To obtain an accurate phasor measurement of any desired

harmonic component of this current, a reference phasor is
required" The reference phasor must remain constant in
phase position and frequency with respect to the signals to

be identified as phasors.

The control parameter measurement method used in this
analysis transforms the instantaneously measured current

into its phasor equivalent by using the TCR firing system
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PLL to provide the reference phasor t3l " The PLL can

provide a reference harmonic phasor of the form.

j(n wrt + 0 r)
A e = [ lcos(o wr t+ Q r)+j sin(n wrt+ 0 r)](2.18)

where w, is the PLL frequency and 0 r is the pLL phase

position and n is the desired harmonic number.

The reference phasor is locked onto the positive sequence of
the system voltage, and consequently remains constant in
phase and frequency with respect to the system quantities to

be identified as phasors even in the presence of system

unbalances and frequency excursions.

The measured instantaneous values of the three phase cur-

rents are converted to their equivalent two phase set of
instantaneous values using the scalar (arbrc) to ( *, Ê)

transformation rief ined by:

The symmetrical components of the instantaneous values are

required" Before the vector symmetrical component transfor-
mation can be applied, the instantaneous values of the

(2" 1e)
[r*rt)l 1[z -1 -r [tu(til
L,B(r)J 3Lo /,-tlj Li:liì_l
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( o , ß) components must be translated to their phasor

equivalents. The symmetrical component transformation can

be applied as follows:

(2"20)

The symbols 11 and T2 denote the positive and negative

sequence phasors respectively, and I - and I g denote the

phasor values of the instantaneous signals i - ( t) and i g

( t) respectively.

To compute the sequence components directly from the instan-
taneous values of the ( n, B) components a transforrnation,

T is required which is defined symbolically by:

[:;]'tlll[:;]

[:

The transformation T is defined by

extract from a time varying signal

specified frequency as a dc value.

(2 "21)

requirement to

phasor component of

f-t,rriz I Ii -(tll
L rztrzzl L'ß(r).J

'l
,)=

the

the
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It has been

are:

T11 =

112 =

T21 =

Í22 =

cos wrt

j T11,

T1 1, and

-j 11 1.

shown I3l that the elements of transformation T

-j sin wrL, (2 " 22)

(2 " 23)

(2 "24)
(2 " 25)

Consequently, the real and imaginary

harmonic positive sequence phasor are

parts of the ktfr

given as:

rvr t
\r¡f t

(2"26)

The real and imaginary parts of the kth harmonic negative
sequence phasor are given as:

sin qtl [i * (t) I
"o= *,t-l Lt Ê (r)J[;:, i] I [=:"

;::l [: ; l:l[." r] r1l = [-.o= ',t
Lt* rt .lJ l_-sin wrt

-s in

-cos
(2 " 27')

Figure 2.25 shows Lhe implernentation of the harmonic phasor

measurement system for neasuring the positive sequence real
and imaginary components of the nth harmonic phasor of the

TCR line currents.
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subroutine PSEQU converts the measured instantaneous values

of the TCR line curent to the equivalent instantaneous ( -, ß)

component values as per equation (2"19)" The positive
sequence real and imaginary phasor components are calculated
as in equation (2"26) " The sine/cosine oscillator, which

generates the reference phasor, remains in phase-1ock with
the system voltages since the phase position, 0 r is gene-

rated by the TCR phase-locked roop. The pLL phase position
is adjusted by 0 r = -90' to coincide with the reference

coordinate system ( * o = oo is defined to be the peak of
the system phase A voltage waveform) . The input currents,
PLL phase position and desired harmonic number are passed to
the subroutine via the call statement. rf the harmonic

number N=or the dc component phasor is calculated, if N=1

the fundamental frequency phasor is calcurated, if N=2 the

second harmonic phasor is calculated, and so on.

Subroutine PSEQU outputs the

unfiltered real and imginary

sequence nth harmonic phasor.

PSEQU in included in Appendix

( * , ß) components and the

components of the positive

The Iisting for subroutine

83.

Firtering to eIíminate the sinusoidal terms which arise when

extracting the nth harmonic component from the

instantaneous current is accomplished using a digital
averaging filt.er. The real and imaginary components output
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from subroutine PSEOU are sampled 24 times per cycle ano

stored in a shift-register containing 24 registers. Each

new sample is stored in register #1, ancj the previous

samples are shifted up one register. The output is
calculat,ed by summj-ng the contents of the 24 registers and

averaging the resulÈ (1/24) after each sampling pulse. The

output is the dc value of any sínusoid whose perioci is a

multiple of thg fundamental period, The sampling pulse

train is generated by the PLL and therefore remains constant

in phase position with respect to the measured currents.

The sampling rate of 24 samples per second is adequate for
the harmonic components of interest in this analysis" If
higher frequency components are to be measured, the sampling

rate may have to be increased so that the sampling int,erval

is less than the Nyquist interval.

The filtering is done by subrouti; AVGF25, whose Fortran

coding is included in Appendix 84.

Figure 2"26 shows the positive seguence dc, 60 Hz, and

second harmonic real and imaginary phasor components

respectively of the TCR line currents as measured by

subroutines PSEQU and AVGF25. The measurements were made

for the case where the TCR firing angle, c o = 30o, with the

source voltage containing a second harrnonic component of 30S
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magnitude at a phase displacement of -30' with respect to
the fundanental frequency voltage source.

Table 2"6 shows a comparison of the steady state output of
the phasor mesurement system with the output from numerical
Fourier analysis of the TCR line currents for the case shown

in Figure 2"26

TABLE 2.6
Comparsion of Model phasor Measurement

to Numerical Fourier Analysis
for TCR Line Currents,

Alpha = 30 o, Source 2nd Harmonic 30t @ -30

Measured Fourier Analysis

+ve Seq.
Magni tude

( pu)
Phase

( degrees )

Itlagnitude
( pu)

Phase
( degrees )

dc 0.0543 -133.1 0.0537 -1 32.3

60 Hz 0.3718 -120. 4 0.3701 -120"8
120 Hz 0.1086 -13i"5 0.1093 -133.0

Figure 2.27 shows the phasor measurement system response to
a step change in system phase of 90" at | = 0"75 seconds.

The real and imaginary components of the dc, 60 Hz and

second harmonic positive sequence phasors of the TcR line
current are shown for the case where the TcR is fired at
G o = 30' in the presence of a source voltage with a second

harmonic component of 309 e -30"" The measurement system

adjusted to the system phase error within 150 ms. Note that

Page 72



the magnitudes of the harmonic phasors are the same before

and after the system phase change" only the phase positíon
is alteräd as the reference phasor, generated by the ppl,,

adjusts to remain locked onto the system voltage waveforms.

Figure 2"28 shows the measurement system response during a

10 Hz/s ramp in system frequency.
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sin(Ncor t + Qr)

cæ(N<o¡t+Q¡)

eL4

-_r-l_T1__f-Lr-L

Sampling Pulse Train
( 24 samples / cyde )

Phase - Locked Loop

Figure 2.25 Block Diqgram for Measurement of the Nth Harmonic Positive Sequence Phasor Component
of the TCR Line Cunent
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2 "7 Firing Angle Modulation Controller }lodel

The TCR firing angle modulation control-ler consists of one

real-pole type input fil-ter, one proportional-integraJ-

controller for each component (rea1 or imaginary) of the

measured input phasor, and a control algorithm to generate

the modulation signal. The modulat.ion controiler block

diagram is shown in Figure 2"29 and is implemented by

subroutine PCTR20" The Fortran code for subroutine PCTiì20

is included in Appenoix 85.

Filtering of the real anci imaginary components of the

measured harmonic phasor allows averaging the input signal

over several cycles. The reference values for the real and

imaginary components of current are zero, therefore the PI

controller adjusts the firing angle modulation until the

measured components are reduced to zeto.

The modulat,ion controller outputs a phasor quantity,
expressed in terms of its real component, CRL and imaginary

component, CIMG:

;= cRL+ jcrrvrc = ^/_ö

t-----------7-where A = /Cni,z + C1'¡"1ç2

(2"2ò )

(2.2e )
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and ô = tan-I ctMc
eRr,

(2.30)

A sinusoidal signalr À at frequencyr.wr can be derived

from this phasor information where

= ^cos 
(wrt + 6 )

and w, is the signal frequency"

(2.31)

Since the firing of the thyristor normally occurs at 60 o

intervals, with firing of each anti-paralIeI pair of thyri-
stors in each TCR phase occurring at 180' intervals, Èhe

modulat,ion sinusoid can be described by:

Axy = ^cos 
( or + (k -1) 120' + 6 ) (2 " 32)

where Or = wrt.

The reference frame for firing angle modulation is defined

as shown in Figure 2"30 by arbitrarily setting O r = Oo and

defining k as in Table 2"7 "
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TABLE 2.7
Firing Angle Definition for sinusoidal Modulation

xy k axy Firing Angle
ci=Go+Âxy

ab 1 Acosô c'l =cO+ÂabcQ=cÊOÂab

bc ) o"o=ô+ 120' cl=cO+AbC
e,$ =cO ÂbC

ca 3 Acosô+240" cc$=cO+ACa
c2-coAca

The thyristor configuration and numbering is as shown in
Figure 2"15. The equations in Table 2.7 (column 3) are used

in subroutine pcTR2O to.compute the modulation ang1e, Â xy
for each anti-parallel thyristor pair. These phase

modulation angles are passed to the TCR model R6p120 where

the individual thyristor firing angles are computed (column

4)"

Arternately, the moduration sinusoid can be constructed from
Èhe phasor output of the modulation controller using two

phase-locked loop oscillator signals r onê in quadrature with
the other, as shown in Figure 2.29. Expansion of equation
(2.31 ) produces the result:

cos ô (cos rvrt) + ¡ sÍn ô (-sin wrt) (2"33)[=^
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where CRL = A cos ô and CIMG = A sin ô" Sampling the modu-

lation sinusoid at 60' intervls for each fundamental

frequency cycle defines the firing angle modulation for each

thyr istor .

Figure 2"31 shows the response of the firing angle modula-

tion controller when controlling the second harmonic

component of TCR line current" The TCR was fired at a

nominal firing angle .. o = 30o, for the case where the

source voltage contained a second harmonic component of 309

magnitude at -30" with respect to the fundamental frequency

source" The controller was turned on at 0.25 s and

eliminated the second harmonic component of the TCR rine in
less than 300 ms.

Figure 2.31 also shows the controller response to a step

change in system phase of 90o at 0"75 seconds when

controlling the second harmonic component of TCR line
current. The controller reduced the second harmonic

component to zero within 200 ms after the phase shift"

Similarly, Figure 2"32 demonstrates that the firing angle

modulation controller maintained control of the second

harmonic component of TCR line current during a system

frequency ramp of 10 Hz/s" The freguency ranp starts at
| = 0.50s, just after the controller has reduced the second

harmonic component of the positive sequence TCR line current
to zelr.o"
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Figure 2.29 Block Diagram of the Proportional - lntegral Controller
for Sinusoidal Firing Angle Modulation of a TCR
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Figure 2.30 Phase Reference Frame for Sinusoidal Modulatjon
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2"8 Numerical Fourier Analysis

A program called FouRrER was \¡/ritten to perform a numerical
Fourier analysis on any periodic waveform stored in any one

of the ten possible channels in the EMTDC simulation output
file" The program requires that one of the output channels
contains period markers, The pLL reference pu1se, generated

once per cycle, is used as the period marker.

The numerciar Fourier anarysis is based on the supposition
Lhat a function i(t) of period T has the expansion:

; ( a,., cos nwt + bn sin nwt) ,n=1 (2"34)
=ao+T

i(r)

forto<t(to*T,

where ân=

t^-t..,n-

- ( to+T)
J it tl cos nwt dr
to

(n=0r 112,""") (2"35)2
T

ZITto
( to+T )

i(t) sin nwt dt (n=1,2,3,"..) (2"36)

Le tt ing f( t) = i( t) cos nwt,

to+T
I
to

(2.37 )

(2. 38 )
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The function f(t) is shown in Figure 2"33 for the interval_
(to(t<to+T). since the integral of f(t) exists over the
intervaL Ito, to+T], the integration may be carried out over
N equal subintervaLs, each of duration 

^ 
t such that

rhererore an= Zl xN ftnr(r)drl (2.40)r L n=l tn_1 I

^t = T = tk+1 -t¡
N

and substituring into (2"40) yields

Applying the trapezoidal rure of numerical integration

!

-LnI " f(t)at = Â=r l- f(rn) + f(rn_r) I , (2.41)
tn-12LJ

(2. 3e )

f-N Ian = 1l I f(rn)+f(rn-1)lNLn=o 
J

= I l- ,,.", + r(r¡¡) + , î-;(."J (2.42)N L 
' v' -\-!r/ ' -nll''-":l \¿
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Substituting for f(t) using 2.37:

li(to) cos nwto + i(rrq)

N-1
+ 2 E i(tn) cos nwt¡1

n=1

S imi larIy

bnõ Ii(to) sin nwto + i(tll)
N-1

+ 2 L i(tn) sin nwt,.rl
n=1

hlhere N is the number of samples

r,ìr = 37 6 .99 rad i ans/se cond .

cos Nwt¡

(n=0, 1,2,..) (2"43)

an:1
N

1

ñ
s in Nwt¡¡

(n= 1,2r..) (2 " 44)

The program outputs

their magnitude and

of the waveform and

coefficients in terms of

(2.45)

(2 " 46)

(2. 47 )

the Fourier

angle.

i( r) Cn cos (nwt + ô n)

where VJÌ

0n= tan- I (-ur, )

1."T-
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A symmetrical component analysis of the waveform is also

calcul-ated using the Èransformation"

where -0"5

-0. 5

j0"866

j0 
" 866

['. I [' 1 1 I ['".J

f*l =+ ll lz 3'I 1.l:.]

+a

a2=

(2.48)

(2"4e)

(2"50)

The Fortran code for the program is included as Appendix 86.

A sample interval of 50 us

rised throughout this study

coeff icients of the volt,age

1 "0 /120"
1 " 0 /240'

(ttre simulation time step)

to compute the Fourier

and current waveforms.
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Figure 2.33 Periodic Function f (Ð
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CHAPTER THREE

SIMPLE SVC MODEL CONNECTED TO THE HIGH VOLTAGE SYSTEM

3.1 Study Network

The performance of the TCR with firing angle modulation is
evaluated with a FC + TcR type svc modelred direct,ry on the
high vortage bus as shown in Figure 2"3" The svc step up

transformer $Jas not moderled. This case was identical to
the simple model that was used t3 1 to demonstrate the
concept of using firing angle modulat,ion of the TcR firing
angle to contror a given harmonic component of the positive
sequence TCR line current

The svc nominally rated 120 kv, 190 t4var production to
120 Mvar absorption, consisted of a 190 t"tvar f ixed
capacitor and a 300 Mvar thyristor-controlled reactor. The

fixed capacitor and the reactor were connected in a derta
conf iguration as shown in t,he detaired simurat,ion circuit of
Figure 3.1. The fixed capacitor, although often tuned to
firter the 5th and 7th harmonic, was modelled as a simple
capacitor in this st,udy"

The equivalent system at the point of connection of the svc

was assumed to be resonant at the second harmonicr Fêsulting
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in the presence of a large second harmonic vortage. This
condition was moderled by superimposing a balanced 120 Hz

three phase set of vortage waveforms on the rhevenin funda-
mentar frequency voltage source. The second rrarmonic source

was adjusted to produce a second harmonic vortage magnitude

of 308 with a phase displacement of -30o relative to the
fundamental at the point of SVC coupling.

The fundamentar frequency Thevenin vortage source magnitude

was adjusted to maintain 1"0 pu system voltage on the svc
bus. The performance of the TCR with firing angle

modulation was evaluated at firing angles of 0 
o, 20o , 30 o

and 45o" The svc configuration and steady state system

conditions are shown in Figure 3.2 for each firing angle.

The results are presented as a base case for comparison to
results obtained in the folrowing chapters with various
system representations. The results and conclusions are
compared for consistency with previousty published work

[3,4] "
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3"2 Per Unit System

The TCR reactor rating

(pu) base parameters 1

\¡ras used to def ine the per unit
isted in Table 3" 1.

The voltage-and current per unit bases

values. The magnitudes of the harmonic

the measured currents and the computed

are also expressed as peak values.

are expressed as peak

phasor components of

Fourier components

TCR Iine current was

ine voltage of 1"0 pu"

$rith the

1"0 pu at

per unit
alPha =

system chosen, the

0 
o assuming a TCR 1

Table 3 " 1 Per Unit System

Base Parameter Value

MVA
Líne Voltage
Phase Voltage
Line Current
Phase Current

3OO MVA
169.7 kv
97" 98 kv
2041 "2 A
1178.5 A
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Xs - Thevenin lmoedance of the AC Svstem
Xr - Reactance ol the TCR Reactor
Xfc - Capacitive Reactance of the SVC Fixed Caoacitor
Xsnb - Snubber Circuit Capacitive Reactance
Xd - Numerical Damping Circuit Capacitive Reactance
Rd1,Rd2 - Numerical Dampinq Circuit Resistance
Bsnb - Snubber Circuit Reöistänce
Rfc - Fixed Capacitor lnternal Resistance
Va ,Vb,Vc - Thevenin Voltage behind Reactance

Figure 3.1 Three Phase Equivalent Circuit of a SVC Modelled on the High Voltage Bus
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Figure 3.2 Study System Steady State Condit¡ons

Page 95



3" 3 TCR Performance lriith Equidistant Firing

The steady state positive sequence harmonic phasor compon-

ents of some SVC variables are listed in TaþIe 3"2 for TCR

firing angles of 0o, 20o, 30o and 45o. Toese components are

computed by performing a numerical Fourier analysis on the

voltage and current waveforms.

The magnitude of the dc component is observed to remain

relatively constant over the firing angle range, varying

from 0"041 pu to 0.070 pu. The second harmonic component

variation was somewhat greater varying from 0"082 pu Lo

0"148 pu over the firing angre range. The TCR fundamental

frequency var absorption lvas not significantly effected Þy

the harmonic vortage distortion as it, was within 5g of Èhe

ideal output at 1 .0 pu voltage. The ideal output is the

calculated output at a given firing angle based on the

effective reactance of the TCR assuming perfectly sinusoidal
60 Hz commutating voltage waveforms.

Figure 3.3 shows the steady state TCR waveforms for the case

where the firing angre cr o = 30o and the vortage waveforms

are distorted by a second harmonic component of 309 at -30'
relative to the fundamental. The TCR line vortage waveform

zeEo crossings are not equidistant as can be observed by

comparison to the PLL reference voLtage waveforms (VREF1,
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VREF2, VREF3). The line voltages reach a peak magnitude of
about 1.3 pu (VAe and Vg¡) due to the second harmonic

distortion" The thyristor firing pulses, measured from the

peak of the PLL reference voltage waveforms, are equidi-
stant. The TCR phase currents are not symmetrical with
respect to the zevo current axis. A dc component is
apparent in the TCR line current waveforms shown in
Figure 3"4"

The measured real and imaginary parts of the dc, 60 Hz and

second harmonic components of the positive sequence TCR line
current are shown from system startup in Figure 3.5. The

system vortage was ramped up in the first 0" 10s and an

additional 0"05s were required for the pLL to settle out and

allow the measurement system to initialize. The voltage and

current phasor magnitude and phase, for the case where alpha

= 30o, agree closery with the Fourier coefficients shown in
Table 3.2"
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3"4 TCR Performance Using Firing Angle t"todulation to
Control the Positive Sequence Second Harmonic phasor
Component of the TCR Line Current

The measured real and imaginary positive seguence second

harmonic phasor components of TCR line current were input
into the modulation controller using the controller para-

meter settings list.ed in Tab1e 3.3. The variables are

defined in Figure 2"29"

These controller gains rirere to chosen to give a srightly
under damped response to minimíze the settling time.

The steady state phasor components of some svc variables and

modulation parameters are listed in Tabre 3"4 for TcR firing
angles of 0o, 20"r 30" and 45o. Comparison of Table 3"4 to
the "no modulation" cases in Tabre 3"2 illr¡strates that
elimination of the second harmonic component from the TCR

line current approximately doubled the dc component at all
firing angles except a o = 4s" where it was reduced by 1zz.

Table 3. 3 Modulation Controller Settings with
the Second Harmonic Component of TCR
Line Current as the Control parameter

Parameter Real Part Imaginary Part
c (-)
T (s)
Kp ( radlpu)
Kr (radlpu-s)
Limits (rad)

1.00
0. 032
-1"00
-90"0t 1.5

1.00
0.032
-1 .00
-90. 0
! 1"5
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Firing angle limits, encountered for the cases where alpha =

0o and 20o , restricted the sinusoidar moduration on one

side. The second harmonic component was stirl eriminated,
however, large modulation magnitudes r¡rere required.
Furthermore, the modulation significantly reduced t,he funda-
mental freguency absorption of t,he TCR to 518 at alpha = 0o

and 8Bg at arpha = 20". The reactive power absorption of
the TCR was not significantly reduced when firing angle
limits were not encountered.

Figure 3.6 shows the measured second harmonic component of
the TCR line current and the controrler output. for arpha =

30o" The second harmonic component was reduced to zero in
about 325 ms after the modulation controlrer was turned on

at t = 0.25s. The required modulation controller output of
0.150 + j0.521 radians corresponded to a moduration peak of
31.0o and a modulation phase of 74.0" -

Figure 3"7 shows the effect of the firing angle modulation
on the dc and 60 Hz components of the TCR line current for
the case where alpha = 30 " . Trre dc component increased by

808 from 0"059 pu 0 -134'to 0"106 pu e gg'. The funda-
mental frequency component increased 'oy 4? from 0.377 pu e

-120o to 0"392 pu e -119'.

Page 1 03



Figure 3" 8 shows the steady state TCR waveforms for the case

where alpha = 30 o 
" The thyristor firing pulses are no

ronger equidistant due to the modulation. The actuar firing
angles, measured from the peak of the pLL reference voltage
waveforms, correspond to the nominal firing angle prus or
minus A *y, the modulation angle in each phase.

The TCR phase currents are not symmetrical relative to the
zero current axis. The TCR rine current waveforms protted
in Figure 3.9 clearly show the existance of a dc component.
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3" 5 TCR performance using Firing Angle Modulationto control the positive sequencã Dc cornponentof the TCR Line Current

The measured real and imaginary dc phasor components of the
positive sequence TCR line current were input into the
modulation controller using the controller parameter

settings listed in Table 3.5. The variables are defined in
Figure 2"29"

Tab1e 3" 5 Modulation Controller Settings Withthe DC Component of TCR Line Currentas the Control parameter

Parameter Real Part Imaginary part
G (-)
r (s)
Kp (radlpu)
KI (radlpu-s)
Limits (rad)

1.00
0" 032
+1"00
+60 " 00r 1.50

1.00
0.032
-1.00
-60.00r 1"50

These controrler gains were chosen to give a slightly under
damped response to ninimize settling time.

The steady state phasor components of some svc variables and

the moduration parameter are listed in Table 3.6 for TcR

firing angles of 0", 20", 30o and 45o" comparison of
Table 3.6 to the "no modulation" cases in Table 3.2 illu-
trates that elimination of the dc component from the TcR

line current also re'duced the second harmonic component
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The second harmonic component was reduced by 1 1 B at 0 " , z4z

at 20" , 338 at 30" and 462 at 45'.

Firing angle limits, encountered at alpha = 0", restricted
the sinusoidal modul-ation on one side" The dc component was

stil1 satisfactorily eliminated although a rarger moduration

magnitude.was required to cancer the dc component magnit,ude

of 0"07 pu as compared to the case where alpha.= 20o.

Furt,hermor€r the moduration reduced the reactive absorption
of the TCR by 16t relative to the "no modulation" case. The

reactive absorption capability was only minimarly reduced

when firíng angle limits were not encountered.

Figure 3. 1 0 shows the measured dc component of the TCR rine
current and the controller output for alpha = 30". The dc

component was reduced to zero in about 325 ms after the con-

troller was turned on at t = 0.25s. The modulation con-

trorrer output of -0"0513 + )0"2070 radians corresponded to
a modulation peak of 12"2o and a moduration phase of 103.9'.

Figure 3 " 1 1 shows the effect of the firing angle modulation

on the 60 Hz and 120 Hz components of the TCR line current.
The fundamentar component was only reduced by 2z from 0 " 376

pu e -121" to 0.368 pu G -119". The second harmonic
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component was reduced by.34S from 0"120 pu e -132o to
0"079 pu 

"a -150'"

Figure 3"12 shows the steady state TcR waveforms for trìe
case where alpha = 30'.

The TCR phase currents shown in Figure 3.12r and the TcR

line currents shown in Figure 3"13, appear to be slrmmetrical
relative to the zero current axis-
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3"6 Summary and Conclusions

Distortion of the TCR voltage waveforms due to a large
second harmonic component caused a large non-characteristic
dc component (4-72 of fundament.al) and a large non-

characteric second harmonic component, (8-158 of fundamentar)

to appear in the positive sequence of the TCR line current
when the TCR was fired equidistantly" These currents can

aggravate an existing system resonant condition.

Sinusoidal modulation of the TCR firing angle was success-

fully applied to eliminate the dc or second harmonic com-

ponent from the positive sequence of Èhe TCR line current,
even in cases where firing angle limits were encountered. A

larger modulation signal was required when firing angle

limitations made the modulation "one sided". rÈ was demon-

strated t,he the TcR firing could be controlred to prevent

injection of an undesired harmonic current into the system.

Elimination of the second harmonic component from the posi-

tive sequence of the TCR line current caused t,he dc com-

ponent to approximately double in magnitude.

Elimination of the dc component from the positive sequence

of the TCR line current also reduced the second harmonic
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component" The amount of reduction increased from 118 to
462 with increasing firing angle"

Elimination of both the dc and second harmonic components

simultaneously was not possibte since the dc component

phasor has the opposite phase rot,aLion relative to the
second harmonic componenL phasor" Consequently the gain of
either the real or imaginary portion of the controrler must

be of opposite sign for the dc component relative to the

second harmonic component.

Firing angle modulation reduced the fundamentar frequency

TCR output by 3-7t when firing angle limits $¡ere not encoun-

tered" The reduction was much more severe when firing angre

limits $Jere encountered. The reduction was more severe for
second harmonic modulation (492 at alpha = 0') as compared

to dc modulation ( 1 78 at alpha = 20'') " This was only due t,o

the fact that a smalrer modulation signal !{as required to
eliminate the dc component for the conditions analyzed.

This reduction in react,ive power absorpt,ion capability would

be in conflict with the normal fundamental frequency reac-

tive por"rer controls that establish the nominal firing
angle" A strategy would have to be devised to avoid

operating conditions such that firing angre rimits would

severely restrict the sinuoidal modulation"
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The modulat.ion controller gains

fastest response to step changes

excessive overshoot. The error
eliminated by the controller in

hrere selected to provide the

!,rithout encounte ring

to a step input was

about 325 ms.

The results were consistent with previous work t3l which

concluded that a simpre representation of the TCR on the
high voltage bus was. adequate to simurate actual TCR wave-

form forms measured during a second harmonic resonance

condit,ion at the Hydro-euebec instalration at chateauguay.

Page 120



CHAPTER FOUR

SVC WITH STEP.UP TRÄ,NSFORMER

4"1 Study Network

The performance of the TCR with firing angle modulation is
evaluated with a FC + TCR type SVC with a step-up

transformer modelled as shown in the single line diagram of
Figure 2"4" The three phase EMTDC simuration circuit is
shown in Figure 4.1.

A wye-derta connected transformer, rated 332.4 MVA, 120 kv
wye/12.46 kv delta, with a leakage reactance of 12t was

, modelled" The rated magnetizing current was assumed to be

2z of the rated full load current of the transformer.
Transformer saturation was modelred as a current injection
into the low voltage winding. An air core reactance of 408

and a knee point flux of 1 " 1 5 pu were used to represent the
transformer saturation characteristic.

The svc (FC + TcR type), nominally rated 180 Mvar pro,iluction
to 120 Mvar absorption, was the same as in chapter 3 except
that it was rated i2.4 kv and connected to the 120 kv system

through a 120 kV/12"46 kV step-up transformer.
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The equivalent system at the point of connection of the svc
was the same as that used in Chapter 3.

The performance of the TCR with firing angle modulation was

evaluated at firing angles of 0o, 20" r 30' and 45o. The svc
configuration and steady state system conditions are shown

in Figure 4"2 for each firing angre. A system vortage of
i " 0 pu was maintained at the point of svc connection for
each of the TCR firing angles examined.
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Rd3 |

Xd;

T1

N2

Xs -Thevenin lmpedance of üre AC System
Xr - Reactance of the TCR Reacor
Xt - SVC Transformer Leakaqe Reactance
Xfc - Capacitive Reachnce o'f he SVC Fixed Capacitor
Xsnb - Snubber CirqJit Capacitive Readance
Xd - Numerical Damping Circuit Capacitive Reactance
Ept,Es! - SVC T¡ansÏorñrer Primary & S€condary Winding Resisrances
Rd1,Rd2,Rdg - Numerical Dampinþ Circuit Resiórance -
Rsnb - Snubber Circuit Res¡strnce
Hfc - Fixed Capacitor lntemal Resistance
Va ,Vb,Vc - Thevenín VolÌaqe behind Reacrance

Figure 4.'1 Study Network Three Phase EMTDC Simulation Circuit
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0.999 pu 0.957 pu

Vff = '1.00 pu @ 0'

V2nd = 0.30 pu @ -gO'

(a) TCR Firing Angle = 0'

Vff = 1.00 pu @ 0' ß2.
V2nd = 0.30 pu @ -gO'

(b) TCR Firing Angle = 20'

Vff = 1 .00 pu @ 0' 
196.

V2nd = 0.30 pu @ -30'

(d) TCR Firing Angte = 45'

180 Mvar 300 Mvar

1.002 pu

13.2 Mvar

ì 
""", I

272.5 Mvar

0o = 0'

168.9 Mvar

oo = 20'1
Mvar 300 Mvar180

1.021 pu
68.0 Mvar<-

vff = 1'oo Pu @ o' 
r ea.¿ Mvar I

V2nd = 0.30 pu @ -30' I
120.4 Mvar

do = 30'

Z nA*, I 63.2 Mvar

0o = 45'

I

{/

0.999 pu

0.999 pu

(c) ïCR Firing Angle = 30, 180
1
Mvar 300 Mvar

133.5 Mvar<-

180 300 Mvar
1
Mvar

1.043 pu

Figure 4.2 Study System Steady State Conditions
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4"2 Per Unit System

The TCR reactor rating was

quantities Iisted in Table

to define the per unit baseused

4" 1.

The phasor magnitudes of the measured currents and the
magnitudes of the Fourier components are expressed as peak
values. The transformer magnetizing current base equals zz
of the rated transformer secondary winding current of
12 575.9 A peak.

4.3

The steady

components

Tables 4.2

45" in the

state positive sequence harmonic phasor
of several SVC variables are tabulated in
and 4.3 for TCR firing angles of 0o, 20o,30o and
presence of a second harmonic voltage of 30g G

Table 4, 1 Per Unit System

Base Parameter VaIue
MVA
Primary Voltage (ti,¡
Primary Voltage (l,C¡
Secondary Voltage (f,l¡
Primary tine Cuirent
Secondary Line Current
Secondary phase Current
Transformer Magnetizing Current
Transformer Flux

300.0 MVA
169" 7 kv
97.98 kv
17.62 kv
2 041 .2 A

19 658.8 A
11 350.0 A

251.5 A
46" 7 V-s
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-30o at the high voltage bus" Table 4.2 contains the
results obtained without transformer saturation modelled and

Table 4" 3 contains the results with transformer saturation.

some effects of representing the svc transformer are
observed by comparing Table 4.2 to Table 3.2. wit,h the TCR

represented directry on the high vortage bus, the second

harmonic source v¡as effectively an infinite source. The

fundamentar and second harmonic voltage magnitudes at the
TCR terminals remained constant over the TCR firing angle
range. with the transformer modelled, the 60 Hz vortage
magnitude at the TCR terminals varied from 0.955 pu to
1"039 pu as the firing angle varied from 0o to 45". This
variation is characteristic of an Fc & TcR type svc when

operated to maintain a constant system voltage. However,
the second harmonic voltage component magnitude at the TCR

terminar increased from i7 "7+ to 26* relative to the
Table 3.2 (and the magnitude at the high voltage bus in
Table 4-2) " This increase in second harmonic voltage
component caused an increase in the dc and second harmonic
components of the positive sequence TCR line current. For
example r ât alpha = 30 " , the dc component increased 1

the second harrnonic component increased .tgg relative
case without the transformer (Table 3.2).

3t

to

and

the
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Comparison of Tables 4" 1 and 4.2 indicates that modelling of
transformer saturation had little effect on the steady state

components of the TCR line current.

Figure 4"3 shows the st.eady state TCR waveforms for equidi-
stant TcR firing at alpha = 30o. Transformer saturation vras

nodelled" Peak voltage magnitudes of 1.3 pu v¿ere observed

on two phases. The TCR line current waveforms plotted in
Figure 4.4, are non-symmetrical relative to the zero current
axis" The waveforms of Figures 4"3 and 4.4 are very similar
to the corresponding case in Figures 3.3 and 3.4, where the

SVC was modelled on the high voltage bus without a step-up

transformer "

The dc component magnitude of the positive sequence TcR line
current varied from 8.58 to 24.82 of the fundamental as the

firing angle was varied from 0o to 45' (Table 4.3).
similarly, the second harmonic component varied from 18,58

to 50t. The measured real and imaginary parts of the dc,

60 Hz and 120 Hz phasor components of the positive sequence

TCR line current are shown in Figure 4.5 for a TCR firing
angle of 30 o 

" The measured quantities correspond crosely to
the components in Table 4. 3 which are obtained from a

numerical Fourier analysis of the vortage and current wave-

forms.
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Arr components of the positive sequence transformer satura-
t,ion current in Table 4.3 increased as the firing angle

range increased from 0" to 45'. This increase was excepted

since the secondary winding voltage increased. Figures 4"6

and 4"7 show the saturation current for TCR firing angles of

30' and 0o respectively. The waveforms are shown from

system startup. The saturation current is init,ially limited
Eo +/- rft, the rated magneti zíng current, and then rereased

at time t = 0"25s. The current in each phase is offset
relative to the zero axis due to the offset in the trans-
former secondary voltage waveforms caused by the second

harmonic distortion" A peak steady stat,e saturation current
of about 3.5 pu is observed in the alpha = 0o case. The

peak magnit,ude approached 6.0 pu in the alpha = 3oo case.
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4'4 TCR performance.using Firing Angre Moduration tocontrol the positive sequence second Harmonic phasor
urrã"t-"-

The measured real and imaginary second harmonic phasor
components of the positive sequence TCR line currents were
input to the TCR firing angle modulation controlrer to
generate a modulation signal in order to cancel the second
harmonic component. The controller settings that were
applied are 1isted in Table 3"3

The steady state harmonic phasor components of some svc
variabres and the modulation parameters obtained from the
EMTDC simulations are presented in Table 4.4 for the cases
vùithout transformer saturation modelled, and in Table 4.5
for the cases with transformer saturation modelled. Nominal
TCR firing angles of 0o, 20" r 30o and 45o were considered.
The source voltage contained a second harmonic voltage
component such that a second harmonic voltage of 30g at -30"
phase displacement relative to the fundamentar source
existed at the point of SVC coupling to the system.

The firing angle modulation controller successfurly
cancelled the second harmonic component from the positive
sequence of the TCR line current at nominal TCR firing
angles of 20", 30" and 45o. The moduLation controller was
unable to completely eriminate the second harmonic component
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with the TcR firing angle = 0o. The 0"178 pu magnitude of

the second harmonic component required a modulation angle of

g0. in one phase, resulting in 'one-sided' firing of the

antiparallel thyristors. Vüithout the step-up transformer

modelled in Chapter 3 (Table 3"4) the modulation controller

vras able to cancel the second harmonic component; however,

the magnitude was onlY 0" 148 Pu.

Figure 4.8 shows the measured positive Sequence second

harmonic component of the TCR line current and the

modulation controller output for the nominal TCR firing

angle of 30o (with saturation modelled). The second

harmonic Component was reduced from the nno modulatiOn" case

magnitude of 0.140 pu,/-135' to zeÊo in about 350 ms. af ter

the controller was turned on. The modulation controller

output of 0.243 + j0.713 radians corresponds to a modulation

peak of 43.2" at a phase displacement of 71"2'" The

corresponding firing angle modulation in each phase is:

A ab = 13.9', Àbc = -42.4o and Aca = 28"4".

Figure 4"9 shows the effect of the modulation on the dc and

60 Hz components of the rIlCR line current (alpha = 30'). The

dc component increased to 1 829 while the 60 Hz component

decreased to 97t of the correspon<ling "no modulation"

values. Tables 4.4 and 4.5 show that modulation of the TCR
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firing angle to control the second harmonic component of the

TCR line current caused the dc component to increase by 1609

to 1808 of the "no modulation" vafues in Tables 4.2 and 4"3,

except at alpha = 45o where the dc component marginally

increased to 1122 of the "no modulation value". The 60 Hz

component of TCR line current was only marginally effected

by the modulation when TCR firing angle limits were not

eneountered (alpha = 30o or 45'). When TCR firing angles

rr7ere encountered, as at alpha = 20", the TCR line current
was reduced to 76* of the "no modulation" case. At

alpha = 0o, the sinusoidal modulation becomes one sided, and

the TCR line current dropped to 48* of the no modulation

case "

Figure 4.10 shows the steady state TCR waveforms for the

case where alpha = 30o with transformer saturation

modelled. The reduction of the second harmonic component by

firing angle modulation caused the peak magnitudes of the

TCR line voltage to increase slightly due to the increased

dc component in TCR Line current. The thyristor firing was

no longer equidistant" The actual firing angle of each

thyristor, measured from the figure, agrees with the firing
angles obtained by adjusting the nominal firing angle by the

modulation angle 
^ 

xy given above for each phase. The TCR

phase current waveforms clearly contained a dc component,

which was also observed in the TCR line current waveforms

plotted in Figure 4.11.
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A comparison of Table 4"4 (no saturation) with Table 4"5

shows that transformer saturation did not significantly

alter the results as the overvoltages caused by the second

harmonic distortion were only 10U to 158 above the knee

point ( 1 1 5t ) of the sat'uration characteristic "

However, a comparison of the cases in Table 4"5 to the "no

modulation" cases in Table 4.3 clearly illustrates that TCR

firing angle modulation control of the second harmonic

component of t,he positive Sequence TCR line current caused a

large increase in a1l components of the positive sequence

SVC transformer saturation current" The dc component

increase ranged from 12OZ (alpha = 45') to 339t (alpha = 0" )

of the Ino modulation" saturat'ion current components"

Similarly the 60 Hz component increase ranged from 1122

(alphâ = 45') to 207t (alpha = 0" ) and the second harmonic

component increase ranged from 120t (alpha = 45') to 2842

(alpha = 0'). The increase is less pronounced as the TcR

firing angle is increased from 0'to 45o and is attributed

to the increase in the dc component of the TCR line current

that is brought about by the modulation"

Figure 4.12 shows the SVC transformer saturation current

waveforms for the alpha = 30" case. The modulation con-

troller caused a large increase in the peak saturation

Page 1 39



current waveforms of phases A and B when the controller vJas

turned on at 0.25s" The change in transformer saturation

current due to the modulation can be more clearly seen when

Figure 4"12 is compared to Figure 4.6, the corresponding "no

modulation" case saturation current waveforms" The peak

value of saturation current increased from about 5"0 pu to

10.0 pu due to the modulation. Figure 4.13 shows the

tr.ansformer saturation current waveforms for the case where

the TCR firing angle = 0o. The one sided firing angle modu-

lation caused the sat,uration current to increase drama-

tically to peak values approaching 10 p"u. or 202 of rat,ed

transformer secondary winding current. The peak saturation

currents at TCR firing angles of 0o (Figure 4.13) and 45o

(Figure 4"12) are approximately the same in magnit,ude. The

one sided modulation at alpha = 0o increased the dc com-

ponent of the TCR line currentr thereby driving the trans-

former further inÈo saturation"

The modelling of the SVC step-up transformer resulted in a

larger second harmonic voltage component present at. t,he TCR

terminals as compared to the simple model of Chapter 3

(about 0"351 pu as compared to 0"300 pu) " The modulation

reduced but could not tot,ally eliminate the second harmonic

component from the positive seguence TCR line current at the
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TCR firing angle of 0"" Reducing the magnitude of the

second harmonic voltage component to 0"300 pu produced

similar result,s to that of Chapter 3 (Table 3"4)"
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4"5 TCR Performance using Firing
Control the Positive Sequence
Line Current

AngIe Modulation to
DC Component of the TCR

The measured real and imaginary dc phasor components of the

positive seguence TCR line current were input to the TCR

firing angle modulation controller to generate a modulation

signal t.o cancel the dc component" the controller.settings
that u¡ere applied are listed in Table 3.5.

The steady state harmonic phasor components of some SVC

variables and the modulation parameters obt,ained from the

EMTDC simulations are presented in labte 4"6 for the cases

without transformer saturation modelled, and in Table 4.7

for the cases with transformer saturation model1ed. Nominal

TCR firing angles of 0o, 20", 30o and 45o were considered.

The syst.eÍì voltage at the point of SVC connection contained

a second harmonic voltage component of 30t at -30o phase

displacement relative to the fundamental.

The firing angle modulation controller successfully

cancelled the dc component from the positive sequence of the

TCR line current in all cases, with and wit,hout transformer

saturation modelled. Firing angle limits were only

encountered in the cases with the norninal TCR firing angle

at 0o. In this case the TCR var absorption was reduced to
83"68 of the "no modulation" case.
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Modulation of the firing angle to control the positive

sequence dc component of the TCR line current also decreased

the corresponding second harmonic component by approximately

122 (a1ph¿ = 0') to 418 (alpha = 45') relative to the "no

modulation" case.

Figure 4.14 shows the measured dc component of the positive

sequence TCR line current and the modulation controller
output for the case of alpha = 30" and transformer

saturation modeIled" The dc component (0"067 pu g -132')
was reduced to zero in about 300 ms after the controller was

turned on. The controller output of -0.045 + jO.246 radians

corresponds to a modulation peak of 14.4o and a modulation

phase of 100.3'. The corresponding firing angle modulation

in each phase vras:

Aab = -2.6", Àbc = -11.0o and Aca = 13"5"

Figure 4.15 shows the effect of the modulation of the TCR

firing angle on the 60 Hz and second harmonic components of

the TCR line current. The 60 Hz component is decreased by

3.0t from 0"392 pu @ -122o to 0,380 pu e -120". The second

harmonic component is decreased by 308 from 0"'140 pu 0 -135'

to 0"098 pu e -152'.
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Figure 4 " 16 shows the steady state TCR waveforms for the

óase alpha = 30" and transformer saturation modelled"

Reduction of the dc component. did not reduce the TCR line
voltage maximum peak magnitude of 1"3 p.u. due to the pre-

sence of the infinite second harmonic source. Each

thyristor firing pulse was controlled by Lhe modulation

signal such that the TCR phase currents waveforms appear

more symmetrical with respect to the zeto current axis" A

dc component is not evident in the TCR line current \¡rave-

forms plotted in Figure 4"17 
"

Fígure 4"18 shows the SVC transformer saturation current

waveforms at a TCR firing angle of 30o" The firing angle

modulation only marginally increased the peak values of the

saturation current as compared to Figure 4"6, the "no

modulation" case at alpha = 30". Comparison of the dominant

harmonic components of the transformer saturation current

for the 'rno modulation" cases (Table 4"3) versus the "dc

modulation" cases (Table 4.7) shows that the harmonic

component magnitudes of the saturation current increased

due to the modulation" The dc component increase ranged

from 1078 (alpha = 45") to 1348 (alpha = 0o) of the "no

modulation" transformer saturation current component.

Similar1y, the 60 Hz component increase ranged from 1058

(alpha = 45") to 1172 (a1ph¿ = 0'), and the second harmonic
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component increase ranged from 1088 (aIpha = 45") to 1242

(alpha = 0'). The increase was the largest at alpha = 0o,

and is attribut.ed to distortion of the TCR line voltage

waveforms due to the one-sided modulation" Figure 4"19

shows the SVC transformer saturation current waveforms at

alpha = 0o, with the dc component of TCR controlled as a

comparison to Figure 4"7, the "no modulation" case at

alpha = 0o "

Comparison of Tables 4"6 and 4.7 indicates that the

modelling of transformer satüration did not significantly

alter the st,eady stat.e results relative to the "no

saturation" cases"

Page 153



F
iri

ng
 A

ng
le

T
C

R
 L

in
e 

C
ur

re
nt

D
C

 C
om

P
. 

**
60

 H
z 

C
om

p.
'l 
20

 H
z 

C
om

p.

V
a 

r 
i a

bl
e

T
ab

1e
 4

X
fr

nr
 P

rim
ar

y 
Li

ne
C

ur
re

n 
t

D
C

 C
om

p.
60

 H
z 

C
om

p.
12

0 
H

z 
C

om
p.

.6
P

os
iti

ve
 S

eq
ue

nc
e 

S
V

C
 V

ar
ia

bl
es

 w
ith

C
on

tr
ol

 o
f 

th
e 

P
os

lti
ve

 S
eq

ue
nc

e 
D

C
C

om
po

ne
nt

 o
f 

T
C

R
 L

in
e 

C
ur

re
nt

,
T

ra
ns

fo
rn

er
 S

at
ur

at
io

n 
N

ot
 M

od
el

le
d,

S
ou

rc
e 

2n
d 

H
ar

m
on

ic
 v

ol
ta

ge
 3

0t
 e

 -
30

'

X
fm

r 
S

aL
ur

at
io

n 
C

ur
re

nt
D

C
 C

om
p.

60
 H

z 
C

om
p.

12
0 

H
z 

C
om

p.

al
ph

a 
=

 0
'

pu
 /-

'

P
rim

ar
y 

Li
ne

 V
ol

ta
ge

D
C

 C
om

p.
60

 H
z 

C
om

p.
12

0 
H

z 
C

om
p.

0.
00

2/
-1

07
"

0.
77

7 
/-

1 
19

'
0.

 1
54

/-
15

2'

S
ec

on
da

ry
 L

in
e 

V
ol

ta
ge

D
C

 C
om

p.
60

 H
z 

C
om

p.
12

0 
H

z 
C

om
p.

al
ph

a 
=

 2
0'

p\
r 

/-
'

0.
00

2/
 -

76
'

0.
21

4/
 -

82
"

0.
27

3/
 5

4"

T
C

R
 6

0 
H

z 
A

bs
or

pt
io

n
M

va
r 

(t
 

N
o 

M
od

. 
C

as
e)

0.
00

08
/-

12
8"

0.
5s

0l
 -

1 
1 
9'

0,
12

7 
/ 

-1
s1

"

M
od

ul
 a

t 
io

n
P

e 
ak

,/P
h 

as
e

À
ab

Á
bc

^c
a

al
ph

a 
=

 3
0"

P
Û

 /-
.

0.
 0

00
8,

/ 
-9

4 
"

0.
04

0/
 

4B
'

0.
31

0/
 

54
"

0.
00

05
,/ 

75
'

o.
99

e 
/ 

0'
0.

30
0 

/-
31

 "

0.
00

1/
 6

r'
o.

37
9/

-1
20

'
0.

09
8/

-1
52

"

0.
00

05
/ 

64
'

0.
97

7 
/ 

0o
o.

35
9 

/-
32

"

al
ph

a 
=

 4
5"

pt
) 

/-
'

0.
00

05
/ 

75
'

0.
99

e 
/ 

0'
0.

30
0 

/-
31

'

0.
00

't 
/ 

87
 "

0.
21

s/
 B

3'
0.

34
9/

 5
4"

22
7 

.7
 (8

3.
6'

,t

24
.4

'/7
3.

4"
7.

 0
'

-2
3.

7"
16

.7
"

o.
oo

1 
/-

13
2'

0.
 r

8s
l-1

19
'

0.
05

9/
-1

s0
"

0.
00

04
/ 

66
"

1.
00

3 
/ 

0'
0.

36
7 

/-
32

"

0.
00

1 
/-

12
7"

0.
42

1 
/ 

86
"

0.
40

2/
 5

40

o.
00

05
/ 

76
"

0.
99

9 
/ 

oo
0.

30
0 

/-
31

'

16
s.

 s
 (9

8)

13
.6

'l8
8.

1"
0.

50
- 

12
. 
0'

ll.
6'

0.
o0

o5
/ 

67
'

1.
02

3 
/ 

oo
0.

37
5 

/-
32

'

0.
00

05
/ 

75
'

0.
99

e 
/ 

0"
0.

 3
00

 /
-3

 1
 '

11
6.

3 
(9

6.
6)

14
.5

"/
1 

00
.8

"
- 

2.
7"

-1
1.

0'
13

.7
"

0.
o0

04
/ 

78
"

1.
04

5 
/-

 
1"

0.
38

1 
/-

32
"

58
.0

 (
9r

.8
)

17
 .1

' /
1 

18
.1

"
- 

9.
00

- 
9.

0"
17

 .1
" P

ag
e 

15
4



F
iri

ng
 A

ng
le

T
C

R
 L

in
e 

C
ur

re
nt

D
C

 C
om

P
. 

**
60

 H
z 

C
or

np
.

12
0 

H
z 

C
om

p.

V
ar

ia
bl

e

T
ab

le
 4

.

X
fm

r 
P

rim
ar

y 
Li

ne
C

ur
re

n 
t

D
C

 C
om

p.
60

 H
z 

C
om

p.
12

0 
H

z 
C

om
p.

7
P

os
iti

ve
 S

eq
ue

nc
e 

S
V

C
 V

ar
ia

bl
es

 w
ith

C
on

tr
oL

 o
f 

th
e 

P
os

iti
ve

 S
eq

ue
nc

e 
D

C
C

om
po

ne
nt

 o
f 

T
C

R
 L

in
e 

C
ur

re
nt

,
T

ra
ns

fo
rm

er
 S

at
ur

at
io

n 
M

od
el

le
d,

S
ou

rc
e 

2n
d 

H
ar

m
on

ic
 V

ol
ta

ge
 3

0t
 e

 -
30

'

X
fm

r 
S

at
ur

at
io

n 
C

ur
re

nt
D

C
 C

om
p.

60
 H

z 
C

om
p.

12
0 

H
z 

C
om

p.

al
ph

a 
=

 0
"

pt
) 
/-

"

P
rim

ar
y 

Li
ne

 V
ol

ta
ge

D
C

 C
om

p.
60

 H
z 

C
om

p.
12

0 
H

z 
C

om
p.

0.
0o

2/
- 

95
"

0.
77

 4
/-

1 
19

"
o.

'ts
3/

-1
52

"

S
ec

on
da

ry
 L

in
e 

V
ol

ta
ge

D
C

 C
om

p.
60

 H
z 

C
om

p.
12

0 
H

z 
C

om
p.

al
ph

a 
=

 2
0"

pù
 /-

"

0.
 0

0 
6/

-s
4 

'
0 

.2
31

 /
-8

2"
0.

26
3/

 5
3"

T
C

R
 6

0 
H

z 
A

bs
or

pt
.io

n
M

va
r 

(t
 

N
o 

M
od

. 
C

as
e)

0 
.0

00
7 

/-
49

"
o 

.5
48

 /-
1 

19
"

0.
12

5/
-1

52
"

0.
 1

 6
0/

1 
36

'
0.

83
sl

 9
8'

0.
a4

0/
 6

1'

M
od

ul
 a

tio
n

P
e 

ak
/P

ha
se

Â
ab

^b
c

^c
a

al
ph

a 
=

 3
0"

pt
) 

/-
"

0.
 0

06
/-

39
'

0.
03

1 
/ 

14
'

0.
29

4/
 5

4"

0.
00

05
/ 

75
'

0.
e9

9 
/ 

0'
0.

30
0 

/-
31

"

o.
 o

oo
8/

 3
o

0.
38

0/
-1

20
"

0 
.0

98
 /-

15
2"

0 
.2

36
 /

1 
38

"
1.

06
2/

 9
8'

0.
61

5/
 6

1'

0.
00

05
/ 

76
"

0.
97

5 
/ 

0o
0.

35
7 

/-
32

"

al
ph

a 
=

 4
5"

P
Û

 /-
"

0.
00

05
/ 

75
'

0.
99

9 
/ 

0'
0.

30
0 

/-
31

'

0.
00

7/
-3

8'
0.

18
3/

 8
1'

0.
32

5/
 5

4'

22
6.

4 
(8

3.
6)

24
.4

" 
/7

2.
9'

7 
.2

'
-2

3.
8'

16
. 
6'

0.
00

08
,/-

14
2"

0.
18

7 
/-

11
9"

0.
05

9 
,/-

15
0"

0.
 0

00
5,

/ 
68

'
1.

oo
 / 

o"
0.

36
3 

/-
32

',

0.
31

4/
13

6"
1.

29
7 

/ 
98

"
o.

79
8/

 6
1"

o.
00

96
/-

54
"

0.
37

9/
 8

5 
o

0.
37

0/
 5

4o

0.
00

05
/ 

76
'

0.
e9

9 
/ 

0'
0.

30
0 

/-
31

 "

16
4.

4 
(9

7.
8)

13
.7

" 
/8

1.
6'

0.
60

-1
2.

1"
11

.6
'

0.
43

2/
13

1'
1.

67
3/

 9
7"

1.
09

4/
 6

2'

0.
00

05
/ 

62
'

't.
01

9 
/ 

0"
0.

37
0 

/-
32

'

0.
00

0s
/ 

75
'

0.
99

9 
/ 

o'
0.

30
0 

,/-
31

"

11
6.

2 
(9

7.
11

14
.4

'/1
00

.3
'

- 
2.

6"
-1

1.
0'

r 
3.

 5
'

0.
00

05
/ 

77
'

1.
04

1 
/-

 
1"

0.
38

0 
/-

32
"

sB
.4

 (
92

.7
)

16
.5

" 
/1

18
.2

'
- 

7.
8'

- 
8.

7"
16

.5
" P

ag
e 

15
5



R

0.04j

Èe

q

c-

- 0.0448

1tñc- - Scêonoc

a) Real/Irnagjnary DC Ccnponents - pu

o.ò ô,4
1lñe - 3cc0ñde

b) Real/rrnaginary }4ocù:-l-ation controller congrcnents - raclians

Figure 4"14

98

F
s, I

Control of the Positive Sequence DC
Component of TCR Line Currentr Al_pha =
30", Transformer Saturation Model1ed,
Source: 2nd Harmonic Voltage 30% G -30'

Page 1 56



õ

o

âe3€;
ó
b

.=-

o'ô o'' ii".a - s..3-"oo

a) Real/Imagj¡ary 60 Hz Conponents - pu

o'r' 
iìt-o - ao.3^no" 

t''

b) Real-/InaginaÌy 2nd Harmonic Corçonents - pu

Figure 4"15

ç

Effect of Control of the positive
Seguence DC Component of TCR Line Currenton the 60 HZ and 2nd Harmonic Components,
AIpha = 30o, Transformer Saturation
ModelLed, Source: 2nd Harmonic Voltage
30å @ -30"

Page 157



flq

9¿

P.:

5î

Y-Ji \ iril"--" "' 
1-- 

-- 
- 
"--."t'- \i 

-€- rn6 ì
i.+-vAô I

1tñê - 96eonda

ltme - Sccoñda

ti

-g- 
fgc i

- -v6c i---+--- FuL33 '- x -puLs6l-.-e vñ€Fè i

3.:

E?

d
I

TCR Waveforms, Control of the Positive
Sequence DC Component of TCR Line
Current, Alpha = 30o, Transformer
Saturation ûlodelÌed, Source: 2nd Harmonic
Voltage 30U g -30"

---J------------

I _€_ rcn iI -...{-YCA i; -.-+--- PULSS I, - x -puLSA:
i "'.o_ vñEFl 

i

Figure 4.16

Page 1 5B



Ée

a

'È
fq
9¿

=

e

TCR Line Current Waveforms, Control of
the Positive Sequence DC Component of
TCR Line Current, AlPha = 30o,
Transformer Saturation l'lodelled, Source :

2nd Harmonic Voltage 30E G -30'

t.g¡6 l.!a{
Trm@ - 36coñdô

lrmc - Sccoñdc

t.t¡ô
1¡ñe - Sicoñd8

Figure 4 " 17

Page 1 59



1t mø - 9oqe-ñde

ï ¡ ñe 'Secoôde

Transformer Saturation Current Waveforms,
Control of the positive Sequence DC
Component of TCR Line Current, A1pha =
39:, Source: 2nd Harmonic Voltage 308 e -30'

page 160

1t6c - Sccoñda

Figure 4. 1 B



1¡m-c s-ècoñde

o.ô o.q
1¡ñc - Sceonos

1 I me Sccoôdc

Transformer Saturation Current Waveforms,
Control of the positive Sequence DC
Component of TCR Line Currentr Alpha =0o, Source: 2nd Harmonic Voltage :OA e -30.

Figure 4 .1 9

Page 1 61



4"6 Summary and Conclusions

sinusoidal modulation of the TcR firing angle was success-

fully applied to eliminate the dc component from the posi-

tive sequence of the TCR line current in all cases "

Sinusoidal modulation of the TCR firing angle was also

successfully applie,il to eliminat.e the second harmonic com-

ponent from the posit.ive sequence of the TcR line current,

except in the case where the TCR firing angle was 0o. In

this case the modulation signal required by the cont'roIIer

to cancel. the second harmonic component exceeded 90o,

result.ing in firing of only one of the antiparallel

thyristor pairs in a phase. The modulation controller

reduced t,he magnitude but did not entirely eliminate the

second harmonic comPonent.

when firing angle limits were encountered, the fundamental

frequency TCR loading $7as reduced by t,he firing angle modu-

lation. The reduction was as high as 504 for second har-

monic component control, and about 202 for the dc component

cont,rol. The reduction associated with the second harmonic

modulation \¡ras likely only higher in this case because of

the larger magnitude of second harmonic present for the

situation under study. This type of reduction is unaccept-
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able in practical situations as it could result in voltage

instability. A control strategy would have to be designed

such that the operating point of the TCR that is est'abished

by the fundamental frequency Voltage controller allow for a

reasonable modulation range during times when the system is

Susceptible to resonance condit,ions " l"lodulation angle

Iimits would also have to be applied.

Elimination of the dc component from the positive sequence

of t,he TCR line current also reduced the second harmonic

component by about 128 to 412 (with increasing firing

angle).

Elimination of the second harmonic component from the posi-

tive sequence of the TCR line current, on the other hand'

caused the dc component to approximat'ely double in magni-

tude.

Firing angle modulation caused the peak magnitude of the

transformer saturation current to increase. The increase

was quite moderate in the case of the dc component control,

even when firing angle limitations where encountered. The

increase r{tas quite large in the case of second harmonic

component control, especially when firing angle limits were

encountered.
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Complete control of the second harmonic component may not

always be feasible due to a strong interaction with the

transformer saturation. Modulation angle limits would have

to be applied to avoid severely reducing the fundamental

frequency TCR current"
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CHAPTER FIVE

PERFOR¡{ANCE OF AN SVC CONNECTED TO A STRONG AC NETI{IORK WHICH
IS IN SECOND HARMONIC PARALLEL RESONANCE AT TIIE POINT OF SVC
COUPLING.

5" 1 Study Network

The performance of the TCR with sinusoidal firing angle

modulation vras evaluated with the SVC connected to an ac

network characterized by a second harmonic parallel resonant

condition at the point of SVC coupling. The single line
diagram of the study network is shown in Figure 5.1, and the

detailed three phase EMTDC simulation circuit, is shown in
Figure 2.2"

The rating of the SVC and the rating of the SVC step-up

transformer were the same as used in Chapter 4"

The equivalent system parameters were chosen such that a

second harmonic parallel resonance existed between the

equivalent Thevenin react,ance of the system and the equiva-

lent shunt, connected capacitive reactance. The Thevenin
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reactance was chosen such that the three phase short circuit

capacity of the system was approximately:

Ssc = (kV)2 = (120 kV)2 = 4 800 t4VA (5.1)
Zs 3"0 ohm

For a second harmonic parallel resonance to exist' the

equivalent shunt, capacitance rating is given by:

Scap = Ssc = 1 200 Mvar (5"2)
n2

where n is the harmonic number. The effective short circuit

capacity at the point, of SVC coupling was approximately:

Ssce = 3600MVA (s.3)

The system damping angle is given by:

(Rs

TLre system compensation ratio' defined for the SVC as:

SCR = Ssce = 3600 = 7.50. (s"5)

. -1=Ëanlwo Ls+ =tan-1 = 950 (5.4)
6

9
2

:
0

Qsvc 480
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Considering the TCR alone the SCR is:

SCR = Ssce = 12"00" (s"6)

Qtcr

The TCR performance was evaluated at nominal firing angles

of 0o, 20", 30o and 45o" The study system fundamental

frequency stea<1y state conditions for each TCR firing an91e

are shown in Figure 5.2" The fundamental frequency Thevenin

voltage source magnitude v¡as adjusted t,o maint,ain 1"0 pu

vottage at the point of coupting of t,he SVC to the high

voltage system.

Table 5.1 shows the computed variation with frequency in the

magnit,udes of the fundamental and second harmonic impedances

as observed from the point of SVC coupling to the high volt,-

age system for TCR firing angles of 0o, 20",30o and 45o.

The system is resonant at 120 Hz" Connection of the SVC

shift,s the resonant point t,o 115 Hz with the TCR firing
angle = 0o" The resonant frequency and the second harmonic

impedance decrease with increasing TCR firing angle. The

system behaves capacitively at the second harmonic.

The solid line in Figure 5 " 3 shows the variation in system

impedance with frequency as observed at the point of SVC
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coupling to the system with the SVC connected and a firing
angle of 0o. Clearly a parallel resonance exists near the

second harmonic at 115 Hz" The dashed line, which repre-

sents the system impedance variation with frequency when the

TCR reactor is not connected, is resonant at 1 1 0 Hz " The

second harmonic impedance is Zg"Z ohms.

Table 5. 1 Study System
Frequency as
SVC Coupling

Impedance Magnitude versus
Observed from the point of
to the AC System

TCR Firing Angle 00 20" 300 45"

Frequency Impedance Magnitude (Ohms)

60 Hz

Resonant point
( - Hz)

120 Hz

3. gg

102 " 60
(115)

50.6s

4"02

98.02
(113)

38.76

4. 09

95" 84
(112)

34. 88

4. 17

92"83
(111)

31.06

The effective impedance of the TCR, given by:

ZEcr Xrn 90o ( .. o < 180, (5"7)
2(n-*o)+sin2*o)

was used to compute the apparent

reactance at each firing angle.

reactance of the TCR reactor and

Second harmonic current injection
point of SVC coupling can produce

fundamental frequency TCR

The variable Xr is the

n is the harmonic number.

into the network at the

large second harmonic
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voltages due to the high impedance" The voltage amplifica-
tion due to the parallel resonance will become smaller as

the TCR firing angle increases" A second harmonic voltage

with a magnitude of 3"08 at, -30' relat,ive to the fundamental

was superimposed on the fundamental source to provide the

current inject,ion required to excite Lhe resonant condition.

5"2 Per unit System

The TCR reactor rating r,/as used to define the per unit base

quantities which are defined in Table 4.1 " fhe per unit
base used for the transformer saturation current viras the

rated winding magnetizlng current,.
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Rs Xs

Point of SVC
Coupling

Y1l^
120t12.46kV

332.4 MVA
Xt=12Yo

- j12.0 
" 1
1200 Mvar

j 1.55 c¿

A

1j2.5ef¿
300 Mvar 180 Mvar

Figure 5.1 Study Netwok Single Line Diagram , System in Second
Harmonic Parallel Resonance at the Point of SVC Coupling.
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1.002 pu 0.958 pu
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----.-_--.--->

Vtt = 0.777 pu @ 0' 'f 1200 Mvar 
À I

V2nd = 0.03 pu @ -30' 165.5 Mvar I +

1200 Mvar

182.3Mvar

180 Mvar 300 Mvar

13.4 Mvar<-

1_Lla
180 Mvar 300 Mvar

70.9 Mvar<-

274.0 Mvar

Go = 0'

168.9 Mvar

0o = 20'

1 18.5 Mvar

ûo = 30'

(a) TCR Firing Angle = 0'

Vff = 0.750 pu @ 0' -l-
V2nd = 0.03 pu @ -30'

(b) TCR Firing Angle =20'

18e.e Mvar I l-r1V2nd = 0.03 pu @ -30' 189.9 Mvar I fr1
(c) TCR Firing Angle =30' 180 Mvar

Vff = 0.740 pu @ 0' 'l- 1200 Mvar

1.001 pu

300 Mvar

136.7 Mvar<-

Ytt =0.727 pu @ O' 'l\ 1200 Mvar 
Â I

V2nd = 0.03 pu @ -30' 1e8.8 Mvar I +
J 

ut.t tu",,

0o = 45'

(d) TCR Firing Angle =45' 180 Mvar 300 Mvar

1.001 pu 1.002 pu

1.002 pu 1.023 pu

1.045 pu

Figure 5.2 Study System Steady State Conditions
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Figure 5.3
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5.3 TCR Performance with Equidistant Firing

The steady state positive sequence harmonic phasor comp-

onents of some SVC variables are listed in Table 5 "Z for
equidistant firing of the TCR at,0o, 20o,30'and 45o. A

second harmonic parallel resonant condition exists between

the equivalent syst,em Thevenin reactance and the equivalent

system shunt reactance at, the point of SVC coupling to the

120 kV network.

The second harmonic source voltage of 3* e -30o relative to

the fundamental Thevenin source voltage was amplified by a
factor of 8.4 at alpha = 0o, 7.6 at alpha = ZO", 6"9 at
alpha = 30o and 5.9 at alpha = 45". This second harmonic

voltage amplification resulted in second harmonic voltage

components ranging from 21.98 to 29.58 across the TCR

terminals" This rarge second harmonic voltage caused severe

distortion of the fundamental frequency TCR commutating

voltage as was observed in Chapters 3 and 4" Un1ike the
previous chapters, the magnitude and phase displacement of
the second harmonic vortage is now a function of the second

harmonic impedance.

The dc component of the posit,ive sequence TCR line current

varied from 6"78 to 16.42 relative to t,he fundamental comp-

onent over the TCR firing range, while the second harmonic
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component varied from 15.33 to 32.88" The TCR fundamental

frequency -current, terminal voltage and absorption are

comparable to the results in Table 4 " 3 where a 30% second

harmonic volt,age $ras applied"

Figure 5"4 shows the steady state TCR waveforms for the case

of alpha = 30o " The second harmonic voltage component of

the secondary line voltage was displaced by -178' relative
to t,he fundamental, resulting in a different voltage wave-

form distortion pattern as compared to Figure 4.3 (-30"

displacement). The equidistant TCR firing, due to the non-

equidistant, volt,age waveform zero crossings, resulted in the

TCR phase current being unsymmet,rical relative to the zero

current axis. The TCR line current waveforms plotted in
Figure 5.5 clearly contain a dc component"

The measured real and imaginary parts of the dc, 60 Hz and

120 Hz components of the positive sequence TCR line current
are shown in Figure 5"6 for TCR firing at 30'" The measured

components agree closely with the Fourier analysis results
listed in Table 5"2"

Figure 5 "7 shows the SVC t,ransformer saturation current

waveforms for TCR equidistant firing at 30o. The currents

are clearly non-symmetrical. A peak saturation current of
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about 3"0 pu (64 of rated transformer winding current) was

observed "
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5"4 TCR Performance Using
Control the Positive
Component of the TCR

Firing AngIe Modulation to
Sequence Second Harmonic Phasor
Line Current

The measured real and imaginary second harmonic phasor

components of the positive sequence TCR line current were

input to the TCR firing angle modulat,ion controller to
generate a modulation signal to cancel the second harmonic

component" The controller settings that were applied are

list,ed in Tab1e 3 " 3

The steady stat,e positive sequence harmonic phasor com-

ponents of some SVC variables and the modulation parameters

are presented in Table 5.3 for nominal TCR firing angles of
0o, 20" , 30' and 45o.

Sinusoidal modulation of the TCR firing angle successfully

eliminated the second harmonic component from the positive

sequence of the TCR line current for all the nominal TCR

firing angles considered.

Firing angle limits were encount,ered at nominal TCR firing
angles of 0o and 20o. Clearly at alpha = 0o, the modulation

is one sided as limits are encountered for any modulation

magnit,ude and phase. The modulation magnitude required at
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alpha = 0o was almost double that required at alpha = 20"

although the second harmonic component of the TCR line
current was only 198 larger.

Furt,hermore, the one sided modulation at alpha = 0o reduced

the 60 Hz TCR loading to 73? of the no modulation case. The

TCR loading at other firing angles $ras not significantly
changed by the modul-ation"

Modulation of the TCR firing clearly caused some interaction
wit,h the syst,em. The second harmonic voltage amplif ication
wäs reduced by 438 at alpha = 0o, 388 at alpha = 20",318 at
alpha = 30" and by 198 at alpha = 45o relative to t,he "no

modulation" cases in Table 5.2. hfith a system compensation

ratio of 12.0, the TCR would not be expecLed to influence

the system resonance significantly" However, some reduction

in t,he positive seguence second harmonic voltage was

obtained. Since, the second harmonic component of the TCR

line current is reduced to zeyo by the firing angle modula-

tion the TCR reactor impedance can be considered infinite.
Consequently, the system resonant frequency is shifted açvay

from 120 Hz t,owards the dashed line in Figure 5"3. This

shift in resonant frequency lowers the system impedance at

the second harmonic, which results in a lower second

harmonic voltage component at the point of SVC coupling to
the system.
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Figures 5.8 and 5"9 respectively show the TCR waveforms and

the TCR line current waveforms for the case of alpha = 30o.

The TCR firing is noted to be non-equídistant"

The elimination of the second harmonic component increased

the dc component by 848 at 0", 96.68 at 20" and 24"52 at 30"

relative to the "no modulation" case values (Table 5 "2) " At

alpha = 45", the dc component is reduced by 262"

Figure 5.10 shows the measured positive sequence dc and 60

Hz components of the TCR line current for TCR firing at
30"" The magnitude of the dc component is increased from

0.049 pu e 8' (no modulation value) to 0.061 pu e -113" by

the modulation controller act,ion. The 60 Hz component is
not changed by the modulation.

Figure 5.1 1 shows the measured positive sequence second

harmonic component of TCR line current and the modulation

cont,roller output for TCR firing at 30o. The second

harmonic is reduced from 0"099 pu e 81" to zero in about 300

ms including settling time" The modulation controller out-
put corresponds to a modulation peak of lB.6o and a modu-

lation phase of -83"3"" The response of the controlrer $ras

very stable and similar at all the TCR firing angles

examined"
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Figure 5"12 shows the SVC transformer saturation current

waveforms for the nominal TCR firing angle of 30" " The

modulation controller vJas act,iviated at 0"40s, and caused

the transformer saturation current to increase initially.
However r âs the moduration reduced the second harmonic volt,-
age distortion due to the parallel resonance, the peak

saturat,ion current was reduced" The envelope of the satura-
tion current (phase B) settled out at 3"0 pu or 6t of the

rated transformer current. Comparison of the steady state
phasor components of saturat,ion current listed in Tabres s"2

and 5.3 illust,rates that the firing angle modulation caused

a reduction in the transformer saturation current components

except at the TCR firing angle of 0". Comparison of Figures

5"7 and 5"12 also illustrates Èhis result"
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3t! G -30"

Figure 5"12
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5.5 TCR Performance Using Firing Angle Modulation to
Control the Posit,ive Sequence DC Phasor Component
of the TCR Line Current

The measured real and imaginary dc phasor components of the

positive sequence TCR line current vrere input to the TCR

f iring angle modulat.ion controller" The modulat,ion signal

was used to generate a dc component, of the TCR line current ¡

equal in magnitude to the measured input but 180" out of

phase¿ so as to cancel the dc component" The controller
settings that were applied are listed in Table 3.5"

The steady state harmonic phasor components of some SVC

variables and the modulation par¿rmeters are listed in
Tab1e 5.4 for nominal TCR firing angles of'0o, 20", 30o and

450.

Sinusodial modulation of the TCR firing angle successfully

eliminated t.he dc component from the positive sequence TCR

line current at all nominal firing angles considered.

Firing angle limit.s were only encountered at the nominal

firing angle of 0o, where c1early, the modulation was one

sided" the one sided dc modulation reduced the TCR loading

at alpha = 0o t,o 918 of the "no modulation" case.
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l"lodu1aLion of the TCR f iring angle result,ed in only a 4" 13

to 7 "92 reduction in the second harmonic voltage amplifica-
tion over the range TCR firing angle

Figure 5"13 shows the TCR waveforms for the case of alpha =

30'" The TCR firing of each phase is modulat,ed to eliminate

t,he dc component in the TCR line current shown in

Figure 5"14"

Elimination of the dc component from the TCR line current
also reduced the second harmonic component" The second

harmonic component, was reduced by 16.42 at alpha = 0", 26.8t

at alpha = 20", 37.42 at alpha = 30o and 51.6t at alpha =

45" relative to the "no modulation" case. Figure 5.15 shows

the effect, of the firing angle modulation on the 60 Hz and

second harmonic components of the positive sequence TCR line
current for the case where the nominal TCR firing angle was

30s.

Figure 5.1 6 shows the measured positive sequence dc com-

ponent of TCR line current at alpha = 30o, and the modula-

tion controller output. The dc component \^las reduced to

zero in about 500 ms (including settling time) after the

controller was activated. The moduLation controller output

corresponds to a modulation peak of 9"1o at a modulation
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phase of - 49 "6" " The

stable and similar at

controller response was found to be

all TCR firing angles examined"

Figure 5"17 shows the SVC transformer saturation current for

the case where alpha = 30o " The modulation did not change

the saturation current appreciably, as can be observed by

comparison of Figures 5"7 and 5"17"

Comparison of the sequence components in Tab1es 5.2 and 5.4

indicates an increase in the saturation current components

at the TcR firing angle of 0o. This is likely the effect of

one-sided modulat,ion due t,o TCR firing angle limit,s being

encountered "
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5.6 Firi An le Modulation Usi Other Control Parameters

The performance

tion controLler

line current as

of

was

the

the TCR sinusoidal firing angle modula-

examined using the positive sequence TCR

control parameter 
"

The positive sequence svc transformer primary line current
or the positive sequence svc transformer secondary line
current were also input to the moduration controller to
det,ermine if the paralrel resonance condition at the point
of SVC compling could be damped"

The modulation controller could not eliminate the second

harmonic component from the positive sequence of the primary
or secondary t,ransformer line current. rn the system under

study, the second harmonÍc component of either of the above

currents was of sufficient magnitude such that the TCR was

unable to generate the required second harmonic component.

magnitude to cancel the input variable, even with the
maximum modulation as limited by TCR firing angle limits.

This result is expected" rt has been demonstrated la
Figure 5l that modulation of the TcR firing angle with a

modulation magnitude of 30 degrees produces a second

harmonic component of about 108 in the positive sequence TcR

line current" Modulation magnitudes much in excess of 30"

Page 200



$rould result in the modulat,ion being limited by firing angle

limits, which in turn would result in a reduction in the

positive seguence 60 Hz TCR line current" It is unlikely
that second harmonic component magnitudes in excess of 1 53

could be cancelled by modulation of the TCR firing angle"

The modulation controller successfully eliminated t,he dc

component from either the primary or secondary positive

sequence line current. However, modulation using either of

these variables as the control parameter was not as effec-
t,ive in damping the second harmonic resonance as was Èhe

modulation using the dc component of the TCR line current as

the control parameter.
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5 "7 Summary and Conclusions

Sinusoidal modulation of the TCR firing angle was success-

fully applied t,o eliminate Lhe dc component or the second

harmoriic component from the positive sequence of the TCR

line current. However, the modulation did not eliminate the

parallel resonant condit,ion existing at the point, of SVC

coupling to the ac system" Some reduction of the positive

sequence second harmonic voltage was observed with either

the dc or the second harmonic component of the posit,ive

sequence TCR line current as the controlled parameter.

Control of the second harmonic component resulted in a

larger reduction in the second harmonic voltage at the point

of SVC coupling as the modulation effectively reduced the

second harmonic impedance.

The TCR line current was the preferred control parameter for

the study system since the second harmonic component magni-

tude of t,he positive sequence of the SVC transformer primary

line current or secondary line current was larger than the

maximum second harmonic components that could be generated

by the TCR with maximum firing angle modulation.

When firing angle limits r¡tere encountered, the

frequency TCR loading was reduced by the firing
lation" A reduction of about 103 was observed

fundamental

angle modu-

with the dc
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component of the TCR Iine current as the control parameter.

A reduction of about 272 was observed with the second

harmonic component as the control parameter 
"

Elimination of the dc component from the positive sequence

of t,he TCR line current, in general also reduced the seeond

harmonic component by between 153 and 508 of the "no modula-

tion" valves "

Elimination of the second harmonic component, on the other

hand, caused the dc component to increase by as much as 962

with the TCR line current, as the cont,rolled parameter.

Control of the second harmonic component of TCR line current

via firing angle modulation caused the SVC transformer

saturation current to increase. The second harmonic modula-

tion generally caused an increase in the dc component of TCR

phase current, which caused an increase in the level of
transformer sat,uration" The increase in transformer satura-

t,ion was not excessive, however, since the damping of the

resonance reduced the second harmonic voltage distortion and

the peak overvoltages across the transformer windings.

The dc component modulation control only minimally increased

the transformer saturation level when firing angle limit,s
were encounted.
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Modulation angre limits and a voltage control strategy are

required to prevent the controller from forcing the TCR to
operate in the region where firing angle rimits are encoun-

tered, especially if the second harmonic component is to be

controlled" This wourd limit the possibirity of driving the
SVC transformer into severe saturation.

The modulation controller response was found to be very

stable, even with the svc coupled to a network in parallel
resonance at the second harmonic.
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CHAPTER STX

PERFORIV1ANCE OF AN SVC CONNECTED TO A STRONG AC NETWORK WITHA SECOND HARIT{ON]C PARALLEL RESONANCE BETWEEN THE NETWORK
AND THE SVC FIXED CAPACITOR

6"1 Study Network

The performance of the TCR with sinusoidal firing angle

modulation was evaluated with the svc connected to an ac

network characterized by a second harmonic parallel resonant

condition between the network and the fixed capacitor of the
svc as observed from the point of connection of the svc to
the high voltage system" The singre rine diagram of the
study network is shown in Figure 6.1, and t,he detaired three
phase EI\,ITDC simulatÍon circuit, is shown in Figure Z"Z.

The rating of the SVC and the rating of the SVC step-up
transformer were the same as used in Chapter 4 

"

The equivarent system parameters $¡ere chosen such Lhat, a

second harmonic paraller resonance existed between the
equivalent rhevenin reactance of the systemr the equivarent
system shunt connected capacitive reactance and the combina-

tion of the svc transformer in series with the svc fixed
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capacitor. The three phase short circuit capacity of the

system was approximately:

Ssc = (kV)2 = (120 kV)2 = s 760 MVA (6.1)
Zs 2.5 ohm

The effective short circuit capacity at the point of SVC

coupling was approximately"

Ssce = Ssc Scap = 4 560 MW (6"2)

where Scap = 1200 tlvar' the equivalent, system shunt

capacit,ance "

The system damping angle viTas assumed to be 85o.

The TCR performance ç.Jas evaluated at nominal firing angles

of 0o, 20", 30o and 45o. The st,udy system fundamental

frequency steady state conditions for each TCR firing angle

are shown in Figure 6.2. The fundamental frequency Thevenin

voltage source magnitude was adjusted to maintain 1.0 pu

voltage at the point of coupling of the SVC to the high

voltage syst,em.
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Table 6.1 shows the computed variation with frequency in the

magnitudes of the fundamental and second harmonic impedances

as observed from the point of SVC coupling to the high volt-
age sysLem for TCR firing angles of 0", 20o , 30" and 45o "

As the TCR firing angle increases from 0", the resonant

frequency moves from 125 Hz towards 120 Hz" Also the magni-

tude of the second harmonic impedance increases with firing
angle "

Ttre solid line in Figure 6.3 shows the variation in system

impedance with frequency as observed at the point of SVC

coupling to the system with the SVC connected and a TCR

firing angle of 0". A parallel resonance exists near the

second harmonic at 125 Hz and the system behaves inductively
at, the second harmonic. The dashed line, which represents

the system impedance variation with frequency when the TCR

reactor is not connected, shows that the system and SVC

fixed capacitor are resonant at 120 Hz"

Table 6 " 1 Study System
Frequency as
SVC Coupling

Impedance l"lagnitude versus
Observed from the Point. of
to the AC Syst,em

TCR Firing Angle 00 20" 30 " 450

Frequency Impedance Magnit,ude (Ohms)

60 Hz

120 Hz

Resonant Point
( - Hz)

3"89

49.76

94.47
(12s)

4.02

65 .14

89.80
(123)

4. 09

72.99

87 .43
(122)

4"17

80.45

84.72
( 121)
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Second harmonic current injection into the network at the

point of SVC coupling can produce large second harmonic

voltages due to the high impedance" The second harmonic

voltage amplificat,ion will be larger as the TCR firing angle

increases " A second harmonic voltage with a magnitude of

2"0å at -30o relative to the fundamental was superimposed on

the fundamental source to provide the current injection
required to excite the resonant condit,ion"

6"2 Per unit System

The TCR react,or rating was used to define the per unit base

quantities which are defined in Tab1e 4"1. The per unit
base used for the transformer saturat,ion current was the

rated winding magnetizing current.
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Xs

Point of SVC
Coupling

YllA
120t12.46 kV

332.4 MVA
Xl=12To

-j12.0 
" 1
1200 Mvar

j 1.55 c¿

^

300 Mvar

Figure 6.1 Study Network Single Line Diagram,
System and SVC FC in Second Harmonic Parallel
Resonance at the Point of SVC Coupling.

-D j2'5e cl

180 Mvar
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1.000 pu 0.956 pu

108.6 Mvar
--.-.-.--.----.-

vff = 0.795 pu @ 0' f 1200 Mvar Â I

V2nd = 0.02 pu @ -30' 183.5 Mvar I +

Vff = 0.814 pu @ 0'

V2nd = 0.02 pu @ -30'

(a) TCR Firing Angle = 0'

(b) TCR Firing Angle =20'

(c) TCR Firing Angle =30'

'l\ 1200 Mvar ,f I

164.7 Mvar I It1
180 Mvar 300 Mvar

13.6 Mvar<-

180 Mvar 300 Mvar

70.7 Mvar<-

273.3 Mvar

Go = 0'

169.9 Mvar

0o = 20'

do = 30'

60.2 Mvar

do = 45'

Vff = 9.796 pu @ O' 'f 1200 Mvar 
Â I

V2nd = 0.02 pu @ -30' 18e.3 Mvar I +
J,ta.ortru"r,

180 Mvar 300 Mvar

136.8 Mvar<-

Vft = 9.775 pu @ 0' 'f 1200 Mvar 
I

V2nd = 0.02 pu @ -30' 197.0 Mvar I -Lt1
(d) TCR Firing Angle =45' 180 Mvar 300 Mvar

1.002 pu 1.004 pu

1.003 pu 1.024 pu

1.002 pu 1.045 pu

Figure 6.2 Study System Steady State Conditions
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r¿o. _ rôo.
Fîequencg - Hz

tao. rôo,
Fr6qusnca - Hz

System Impedance vs.
Point of SVC Coupling

Frequency at the
to the Network

Figure 6.3
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6.3 TCR Performance with Eguidistant Firing

The steady state positive sequence harmonic phasor comp-

onents of some svc variables are listed in Tabre 6"2 for
equidistant firing of the TCR at, 0o, 20" , 30o and 45o. A

second harmonic paraller resonant condit,ion exists between

the equivarent system Thevenin react,ance, the equivalent
syst,em shunt reactance and the svc fixed capacitor at, the
point of SVC coupling to the 120 kV network.

The second harmonic source voltage of 2z G -30' relative to
the fundamental Thevenin source voltage $¡as amptified by a

factor of 9.65 at alpha = 0", 9.55 at alpha = 20"r 9.60 at
alpha = 30" and 10.35 at arpha = 45". This second harmonic

voltage amplification resurted in second harmonic vortage

components ranging from ZZ.7Z to 25.72 across the TCR

terminals.

The dc component of the posit,ive seguence TCR line current
varied from 5.5t t,o 17.72 rerative to the fundamental comp-

onent over t,he TCR firing range, whire the second harmonic

component varied from 11"89 to 37"59.

Figure 6.4 shows the steady state TCR waveforms for the case

of arpha = 30'. The second harmonic voltage component of
the secondary line vortage i^¡as displaced by -76" rerative to
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the fundamental, resulting in a different voltage waveform

distortion pattern as compared to Figure 4"3 (-30" displace-
ment)" The TCR phase current waveforms, and the line
current waveforms plotted in Figure 6.5, clearly contain a

dc component"

The measured real and imaginary parts of the dc, 60 Hz and

120 Hz components of the positive sequence TCR line current
are shown in Figure 6"6 for TCR firing at 30""

Figure 6"7 shows t,he SVC transformer saturation current
waveforms for TCR equidistant firing at 30o " fhe currents
are clearly non-s]4nmetrical. A peak saturation current of

about 3.0 pu (6t of rated transformer winding current) was

obt,ained on phase A of the SVC t,ransformer.
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6.4 TCR Performance Using
Control the Positive
Component of the TCR

Firing Angle lvlodulation to
Sequence Second Harmonic Phasor
Line Current

The measured real and imaginary second harmonic phasor com-

ponents of the positive sequence TCR line current $¡ere input,

to t,he TCR firing angle modulation controller to generate a

modulation signal to cancel the second harmonic component"

The controller settings that $tere applied are listed in

Table 3.3

The steady state posítive sequence harmonic phasor com-

ponents of some SVC variables and the modulat,ion paraneters

are presented in Table 6.3 for nominal TCR firing angles of

0o, 20" , 30' and 45o.

Sinusoidal modulat,ion of the TCR firing angle successfully

eliminated the second harmonic component from the positive

sequence of t,he TCR line current for a1l the nominal TCR

firing angles considered. However, the parallel resonance

at t,he high volÈage system bus was not damped" In fact' the

firing angle modulation caused an increase in the second

harmonic voltage component. This result, can be anticipated

by examination of Figure 6 " 3. Since the second harmonic

component of TCR line current is reduced to zero by the

firing angle modulation the TCR reactor impedance appears

Page 219



infinite at the second harmonic. The system resonant point

is shifted towards 120 Hz (the dashed line in Figure 6.3)'

resulting in a higher second harmonic impedance. The second

harmonic current flowing through this impedance in part

increases the second harmonic voltage component"

Firing angle limits are encountered at nominal TCR firing

angles of 0", 20" and 30o" Figures 6"8 and 6"9 respectively

show the TCR waveforms and the TCR line current waveforms

for the case of alpha = 30o. The modulation results in one

sided modulation on two phases" The voltage and current

waveforms are severely distorted. The TCR phase and line

current waveforms contain a large dc component. This dc

component causes extensive saturation of the transformer.

The t,ransformer sat,uration current contains a large second

harmonic component which enhances t,he second harmonic volt-

age distortion.

The elimination of the second harmonic component increased

the dc component by 2232 at, 0o, 1922 at 20", 1899 at 30o and

100t at 45o relative to the "no modulation" case values

(Table 6"2') " Figure 6.10 shows the measured posit,ive

sequence dc and 60 Hz components of the TCR line current for

TCR firing at 30". The magnitude of the dc component is
increased from 0"046 pu e -93" (no modulation value) to

0.133 pu e 159o by the modulation controller action" The 60

Hz component is not changed by the modulation even though
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f iring angle limits $¡ere encountered " Howeverr the one

sided modulation at alpha = 0o and 20" reducetl the 60 Hz TCR

Ioading to 49"58 and 76"52 of the respective "no modulation"

case values.

Figure 6"11 shows the measured positive sequence second

harmonic component of TCR line current and the modulation

controller output, for TCR firing at 30" " The second har-

monic is reduced from 0"093 pu G -177o to zero in about

600 ms" The modulation controller output corresponds to a

modulation peak of 57"9" and a modulation phase of, -2"2".
The response of the controller $¡as not optimized, but was

very stable and similar at all the TCR firing angles

examined.

Figure 6.12 shows the SVC transformer saturation current

waveforms for the nominal TCR f iring angle of 30'" Thre

modulation controller hlas activiated at 0.40s, and clearly
caused the transformer saturat,ion current to increase" This

increase is related to the increase in t,he dc component of

the TCR phase current (Figure 6.8), which enhances saÈura-

tion of the transformer. The envelope of the saturation

current (phase C) reached 15"0 pu or 30t of the rated trans-
former current" Comparison of the steady state phasor com-

ponents of saturation current listed in Tables 6"2 and 6.3

illustrates that the firing angle modulation caused a large

increase in the transformer sat,urat,ion current components.

Page 221



Comparison of Figures 6"7 and 6"12 also illustrates this
res ult, .
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6"5 TCR Performance Using Firing
Cont,rol the Positive Sequence
of the TCR Line Current

Angle Modulation to
DC Phasor Component

the measured real and imaginary dc phasor components of the

positive seguence TCR line current were input to the TCR

firing angle modulation controller" the modulation signal

hras used to generate a dc component of the TCR line current,

equal in magnitude to the measured input but 180'out of

phaser So as to cancel the dc component. The controller
settings that were applied are list,ed in Table 3"5"

The steady state harmonic phasor components of some SVC

variables and the modulation parameters are list,ed in
Table 6.4 for nominal TCR firing angles of 0", 20", 30o and

450.

Sinusodial modulation of the TCR firing angle successfully

eliminated the dc component from the positive sequence TCR

line current at. a1l nominal firing angles considered.

However, the second harmonic paralle1 resonance at the point

of SVC coupling to the system was not damped" tvlodulation of

the TCR firing angle resulted in a 6.2+ to 39t increase in
the second harmonic voltage amplificat,ion over t,he range of

the TCR firing angle"
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Firing angle limits $Jere only encountered at the nominal

firing angle of 0o, where clearly, the modulation was one

sided" The one sided dc modulation reduced t,he TCR loading

at alpha = 0o to 91"62 of the "no modulation" case.

Figure 6.13 shows the TCR waveforms for the case of alpha =

30o " The TCR firing of each phase is modulated to eliminate

the dc component in the TCR phase current, and the TCR line

current shown in Figure 6.14"

Eliminat,ion of t,he dc component from the TCR line current

also reduced the second harmonic component. The second

harmonic component was reduced by only 2.72 at alpha = 0o,

4.92 at alpha = 20" , 9.68 at alpha = 30' and 25.09 at alpha

= 45o relative to the "no modulation" case" Figure 6.15

shows the effect of the firing angle modulat,ion on the 60 Hz

and second harmonic components of the positive sequence TCR

line current, for the case where the nominal TCR firing angle

was 30". The 60 Hz component was not changed by the modula-

tion "

Figure 6.16 shows the measured positive sequence dc com-

ponent of TCR line current at alpha = 30o, and the modula-

tion cont.roller output" The dc component was reduced to

zero in about 200 ms (including settling time) after the

controller was activated. The modulation controller output
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corresponds to a modulation peak of 12"2o at a modulation

phase of 62"7"." The controller response was found to be

stable and similar at all TCR firing angles examined.

Figure 6.17 shows the SVC transformer saturation current for
the case where alpha = 30'. The modulation did not change

the saturation current appreciably, as can be observed by

comparison of Figures 6"7 and 6"17"

Comparison of the sequence components in Tables 6.2 and 6"4

indicates a small increase in the saturat,ion current com-

ponents " The modulation caused a small increase in the peak

to peak transformer secondary voltage, thereby increasing

the sat,uration current.
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6"6 Summary and Conclusions

Sinusoidal modulation of the TCR firing angle was success-

fully applied t,o eliminate the dc component or the second

harmonic component from the positive sequence of the TCR

line current. However, the modulat,ion did not eliminate the

parallel resonant condition existing at the point of SVC

coupling to the ac system. An increase in the positive

sequence second harmonic voltage at the point of SVC

coupling was observed with either the dc or the second

harmonic component of the positive sequence TCR tine current

used as the modulat,ion cont,rol paramet,er.

Control of the second harmonic component of the TCR line
current increased the second harmonic impedance of the study

system as observed from the point of SVC coupling to the

system" This increased the second harmonic component, of the

positive sequence system voltage. Furthermorer coÍlsiderable

modulat,ion was required to cancel the second harmonic com-

ponent of the TCR line current,. The large modulation

signals caused extensive SVC transformer saturat,ion due to

the dc component in the TCR phase current waveforms, which

f urther aggravated t,he volt,age dist,ort,ion"
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For the system investigated in this chapter, control of the
dc component of the TCR line may be more beneficial in that
the saturation of the SVC transformer is minimized. How-

ever' even control of the dc component aggravated the vort-
age dist,ort.ion due to t,he paralle1 resonance.

I¡lhen firing angle limits Ì¡Jere encountered, the fundamental

frequency TCR loading was reduced by the firing angle

modulation" A reduction of about 1 0t was observed with the

dc componenl oa the TCR line current as the cont,rol para-

meter. A reduction of up to 508 was observed with the

second harmonic component As the control parameter.

Elimination of the dc component from the positive sequence

of the TCR line current, in generar also reduced the second

harmonic component by between 2"72 and ZS+ of the "no

modulation" valves.

Elimination of t,he second harmonic component, on the ot,her

hand, caused the dc component, to increase by as much as z23z

with t,he TCR line current, as the cont,rolled parameter.

contror of the second harmonic component of TCR line current
via firing angre modulation caused the svc transformer

saturation current to increase" The second harmonic modula-
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t,ion generally caused an increase in the dc component of TcR

phase current, which caused an increase in the revel of
transformer saturation"

The dc component modulation control only minimally increased

the transformer saturation lever when firing angre limits
were encounted"

Ivlodulation angre limits and a voltage cont,rol strategy are

required to prevent the controller from forcing the TCR t,o

operate in the region where firing angle limits are encoun-

t,ered' especially if the second harmonic component is to be

cont,rolled. This wourd limit, the possibilit,y of driving the
SVC transformer into severe saturation.

The modurat,ion controller response was found to be very
st,able 

"
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PERFORMANCE OF
SECOND HARITIONIC
THE SVC

CHAPTER SEVEN

AN SVC CONNECTED TO
PARALLEL RESONANCE

A WEAK AC NETWORK WTTH A
BETWEEN THE NETWORK AND

7 "1 Study Network

The performance of the TCR with sinusoidal firing angle

modulat,ion was evaluated with the SVC connected to an ac

network characterized by a second harmonic parallel resonant

condition between the network and the SVC ( fixed capacitor
plus TcR with arpha = 0') as observed from the point of svc

coupling to the network" The single line diagram of the

st,udy network is shown in Figure 7.1, and the detaired three

phase EIUTDC simulation circuit is shown in Figure Z.Z"

The rating of the SVC and the rating of the SVC step-up

transformer were the same as used in Chapter 4 "

The equivalent system parameters were chosen such that a

second harmonic parallel resonance existed between the

equivarent Thevenin reactance of the system the equivalent
shunt connected capacitive reactance and the svc" The three
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phase short circuit capacity of the system was approxi-
mately:

Ssc = (kv)2 = (120 kv)2 = 1 094 MVA (7.1)
Zs 13 "'16 ohm

The effective short circuit capacity at the point, of SVC

coupling vras approximately:

Ssce = Ssc Scap = 944 MVA (7 "2)

where Scap = 150 Mvar, the equivalent system shunt, capaci-

tance" the system damping angle was assumed to be 85'"

The system compensation ratio, defined for the SVC as:

SCR = Ssce = 944 = j.g7. (7.3)
Osvc 480

Considering the TCR alone the SCR is:

SCR = Ssce = 3"15" (7 "4)
Qtcr
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The TCR performance y"s evaluated at nominal firing angles

of 0o, 20" , 30' and 45" " The study system fundamental

frequency steady state conditions for each TCR firing angle

are shown in Figure 7 "2" The fundamental frequency Thevenin

voltage source magnitude $ras adjusted to maintain 1 " 0 pu

voltage at the point of coupling of the SVC to the high

volt,age system"

Table 7.1 shows the computed variation wit,h frequency in the

magnitudes of the fundament,al and second harmonic impedances

as observed from the point, of SVC coupling to the high volt-
age system for TCR firing angles of 0o, 20"r 30'and 45o"

As t,he firing angle increases the resonant frequency shifts
below 120 Hz, and the magnitude of the second harmonic

impedance decreases with firing angle"

The solid line in Figure 7 "3 shows the variation in system

impedance with frequency as observed at the point of SVC

coupling to the system with the SVC connected and a TCR

firing angle of 0". CIearIy a parallel resonance exists

at the second harmonic" The system impedance behaves cap-

acitively at the second harmonic when alpha is greater than

0 
o 
" The dashed line, which represents the system impedance

variation with frequency when the TCR reactor is not con-

nected, shows that the system is resonant at'103 Hz without
!L^ m^ñ -^^^L-Ene 'rur( reacE,or.
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Tab1e 7 "1 Study System
Frequency as
SVC Coupling

Impedance tr4agnitude versus
Observed from the Point of
to the AC System

TCR Firing Angle 00 20" 30' 45'

Frequency Impedance Magnitude (Ohms)

60 Hz

Resonant Point( - sz)

120 Hz

13.6

266 "0(120)

266.0

15. 4

256"1
(113)

130"4

16"4

249 "7(110)

96"1

17 "8

240.6
( 106)

72.0

A second harmonic current injection int,o the network at the
point of SVC coupling can produce large second harmonic

voltages due to the high impedance" The volt,age amplifica-
t,ion will be smaller as the TCR firing angle increases. A

second harmonic voltage with a magnitude of 3"08 at -30'
relative to the fundament,ar was superimposed on the fund-

amental source to provide the current injection required to
excite the resonlnt condition.

7.2 Per unit System

The TCR reactor rating s¿as used to define the per unit base

quantities which are defined in Table 4.1. The per unit
base used for the transformer saturation current was the

rat,ed winding magneti zinq current.
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Xs

j 13.2 C¿

Point of SVC
Coupling

Y1l^
120t12.46kV

332.4 MVA
Xt=121o

-je6.0 o

150 Mvar

j 1.55 c¿

^

300 Mvar 180 Mvar

Figure7.1 Study Network Single Line Diagram,
System and SVC in Second Harmonic Parallel
Resonance atthe Point of SVC Coupling.

- j2.5e ç¿
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1.001 pu 0.958 pu

108.3 Mvar

-->Vff = 0.978 pu @ 0' 'l- 150 Mvar 
Â I

V2nd = 0.03 pu @ -30' 165.3 Mvar I +

150 Mvar

182.4Mvar

180 Mvar 300 Mvar

180 Mvar 300 Mvar

273.6 Mvar

do = 0'

170.4 Mvar

0o = 20'

0o = 30'

57.2Mvar

Go = 45'

(a) TCR Firing Angle = 0'

Vff = 6.956 pu @ 0' 1
V2nd = 0.03 pu @ -30'

(b) TCR Firing Angle =20'

Vff = 0.815 pu @ 0' .l- 150 Mvar 
Â I

V2nd = 0.03 pu @ -30' 1e2.1 Mvar I +
J 

ttt.u tu".'

(c) TCR Firing Angle =30'

Vff = 9.755 pu @ 0' 'f 150 Mvar

V2nd = 0.03 pu @ -30' 198.1Mvar

(d) TCR Firing Angle =45'

180 Mvar 300 Mvar

180 Mvar 300 Mvar

1.002 pu 1.002 pu

1.009 pu 1.031 pu

1.003 pu 1.048 pu

Figure 7.2 Study System Steady State Conditions
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7 "3 TCR Performance with Equidistant Firing

The steady state positive sequence harmonic phasor comp-

onents of some SVC variables are listed in Table 7 "2 for
equidistant, firing of the TCR at 0o, 20" , 30" and 45'. A

second harmonic parallel resonant condition exist,s between

the equivalent syst,em Thevenin reactance, the equivalent

system shunt capacitance and the SVC at the point, of SVC

coupling to the 1 20 kV network.

The second harmonic source voltage of 3S e -30' relative to

the fundamental Thevenin source voltage $¡as amplified by a

factor of 9.83 at alpha = 0o, 6.53 at alpha = 20"r 4.93 at
alpha = 30o and 3.47 at alpha = 45o. This second harmonic

voltage amplification resulted in second harmonic voltage

component,s ranging from 1 3.08 to 34.58 across the TCR

terminals. The reduction in voltage amplification is due to

the reduction in the magnitude of the second harmonic impe-

dance with firing angle as shown in Table 7 .1 "

The dc component of the positive sequence TCR line current

only varied from 7 "62 to 9.9ã relative to the fundamental

component over the TCR firing range, while the second

harmonic component varied from 18.38 to 20.38.

Page 248



Figure 7.4 shows the steady state TCR waveforms for the case

of alpha = 20" " The TCR line current waveforms are plotted
in Figure 7.5"

The measured real and imaginary parts of the dc, 60 Hz and

120 Hz components of the positive sequence TCR line current
are shown in Figure 7 "6 for TCR firing at, ZOo .

Figure 7 "7 shows the SVC transformer saturation current
waveforms for TCR equidist,ant firing at 20". The currents
are clearly non-symmetrical due to the voltage waveform

distort,ion caused by Èhe second harmonic voltage com-

ponent" A peak saturation current of about 2.5 pu (5t of
rated transformer winding current) was observed.
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Figure 7.7
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7 "4 TCR Performance Using
Control the positive
Component of the TCR

Firing Angle Modulation to
Sequence Second Harmonic phasor
Line Current

The measured real and imaginary second harmonic phasor

components of the positive sequence TCR rine current were

input to the TcR firing angle modulation controller to
generate a modulation signal to cancel the second harmonic

component" The controller settings that were appried are

listed in Table 3"3 with the exception that the integral
gain was reduced from -90 to -15 rad,/pu-s.

The steady state positive sequence harmonic phasor com-

ponents of some svc variabres and the modulation parameters

are presented in Tabre 7.3 for nominal TcR firing.angres of
0o, 20", 30o and 45o.

sinusoidal moduration of the TcR firing angle successfully
eliminated the second harmonic component, from the positive
sequence of the TCR line current for all the nominal TcR

firing angles considered. The modulation also damped the
second harmonic paraller resonance. The second harmonic

volt,age amplification was reduced to 262 at alpha = 0o, 398

at, alpha = 20", 518 at alpha = 30o and 722 at alpha = 45' of
the "no modulation" values " The damping of the second

harmonic resonance by the modulation can be explained by

consideration of Figure 7 "3" cancerlation of the second
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harmonic component of TCR line current makes the TCR reac-
tance appear infinite at 120 Hz since no second harmonic

current can flow" That is, the system resonant frequency
is shifted toward the dashed curve in Figure 7.3, thereby
reducing the second harmonic impedance from that of the ,,rìo

modulation" cases.

Firing angle limits $rere encountered at nominal TcR firing
angles of 0o. clearly at alpha = 0o, the modulation is one

síded as limits are encountered for any modulation magnitude
and phase. The one sided modulat,ion at alpha = 0" reduced

the 60 Hz TCR loading to 89g of the ',no modulation" case.
rhe TCR loading at other firing angles was not, significantry
changed by the modulation.

Figures 7.8 and 7.9 respectivery show the TCR waveforms and

the TCR line current waveforms for the case of alpha = zo".
some voltage waveform distortion exists at the voltage peak

but otherwise the waveforms are nearly slzmmetrical relative
to the zeto voltage axis.

The elimination of the second

the dc component by 50t at 0o

to the "no modulation" values

and 45", the dc component is

harmonic component increased

' but only 139 at 20" relative
(Table 7"2). At alpha = 30o

reduced by 172 and 44t respec-
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t'ively" Figure 7"10 shows the measured positive sequence dc

and 60 Hz components of the TCR line current for TcR firing
at 20" " The magnitude of the dc component is increased from

0-053 pu G -34" (no modulation value) to 0"060 pu g -109'by
t,he modulation cont,rorrer action. The 60 Hz component is
only marginally reduced by the modulation.

Figure 7"11 shows the measured positive sequence second

harmonic component of TCR rine current and the modulation
controller output for TCR firing at, 20" " The second

harmonic is reduced from 0.107 pu G'129" to zero in about

400 ms. The modulation controller output corresponds t,o a
modulation peak of 12.9o and a moduration phase of -g2.2".
The response of the controller \Âras very stabre and similar
at all the TCR firing angles examined. However, with the
TcR reactor contribut,ing to the parallel resonance, the
integral gains had to be reduced from -90 to -15 rad/pu-s.
otherwise, the response would be considerabry underdamped

relative to the cases in the previous chapters.

Figure 7 "12 shows the svc transformer saturation current
waveforms for the nominal TcR firing angle of 20'. The

modulation controrler was activiated at 0.40s. TLre trans-
former saturation current did not change significantly as

the modulation reduced the voltage waveform distortion
caused by the second harmonic parallel resonance. com-
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parison of the steady state phasor component,s of saturation
current listed in Tables 7 "2 and 7 "3 illustrates that the
firing angle modulation caused a reduction in the trans-
former saturat,ion current components except at the TCR

firing angle of 0o where the "one sided,, modulation

increased the dc component of TCR phase current. comparison

of Figures 7 "7 and 7.12 also illustrates this result.
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7"5 TCR Performance Using Firing
Control the positive Sequence

AngIe Modulation to
DC Phasor Component.of the TCR Line Current

The measured rear and imaginary dc phasor components of the
positive sequence TCR line current were input to the TcR

firing angre modulation controller" TLre modulation signal
was used to generate a dc component of the TCR rine current,
equal in magnitude to the measured input but 1g0. out of
phaser so as to cancel the dc component. The controller
settings that were applied are listed in Table 3.5, except
that the integral gain u¡as reduced from 60 rad/pu-s to
25 rad/pu-s"

The steady st,ate harmonic phasor components of some svc
variables and the moduration parameters are risted in
Table 7"4 for nominal TCR firing angles of 0o, 20"r 30. and

450 
"

Sinusoidal modulation of the

eliminated the dc component

line current at alI nominal

TCR firing angle successfully
from the positive sequence TCR

firing angles considered.

However, t,he second harmonic parallel
damped" Irtodulation of the TCR firing
tive sequence dc component of the TCR

resonance was not

angle with the posi-
Iine current as the
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control parameter resulted in
' harmonic voltage amplification
and 30""

an increase in the second

for TCR firing angles of ZOo

Firing angle limits were

firing angle of 0o, where

sided. The one sided dc

at alpha = 0o to 93"72 of

only encountered at the nominal

clearly, the modulat,ion lvas one

modulation reduced the TCR loading

the "no modulation" case.

Figure 7 "13 shows the TCR waveforms for the case of
20" " The TCR firing of each phase is modurated to
the dc component in the TCR line current shown in
Figure 7.14"

alpha =

eliminat,e

Elimination of the dc component from the TCR line current
also reduced the second harmonic component. The second

harmonic component was reduced by lz.7z at alpha = 0o, 7.5ã
at alpha = 20", Z7.gz at alpha = 30o and 4g.68 at alpha =

45o relative t,o the "no moduration" case. Figure 7,15 shows

the effect of the firing angre modulation on the 60 Hz and

second harmonic components of the posit,ive sequence TCR tine
current for the case where the nominal TcR firing angle was

202- There was only a smarl reduction in the 60 Hz TCR line
current 

"
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Figure 7 "16 shows the measured positive sequence dc com-

ponent of TCR line current at alpha = zo", and the modula-

tion controrrer output" The dc component was reduced to
zero in about 1"20s (including settling time) after the
controrrer $ras activated" The modulation controller out,put.

corresponds to a modurat,ion peak of 10.1o at a moduration
phase of -32.6" " The controrler response lrras found to be

st.able but became increasery underdamped with increasing
firing angre. The magnitude of the integral gain was

reduced from 60 t,o 25 rad/pu-s to achieve the response

shown 
"

Figure 7 "17 shows the svc transformer saturation current for
the case where arpha = 2oo. The modulation increased the
saturation current somewhat compared to the "no modulationr',
case shown in Figure 7.7.

comparison of the sequence components in Tables 7.2 and 7.4
arso indicat,es an increase in the saturation current com-

ponents at, all TCR firing angles"
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Figure 7 "17
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7 "6 Summary and Conclusions

sinusoidal moduration of the TCR firing angre successfurry
eriminated either the dc component or the second harmonic
component from the positive seguence of the TCR rine cur_
rent.

Firing angle moduration contror of the second harmonic com-
ponent also was effective in damping the second harmonic
parallel resonance bet,ween the network and t,he SVC ( f ixed
capacitor plus TcR) as it, effectively reduced the second
harmonic impedance by shifting the system resonant frequency
away from 120 Hz.

Firing angle moduration contror of the dc component was not
effective in damping the second harmonic resonance.

When firing angle limits were encountered, the fundamental
frequency TCR roading was reduced by the firing angle modu_
lation. A reduction of about 6å was observed with the dc
component of the TCR rine current as the contror parameter.
A reduction of about 1 1 g v¿as observed with the second
harmonic component as the control parameter.
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Erimination of the dc component from the positive sequence
of the TCR line current, in general also reduced the second
harmonic component by beLween 13t and Agso of the ,rno modura-
tiorr" valves.

Elimination of the second harmonic component from the TcR
line current, caused the dc component to increase by 50g
when firing angle limits were encountered (alpha = O. ) but
otherwise caused a reduction in the dc component.

control of the second harmonic component of TCR line current
via firing angle modulation did not change the svc trans-
former saturation current peak magnitude since the modula_
tion damped the paraller resonance and reduced the vortage
waveform distortion.

The dc component modulat,ion control minimarry increased the
transformer saturation Ievel"

The modurat.ion controrrer response was stabre at reduced
integral gain relative to the previous chapters. The
controller response was found to be very underdamped when
the TCR was contributing to the resonant condition, as
opposed to the cases examined where it was not part of the
resonance.
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CHAPTER ETGHT

GENERAL OBSERVATIONS AND CONCLUSIONS

An SVC can be viewed as a

can contribute to harmonic

power system"

source of harmonie current which

instability of a lightly damped

weak ac systems which interface to a dc rink can form a
parallel resonance with the ac filters. similarry a
paraller resonance can occur between the ac system and a
10ng EHV transmission line. The resonant, frequency of these
systems is often of 10w harmonic order, usually near the
second or third harmonic. Harmonic current, fl0wing through
the high paraller resonant impedance, can generate large
harmonic vortages, which when superimposed on the funda-
mental frequency voltage waveforms, can cause severe distor_
tion of these waveforms.

svcrs are often instalred at dc converter buses t or at
points along an EHV ac transmission 1ine. The TCR of the
svc' when fired equidistantry in the presence of an ener-
gizing voltage which is severery distorted by a low order
harmonic such as the second harmonic, is known to generate
non-characteristic harmonic currents of even order. In the

Page 276



case of second harmonic voltage distortion,
and the second harmonic component appear as

components in the positive sequence of the

a dc component

the dominant

TCR line current.

The concept of sinusoidally modurating the TCR firing angre
t3l to eliminate an undesired harmonic component from t,he
TcR line current was applied t,o investigate the feasibirity
of using the TCR to control or damp harmonic resonant condi_
tions in the ac system. Digital simulation models were
developed for the EMTDC program t7j to simulate the opera_
tion of a TCR with sinusoidal firing angle moduration
control. The models deveroped included a TCR moder with a
phase-locked loop firing controlrer, a measurement system to
obtain the phasor value of any desired harmonic component of
a time varying signal and a proportional-integral firing
angle moduration controrrer" These moders were used to
investigate a variety of system conditions where a large
positive sequence second harmonic vortage was present at the
point of coupling of the svc to the system. This vortage
was generated by a second harmonic pararrel resonance
between the system equivarent reactance and shunt connected
capacitive elements, and in some cases the SVC.

A thorough understanding

impedance with frequency

the variation of

the point of SVC

the ac system

coupling to the

of

at
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system is required to ensure that the apprication of firing
angle modulation of the TCR to contror an undesired low
order harmonic resonance is successful. Although it may be

possible to sinusoidally modulate the TcR firing angle to
successfully cancel the second harmonic component from the
TCR line current, the pararlel resonance at the point of svc
coupling may not be,ilamped, and in fact can be made worse.

TcR firing angre modulation reduced the system resonant
frequency in the systems considered in the study. For
exampre, íf a parallel resonance devel0ps in the system,
wit'h the svc connected, such that the resonant frequency is
s1ight,ly above the second harmonic (the system behaves
inductively at 120 Hz), then modulation of the TcR firing
angle t'o contror the second harmonic component of the posi-
tive sequence TCR rine current wilr shift the resonant
frequency towards the second harmonic. The second harmonic
impedance will increase and result in a increase in the
second harmonic vortage component at the point of resonance
if a second harmonic current source exists in the system.
on the other hand, if a pararrel resonance deverops in the
system, with the svc connected, such that the resonant
frequency is at or below the second harmonic (the system

behave capacitivery at 120 Hz in the ratter case), then
modulaÈion of the TCR firing angre to control the second
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harmonic current component witl shift the resonant frequency
away from and below the second harmonic" The second har-
monic impedance wilr decrease thereby resulting in a reduc-
tion in the second harmonic voltage generated at the reson-

ant point in the system. The amount of parallel resonance

damping (or enhancement) will depend on the quality factor
of the paraller resonant system. Further, if the svc (fixed
capacit,or and TCR) is part of the resonant circuitr the
moduration wilr result in a greater amount of damping.

The positive sequence TCR rine current was found to be the
most suitable contror parameter. sinusoidal modurat,ion

(about the nominal firing angle) of the TCR antiparallel
thyristor pairs in each TCR phase causes harmonic components

of even order to appear in the TcR rine currentr the domin-

ant, harmonics being the dc and second harmonic components.

ModuLation angles should be rimited to a maximum of 30o to
40o in order to avoid excessive "one-sided" modulation due

to f iring angle limits. Ivlodulat,ion magnitudes of 30" Èo 40.

will generate dc and second harmonic current component

magnitudes of between 1 0È to 1 5t of the rated positive
seguence fundamental TCR line current. consequently, second

harmonic current component magnitudes much in excess of 1 5s

will be reduced in magnitude but not cancerled by the modu-

lat'ion. For the system conditions examined in this study,
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the second harmonic component magnitudes of the other con-

tror parameters considered, such as the positive sequence

primary or secondary line currents of tfre SVC transformer,

were too large to be successfully eliminated. The dc com-

ponent magnitudes of the t,ransformer primary or secondary

line currents were small enough to be successfulry contror-
led; however, control of the dc component of the positive
sequence TCR line current hTas found to be more beneficial as

discussed below" other possibre inputs, such as a harmonic

component of the positive sequence primary voltage at the

point of svc coupling t,o the systern, are measurabre but not

necessarily controllable. For exampler the source of the
harmonic vortage component may be the inrush current of a

remote transformer which happens to excite the syst,em

pararlel resonance. Furthermore, the TCR may not be capable

of driving a large enough current magnitude into the har-

monic impedance to cancel the voltage component.

The effectiveness of using moduration contror of the dc

component as compared t,o modulation control of the second

harmonic component of the positive sequence TCR current was

examined" control of the dc component was not effective in
damping t,he parallel resonance. Control of the second

harmonic component v¡as effective in damping the pararrel
resonance under some system conditions, as discussed above.
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However, control of the dc component of TCR line current can

be beneficial in situations where damping of the parallel
resonance can not be achieved bu modulation control of the

second harmonic component" The dc component in the TCR line
current waveforms that results from equidistant firing of
the TCR under condit,ions where the voltage waveforms are

severely distorted (by a large second harmonic voltage gene-

rated by a system parallel resonance) causes sat,uration of

the SVC step-up transformer. The transformer saturation
current contains a second harmonic component which can

further aggravate the parallel resonant condition" Modula-

tion control of the dc component of the TCR line current can

limit saturation of the transformer.

Control of the dc component of the positive sequence TCR

line current, resulted in a decrease in the second harmonic

component by as much as 504 depending upon the nominal TCR

firing angle and the system being studied.

Control of the positive sequence second harmonic component

of TCR line current result,ed in an increase in the dc com-

ponent," Even when damping of the paralle1 resonance was

achievedr the dc component increased by 50t to 1009" The dc

component l¡nra¿ss $¡as especially pronounced when TcR firing
angle limits were encountered by the modulation controrler.
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The increase in t,he dc component was not found to be

detrimental in the cases where damping of the second

harmonic resonance was achieved since the voltage distortion
r^¡as reduced" Therefore, saturation of the transformer was

reduced compared t,o the "no modulation" case despite an

increase in the dc component.

Control of both the dc and second harmonic components simul-
taneously $ias not possible as the t,wo components are of

opposing phase rotation" The gain of the real part, of the

modulat,ion controller was of opposite polarity for the dc

component input relative t,o the second harmonic component

input.

When the TCR firing angle limits vrere encountered a larger
modulation signal hras required to eliminate either the dc or

the second harmonic component from the positive sequence of
t,he input current since the modulat,ion becomes ',one-sided',.
Large modulation angles, in conjunction with firing angle

limiÈations resulted in a reduction in the fundamental

frequency loading of the TCR" The reduction was about 10t

with t,he dc component as the controlled variable. When

moduration cont,ror of the second harmonic component resulted

in damping of the paralle1 resonance, the reduction in Èhe

60 Hz component of TCR current $las observed to be less than
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252, but when the parallel resonance was not damped, the

reduction was as high as 50Ê" This sit,uation courd result
in system voltage instability as the reduction in roading is
in conflict with the fundamental frequency voltage con-

troller. An SVC control strat.egy is required to avoid

operation with a nominal TCR firing angle near zero

degrees. Furthermore, the modulation angle mag.nitude should

be limited t,o between 30o to 40'to avoid operation of t,he

TCR where firing of only one antiparallel thyristor pair
results" such operat,ion generally causes an increase in t,he

dc component, which in turn enhances saturation of Èhe svc

transformer. The peak transformer saturation current was

observed to increase to as high as 30t of rated winding

current when large modulation angles resulted in excessive

"one-sided" TcR firing. under such conditions, cancerlation
of the second harmoni'c component vJas not possibre. control
of the dc component on the other hand only caused a small

increase in the peak transformer saturat,ion current relat,ive
to the equidist,ant TCR firing case"

The firing angre modulation controlrer response \^ras found to
be stable and well damped over the variet,y of system con-

figurations analyzed" The PI controller integral gain

settings were chosen to minimize the cont,roller settling
time t,o a step input. The selected harmonic component was
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usually reduced to zero by the controller in less than

500 ms. An exception to this robust, performance was

observed for the cases where the svc ( fixed capacitor plus

TCR) $¡as in parallel resonance with the ac system" The

integral gains of the controlrer had to be reduced to about

252 of the values used throughout the study in order to
minimize the settling time to less than 1"5 seconds with the
TcR line current as the input parameter. Adaptive gain

control may be required to ensure stable operation.
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APPENDIX A

EMTDC STMULATTON MODEL

AL: EMTDC "DATA" Fil_e

A2: EMTDC "DSDYN" Fite

A3: EMTDC "DSOUT" Fil_e
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A1: EMTDC

Network Data

TTDATA' Fil_e

for Figure 2.2
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NETWORK DATA FOR TCR FIRING ANGLE MODULATION ANALYSIS - FTGURE 2,2 /0.000050 2.55000 0.001250 / deLl fintime prtstep
L / no. of subsystems
?A - l. no.of nodes- in ssl, smoothing factor0.0 / inÍtial node voltaqesI 4 0.0 0.00412 / nL nl r=0. t=0:00412h c=0. (300 Mvar Reactor)2 5 0.0 0.00412 / nL nl r=0. I=0.00412h c=0. (300 Mvar Reactori3 6 0.0 0.00412 / nI q2 r=0. I=0.00412h c=0. i30O Mvar Reactori4 2 0.025 0.0 0.0 / nl n2 r=0.025 l=0. c=0. (thyristor Ron)5 3 0.025 0.0 0.0 / nl n2 r=0.025 I=0. c=0. (t¡yristor Roni61 0.025 0.0 0.0 / n! n2 r=0.025 I=0. c=0. (ttryristor Roni2 7 100.0 0.0 0.0 / nL n2 r=100.0 l=0. c=0. iRsñubber)3 8 100.0 0 0 0.0 / nL nl r=100.0 I=0. c=0. (Rsnubber)
1 9 i00 0 0.0 0.0 / nL n2 r=100.0 l.=0. c=0. (Rsnubberi
! | g q I 0 1.5 / n1 n2 r=0.0 I=0. c=1.5 (Csñubber)
Þ q 0 0 0 0 1.5 / n1 n2 r=0.0 I=0. c=1.5 (Csnubberiq 9 g 0 0 0 1.5 / nL n2 r=0.0 I=0. c=1.5 iCsnu¡beri1 l0 0.010 0.0 0.0 / nL n2 r=0.010 l=0. c=0. (xfmr iec. resistor)2 1l 0.010 0.0 0.0 / nL nl r=0.010 l=0. c=0. (xfmr sec. resistori3 12 0.0I0 0.0 0.0 / nI nl r=0.010 l=0. c=0. (xfmr sec. resistor!-t 0 300.0 0.0 0.0 / nL n! r=!QO g l=0. c=0. (stabitizing resistór)-2 0 300.0 0.0 0.0 /. nI n! r=!Q0 Q l=0. c=0. (stabilizing resistori-3 0 300.0 0.0 0.0 / nL n2 r=300.0 l=0. c=0. (stabilizinõ resistori-1 0 100.0 0.0 2.5 / nL n2 r=100.0 t=0. c=2.5't RC stabilizing ciréuit)-2 0 100.0 0.0 2.5 / nL n2 r=100.0 t=0. c=Z.S ( RC stabilizinõ circuiti-3 0 100.0 0.0 2.5 / nI n2 r=100.0 l=0. c=2.5 a RC stabÍljzinõ circuitit0 0 300.0 0.0 0.0 / nl n2 r=300.0 I=0. c=0. (Ètabtli.zing resístor)l1 0 300.0 0.0 0.0 / nL n! r=QQO.0 l=0. c=0. (stabilizin! resistori
12 0 300.0 0.0 0.0 / nL n2 r=300.0 1=0. c=0. (stabÍIizin! resistorit 22 0.10 0.0 0.0 /. nL nl r=0.10 I=0. c=0. (Rc fixed caõ. )2 23 0.10 0.0 0.0 / nL n2 r=0.10 I=0. c=0. (Rc t¡.xe¿ caþ. )3 24 0.10 0.0 0.0 / nL n2 r=0-10 l=0. c=0. (Rc fixed caþ. )I 24 0.0 0.0 512.6 / n) n2 r=0 0 1=0. c=512.6 (Cfixed cãp.- 180 Mvar¡2 22 0 0 0.0 512.6 / nL n2 r=0 0 1=0. c=512.6 (Cfixed caþ.- t80 Mvari3 23 0.0 0.0 512.6 1 l1 n2 ¡=Q.Q f=0. c=5J.2.6 JCfixed caþ.- 180 Mvar)16 I9 0.0 0.0106 0.0 / nl n2 r=0. 1=0.0106h c=0. (Xs)
L7 20 0.0 0.0106 0.A / nL n2 r=0. l=0.0106h c=0. (Xs)
18 21 0.0 0.0106 0.Q / nL n2 r=0. l=0.0106h c=0. (Xs)
13 16 0.01 0.0 0.0 / nL nZ r=0.01 l=0. c=0. (Rp Ximri
L4 L7 0.01 0.0 0.0 / nL n2 r=0.01 I=0. c=0. (Rp Xfmr)
15 18 0.01 0.0 0.0 / nI n2 r=0.01 I=0. c=0. (Rp Xfmri
16 0 0.0 0.0 165.79 / nL n2 r=0.0 1=0. c=165.Zg (system cap.-600 Mvar)
L7 0 0.0 0.0 165.79 / n) n2 r=0.0 l=0. c=165.2e (sistem caþ.-600 Mvarii8 0 0.0 0.0 165.79 / nI n2.r=0.0 l=0. c=165.79 (system caþ.-600 Mvar)
999 / end of ssl node data19 0.705 0.0 0. 0. 0. / thevenin branch src r=0.705 l=0.0 c=0. es=0. cs=0.20 0.705 0.0 0. 0. O. / thevenin branch src r=0.705 l=0.0 c=0. es=0. cs=0.2L 0.705 0.0 0. 0. 0. / thevenin branch src r=0.705 1=0.0 c=0. es=0. cs=0.999 ,/ end of source data2 / number of mut ually coupled wdqs on one core
13 0 0 .00000000 5 .7453308 - /r sÏDE tJNDfNc
L0 2 0 00000000 1.0320570 0.00000000 0.r8583840 ,/2 SIDE WNDING

end of mut ually coupled element data
end of t ransmission line data

öÕó /140/
LL3/
888 /L50/
12L/
99s /
999 ,/

:? 0 .2 0 / nin,max sc reen plot scale
?0 / no.of channels bn screen77.86E+03 0.0 0.0 z.94oE+03 -30. o 146.97E+03 Lzso .o o.025 o. oor?0,0 60 0 60.0 10.0 0.0 -7s.0 +75.0 o.oió õ.óo¿õ 1.0 o.óoaã-0 2618 0 174s 0.02 1.00 0 1.00 l.oo o.oãã0 00 -2 .00 +2.00 +60.00 +1.00 l. OO O. O3Z-0,00 -2.00 +2.00 -60.00 -1.00 O.OO O.OO I110.8E+06 12460.0 +0.40 1.15 60. O r. oe_oé- o-.02 0.00 I5.0 0 /
999 ,/ end of data f ileUl PHIF DPHI U2 PHIH Vrefm Roff Ron CTO ,/VARS l-9ô.ll!0 FBqoS FREQR G=7 y0 TL0 THr rI=2.5 rrF=0.0087'cL rr_=o.ooaa Tvnns to-zoVSET HYST TDPU=.o4 TDDO= 06 CMODE SF GRLF TCRLF /VARS 2L-28 

_ '
SCRLO SCRLL SCRLU GISCRL GPSCRL GIMGF TCIMGF ,/VARS 29-35SIMGO STMGL SIMGU GISIMG GPSTMG ARMOD AIMOD MANUAL 7VÀN5gO-¿SIYyAl y\!.¡L ,xK . FR . TD . CM. HL , KB Tvans rsnrz r 44_52TSTEP iSTEP / ISTEI_:_9 0R_ttpLL pHASE STEp AT TIME:TSrÈe¡ 53:5a --KB=O or 1 XFMR SATURAIION BLocKED or FUNcTIoÑr¡¡c-

9f¡=-l.GIR=-s0.TCR=0.0I6 F0R 2ND HARMoNTc MoDULATToN
9l]:_1:t]r=-e0,TCr=0.016 0F TcR LrNE cURREñT - --

GPR=+1 .6¡¡ =+60 , TCR=0 .032
GPI=-1 .clI=-60, TCR=0. 032

FOR DC COMPONENT MODULATION
OF TCR LINE CURRENT
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A2: EMTDC "DSDYN" File

User Defined Dynamj_cs
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c
L

c

c
a

SUBROUTINE DSDYN

INCLUDE 'EMT, E'
çqyyq¡{ /gI/ TTME.DELT, rcH, pRrNT,FrNTrM
çgIlqry /92/ sToR(s00oi,NEXc -' '
c0MM0N /s4/ vAR (100),coN(1oo), pcB(2s)

Bgê!-çEE1,r , CrMAc , CDCRL , CDCTM, C2NDRL, C2NDTMINÏEGER CMODE

DEFINE PRINT STEP

IF ( TIME .cT .2.49870 ) pRINT=0. O0OO5o

DEFINE CONSTANTS

PI=3.141592654 /x pI RADIANS lBo'
Ib/qpI=6.28318s308' /* zxÞi nÀolÃr¡s soo,DEGr20=2.094395102 /X zKpti3-nnoÍnñ5'rzo,

SYSTEM PARAMETERS INPUT

Ui =VAR t I )
PHIF=VARf2ì
DPHI=VARi3j
U2 =VAR ( 4 )
PHIH=VAR t5 )
VREFM=VAR ( 6 )N0TE: Ul & U2

lI l!.ll'lP.fBEa. voLTAGE MAGNTTUDE (V p_p pH_GRDì
lx MNq FREQ ?llAgE DrspLÀcEMEñr' ioEcñrËi I 

-''" ,

lT luryD... lREo. pHASE cHANGÈ-ioÈcriEÈ5j-Þii"iEsrl¡¡c/) 2nd HARM. y0LJAcE MAGNTTuòr 1y-o:f ÞÈ:cñöT''"'/* 2nd HARM. PHASE DISPLAcEMEÑT. ioEcFrËir-.'-,
____ ß pLL REFERENCE V0LTAGE NÃcñiiuò
DEFINED BELOW TO RAMP UP SOÙNCÈ 

'- '-'
c CONVERT DEGREES TO RADIANS

PHIF=PHIFXPI,/180 .0
PHIH=PHIHXPI/180.0
DPHI=DPHIxPI'/LïO .O

STEP CHANGE IN PHASE FOR PLL TESTING
c
c
c
U

c
c
c
(-

c

U

c
c
L

c

c

Mql=vAE (s3 ) /xI9lEt=yen(s¿l ./x
IF ( TIME. GT. TSTEP. ANb.
PHIH=DPHI
END IF

TIME OF STEP CHANGE IN PHASE
_I9IqP=0 N0RMAL,=t STEp SoURcE pHAsE By DpHIISTEP.EQ.l)THEN

(,
c
U

DEFINE ANGULAR VELOCITY (RADIANS/SECOND)

FREQS=VAR(11)
FREQR=Y4¡ 1 12, It !ygTFU FREQUENcY (HZ)

/X PLL REFERENCE FREQUEÑCY (HZ)

BêYl_l.EEq! l0R PLL..rEgIIryç ( loHZ,/sEc )IfllIME.cr TSTEp.AND. rsTEÞ. È0. 2i', rÈeñFREQS=FREQS+10 . 0*DE LT
E LSE
FREQS=vAR{1r}
END IF
IF(TIME.GE. (TSTEP+1.0) ) FREes=70.0

W:.:TryQPITFREQS /x SySTEM ANcLULAR VELocrTy (R/s)c0N[1)=WS
l,JR=TWoPIxFREQR /* pLt REFERENcE ANcULAR VELOcITy {R/S)
SOURC E
RAMP UP AC VOLTAGE IN O OS

UIRATE=0.00
II (TIME,GE.DELT) UlRATE=TIMEX1O.O
.Iq {TIME.cr.0.roÍ úinnrË=i.it-'--'
Ul=UlRATE*VAR t f )

U2RATE=0 .00
II (TIME.GE.DELT) U2RATE=TIMEX1O.O
If ( IIME. cT.0. t0 i ù2nnrË=i. o-'-- -
uZ=U2RATE*VAR t 4 ì

^^ 
4yd'ye z> I



(.

c
c
c
c
c

c

c
c
L

19 20, 2L,U1.U2.WS.PHIF, PHIH,THETA.THETA2)

UP TRANSFORMER SATURATION ON SECONDARY WINDING
( IA, JA. IB. JB. IC. JC, M, TMVAI . W, XL, XK. FR, TD . CM, HL. KB )

DEFINE SATURATION PARAMETERS
TMVAT.=VAB(44) /X WDG RATING (110.8E06)
W=VAR (45 ) /x VoLrS ( 12460 .0 )

I!=y4¡({ql ftr lU XFYE AIR coRE REACTANCE oN XFMR BASE (+0.40)
II=VAE ( 47 ) /x Pu KNEE VOLTS ( 1 . ls PU )
FR =vAR ( a8 ) /x RATED FREQUENCY HZ ( 60 . 0 )

IP=y4¡ ( 19 ) /X SEC TNRUSH CURRENT DECAV TrME CONSTANT ( r. OE-06 )

çl),1=y4E (gq l /8, pu MAGNETTZTNG CURRENT AT RATED VOLTS (0.02 )H!=VAE(Þ1) /* PU N0 LoAD LoSSES (0.0)KB=VAR(52) ,zX =1 SAT. FUNCTI0NING, =0 SAT.COMPUTED-NOT FUNCT'ING

TMVAl, Vw, XL, XK, FREQS,

SUBR0UTINE R6P120: VALVE GR0UP MODEL

VALVE PARAMETERS
R0FF=VAR(7)

cALL SRCT ( r

MODE L STE P
CALL TSAT2I

IF (TIME . LT.0 .20 ) XK= -1 . 15
CALL TSAT21( 10, 2, 1r, 3, 12, 1, 1& TD, CM. HL, KB)

R0N=VAR ( 8 )
CT0=VAR (9 )
ALPH0=VAR ( l0 )
ALPH0=ALPHOXPI/180

PLL CONTROLLER TNPUT
c=VAR ( r3 )
Y0=VAR (ra )
TL0=VAR ( 15 )
THI=VAR t r6 )
TI=VAR {17 )
TIF=VAR ( l8 ITIF=VAR ( r8 I
cL=VAR ( 19 )
TL=vAR ( 20 )
VsET=VAR(21
HYST=VAR ( 22
TDPU=VAR(23
TDD0=VAR ( 24

/X VALVE OFF RESISTANCE (OHMS)
/X VALVE ON RESISTANCE (OHMS}
/X VALVE CURRENT TURN OFF LEVEL (PU)
/X ORDERED FIRING ANGLE (DEGREES)
0

/X PLL PROPORTIONAL GAIN (RADIANS/DEGREE-SECOND)
IX INITIAL O/P OF PLL PROP. CONTROL (RADIANS/SECOND)
/x lll ?I çqNJE0LLER L0W 0/p LrMrT (RADTANS/SEC0NDSi
/X ?LL PI CONTROLLER HI O/P LIMIT (RADIANS/SECONDS)
lX PLL INTEGRAL GAIN (RADIANS/DEGREES-SECONDXX2)
/X PLL INTEGRAL GAIN FOR FREQUENCY CHANGES
/X PLL ERROR FILTER GAIN (UNITLESS)
/* PLL ERROR FILTER TIME CONSTANT (SECONDS)
/X PLL TIMER PICKUP SETTING (DEGREES}
/X PLL TIMER HYSTERISIS (DEGREES)
/X PLL JIMER PICKUP TIME DELAY (SECONDS)
/X PLL TIMER DROP OUT TIME DELAY (SECONDS)

-cALL R6pr20{MA,NA,NB,NC,NlT,N1F,N2T,N2F,N3T,N3F,N4T,N4F,
q NÞT,NÞf ,N6T,N6F,KV,KB,R0FF,R0N,CTo,ALpHo,vREFM,FREQS,& I,/R,G,TI,TIF.YO.TLO,THI,GL,TL.VSET,HYST,TDPU,TDDO,RPUL24,
& DELRS,DELST,DELTR)

q!OCK VALVE FIRING UNTIL PLL SYNCHRONIZES TO BUS VOLTAGEKBLK=0
IF (TIME.cT.DELI) KBLK=l

'0" [V=1 F3[ iliF:BÇË'+*Ä[êË3[9ËHlõr 
(Xån,;åfièFoÄüeRh?iîg*]åf,X'l;'"' 

I

phase shifted -30'wrt Vll _sec.)

"CALL 
R6P120( 1, 13, 14, ls, 2, 4, 6, 1, 3, s,e 4, 2. 1. 6. 9., 9.,-0.lqLl,RoFF.,.RON,CrQ,nqeHo,VREFM,FREQS,* !E,g.rr,TrF,y0,J!0,iHÍ;Gt,TL,ùSÈ1:Hiõi','iDÞù:iôoo,npu[ããi& DELRS,DELST,DELTR)'

c
c
c
c
c
c

c
(,
c
c
c
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c

c

c

c
L
c
(-
c
c

U

c
c
c
c

MEASURE POSITIVE
AS INPUT TO THE F

SEQUENCE PRIMARY TCR LINE CURRENT FOR USE
IRING ANGLE PI MODULATION CONTROLLER

c
c
c
c
c
c
U
c
c

TCR LINE CURRENT INPUT TO MODULATION CONTROLLER (PU)

CURRA= (cDc(4, I, 1 ) -CDC(6, 3, 1 ) )/196s8. 8
CURRB=fcDc(s,2, 1)-CDC(4, 1, 1 ) )/19658. 8
CURRC= (CDC(6,3, r )-CDC(s,2, r ) )/19658. 8

SVC TRANSFORMER PRIMARY LINE CURRENT INPUT TO MODULATION CONTROLLER

CURRA=CDC ( 13 , r6 , Il /2041 .2
CURRB=CDC (14, 17, L ) /2041 .2
CURRC=CDC( 15, 18, L) /2041.2
CURRA=VDc( 16, 1 ) /97 .9883
CURRB=VDC { r7 , I ) /97 .9 8E3
CURRC=VDC( 18, I ) /97 .98E3

PSEQE & AVGFz5 INPUT
SF=VAR(26) /* AVGFzs SCALING FACT0R
D0 1200 IJK=1,3

NIJK=IJK-1
CALL PSEQU (CURRA, CURRB, CURRC, NIJK, STOR ( 51 ), CALP, CBETA, CPRL, CPIM)
CALL AVGF25 (CPRL,SF, RPUL24,CPREAL)
cALL AVGF25 (CPIM,SF, RPUL24,CPTMG)

WRITE( 1,X} CPREAL,CPIMG,NEXC,NIJK

NIJK=O : RESOLVE DC C0MP0NENT IN PHASOR FORM

NIJK=1 : RESOLVE FUNDAMENTAL COMPONENT IN PHASOR FORM

NIJK=2 : RES0LVE SEC0ND HARM0NIC COMPONENT IN PHAS0R FORM

NEXC=
END I

1200 c0NTI

IF(NIJK.EQ,O)THEN
ST0R{199)=CALP
sT0R(200)=cBETA
ST0R(201)=CPRL
ST0R(202)=CPIM
ST0R(203)=0.5xCPREAL
ST0R ( 204 ) =0 .5XCPIMG
NE XC = NE XC+6
END IF
IF (N
STOR
STOR
STOR
STOR
STOR
S TOR
NE XC
END
IF (N
STOR
STOR
STOR
STOR
STOR
STOR

JK,EQ }THEN
25s ) =ç4¡P
256 ¡ =ggE1¿
257 ) =çP¡¡
2s8 ) =CPIM
2s9 ) =sP¡94¡
260 ¡ =çP1Y6
NE XC+6
F
JK.EQ.2)THEN
31r ¡ =ç¿¡P
3 t2 ) =çs¡14
313 ) =çP¡¡
314 ) =gP1Y
315 ) =çP¡E4¡
316 ) =çP1¡46
NE XC +6
F

NUE

page 293



C PCNTR2O PARAMETERS
GRLF=VAR(27)
TCRLF=VAR(28)
SCR L0=VAR ( 29 )
SCRLL=VAR(30)
SCRLU=VAR{31)
cIMcF=VAR(34)
TcIMcF=VAR(35)
siMG0=VAR ( 36 )
SIMcL=VAR ( 37 )
sIMGU=vAR ( 38 )
cIScR L=VAR ( 32 )
GPScR L=VAR ( 33 )
GISIMc=VAR(39)
GPSIMc=VAR ( 40 )
ARMOD=VAR ( 41 )
AIM0D=VAR ( 42 )
MANUAL=VAR ( 43 l

/X CREAL INPUT FILTER GAIN (T,O)
/* CREAL INPUT FILTER TIME CONSTANT ( 0.016 )

lx r!¡rIrAL VALUE CREAL,REAL pART 0F CoNT. 0/p (0.0)
/x LoWER LIMIT 0F CREAL (-r.00)
//X UPPER LIMIT OF CREAL (+I . OO )

//X CIMG INPUT FILTER GAIN (1.00)
i/X CIMG INPUT FILTER TIME CONSTANT (O.OT6)
lx rryrIIAL v4!uq cIUAG,TMAG pART 0F CoNr. 0/p (0.0)/x LoI,JER LrMrT 0F CIMAG (-r.00 )
/X UPPER LIMIT 0F CIMAG (+1.00)
/X INTEGRAL GAIN OF REAL PART OF CONTROLLER
/X PROP. GAIN OF REAL PART OF CONTROLLER
/X INTEGRAL GAIN OF IMAG PART OF CONTROLLER
/X PROP. GAIN OF IMAG PART OF CONTROLLER
/X MANUAL I/P REAL PART OF ANGLE MODULATION(RADIANS)
lx ry4Nq4l r/p rMAc pART 0F ANGLE MoDULATT0N(RADTANS)
/x SELECT MANUAL C0NTR0L =2,AUTO CONTR0L =0

ÏHE Nc
c
c
c
c
c

c
c
c
c
c
c
(-
U
(.

c

IF(rrME.LE.0.20)
ARMoD=0.0
AIMOD=0.0

E LSE
ARM0D=VAR ( al )
AIM0D=VAR ( 42 )

END IF

TO CONTROL THE +VE SEQ DC COMPONENT OF LINE CURRENT.INPUT

ST0R ( 203 ) =CPREAL AND ST0R ( 204 ¡ =çplyG T0 PCTR20 . T0 C0NTR0L

THE +VE SEQ- 2ND HARM0NIC, INPUT ST0R ( 3r5 ) =cPREAL AND

ST0R ( 316 ) =CPIMG T0 PCTR20

CMODE=VAR ( 25 )
DC MODULATION CONTR0L CM0DE=VAR ( 25 ) =0IF (CMODE.EQ.O) THEN

cREAL=ST0R ( 203 )
CIMAG=STOR ( 204 )

2ND HARM0NIC C0NTR0L CMODE=VAR(25)=2
ELSE IF (CMODE.EQ.2) THEN

CREAL=ST0R(315)
CIMAG=ST0R(316)

E LSE
CREAL=0 .0
CIMAG=0.0

END IF
IF (TIME.LT.O.40) THEN

CREAL=0 0
CIMAG=0 .0

END IF

_ca!_1. PcTB20(cREAL:gIMAq, !I0E{!1 },GRLF, TcRLF.scRLO,sCRLL,
+ !ç! L.q-l c I sçR L- c pscR L1g.r.!çF, IqI!éf .s Í¡ré0, s ir,rct ;srMöù;ö i5 iuc,& GpsrMG.ALpMoD cl!+,CTMGI,ARMOD,AÍMoD,NÁNùÀ1,óñaiñi,crùGiñ 

:& DELRS,DELST,DELTR )

RETURN
END
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SUBROUTINE DSOUT

I NC LUDE
COMMON
COMMON
COMMON

'EMT
/sL /
/s2 /
/s4/

.E'
TIME , DE LT , ICH, PRINT, FINTIM
sT0R(s000),NEXc
vAR( 100 ),coN( 100 ), PcB(25 )

ARE ADDITIONAL OUTPUT ARRAYS TO
PGB3 ( r0 ), pcB4( r0 ), pcBs{ 10 ), pcB6 (

1)-VDC(2,1))XGDC(2,4
) /97 . 98E3 /X)/x)/*
) /97 . S8E3 /*

(.
c

c

PGB3 - PGBT
DIMENSION

THE PGB ARRAY
10),PGB7(10)

1)/11350.0
URSKl -PU
PULS(1)
PULS(4)
PLL VREFT

PGB(r)=(VDc(4,
PGBt2)=ST0Rf48
PGB(3)=ST0R(79
PG8(4)=SToR(80
PGB(s)=sToRf41

r)/113s0.0
USTKl -PU
PULS(3)
PULS(6)
PLL VREF2

1)-VDC(r,1))*GDC(r
/97.98E3

/97.9883

/X lAB -PU TCR PHASE
LINE -LINE

-PU

/# fBC -PU TCR PHASE
LINE-LINE

-PU

O /* ICA -PU TCR PHASE
LINE-LINE

-PU

"0.TcR7"

)*GDC(3,s,
/x
/x/*
/x

PGB(6 ) = (VDc(s, r ) -vDc( 3, r )
PGB( 7 ) =SToR ( 49 ) /97 . 98E3
PGB(8)=STQR(81)
PGB(s)=SroR(82)
PGB ( r0 ) =SToR (421 /97 .98E3

,6,1)/r13so.
/X UTRK1 -PU/x PULS{s)
/x PULS(2)
/X PLL VREF3

PGB(1r)=(VDc(6,
PGB(r2)=SToR(50
PGB(13)=STOR{83
PGB ( 14 ) =SToR ( 84
PGB(1s)=ST0R(43

c
/x/*
/x
/x/*

PGB{16)
PGB(r7)
PGB(18)
PGB(1s)
PGB(20)

0 /* TCR IAB (pu) PHASE
/X PH A Isat (pu)

,3,r))/19658.8 /XîA TCR Line (pu
.2 />* Ia xfmr prim (pu)

,/* Isrc Phase A (pu)
/* VA Xfmr Prim (pu)

1)=CDc(4,1,1)/113s0.
2 ) =CCIN ( 10 , r ) /251 .5
3)=(CDC(4,1,r)-cDc(6
4 ) =cDC ( 13 , 16 ,Ll /2041
5)=-Cs(19,1)/2041.2
6)=VDC(13,1) /97.9883
7)=(VDC(1,r)-VDC(2,r
8 ) =ST0R ( 203 )
s ) =SroR ( 204 )
r0 ¡ =S1gP, OU ,

c
c

U

c
c

c
c
c
c

=ST0R ( 199 )
=sT0R ( 200 )

=SToR ( 31 )xl80 . 0 /3 . 14159
=ST0R (32 )x180 .0 /3 . 14159
=ST0R ( 94 )

OPENING FILE - USE CON(91) AS A MEMORY
FORTRAN 77 FT-LE OPENING PROCEDURE

A1=FINTIM-TIME
rF (Al. LE.CoN(s1 ) ) c0 T0 20

CALP DC COMP Ialpha ( t ) -PU
CBETA DC COMP Ibeta(t)-PU
PLL ERROR -UNFILTR'D -DEG
PLL ERROR - FILTERED -DEG
LAST VALVE TO FIRE

OUTPUT WILL BE PRINTED IN "O.TCR3", "O.TCR4", "O.TCR5", ''O.TCR6"
q?8ry{UNII=9,F !E1'0,TqR9',STATUS='UNKNOI./N',F0RM='F0RMATTED' )
0PEN ( UNIT=10, FILE=' 0. TCR4', STATUS=' UNKNOWN', F0RM=' F0RMATTED r

0PEN ( UNIT=1 l, F I LE =' 0 . TCR5', STATUS=' UNKNOla/N', F0RM=' F0RMATTED'
0?EN ( UNIT=12, FILE=' 0 . TCR6', STATUS=' UNKNOIJN', FORM=' FORMATTED'
0PEN(UNIT=13, FILE='0. TCRT' , STATUS='UNKNOWN' , FORM-'F0RMATTED'

20 CON(91)=61

USE CON(92) TO DEFINE PRINT STEP
IF (TrME.GE.CoN(S2) ) THEN
CoN ( 92 ) =TIME+PR INT

TO LOAD UP THE PRT ARRAY I¡JITH USER SPECIFIED STATEMENTS
0. TcR3

c
c
c

PGB3
PGB3
PGB3
PGB3
PGB3
PGB3
PGB3
PGB3
PGB 3
PGB3

0. TcR4

PGB4
PGB4
PGB4
PGB 4
PG B4
PGB4
PGB4
PGB4
PGB4
PGB4

l't/L762L.L /* Vab Sec. volts (pu
/x CPREAL DC CoMP.- AVGF 0/P
/x cPrMG DC. C0MP. - AVGF 0/P
/X RPULT PLL REF. PULSE (1/CY

1)=CDC(5,2,1)/11350.0 /x TCR IBC (pu)
2)=CCIN(11,I)/251.5 /X PH B Isat (pu)
3)=(çDc(s,2,1)-cDc(4,1,1))/19658.8 /x IB TCR LÍne (pu)
4)=CDC(14, 17 ,Ll/2041.2 /x ïb xfmr prim (pu)
5)=-CS(20,1)/204L.? /x Isrc Phase B (pu)
6)=VDC(14,r) /97.98E3 /X VB Xfmr Prim (pu)
7)=(VDC(2,1)-VDC(3,1))/17621.1 /* Vbc Sec. volts (pu)
8 ) =sT0R ( 259 ) /x CPREAL FUND. c0MP . - AVGF 0/P
9 ) =ST0R ( 260 ) /x CPIMG FUND. COMP. - AVGF 0/P10¡=S16¡,0u, /X RPULI PLL REF. PULSE lL/CYl
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c0
c

TCR 5

PGB 5
PGB5
PGB5
PGB5
PGB5
PGB5
PGB5
PGB5
PGB5
PGB5

TCR6

PGB6
PGB6
PGB6
PGB6
PGB6
PGB6
PGB6
PGB6
PGB6
PGB6

PGBT
PGBT
PGBT
PGBT
PGBT
PGBT
PGBT
PGBT
PGBT
PGBT

r)=CDC(6,3,1)/113s0.
2)=ccIN(L2,Lr/251.s
3)=(cDC(6,3,1)-cDc{s
4)=CDC(rs,rB,L)/2041
5 )=-cs(21,1) /2041.2
6)=VDC(1s,r)/s7.98E3
7)=(VDC(3,1)-VDC(1,1
8)=ST0R(315)
e)=SToR(316)
l0 ¡ =STSP, *a ,

0 /x TCR ITR (pu)
/* Ph C Isat (pu)

,2,1)l/19658.8 /* IC TCR Line (pu)
.2 /* Ic xfmr prim(pu)

/* lsrc Phase C (pu)
/8 VC Xfmr Prim (pu)

J)/L762L.L /*Vca Sec. volts (pu)
/X CPREAL zND HARM.- AVGF O/P
/* CPIMG 2ND HARM. - AVGF O/P
/X RPULI PLL REF. PULSE IL/CY)

c
Uc0

I ) =STOR ( 327 )
2)=SroR(328)
3 ) =sT0R ( 329 )x180.0/3.
4 ) =ST0R ( 330 )xr80 . 0/3.
5 ) =STOR ( 33r )xl80 . 0/3.
6 ) =SToR ( 332 )Xr80 .0/3 .

7 ) =STOR (333 )x180. 0/3.
I ) =SToR ( 334 )
9 ) =STOR ( 335 )
10 ¡ =ST6¡, ttU,

1)=STOR(1)/s7.s8E3
2 ) =SToR (2) /97 .9883
3)=ST0R(3)/97.9883
4 )=STOn (L8l /46.7 4
5)=STOR(20],/46.74
6)=ST0R(221/46.74
7 ) =STOR (41 /97 .98E3
8)=STOR(5)/97.98E3
s)=ST0R(6)/s7.98E3
10 ) =STOR ( 46 )

WRITE(9,40) TIME, (PGB3(I)
l^/RrTE( r0,40 ) TIME, (PGB4(I
wRrTE(1r,40) TrME, (PGB5(r
T,JRITE {12,40 ) TIME, (PcB6 (I
l.iRITE( r3,40) TIME, (PcB7(I

40 FoRMAT(F8.5, 10(1X,cI1.4) )

c

c

c
U

/*
/*14159 /Xl4ls9 /x141s9 /X14159 /X141s9 lX/*
/x/*

CPRLl - PI CONT. REAL O/P
CIMG1 - PI CONT. IMAG O/P
DELTA (DEG) . MODULATION PHASE
PKDEL (DEG) - MODULATION MAG.
DELRS (DEG) = PKDEL*CQS(DELTA)
DELST (DEG) = PKDELXCOS(DELTA+120,
DELTR (DEG) = PKDELXC0S(DELTA+240'
CRLtI = CRLl*C0S(THETR-r66' )
CIMGIl= CIMGTx-1. OXSIN( THETR-166' )ALPM0D=CRLll+CIMGll

c
c
c

0. TcRT

/x
/x/*/*
/x
/x
/x
/x
/x
/x

VA SRC
VB SRC
VC SRC
FYA A
FYA B
FYA C
VA SRC
VB SRC
VC SRC
PLL RE

FF -PU
FF -PU
FF -PU

-PU
-PU
-PU
2ND HARM -PU
2ND HARM -PU
zND HARM -PU

F PULSE ( 1/CY )

,I.1,10 )

, f =1,
,I=1,
,I=1,
,I=1,

10 )
10 )
10)
10 )

END IF

FORTRAN 77 CLOSTNG PROCEDURE

IF (TIME.GE,FINTIM) THEN
CL0sE ( UNIT=9 )
CL0SE ( UNIT= l0 )
CL0SE (UNIT=11 )
CL0SE ( UNIT= 12 )
CL0SE ( UNIT= 13 )
CON(91)=Q.Q
END IF

RETURN
END
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B1

B2

B2

B3

B4

B5

B6

APPENDIX B

EMTDC USER WR]TTEN MODEL SOURCE CODE

Subroutine SRCT - Voltage Source Model

1: Subroutine R6P120 TCR Model

2z Subroutine TIMDS TCR Model Time Delay Relay

Subroutine PSEQU - Phasor Measurement

Subroutine AVGF25 - Averaging Filter

Subroutíne PCTR20 - Firing AngJ-e Modulation
Control ler

Subroutine FOURIER.FOR - Fourier Analysís
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81 : Subroutine SRCT - Voltagre Source Model_
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c
c
U

(,

t
c

c
U

c

c
c

c
c
u

c
c

c

c
c

SUBROUTINE SRCT ( MA, NA, NB, NC, U1, U2, I,JS, PHIF, PHIH, THETA, THETA2 )

SUBROUTINE TO CREATE A 3 PHASE VOLTAGE SOURCE FOR THEVENIN SOURCE

THE ARGUMENT CONSISTS OF
MA
NA , NB, NC

U1
U2
WS

PHIF
PHIH

THE TA
THE TA2

D0 10 I=1.7l0 SToR ( NEXCiI ) =0 .0
Eq {N4 , MA ) =sÍ08 {l!EIç*! )+ST0R (NEXc+4 )
E9 tNe ' MA i =sr0l il¡giÇt? i.5iõH f ÑËÎò.s íES ( Nc.MA i =-r o;ùr ÈSi¡¡Ã ívÃi;ËòïñÉi,NÃ j IEND IF

= SUB SYSTEM NUMBER.
= l)¡gDE NUMBERS 0F THEVENIN S0URCES

l4l,¡Ir:cLocKr.JrsE vo.LTAGE BqTATiõñ nSSUVe O )= PEAK PHASE TO GROUND voIrS 
.f 
Küi.. ..

= ?l!p- HAEM. PEAK p!119E. Tg_ç!qùño',voLTS (KV)= ll.lllpAMEl¡TAL FREQUENcy (RADiÀñ5zsÈcoñoì
= l!.11D... f .REa pHASE_Drspùnce vrñi' inÀorÀñs I= ?f,ip- HARM0NTc pHASE_Drsp!4qEMËNr';;i -Êùñó . FREe.= f l..l¡lD . FREQ. ANcULAR ?osrrr0N-i nnöierus t - '--
= 2ND HARM ANGULAR POSITIoN iinòÍaÑ5Jtiúe ron ANTI-cLocKt.jISE)

c

c

OUTPUT:
F0RMULATES .Eg{llA.M4 ), ES ( NB, MA ), eS t NC, MA Ic0srNE FUNcrr0N cnoSeru t.liiÉ FúñD. 

.F'RÉö'.',pHASE 
LAG pHrFsucH THAT pH;.11. v0LTAGE ncnosi 

.Íc¡_ïS-goiri?ãixùrxcos 
( THErA )wHERE THErA=(wsxoelr_pnrHi Èoñ ÞñôpËn ñËÊÉÀËí¡ôÈ To pLLsouRcE urxsrN(THETR) wnÈnÉ rnÈrn_inËîe=õb

2ND HARMONIq qF MAGÑITUDÈ_U2 ÃNô ÞiJÃöË óiSPIACTNENT PHIHÍ. e. THETAZ=2.0*(rnern_enrÈ¡
INCLUDE 'EMT. E'
ç9yyq!'l lg¡lIrME , DELT, rcH, pRrNT, FTNTTM
ç91'4YqI /s2lsroR f sooo i , NEXc -
coMMoN /s4/ vAR(100),coN(r00),pGB(25)
AC STAR SOURCE DEFINITION

DEFINE MODULUS TWOPIPI=3.141592654 ,/* pI RADIANS = t80'IW9II:o 28318s308 7x zxpl nÃöïÃrus = 360,DEGr.20=2.0s43ss102 7x lxpils nÃöïa¡¡s =- izo,
IF (TIME.GE.DELT) THEN

DEFINE SYSTEM ANGULAR POSITION EACH TIME STEP

ANG=ST0R ( NEXC+7 ) +WS*DE LT
Il lANq. cE. Tt^JoPI ) ANG=ANG-TWopI
SToR(NEXC+71=ANG'
THÊTA=ANG+PHIF
II_!IïEIA. cE. Tt/oPI ) rHETA=THETA-il.Jopr
I HET A2 =2, OxTHE TA+PÉIHIF (THETA2.cE.TWOpIj rHErnz=ruETA2_TWopI

DEIITq FUNDAMENTAL FREQUENCY SOURCE
ST0R ( NEXC+r ) =UlXCoSf THÈTAt ---"--
lI9! ( !'lEIç.2 ) =ulxç99i JlqTÀ:2 . 0e43ss ro3 )

- _9I0F ( NEXC+3 ) =-t :9xl gIgn ( ru¡icii i;siõR i ñexc*z ) )DEFINE Z¡¡O ¡renvo¡¡rc souñôÈ'-
SToR ( NEXC+4 J =U2XCOS i rÈÈrnz r

SIQE ( NEXc+s ) =u2x999i l4qaz:2. oe43es 103 )

^-!I9! ( !EXC+o i =-t . qx[òroñ1ñËxiiãi;õióR ¡ñÉxc*s I IDEfITE FUND. FREe. pr-ùs ãñò' xÂñN. 'sõúncÈ - - , ,

ES(NA,MA) =576¡ (NEXC+1 l*SrOntñÉxõiãl -
E9 ( NB, MA ¡ =5Tgç ( NEIç1? )19TOB ( NEXC+5 ¡Es f Nc, MA ) =-r . o*r Èbi¡¡Ã l¡¿Ãi;ËèïñÉil¡lÃ I I

E LSE

INITIALIZE VARIABLES IF TIME LESS THAN DELT
ANG=0.0
THE TA = ANG+ PH I F
Ii__tIIEIA.GE. Tt¡jOpr ) THETA=THETA-TtJopr
THETA2 =2 . OxTHETA+pÉIrIrF (THETA2.cE. Tr./opIi rHerez=rHETA2_Tr,/Opr

c

c
c
c

NEXC=NEXC+7

RETURN
END
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c

c

U

c

c
c
t
c

c
c
c

(.

c
c
c
c
c
(-

c

c
c
c
c
c
c
c
U
(,

U.
c

suBR0uTrNE R6p120{Mô, ryA, ryq, NC, N1T, N11.ry2T, N2F, N3T, N3F, N4T, N4F .ç .ry!T,Nil,IgI,llqF.,.ly,5s.Rorr,nöñ,çio,niÞHo,vñËÉ¡i;FÈËaó:'.-,,& u,R,c, Tr. TIl,19., I!0, THr,cr_, ir-,vòÈr, ÈVSi, TóÉû:roób, nÞúlz¿,& DELRS,DELST,DELTR)

SUBROUTINE TO MODEL-A SIX PULSE THYRISTOR CONTROLLED REACTOR
R , W, MAZUR 87 07 23
CURRENT RUNNING VERSION LAST UPDATE NOV.L6/88

INPUTS:MA = SUB-SYSTEM NUMBER
ry|.NB,NC = MAIN CIRCUIT COMMUTATING BUS NUMBERSNIT,NIF = ''TO" NODE AND "FROM" ÑOOC_rON iSÍ-VÃrVr TO FIRE

CURRENT DIRECTION +VE TOWARDS '' TO,ì ÑOóC 
'

KV = O PULSE FIRING IN SYNC t,¡IrH VOr-rS-OrrI..Ñ-OõE NA ETC= I PULSE FIRING IS 30 DEG IN PHASE ÃovÀÑóË oÈ Ñn_lq = 0 BLOCK, =l DEBLOCK
¡9i.F = EQUIV VALVE OFF RESISTANCE IN oHMs
!9N = EQUIV VALVE RESISTANcE trlHEN- ';0ñ;;"-CTO = THYRISTOR TURN OFF CUñRÈÑI-¡*.IT--IYT! (UqE -4qq!,I 22 RATED ID }(rF cr0__=_9.0, THEN ruRN-oFF cuRRENr ÀùiõNnÍiðÁliî sËii" '"ALPHO = ALPHA ORDER IN RADTANSVREFM = PPL RE|qRENCE VOLTAGE MAGNITUDE (KV PH-GRD P-P)FREQS = SYTEM FREQ (HZ)I./R = PLL BASE FRÈQUÉNCY (RADIANS/SECOND Ic = pLL pR0p0RTroNAL GAÌN (RÀÞiÂñ57óÊcÉeE_secoruolTr,TrF = pLL TNTEGRAL-94il!-1EAq!Àrug¿þlcirË_SËõoñoii2l.

TIF IS GAIN USED FOR FREQUENCY CHAÑGESy0 = rNrTrAL oulpuT oF pr coNr¡Qiri[ 1Énóïnñ57ìeco¡¡olrL0, rHt = pLL pr_c0NrR0LLER r_ow a n1cl-r-iï¡rÌî5-î'iÄõiÀñ575róo¡¡otG!ITL = PLL ERROR FILTER GAIN iUÑ¡rTr5!¡-ÁÑO'iÏúË' rNô iSÈöóÑOSIVSET, HYST= PLL TTMER PICKUP SETTIÑG.A HVlrÉN'Siõ tO'ECNË'Cõ)'----"--'TIMER ACTIVES INTEGRAL GAIN CHÀNGÈ__-
lQp!r,TDDo= pLL TrMER prcKUp nruo onoÞQgl oqlÃv "iõËcoruosl
DELRS, DELST, DELTR = FIRING ANGLÈ VOOUIÃTiCJÑ ÈOR-Ë;iöÈ'VALVE (RADIANS)OUTPUTS:
q¡, E = PLL PHAgq ERROR, UNFILTERED AND FILTEREDEINT = ouTpuT .gi^ggryIRq!¡q¡. rryiÈQ¡¿t .iElv- i ñÀÞïarus,, secoNDs )DELw = pLL c0NrE0!_LEE FREaUEñcy-ouliui-ïñcÈËi,iËñT"¡hÃoÍÃñ-s7ÉecoruoslYT- = PLL TIMER oUtpUT STATE, r=-rrÈ rS'ÀôiïvË'9MEgR = PLL FREeUENCy= WR + pE¡e¡ tneõîañ52SÈcoñöslTHETR , THETRL = PLL PHASE PoSITIoÑ ( RÀDiÁÑS i-' -_-YIIVY ,

THETRL IS PREVIOUS iIME STEÞ VALUEylqf1, vREF2, VREF3 = pLL REFERENCE VOLTAGES 
'---

KPULI = PLL REIEEEryçE fUL9E oNE pER FUND. FREe. cycLERPUL24 = PLL REFERENCE PULSE ,'24 ÞEN_rU¡¡ó.'-rNÊô]-òVCIE

INCLUDE 'EMT. E'
çqluqN /sL/T1l4E,DELT, rCH, pRrNT, FrNrrM
çgMMqN /S2lST0R(s000 ),NEXc
991'1Y9ry-114ly4R ( 100 ),coN( loo ), PGB(2s )

PIyEI:IqI :ilg(6)'JlT!Q) ìyYl!Í6),xÈINé(6), poLR(6),ER(6)
DIMENSION Vf 6 ), PULSf 6 ì .ALPHÌ6 i

. REAL TNTGL3, E, Er ,EMI.pE!U, OeLnS, DELST, DELTR,1 THETR . THETRL, OMEGR, RPÜ11, NPÚ12¿

U

c
DEFINE CONSTANTS

PI=3.141592654
TWOPI=6.283185308
DEG120=2 .094395102

/x PI RADIANS = 180'
/X z*PI RADIANS = 360'
/X 2*PI/3 RADIANS = 120

c
c
c

c
U

DEFINE CONSTANTS TO PHASE ADVANCE AC COMMUTATING BUS VOLTAGEBY ONE TIME STEP IF TCR IS IN SEPARATE SUBSYSTEM.
CPHASE - MULTIPLIER IN PHASE WITH VOLTAGE
CORÏHG - MULTIPLIIR IN QUADRATURE WITH VOLTAGE

Al=TWOPIXFREQSXDELT
CPHASE = t .0 -AlXAl
CORTHG=0 . 577350X41
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c
c

c
c
c

c
c

c
c

INITIALIZE VARIABLES

IF (TIME.GE.DELT) THEN

XXK NEXC=O XXX
E1 IS THE MEASURED PLL PHASE ERROR I,JRT. THE SYSTEM VOLTAGES

THE ERROR IS FILTERED WITH A FIRST ORDER FILTER

Ç.;n!Nlfz(cL,rL,E1)
*<XX NEXC=2 *<**
STOR El & E : PLL INPUT ERROR
STOR(NEXC+I)=E1
ST0R(NEXC+2)=E
NEXC=NEXC+2
X** NEXC=4 X**
PLL PI-CONTROLLER MODEL

UNFILTERED & FILTERED

c
c
c

c

c

c
c
U

c

.-E.T.t!r:IIIc!3 (Y0, rLo, THI, TI, E )xx* NEXC=7 XXX
DELt/ =Gt<Ê + EINT
IF(DELW .GT.THI) DELW =THIIF(DELW .LT.TL0i O¡tw =rlo
STOR EINT & DELW : PLL CONTROLLER INTEGRAL &
STOR I NEXC+1 ì =E INT
ST0R ( NE XC+2 i =DE LtJ
GENERATE ANGULAR FREQ. &

FREQUENCY INCREMENT OUTPUT

c
c

c
c
c

POSITION ( RECTANGULAR INTEGRATION)
0MEG R =tJR +DE LtJ
!!ElR¡lToR ( NEXC+16 ) +OMEGRXDE LT
IF (THETR.cE. TWoPI )' THETR=THETR-TWOpr

lIgE oMEGR : PLL FREeUENcy (RADTANS/SECOND)
STOR(NEXC+3)=OMEGR

GENERATE REFERENCE VOLTAGES OF PLL

PULSE COMES AT +VE CRoSSING AND HAs DURATION DELT

y+li=9IGl¡( 1. 00,vREF1 )
!!{_= SToR (NEXc+4 )SToR(NEXC+a)=VrKÍ
rF (.(,vrK1-vlK] .GT. O.OO )THENRPULf=1.50
E LSE
RPULl=0.0

END IF
EXTEND QgRATiON OF PLL REFERENCE FIRING PULSE

Il..1RlqL1 . Gr.0. s0 )THENTEXD=TIME+t6*DELT'
END IFIF ( TIME . LT, TEXD ) THEN
RPULr=1.4999
E LSE
RPULl=0.0
END IF

GENERATE SAMPLING PULSE 24 TIMES A FUND. FREQ. CYCLE

PULSE DURATION IS DELT

YIE[z{:1.g!!rN( 24. oxrHErR )V24K=ST0R f NEXC+5 ì

Y?1$.:glgNi r 00 , vREF24 )SToR(NEXC+5)=V24Kl
rF( (v24K1-V24K).1T. 0.00) THEN

RPUL24=1.00
E LSE

R PUL24=0 . 0
END IF

VREF l=VREFM*SIN ( THETR )
VREF2=VREFM*SIN i TNErR:OEETZO I
YEEI?: - t . 0x ( vREF1+vREF2 )
VREF6P=1 . 0XSIN ( O . 0XTHETR )

OUTPUT REFERENCE PULSE EVERY PLL FUNDAMENTAL FREQ. CYCLE

c
c
c

c

c
c
c
c
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c
c
c
c
c

^: I9l. . 
yE q F L v.R E | ? , vR E F 3 , vR E F 6 p , vR E F 2 4 , R p u L 1 , R p u L 2 4

SÏ0R(NEXC+61=VREFI
ST0R(NEXC+7)=VREF2
ST0R(NEXC+8)=VREF3
ST0R I NEXC+9 ) =VREF6 P
ST0RINEXC+10)=YP¡¡tO
ST0R (NEXC+11)=¡PtJ¡1
SÏ0R ( NEXC+ L21=tP¿¿rO

PREPARE FOR MEASURING ZERO CROSSINGS

RECALL LAST TIMESTEP SYSTEM VOLTAGES AND PUT& RECALL LAST TIMESTEP ANGULAR POSITION AND
PRESENT ONES IN ARRAY

SAVE AS THETRL.

c
c

c
c
c

UR PK =STOR ( NEXc+13 )
USPK=ST0R ( NEXC+14 )
UTPK=STOR ( NEXC+15 )
THETR L=STOR ( NEXC+I.6 )

TO DETERMINE FIRING PULSE SYNCHRONIZATIONrF tKV.NE.0) c0 T0 190
PULSE FIRING IN SYNCHRONISM WITH PRIMARYKV=O TCR WITH STAR/DELTA TRANSFORMER

UR PKI =VDC ( NA , MA )
USPKI=VDC(NB,MA)
UTPKl=VDG(NC,MA)

UMN(1)=URPKl
UMN(3)=USPKI
UMN(5)=UTPKl
G0 T0 193

PLACE PREVIOUS REF.

UMN(2)=URPK
UMN(4)=USPK
UMN(6)=UTPK

THE FOLLOWING LINE
TJHEN THETR = 360.0
AS AN EXAMPLE. SO
INTERPOLATION DOES

BUS VOLTAGES IN ARRAY UMN(I)

(ACwRoTATIoN123)
L-G VOLTS

IS MODULO zXPI
& THETRL=359.99

THE CROSSING

c
c

r90 IF (KV.NE.r) G0 T0 193
PULSE FIRING'30 DEGREE! IN ADVANCE OF PRIMARY L-G VOLTSKV=l TCR WITH STAR/STAR rnn¡rSÈonNER - '

URPKl=VDC ( NA,MA I -VDC I NB. MA ì
USPKl =VDC ( NB , MA I -VOC I NC . MA i
UTPKl =VDC ( NC , MA i -VOC ( NA : MA i

193

UMN(1)=URPKl
UMN(3)=USPKI
UMN(s)=UTPKI
CONT I NUE

c

U
TJ

c
c
c
c

c
c
c

IS NEEDED BECAUSE THETR
THEfR =THETR -TI,JOPI =0 . 0

THEïR-THETRL=359.99' AND
NOT MAKE SENSE.

IF ( THETRL . cT. THETR ) THETRL=THETRL-Tl^/Opr

LOOKING FOR VOLTAGE ZERO CROSSING NOW

.0.r0) THEN

D0 l0 J=l,5,2
lqlE ({) =srGN( I . 0, UMN( r } )
P0LR (J+l ) =SIGNt 1.0, UMNÍj+t ì ì
rF (ABS( P0LR ( J) -P0LR ( J+i ¡ ¡ .6i

c
c
c

AVOID POSSIBLE DIVISION BY ZERO

qIFF=qMN(J)-uMN(J+t)
_rilôBg (qIFF ) . LT. 1. 0E-06 )rHENDIFF=1.0E-06
END IF
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FIND & SAVE +VE ZERO CROSSING

IF(UMN(J) .cE. 0.00 .AND. UMNTJ+lt.LT.
XSING ( J ) = ( UMN ( J }XTHETRL-UMN I J;1 IXÍHETR
EE (.1 ì : ( J:r. 0 )xPr/3 0-xsrNc( j )IF(ABStER(J) ) .cT. I PI+o. 018 ì ì' THENrF(ER(J).cE.0.00) rHEN "

ER ( J ) =ER ( J ) -TWoPI
E LSE

ER (J )=t¡ (J )+TWoPI
END ÏF

END IF

I IP-*-:lY5- :Y! - M9-919::l19
g!9q-ii(uMN(Jl.LT.0.o0 .AND. UMN(J+I).cE
I9Il'¡G ({*l ) : (uMN (J )XTHETRL-uMN ( j;i jxrÉÉrñ
ANGL= (J+2.0 )xPIl3:0
IF (ANGL . GE . ÍI,JOPÍ ) THEN

ANGL=ANGL-TWOPI
END IF
ER ( J+l ) =ANGL-XSING f J+1 I
IF(ABS(ER (J+l ) ) .cT : t plío.018 I TTHENIIlEE(J+l ) .GE.0.00) THEñ'

_ER ( J+l ) =ER ( J+1 ) -TWgPI
E LSE
_EE ({11 ) =ER (J+1 )+TWoPI
END IF

END IF
END IF
END IF

CONT I NUE

FIND TOTAL ERROR

SHOULD BE INCREASED

TDPU , TDDO , HYST )

0 .00 ) THEN
| /Dr.F F

c
c
c

U

l0
c
c
c

.0.00)THEN
I /DTFF

E1=0.0
D0 20 J=r,620 E1=El+ERtJì

c
c
c
U

WRITE TO STOR THIS TIMESTEP VOLTAGES & PLL ANGULAR POSITION

c
c
c
c

c
c

c
U
c

SToR(NEXC+r3)=URPKT
STOR(NEXC+14)=USPKI
ST0R(NEXC+r5¡=gTp6t
STOR(NEXC+16)=THETR
NEXC=NEXC+16
XXX* NEXC=23 XX*X

CHECK IF PLL INTEGRAL GAIN

VIN=ABS ( E )
YT= TIYD5 ( VIN, VSET ,*XXX NEXC=28 **xx
IF ( YT GT. O ,5 ) THEN

TI = TIF
WRITE(T,X) YT,TIF

E LSE
TI=TI

END IF
199 FoRMAT('YI = ',13,IF10.5)

SAVE LAST TIME STEPS VOLTAGES & ANGULAR POSTION

STOR(NEXC+r)=URPK
STOR(NEXC+2)=USPK
STORINEXC+3J=UTPK
STOR ( NE XC+4 ) = THE TR L
NEXC=NEXC+4
**x NEXC=3z )KXX
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c
L
c

STOR ZERO XSlNG ANGLES (RADIANS)

D0 l1 J=1,5,2
STOR ( NEXC+J } =XSING ( J )11 ST0R(NEXC+J+1 ) =XSING( J+l )
NE XC =NEXC+6
XXX NEXC=38 X*¡t<

STOR XSING PLL - SYSTEM XSING ANGLE ERRORS

D0 12 J=1,5,2
ST0R(NEXc+J)=ER(J)

12 ST0R ( NEXC+J+1 ) =ER ( J+1 )
NE XC = NE XC+6

Xx* NEXC=44 ***
CALCULATE FIRING ANGLES FOR SINUSOIDAL MODULATION

ALPH(11=ALPH0+DELRS
ALPH(4)=ALPHO-DELRS
ALPH(3)=ALPH0+DELST
ALPH(6}=ALPHO-DELSI
ALPH(5)=ALPHO+DELlR
ALPH(2 ) =ALPH0-DELTR

llll:_1!lll_!lYlIs (0.0 LE ALpHA.LE eo.o)U
c

U
c
c

c

U
c

c

(.
c
c
(.
c
c

.0) ALPH(J) =0.0(PL/2 .0 ) ) ALPH (J )

D0 25 J=l,6
IF(ALPH(J).
IF(ALPH(J]

25 CONTINUE

LT.O
.GT.

IF(THETR.GE. (ALPH(1)
PULS(1)=1.00

E LSE
PULS(1)=0.00

END IF
IF(THETR.GE.(ALPH(4)
PULS(4)=1 4

E LSE
PULS(4)=0.00

END IF
ST- PHASE

IF(THETR.GE. (ALPH(3)+ THETR.LT.(5.*Pl/3.
PULS(3)=1.30

E LSE
PULS(3)=0.00

END ]F
IF(THETR.GE.(ALPH(6)
PULS(6)=r.60

E LSE
PULS(6)=0.00

END ÏF
TR - PHASE

+PT/2, ) .AND. THETR,LT,PI)THEN

+3 -*PI/2. 1 .AND. THETR.LT.TtJoPI)THEN

+7.xPI/6.1 .AND.
} ) THEN

+PI/6-) .AND. THE rR.LT.DEGl2o)THEN

+5,XPI,Z6. ) ,AND
) } THEN

=PI/2.0

STOR FIRING ANGLES (RADIANS)
ST0R(NEXC+l)=ALPH(I)
ST0R(NEXC+2)=ALPH(a)
ST0R(NEXC+3)=ALPH(3)
ST0R(NEXC+4)=ALPH(6)
ST0R(NEXC+5)=ALPH(5)
sT0R(NEXc+6)=ALPH(2)
NE XC = NE XC+6
XXX* NEXC=50 XtcX

OUTPUT FIRING PULSES

R S - PHASE

c
c

IFITHETR,GE.(ALPH(2}+ THETR.LT. (4.XPf/3
PULS(2 l=1.20

E LSE
PULS(2)=0.00

END IF
rF ( rHErR . L'r . PI /3. 0 .AND. THETR. GE . (ALPH( s ) -PI16 . 0 ) ) THEN

PULS(5)=r.50
ELSE IF( THETR.GE. (ALPH(5)+IT,OXPI/6.0)) THEN
PULS(s)=r 5

E LSE
PULS(5)=0.0

END IF
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c
c

c
c
c
c
c

c

U
c
c

WRITE TO STOR THIS TIMESTEP PULS(J)

lloR(NEXc+1)=PULS(1)
9I98 I tlExc*2 ) = PULS (a i
ST0R(NEXC+S)=PULS(3i
9I9E (NEXc+¿ i =Put-s io i
9IQE ( tlEXc+s ) =PULS (s )SJ0R(NEXC+s)=PULs(2i
NEXC=NEXC+6
XXXX NEXC=56 XXXX

E LSE

INITIALIZE PLL VARIABLES FOR TIME.LT.DELT

PARAMETER FOR EXTENDING RPULSIl) DURATION

TEXD=0.0

TO DETERMINE FIRING PULSE SYNCHRONIZATION (ACWIF (KV.NE.0l c0 T0 191
PULSE FIRING IN SYNCHRONISM WITH PRIMARY L-GKV=0 TcR WITH STAR/DELTA TRANSF0RMER

URPKl=VDC ( NA, MA )
USPKl=VDC ( NB , MA )
UTPKl =VDC ( NC , MA )

UMN(1)=URPKT
UMN(3)=uSPKl
UMN(5)=UTPK1
c0 T0 r9419t rF (KV.NE.r) c0 T0 194

PULSE FIRING 30 DEGREES IN ADVANCE OF PRIMARYKV=l TCR WITH STAR/STAR TRANSFORMER - - '

URPKl=VDC ( NA, MA ) -VDC ( NB, MA )
usPKl =VDc ( NB , MA ) -VDc I NC . MA ì
UTPKl =VDC (NC , MA ) -VDC (IIA ;YA ¡

UMN(1)=URPKl
UMN(3)=USPKI
UMN(5)=UTPKI

194 CONTINUE

R0TATIoN I 2 3)

VOLTS

L-G VOLTSc
c
c

c
c
c

c

c
c

c
c

PLACE PREVIOUS REF BUS VOLTAGES IN ARRAY UMN(I)
UMN(2)=UMN(1)
UMN(4)=UMN(3ì
UMN(6)=UMN(5)

E1=0.00
E=REAL12(GL,TL.E1)Xxx* NEXC=2 XxXx

INITIALIZE STOR E1 & E
STOR(NEXC+r)=Er
ST0R(NEXC+2)=E
NE XC = NE XC+2*** NEXC=4 fcx*

q Tl¡T=IryIqL3 (Y0, rL0 , rHr , Tr , E )XXXX NEXC=7 XXxx
DELI,J =GXE + EINT
IF(DELW .cT.THI) DELW =THIIF(DELI.J .LT.TL0) DELW =TL0
0MEGR =DE LW+WR
THETR = L.570796327
THE TR L = THE TR

PLL INPUT ERROR - UNFILTERED & FILTERED
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t/
c

c

c

STOR EINT & DELI,J : PLL CONTROLLER INTEGRAL & FREQUENcY INcREMENT oUTPUTINITIAL VALUES
ST0R ( NEXC+1 ) =E INT
STOR(NEXC+2)=DELW
INITIALIZE STOR OMEGR : PLL FREQUENCY (RADIANS/SEOOND)
STOR(NEXC+3)=0MEGR

VEqFr =VREFM*SIN ( THETR )
VREF2 =VREFM*SIN ( THETR-DEc120 ì
VREF3 = - I . 0x(VREFI+VREF2 )
VREF6P=1. OxSIN( 6. oXTHETR )

DELRS=0 .0
DE LST=0 . 0
DELTR=0.0

c

c
REFERENCE PULSE

VlKl=SIGN( r. 00, VREFr )
ST0R(NEXC+4)=VlK1
!!ÇF2a11 . 0xSIN(24. 0*THETR )

Y?4\L=SIGN ( I . 00, VREF24 )
ST0R ( NEXC+51=V24KL
RPULI=0.0
RPUL24=0.0
INITIALIZE STORAGE VREF1, VREF2, VREF3, VREF6 P,VREF 24, RPULI, RPUL24STOR(NEXC+6)=VREFI
STOR(NEXC+7I=VREF2
ST0R(NEXC+8i=VREF3
ST0R(NEXC+9)=VREF6P
ST0R(NEXC+10)=Y¡¡¡20
ST0R(NEXc+11)=RpULr
ST0R(NEXC+12)=RPUL24

INITIALIZE STORAGE THIS TIMESTEP VOLTAGES & PLL ANGULAR POSITION
;ioñiñ;i;;iãt=uR¡ir -----
ST0R(NEXC+14)=USPKl
STOR(NEXC+15¡=gTP6t
STOR(NEXC+16ì=THETR
NEXC=NEXC+16'
*XXX NEXC=23 Xxxx
YT=TIMD5 ( E , VSET, TDPU. TDDO. HysT ì
XXX* NEXC=28 X*XX
INITIALIZE STORAGE LAST TIME STEPS VOLTAGES & ANGULAR POSTION
ST0R ( NEXC+1 ) =UR PKI
STOR(NEXC+2)=USpKl
STOR(NEXC+3)=UTPKI
ST0R(NEXC+4)=THETRL
NEXC=NEXC+4
***< NEXC=32 *X*
D0 40 J=I,5.2
SgLR ( J) =sIGN( r. 0,UMN( J) )40 P0LR( J+t ¡ =5¡6¡¡( r :0,UMN( j+t ) )D0 30 J=1.6
PULS(J)=0.00
ER (J ) =0 0
ALPH(J)=0.00

30 xsrNG (J ) =0 .00

INITIALIZE STORAGE ZERO XSING ANGLES (RADIANS)

D0 13 J=1,5,2
. _ 9I0R (NEXC+J)=XSING(J)
13 9I9B(NEXç+J;1 )=xSrñc(J+1 )

NE XC = NE XC+6
X*x NEXC=38 XXx

U
c
c

c

c
c

c
c

c
c
c

c
c
c
c

INITIALIZE STORAGE PLL ZERO

D0 14 J=1,5,2
- - çIqE(NEXC+J)=ER(J)14 SI9!(NEXC+J+1 ) =ÈnÍ.¡+r )

NEXC=NEXC+6
XXX NEXC=44 XXX

XSING - SYSTEM ZERO XSING ANGLE ERRORS
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c
c

c

INITIALIZE STORAGE FIRING ANGLES (RADIANS}
ST0R(NEXC+r)=ALPHtl)
ST0R(NEXC+2)=ALPHt4)
ST0R(NEXC+3)=ALPH(3)
ST0R(NEXC+4)=ALPH(6)
ST0R(NEXC+s)=ALPH(5)
ST0R(NEXC+6)=ALPHf2)
NE XC = NE XC+6
ì<r¡XX NEXC=SO X*X

INITIALIZE STOR FOR PULS(J)

SToR (NEXc+1)=PULS (1)
ST0R(NEXC+2)=PULS(4)
ST0R(NEXC+3)=PULS(3)
ST0R (NEXC+4 )=PULS (6 )
ST0R(NEXC+5)=PULS(5)
ST0R(NEXC+6)=PULS(2)
NEXC=NEXC+6
XXÌ<* NEXC=56 XX*X

END IF

INITIALIZE PARAMETERS FOR VALVE FIRING/BLOCKING

IF (TIME.GE.DELT) GO TO 9
D0 I I=1,64

ST0R(NEXC+I)=0.0
1 CONTINUE

ST0R (NEXC+10 ¡=1. gqt
9 CONTINUE

IF ( TIME . GE . DELT ) GO TO 15

SToR(NEXC+2)=DELT

VALVE GROUP PARAMETERS - RON & ROFF
ST0R (NEXC+4 ) = 1 .0/R0FF
ST0R(NEXC+5)=1.0/R0N

T0 SET CURRENT TURN 0FF LEVEL F0R THYRISTOR (DEFAULT=.00tKA)
STOR{NEXC+7)=CTO
Il 1cT0. 1T.0.001) STOR(NEXC+7)=0.001
SJ0R ( NEXc+8 ) =3 . 0*ST0R ( NEXC+7 )
ST0R ( NEXC+9 ) =20 . 0XST0R ( NEXC+7 )

TURN ALL VALVES OFF INITIALLY
D0 3 I=1,6

N3=NEXC+10+I
sT0R ( N3 ) =ST0R ( NEXC+4 )3 CONTINUE

15 CONTINUE

SAVE CURRENT VALUE OF TIME
STOR(NEXC+1)=TIME

VALVE FIRING, ALPHA & GAMMA MEASUREMENT
D0 333 I=1,6

NZ=NEXC+28+I
NY=NEXC+22+I
NC T0 = NE XC+40 + I
NVG=NEXC+46+I
N3=NEXC+10+I
Al=ST0R ( N3 )rF (sT0R(NZ).cT.SToR(NCTo)) c0 T0 334

BWM -COULD COMMENT OUT NEXT 3 LINES
49=ST0n ( NZ ) +ST0R (Nz ) -ST0R (NY )IF ( A0 . cT . SToR ( NEXC+7 ) ) G0 T0 334
IF (sToR(NY).GT.sToR(NEXC+g)) c0 T0 334
c0 T0 332

c

c

c
c

c

c

c
c

c
c

c
c

c

(.
c

c
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c TO SWITCH VALVE ON

334 CONTINUE

Tl f 
Ì(8. LE .0 ) c0 T0 333

J-I
IF (I.EQ.2) J=a
IF (I.EQ.3) J=3
IF (I.EQ.a) J=6
IF (I.EQ.5) J=5
IF (I.EQ.6) J=2
IF (PULS(J).1T.0.2) c0 t0 333
A2 = ST0R ( NVG )

9TOR ( NVG ) =ABS (Al-ST0R ( NEXC+5 ) )
RI,JM COULD BE COMMEMTED OUT
LF (A2. cE . 1 . 0E-06 ) G0 T0 333
sT0R ( N3 ) =ST0R ( NEXC+5 )IF (SToR(NVc).LT.l.0E-03) c0 T0 333

c
c

c
c

VALVE FIRED LAST

9EIT¡llc rcH=MA (SUBSYSTEM N0. ) STGNALS MArN PGM To TNVERT 'c' MATRTx
I CH =MA
G0 T0 333
TURN VALVE OFF & TIMING OF GAMMA

332 A2 =SToR ( NVG )

^ 9T.0R (NYc )1ABS (41-STOR (NEXc+4 ) )C RWM -COMMENT OUT NEXT'LINE
rF (A2.cE.1.0E-06) G0 T0 333
ST0R ( N3 ) =STQR ( NEXC+4 )

- rF (sToR(NVG).1T.1.0E-03) c0 T0 333C TIME VALVE LAST TURNED OFF N2=35-40
N2 =NEXC+34+1

- ST0R ( N2 ) =STQR ( NEXC+I )c
C SETTING ICH=MA (SUBSYSTEM NO. I SIGNALS MAIN PGM TO INVERT 'G' MATRIX

ICH=MA
C XXXXXX TO COUNT NO. OF VALVES CONDUCTING XX*XXX

NC0N=0
NV1=NEXC+11
NV2 =NEXC+16
G2=1.1*ST0R(NEXC+4)
D0 3330 K=NV1,NV2

rF (sToR(K).LT.c2) c0 T0 3330
NC0N =NC0N+13330 CONTINUE

333 CONTINUE

XX INTERFACE BETWEEN SUBSYTEM AND CONTROLLER
SETTING UP NODES OF VALVES

JT0 ( I )=f,llf
JT0(6)=N2T
JT0(3)=N3T
JÏ0(2)=N4T
JT0(5)=N5T
JT0(4)=N6T

NV=4
NV=3
NV=6
NV=5
NV=2
) =NV+O.01

DE TERMINE I^JHICH
NV= IrF (r.EQ.2)
IF (I.EQ.3)
rF (r.EQ.4)
rF (r.EQ.s)
IF (I.EQ.6)
STOR ( NE XC+ 1 0

JFR(1)=N1F
JFR(6)=N2F
JFR(3)=N3F
JFR(2)=N4F
JFR(5)=NsF
JFRf4ì=N6F

c

c

tt^
À/qyc J tu



TO DETERMINE VOLTS ACROSS VALVES
D0 305 I=1,6

J1=Jr0(I)
Kl=JFR ( I )
N=NEXC+28+I
K=NEXC+16+I
L:NEXC+10+I
I1= 0
rF ( J1 . EQ.0 ) G0 T0 301
IF (K1.EQ.0) G0 T0 302
v( I ) =YPç (K1,MA ) -VDc( Jr,MA)
G0 T0 303

301 II=J1+Kl
v( I )=vDc { l(1 , MA )
G0 T0 303

302 11=¡1+Kl
v(I)=-Y¡s(Jr'MA)

303 IF (TTME.GE.DELT) G0 T0 305rF {Jl.1T.0) c0 T0 183
IF (K1.1T.0) G0 T0 183
IF (r1.EQ.0) G0 T0 309
IF (ABS(GDCS(I1,MA)).LT .OE-10) GO TO 183
G0 T0 305

309 rF (ABS(GDC(Jl,Kl,MA)).LT.l.0E-r0) G0 T0 r83
G0 T0 305

183
184

185

305 CONTINUE
D0 300 I=1,6

J1=JT0( I )
K1=JFR ( I )
N=NEXC+2 8+I
K=NEXC+16+I
L=NEXC+10+I
NCT0 = NE XC+40 + I
NY = NE XC+22 + I
Il=J1+K1
IF (K1.EQ.0) G0 T0 306
IF (J1.EQ.0) G0 T0 306

RESET CONDUCTANCES TO ZERO
GDC ( Jr , Kl , MA ) =0 .0
GDc ( Kr , Jl , MA ) =0 .0
G0 T0 307

306 GDCS(Ir,MA¡=9.s

CURRENT THROUGH EACH VALVE
307 SToR(NY)=SToR(N)

STOR (N )=STOR (L )XV(I )ïF (SroRtN).cE.0.0) G0
ïF (SToR(NY).GE.0.0) G0
sToR ( NcTo ) =0 .0
G0 T0 300

ERROR MESSAGES
wRITE(1,r84)
FORMAT('VALVE
wRrTE ( r, r85 ì
FORMAT('IS NO
CL0SE ( UNIT=5 )
cLoSE ( UNIT=6 )

STOP

Jl , Kl , MA
BETWEEN NODES' , I3 AND',13,'IN

T CORRECTLY ENTERED. CHECK DATA &

SUB SYSTEM' , 13 )

ARGUMENT' }

c

308 rF (SroR{N).1E.
rF (sT0R(NY).LE
ST0R(NCTO)=ST0R

3OO CONTINUE

STOR(N) N = 29 T0 34

T0 308
T0 308

G0 T0 300
) G0 T0 300

Sr0R(NEXC+8))
. ST0R ( NEXC+8 )
( NEXC+8 )

TO SET UP INTERFACE TO SUBSYSTEM, IE THROUGH GDC AND CCDC
D0 320 I=1,6

J1=JTo(I)
K1=JFR ( I )

K=NEXC+16+I
L=NEXC+10+I

,MA)+SToR(L)
,MA)

3tl It=Jl+Kl
GDCS( Il,MA ) =GDCS( Il,MA )+SToR ( L )

320 CONTINUE
NE XC = NE XC+6 4

X** NEXC=120 XXx*

RETURN
END

rF (J1.EQ.0) G0 T0 311
IF (K1.EQ.0) G0 T0 3r1
GDC ( JI , Kl , MA ) =GDC ( Jr , Kr
GDC ( Kl , Jl , MA ) =GDC ( Jl , Kl
G0 T0 320

c
c
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U
a

L!lflçI-r.gry I.rrylqgiviN,vsET, TDpu, TDD0, Hysr )NHNpNNN _LdH_NndÞdp¿N

INCLUDE 'EMT. E'
qqMM0N /sL/rTt{E, DELT , ICH , pRrNT , FTNTIM
c0MM0N /s2lST0R (5000 ), NEXc

c
c
C TIME DELAY ON PICK-UP,RETRIGGERABLE & ON DROPOUT,RETRIGGERABLEc --

t^,HEN INPUT "VIN" EXCEEDS SETP0INT "VSET,, F0R TIME = ,'TDpU",

THEN OUTPUT GOES TO LOGIC 1 (HI) FROM LOGIC O (LOW)

;; 
-õu;;u;-co;s-r; - 

i; 
-R;MÃiñ¡ -;; -;õñ -iiff= -;ooõ- - - - -

c
c
c

c
c
c

c

c

IF (TIME.GE.DELT)THEN
TIMD5=ST0R(NEXC+1)
IcNTr=STOR ( NEXC+2 )
ICNTz=sT0R (NEXC+3 )

IF ( TIMDs . 1T. 0 . 222)IHEN

IF ( VIN. GE . VSET ) THEN

IF(ICNT1.LT.1 )THEN
STOR ( NEXC+4 ) =TIME+TDPU
ICNTI=2
END IF

E LSE

ST0R ( NEXC+4 I =4000 .

ICNTI =0
END IF

IF (TIME.GE.STOR(NEXC+4) ) THEN
ICNTr=0
TIMD5=1.0000

END IF

E LSE

IF (VIN. LE. (VSET-HYST ) }THEN
IF(ICNT2.LT.1}THEN
ST0R ( NEXC+5 ) =TIME+TDDO
IcNT2 = 3
END IF
E LSE
ICNT2 =0
ST0R ( NEXC+5 ) =5000 .

END IF
IF ( TIME.GE. STOR (NEXC+5 ) ) THEN
ICNT2=0
TIMD5=0.0000
END IF
END IF
E LSE

ICNTI =0
ICNT2=0
TIMD5=0.00000
ST0R(NEXC+4)=TDPU
STOR(NEXC+5)=TDDo

END IF

STOR(NEXC+1)=TIMDS
ST0R(NEXC+21=ICNTI
STOR(NEXC+3)=ICNT2
NE XC = NE XC+5
RETURN
END
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c
U
c
c
U
c
U
c
c
c

c
(,
c
U
U

c
c
c
c
c
c
c

SUBROUTINE PSEQU(CURRA,CURRB,CURRC, N,THETR,CALP,CBETA,
& CPREAL , CPIMG )

THIS SUBROUTTNE CALCULATES'THE POSITIVE SEQUENCE COMPONENTS

OF ANY SPECIFIED 3 PHASE SET OF CURRENTS.THE MEASUREMENT IS

INSTANTANEOUS AND OUTPUTS THE REAL & IMAGINARY TERMS OF

THE SPECIFIED HARMONIC COMPONENT. THE ALPHA/BETA TRANSFORMATION

IS USED AND THE ALPHA/BETA- SYM. COMPONENT TRANSFORMATION IS USED

INCLUDE 'EMT. E'
COMMON /ST/ TIME ,DELT, ICH, PRINT, FINTIM
c0MM0N /s2l sToR ( s000 ) , NEXc

REAL CURRA.CURRB,CURRC,CALP,CBETA,CPREAL,CPIMG,THETR,CO,SI
INTEGER N

INPUTS :

CURRA , B, C: CURRENTS T0 BE TRANSF0RMED ( PU )N : HARMONIC COMPONENT 0F CURRENT RES0LVED INTO PHASOR
OUTPUTS:

CALP,CBETA: TIME-VARYING I-aIpha AND f-beta
9!l!t!:9!lY9- -l!l!-t- IItgllîll - !llI-91 - l9:lirY: -::9!:19: - lll:91
99:99:!Iy1l1 _ _ - _:l ::lf !lryII1 -

DEFINE CONSTANTS

PI=3.141592654 /X PI RADIANS 180'
TWOPI=6.283r85304 /X ?XPI RADIANS 360'
DEG120=2.094395102 /x 2*PI/3 RADIANS 120'

CALP=0 666667*CURRA-0 . 333333XCURRB-0 . 333333xcURRC
CBETA=0 s77350x(CURRB-cURRC)

c0=c0S ( l"lx( THETR- Pf /2 . ) )
SI =SIN ( Nx( THETR- Pt/2 . ) )

NOTE pIl2=1.570796 IS pHASE P0SITI0N 0F PLL WRT PHAS0R REF C00RDINATE SYS
CPREAL=CALPXCO +CBETA*SI
cPIMG= _CALPXSI +CBETA*Co

RETURN
END

U
c
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c
c

SUBROUTINE AVGF25 ( SIGIN , SF , RPULS , SIGOUT )

c0MM0N /sL/ IfME,DELT, rCH, pRINT,FTNTIM
CoMM0N /s2l sToR ( s000 ) , NEXcc "--

C SIGIN : INPUT SIGNAL FOR FILTERING
C SF : SCALE FACTOR (F0URNUM RMS 0/P VS. PSEQ P-P 0/P IS SQRT(6))
C RPULS : SAMPLING PULSE FROM PLL-24 SAMPLES PER FUND. PERIOD
C SIGOUT: FILTERED OUTPUT SIGNAL
c
c

REAL SIGIN. SF, RPULS, SIGOUT

c IF ( TIME.GE.1.95375 )THENc r,/RrTE (1 ,230 ) SrcrN, SF , RPULSC END IF
C 230 FoRMAT(' SIGIN =',Gl1.3,' SF =',GIl.3,' RPULS =',Gll.3)
c

IF(TIME.GT.O.O}THEN
IF(RPULS ,GT. O,1O) THEN
D0 10 J=L,23
N=25-J
M=24- J10 ST0R(NEXC+N)=sT0R(NEXC+M)
ST0R(NEXC+1)=SIGIN
SIG0UT=0 .0
D0 20 J=L,2420 SIGoUT=SIG0UT+STOR ( NEXC+J )
SIG0UT=SIGOUTXSF//24 . 0
sT0R(NEXC+25¡=516OUt
E LSE
SIG0UT=SïOR ( NEXC+z5 )

cc rF ( TrME.GE. l.96975 )THENc '/JRrTE(r,237) SIG0UT,NEXC,SToR(NEXC+25)C END IFc 237 FORMAT(' SIGOUT =',Gl1.3,' NEXC =',14,' SToR(NEXC+zs) =',Gl1.3)
END IF
E LSE
D0 30 J=1,2530 ST0R ( NEXC+J ) =0 . 00
SIG0UT=0.0
D0 40 J=L,2440 SIGoUT=SIGOUT+STOR ( NEXC+J )
SIGOUT=SIG0UTXSF/24 . 0

cc l.JRITE(1,x) SIG0UT,(STOR(J),J=36,60)

END TF
cc IF ( TIME.GE.1.9697s )THENC t,JRITE(1,x) (STOR(NEXC+J),J=r,2s),NEXc,SIGoUT
C END IF
U

NEXC=NEXC+25
RETURN
END
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suBR0uTrNE pcTR20(çpRq4L,CprMG, tHErR,cRLF, TCRLF,SCRLO,SCRLL,q 9çE u :c¡sqR L, cpscRL IqrryîcF, rcrMcF, srMco, sÍMcL, sÍMGU, cÍsr¡lc,'
4 9!gIl4c. 4Lpl.10D, CR !1, CrMcr, ARMoD, ArMoD, MANUAL, CR LrNT, CrVCr¡¡,g-9Ë!I:,98!:LP5!IB]

U

(,
c
(.
c

c
L

c
U

L

c
U

c
c
c

c
c
c
c
c
c
c
c
c
c

INCLUDE 'EMT. E'
COMMON /SL/1I.ME,DELT, ICH, PRINT, FINTIM
c0MM0N /s2lsT0R (5000 ),NEXC

.REAL rNTç!q,qfRE4L,C?rMc, THETR,DELRS,DELST,DELTR,ALpMoD,
i çBlrNT,crMGrN,4RMoD,ArMoD,CRLl,CrMGl,cRLF,TCRLF,
I tç¡Lg,gqRlL,scRLU,crscRL,cpscRL,crMGF,TcrMGF,1 SIMGO , SIMGL , SIMGU , GISIMG, GPSIMG

INTEGER MANUAL

PCONTRlO CALCULATES PEAK AND PHASE ANGLE IN DEGREES FOR THE

:lly:91?l!_Y9?llt]I0N SIGNAL DELALPxy =PEAK x sIN( 0r + pHASE)

THE MODULATION IS SUCH THAT THE POSITIVE SEQUENCE

PHASOR(CPREAL + JXCPIMG) OF MEASURED LINE cURRENT Is MADE zERO

INPUTS
CPREAL
CPTMG
THE TR
SCR LO
SCRLL
SCR LU
GISCRL
G PSCR L
SIMGO
SIMGL
S IMGU
GISIMG
G PS IMG
MANUAL
ARMOD,

OUTPUTS :

CRLl
CIMGI
CRLTNT,
DE LRS .

: REAL PART OF CURRENT PHASOR
: IMAG PART OF CURRENT PHASOR
: PLL PHASE POSITION
: INITIAL VALUE OF CRL1, THE REAL PART CONTROLLER OUTPUT: LOWER LIMIT 0F CRLI
: UPPER LIMIT OF CRLl
: INTEGRAL GAIN FOR CRLI
: PROP. GAIN FOR CRLI
: INITIAL VALUE OF CIMGl, THE IMG PART CONTROLLER OUTPUT: LOWER LIMIT 0F CIMGI
: UPPER LIMIT OF CIMGl
: INTEGRAL GAIN FOR CIMGl
: PROP. GAIN FOR CIMGI
: MANUAL,¿AUT0 Sl^JITCH 0=AUT0 2=AUT0

AIMOD : REAL & IMG PARTS OF MODULATION SIGNAL IN RADIANS

: OUTPUT FROM REAL PART PT-CONTROLLER
: OUTPUT FROM IMG PART PI-CONTROLLER
CIMGINT : INTEGRAL TERM OF THE RESP, PI CONTR.

DELST, DELTR : ALPHA MOD SIGNAL FOR EACH OF THE
THYRISTOR PAIRS IN THE 3 PHASES

PI -CONTROLLER MODELS

c
c
U

TISCRL=1 .0/GISCRL
TISIMG=1.0/cISIMG
FILTER MEASURED CURRENT
CRL=REALP2 ( GRLF , TcRLF , CPREAL )
CIMG=REALP2 ( cIMGF , TCIMcF , CPIMc )
REMOVE C Ín Col I of next two lines to
CRL=CPREAL
C IMG =C P IMG
CRLINT=INTcL3 ( SCRL0, SCRLL, SCRLU, TISCRL
CRLl=GPSCRLXCRL +CRLINT

bypass input filtering.

,CRL)

page Jt:t



c

CIMGIN=INTGL3 ( SIMG0 , SIMGL, SIMGU , TISIMG, CIMG )
CIMGl =GPSIMGXCIMG + CIMGIN
IF(CRLl .LT.SCRLL)CRLl =SCRLLIF(CRLr .GT.SCRLU)CRLl =SCRLU
IF ( CIMGl . LT . SIMGL )CIMGl=SIMGL
IF ( CIMGI . GT . SIMGU )CIMGl=SIMGU

MANUAL FTATURE FOR SETTING FIRING ANGLE MODULATION MAG/PHASE

IF (MANUAL.GT. 1 )THEN
CRLr=ARMOD
CIMGr=AIMOD
END IF

FIND MODULATION PEAK AND PHASE FROM REAL & IMG PARTS

IF(ABS(cRL1).1E.1.0E-08) CRLl=SIGN(1.0E-08,CR11)
DELTA=ATAN2 (cIMG1, cRLt l
PKDE L=SQRT ( CR Ll*X2+CIMGT*X2 )

c
C DEFINE MODULATION FOR RS, ST & TR PHASE THYRISTORS
C SUCH THAT MODULATION IS SINUSOIDAL

DE LRS= PKDE L*COS ( DELTA )
DE LST= PKDE LXCOS ( DELTA+2 . 094395 )
DELTR=PKDELXCOS{DELTA+4. 188790 )

ACTUALLY GENERATE THE SINUSOIDAL MODULATION SIGNAL

CRLII=CRLI X COS(THETR -1.57080 )
CIMGtI=CIMG1 x (-1.oxsIN(THETR-r.57080) )
ALPMOD=CRLt1 + CIMGII

c
c
c
c

S TOR
STOR
S TOR
S TOR
S TOR
S TOR
S TOR
STO R

ST OR
STOR
NE XC

NEXC+1 ) =CRL1
NEXC+2 ) =CIMGl
NEXC+3 ) =DELTA
NEXC+4 ] =PKDEL
NEXC+5 ) =DE LRS
NEXC+6 ) =DELST
NEXC+7 ) =DELTR
NEXC+8 ) =CRLrr
NEXC+9 ) =CIMGl I
NEXC+10 ) =ALPMOD
NEXC+IO

RETURN
END
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c
c
(.

L
c
c
U
c
L

III:_llgglly_?g::_l_lggll:l_1!t!l:l! gt svc MoDEL ouTpuT DATA

Il-ll!::-9-l9l:-(R PHASE) ' "o rcR4"(s PHASE),&"0 rcRs"(T PHASE)

TRAPEZOIDAL RULE IS USED FOR COMPUTING A(N} & B(N),
SYMETRICAL COMPONENTS OF EACH FREQUENCY ARE THEN CALCULATED

r.ri ix 
-;Ã 

l ¡;s 
- 
R;;; R; N;;; 

-;õ - - 
R :;HÃ a; 

-

COMMON DATA
DrMENsr0N suMA I s l.,gpyBtg ).,4 ( g ).q ( g ),q.{ g ), ?Hr ( s ), DArA( 6000, rr )
PII1E!!ll9l{ 4l{9 ) ql tq l;ès (e t: ÞÉiR ìei :còóúig) lòóóÄiöi"
PII'1glt9l9ll 49(s ),q!(9 i :ç!i9i :?irrsisi,copMisi :ðóÞAisi
PIl'1Ef'rgi0ll- AT(s ), BI(9 ¡,çIie i, eutrig Í,córuMig Í,õórueiõ íq9¡:4flEI çD0(s ),cDp(s i,coÑlé i,c¡lpùi
cHARAcTER*72 rrrtll, TrrLE2 , iÍrl¡¡
CHARACTERXS FDATA
CHARACTER*8 FSTAT
CHARACTERXS DATAI , DATA2 , DATA3
REAL OMEGA

t,/RrTE(r,3)
-[0EryAI{' ENTER 3 FTLENAMES CONTATNTNc THE DATA"&l-Tq BE ANALvZED :MAX. 8 cHARActÈnS:;) "

BEAq(1, 4) DATAl,DATA2,DATA3
FORMAT ( 3A )

t,JRrTE(1,6)
ig|flI(l EryIEE AN uP T0 s CHARACTER oUTpur FrLE NAME:')READ(I.7) FDATA
FORMAT (A }
l,/RITE ( t,8 )

I9f!4I(l.EryIER AN UP To CHARACTER SrATISTrc o/p FrLE NAME:')READ(1,7) FSTAT

IUNIIO = UNIT NUMBER OPENED TO CREATE
IUNIT0=7
IUNIJl = UNIT NUMBER OPENED To CREATEIUNITl=8

9fqN ( IUNIT0, FILE=FDATA )0PEN ( IUNITl , F ILE =FSTAT i

4
U

6

7

I

U
c

c

c

OUTPUT FILE 'FDATA'

OUTPUT FILE 'FSTAT'

c
L

U
c
c

l.JRrTE ( 1,500 )
5OO . FORMA]I -_T!IS PROGRAM READS 3 EMTDC OUTPUT FILES AND TI.{FN' ,/& PERFORMS A FOURIER ANALYSIS ON THE SNVE USÈN-SÞÊ'õIËÏÈö'7]& CHANNEL IN EACH FILE. THE PROGRA¡I NSSÙ¡IE5-riìNr rIVË-ié'7]& IN CHANNEL "0" AND DATA TO Er ÀÑÀLVZÈó I5 iÑ CNEÑ¡IËr.6;Zi'& " 1" THRoUG! " r0,' . THE PROGRAN RI_SO nEqulñes ;2,

&' PERIOD MARKERS FROM ONE OF THE CXE¡.¡ruÊtS_:' irIE, PROGRAM LOOKS'/,&'FOR A POSITIVE EDGE OF A PULSE rO ¡IÀNX-r¡rE STENT-OË Ä PËñÏõO1i.&' AND THE EDGE ql_ô- çUBSEQUENT ?qlçq io vanx ixË E¡¡ó oÈ a-':7-,- ' '
&' pERI0D 0R AN TNTEGRAL ¡¡ùNeen or pÈnroo5';l
&' THE ANALYSIS I{'ILL START AT THE T¡NSi ÞÈNTbó MARKER AFTER lHE'/,&' START TIME INPUT BY THE USER.;/)

INPUT USER-SPECIFIED DATA

t^JRITE(1,50r)
5OI.FORMAT(] INPUT A 3 LINE TITLE DESCRIBING THE SIGNAL TO BE '/,&' ANALYZED (UP IO 72 CHARACTERS) TITLE = :'/lREAD(r,s02l TITLEl

READ(1,s02) TTTLE2
READ(1,502) TITLE350? FoRMAT(A)

l,JRrTE ( 1, s03 )503 .FORMAT(' NULIBER OF DATA CHANNELS USED IN EMTDC OUTPUT FTLE'/,&' (INTEGER FR0M "r-r0") CHANNELS EQUALS : ')
READ(T,X) NCHAN
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wRrrE(1,s04)
s04 FoRMAI{l ¡N?UT CHANNEL NUMBER 0F DATA T0 BE ANALYZED'/.

&-_( INTEGER BETWEEN "1" AND "10" ) . CHANNEL * EQUALS : ')
READ(1,X) ICHAN

wR ITE ( r , 50s )505 F0RMAIII_FNTER CHANNEL NUMBER WHrCH coNTATNS THE pERI0D MARKERS"/&' ( TNTEGER " L-10" \' / ,& CHANNEL NUMBER EQUALS : ')
READ(1.X] IPERD

l,/RrTE(r,507)
507 F0RMAI ( ' INpUT NUMBER 0F pER r0DS oVER r,JHrCH ANALySIS rS T0' ,/ ,&' BE CALCULATED. PERIODS EQUALS : ')

READ(1,X) NPERD
l,JRrTE(r,508)s08 FoRMAI(' INfUT rrME rN SECoNDS AFTER WHICH ANALySTS rS T0 BE''/&' CALCULATED. TSTART = : ')
READ(T,X) TSTART

wR ITE ( rUNrT0 ,700 )
l,/RITE ( rUNrTl,700 )700 FoRMAT{ ///)
wRITE (IUNrT0 ,701)
\,iRIïE ( IUNITl,701 )

7 0 L F oRMAT ( ' ', , 6 X , ' XXXXXXX*XXXX*XXXXXXXXXXXXXXXX*XX**XXX**X**XX*X ' ,
&' xx*xxxxxxxxxxxxxxxxxxxxx' / )

wR ITE ( IUNIT0 , 702
l./RITE (rUNrT0,702
r,JR rTE ( IUNIT0 , 702
T.JRITE (IUNITt,702
l,JRITE ( IUNIT1 ,702
t./RrTE ( ruNIT1,702702 F0RMAT (7X,A721

TITLEI
TITLE2
TITLE3
ÏITLE I
TITLE2
TITLE3

c

c
U
c
c
c
c
c
c
c

wR rTE ( IUNTT0 , 703 )
l,JRITE (rUNrT1,703 )

7 0 3 F 0 R MA T ( / : L 6 X , ' XXXXXXXXXXXXXXXXXX*XXXX*XXXXX*X**XXXXXXX**XXXX ' 
,

&' xx*xx*xxxxxxxxxxx*xxxxxx' / )

A FOURIER ANALYSIS OF EACH PHASE IS CALCULATED IN TURN.

TO DO THIS DATA FROM THE APPROPRIATE DATA FILE IS READ

INTO AN ARRAY.COLUMN I IS TIME,COLUMN 2 - LO CAN CONTAIN

DATA ON WHICH THE PERFORM A FOURIER ANALYSIS, EXCEPT CHNL fPERD

CONTAINS DATA USED TO IDENTITY THE DURATION OF A PERIOD

M= NC HAN+ I
ICHAN= ICHAN+1
IPERD=IPERD+1

0PEN(f 8, FILE='0. TCR3'
0PEN ( 19 , FILE= '0 . TCR4'
0PEN ( 20 , FILE='0. TcRs'

I PHASE = I
D0 5 KK=1,3
IF(IPHASE EQ.1}
IF(iPHASE.EQ.2)
IF(IPHASE.EQ.3}

IF ( IPHASE . EQ, 1 ) WRITE ( IUNITO 9O )
IF ( IPHASE . EQ.2 ) WRITE ( IUNTT0 , lsr )
IF ( TPHASE.EQ. 3) WRrTE( rUNrT0, 192)FORMAT(' FOURIER COEFFICIENTS OF
FORMAT(' FOURIER COEFFICIENTS OFFORMAT(' FOURIER COEFFICIENTS OF

R - PHASE
S-PHASE
T - PHASE

PEAK VALUES '/)
PEAK VALUES '/)
PEAK VALUES '/)

190
191
192

(.
c

99
10
LL
L4

READ DATA FILE TO AN ARRAY

LINE=0
IUNIT=IPHASE+I7
D0 10 I=r,6001
READ(IUNIT,99,END=12) (DATA(I,J),J=1,M)
FoRMAT f F8 .5 , 10 ( rX, cr r .4 ) )
LINE=LINE+l
CONT I NUE
CON T I NUE
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c
c
c
c
c
c

INDENTIFY A DURATION OF ONE PERIOD TN LENGTH AFIER
TIME SPECIFIED BY TSTART. ISTART AND ISTOP IDENTIFY
THE FIRST AND LAS T ROWS OF DATA USED FOR THE FOURIER ANALYSIS

IFLG=0
LCNT= I
NPULS= 0
ISTART=0
IST0P=0
D0 20 I=2, LINE
II(D4IA(I,1) .GT. TSTART) THEN

iF 
( 
(oû¡t[Ä] lËål'¿-?ÀiflÉÄt', ÏÞËno) GT o 0r ) rHEN

ISTAR T = LCNT 
'+ I

END IF
IF( -NPULS .EQ. NPERD)THEN
ISTOP = LCNT'+ Ic0 T0 2r
END IF

202 iöËüE+io-I''''ßÊùr!'Y'r, ru rNPULSìruPULS*T
END IF
END IF
LCNT = LCNT+ I

2O CONTINUE
IF(!PULS .LT. NPERD)THEN
t,JRITE(1,5r2I

512 FORMAT(' I,/ARNING. INSUFFICIENT&l INPUT SMALLER S 0F PERI0DS :

READ(1,X) NPERD
G0 T0 14
END IF

21 CONTINUE

llRroDs rN DArA"/

c

c
c

c
COMPUTE SAMPLE INTERVAL AND NUMBER SAMPLES

DELT=0.0
D0 30 I=1,5
DELTl=DATA( I+1, 1 I -DATAf I. 1 ì30 DELT=DELT+9¡¡11
DE LT=DE LTls . 0
N94!r= ( IsToP-ISTART )

'48-rTE 
(rUNrTl ,201) DELT, NSAM201 .F.9EUâIt.'..94MP!F^TNIqEyô!=l.ql?.!,?g¡,'NUMBER oF sAMpLEs=, ,r.5/)-.. !E_ITE(IUNITl,?qq)-ISfART,ISToP,TÖÍÁRi,IÍr'JE- -.

200-FoRMAT('_ IsTÁRT=',Is;5x,'réroÈl;;t5;5X,'TSTART=,,c13.6,
&'LINE=' , 15 )

WRITE ( IUNITT,62 ]
WRITE ( IUNITI,62 I
FoRMAT (F8 .5 , r0 (rx

( DATA ( ISTART ,
( DATA ( ISTOP , J,Glr.4))

J),J=1,M)
),J=1,Mt62

a
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35

U
c
c

70
c
c
c

CALCULATE FOURIER SERIES NOW

D0 35 J=1,8
suMA(J)=0 0
SUMB(J)=a.Q
ISTRTI = ISTART+1
IST0Pl=IST0P-1

OMEGA=376.99112
TPERD = 2*3 . L 4 159265 /0MEGAD0 40 I=ISTRT1, IST0PT
ÞVM4( I ) =SUMA( I )+ DATA( I, IOHAN)
D0 50 N=1,7
:!.ll!Ê f li{.1 I =qqru { N*+ ) 

* p4Iô ( I, IqIA!! ) xcos ( NXoMEGAXDATA ( r, I ) )
lgllg!l!:1 ) =SUMB(N+l )+ DAÌA( r ; rcHANixsr¡¡f NxoMEcAxDArÀi i ; I i i
CON T I NUE
DC COMPONENT IS Aol2 :

) ÏHEN

EQ. 2 ) THEN

.8Q.3)THEN

50
40
c
c

60

ô( I I = (94I4-(ISJARL Iç14!)tQ{I4( IsT0P, IcHAN)+2. oxsuMA( 1 ) )
4{ I ) =A ( I )XDELT/ ( 2xTpERD*NpERD i
B ( I ) =o . o
D0 60 N=l ,7

_A.(r)¡1I ) :Q4I4 ( M4ET, Içf|!! Irg,q!( N*oMEGAxDATA ( rSTART, 1 I )+&. 9åT4 ( r çTgp, Iç!êutqqliryIoMEq4xDArA ( rsrop, i ) | +2. o*SúNa 1 ru+r ¡
4 ( N+r ) =A ( N+r ) xDELT/ ( TpERD*NpERD )

-Bll¡Jl ) :PôIÊ( M4EL Içï4! lTSIlr( NXoMEGA*DATA ( rSTART, I ) )+& DATA ( IST0p, ICHAN ) *SIN ( NXoMEGAXDATA ( rST0p, i ¡ ¡ +2. o*súr"ra ¡ ru+r ¡
q( ¡{11.) 1q ( N+1 ) r(DELT/ ( TPERD*NPERD )
CONT I NUE
D0 70 N=l,8
IiJ.+B!1¡lry) )..t_T, 1 . 0E-08 ) A( N ) =SrGN( 1 . 0E-08,A (N ) )
Ç ( N ) =SaRT (A ( Nl*x2+B( N)xx2 )

ffllN ) =:arAN2 ( B ( N ), A ( N ) )XÍ80 . O/3 . 14rse26s
CONT T NUE
SAVE COEFFICIENTS FOR FURTHER CALCULATIONS.

601

602

IF ( IPHASE. EQ.1
D0 601 J=1,8
AR(J)=A(J)
BR(J)=B(J)
cR(J)=C(J)
PHIR(J)=PHIfJ)
ELSE IF (IPHASE
D0 602 J=l,8
AS(J)=A(J)
BS(J)=B(J)
cs(J)=C(J)
PHIS(J)=PHIIJ)
ELSE IF ( IPHASE
D0 603 J=1,8
AT(J)=A(J)
BT(J)=sJ¡¡
cT(J)=CIJ)
PHIT(J)=PHI(Jl
END IF

603

c
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704
HRITÊ(IUNITO,704) (c(J),PHI(J),J=1,8)
F0RMATI' DC:MAG ='.F8.5.2X.'PHASE='.F7.2FORMAT ( ' ,2X,

4) (C(J) , PHI(J) ,J=I,I
DC: MAG = ' , F8 .5 ,2X, '

' 6OHZ:MAG=',F8.5,2X,'PHASE=',F7 .2/
' L20Hz:MAG='.F8.5.2X.'PHASE='.F7.2,2X, ' 180H2:MAG=',' L20Hz:MAG=' , F8 .5,2X, 'PHASE=' ,

F8.5,2X,'PHASE=',F7.2/' 240H2:tv
EO t 4

;8.5,2X,'PHASE=',F7.2/' 240H2:MAG=',F8.5,2X,
'PHASE=',F7 .2.2X,' 300H2:MAG=',F8.5,2X,'PHASE=',F7
' 360H2:MAG='.F8.5.2X.'PHASE='.F7.2.2X.' 42(

&
&
&
&
I

& F8.5 ,2X, 'PHASE=' ,F7 .2/ |

c

5
c

c
U
c
c
c
c

IF ( IPHASE.EQ. 1) CL0SE(UNIT=18
IF( IPHASE.EQ.2) CL0SE (UNIT=19
IF ( IPHASE. EQ.3 ) cL0SE (UNIT=20

IPHASE=IPHASE+1
CONT I NUE

CALCULATE SEQUENCE COMPONENTS OF SVC CURRENTS

NOTE THAT A (N ! IS ASSOCIATED l,/ITH REAL AXIS (+ve X )

AND -BtN) IS ASSOCIATED WITH IMG AXIS(+ve Y)

D0 800 J=1,8
cDo ( J ) =0. 333X(CMPLX(AR ( J ), -BR ( J ) )+CMPLX (AS( J ), -BS ( J ) )

, +cMPLX(AT( J), -BT t J) ) )
cDp(J );0.333X(CMPLX(AR (J) , -BR (J) )+CMPLXfAS{ J) , -BS(J} )X( -0.5,0.866 )

&+CMPLX(AT( J) , -BT(J) )x( -0.5, -0.866 ) )
cDN(J):0.333x(cMPLX(AR(J) , -BR(J) )+cMPLX(As(J) , -BS(J) )*

&( -0 . s, -0 . 866 )+CMPLX(AT ( J ), -BT ( J ) )X(( -0. 5, +0 . 866 ) )8OO CONTINUE
c

D0 820 J=1,8
cD0M(J)=CABS{CD0(J) )
cDPMtJ)=CABS(CDP(J) )
CDNM(J)=CABS(CDN(J) )
A(1)=¡64¡(CD.(J))
A (2 ) =¡¡4¡ (CDP (J ) )
A(3)=REAL(cDN(J))
D0 821 K=1,3
IF (ABS(A(K I ) . LT. 1. 0E-08 ) A(l() =SIGN( 1. 0E-08,4(K) )821 CONTINUE

820
c

850

851

8s3

854

cD0A( J) =ATANZ(AIMAG(CDO(J) ),4( 1) )xI80.0/3. r41s9265
cDPA ( J ) =ATAN2 ( AIMAG ( cDP ( J ) ), A ( 2 ) )xl 80 . 0/3 . 141ss26s
CDNA ( J ) =ATAN2 (AIMAG ( cDN ( J ) ), A ( 3 ) )xr 80 . 0/3 . 14159265
CONT I NUE

l.JRITE ( IUNIT0,850 )FORMAT(' SYMMETRICAL COMPONENT ANALYSIS '/}
wRrTE ( ruNIT0,851 IFORMAT(' ZERO SEQUENCE COMPONENTS'/)
l,JRITE(IUNITO,704) (CDOM(J),CDOA(J),J=1,8)
t,JR ITE ( IUNIT0 , 853 )FORMAT(' POSITIVE SEQUENCE COMPONENTS'/)
f,/RITE(IUNIT0,704) (CDPM(J),cDPA(Jl,J=1, 8)
h,R ITE ( IUNITO , 854 }
FORMAT ( ' NEGATIVE SEQUENCE COMPONENTS'/ )
t./RITE(IUNIT0,704) (CDNM(J),CDNA(J),J=1,8)
CLOSE ( UNIT=IUNIT0 )
CLOSE ( UNIT=IUNITI )
STOP
END
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