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AESTRACT

In many power systems special controls are introduced to modulate a system
component’s terminal characteristics in order to solve system problems and improve
system performance. This is especially true in power gysteris with dc converters
since the dc system and its controls have the capability to change real and reactive
power loading from mirimum to maximum within a few fundamental frequency
cycles. This is some orders of magnitude faster than most other power system com-

ponents such as generator govenors and exciters, and loas tapchangers.

Static var compensators of the thyristor contrelled reactor { TCR ) type and the
thyristor switched capacitor ( TSC ) type are similar to dc converters in terms of con-
trol capability and speed of response. It would seem reascnable to consider modula-

tion controls for static var compensators also.

A concept which applies modulation of the firing angle of a thyristor controlled
reactor in order to solve a power system problem is proposed and studied. The proo-
lem is one where a second harmonic voltage appearing at the high voltage bus of a
thyristor controlled reactor resuits in non-symmetric voltage zero crossings. This
results in the generation of non-characteristic even harmonic currents by the TCR.
Equidistant firing control systems do not improve the situation . Thus the TCR can
aggravate a resonant condition that may exist between the power sysiem and the
compensator capacitors. This kind of problem has occurred af the Hydro-Quebec

Chateauguay Station.

The solution of the problem at the Chéateauguay Station is not specfically

addressed in the thesis, but the concepts for a suitable firing angle controller are



developed and verified using digital simulation.

The operation of the thyristor controlled reactor with equidistant firing control
and in the presence of a second harmonic voltage is studied. A simple digital model
is developed in order to simulate the TCR operation. Analysis of the waveforms
suggests that sinusoidal modulation cf the firing angle would be beneficial. Fourier
analysis and symmetrical component analysis of the TCR waveforms are used to

determine the harmonic content.

The TCR is studied when operating with sinusoidal modulation of its firing
angle and in the presence of fundamental frequency voltages. It is shown that the
magnitude and phase of the lower order harmonics of the TCR currents are depen-
dent on the peak magnitude and phase of the sinusoidal éignal. The positive
sequence harmonic components of the TCR line currents are shown to be suitable

signals for use as input signals for the firing modulation controller.

An algorithm for measuring these sequence components is developed and
tested. A modulztion controller that uses the positive sequence dc current com-
ponent or the positive sequence second harmonic component of the liae current is
designed and tested with the digital model of the TCR. The simulation tests show
that firing angle modulation can be used to manipulate the harmonic content of the
TCR line currents and hence can be used to corirol sequence voltages developed

across the ac system impedances into which these currents fiow.
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CHAPTER ONE

INTRCGDUCTION

1.1. APPLICATION OF STATIC VAR COMFPENSATORS IK POWER SYSTEMS

Static var compensators (SVC’s) use reactors and capacitors in conjunction with
thyristors, resulting in the ability to vary the reactive power outﬁvut ¢f the compensa-
tor in response to changing power system conditions. SVC systems czn be divided
into two types:

(a) Thyristor controlled reactor and fixed capacitor (TCR + FC) type.

(b) Thyristor controlled reactor and thyristor switched capacitor (TCR + TSC)

tyce.

The thyristor valves of thyristor switched capacitors are always fired at a point
such that conduction begins exactly at the natural current zero. Of course, conduc-
tion stops at a current zero in a thyristor circuit. As a result there 2-c no harmonics
generated by the thyristor switching. On the other hand, thyristors associated with
controlled reactors can be fired at any time between C° and 20° after the peak of the
voltage across the thyristor-reactor circuit. This controlled firing generates harmonics
of different frequencies.

The primary objective of tkis thesis is the analysis and control of harmonics
generated by static var compensators. The TCR + FC type of compensator is of most
interest with regards to harmonic generation and is the type that is considered for

this study.

The basic single line configuration of the TCR + FC compensator is shown in



Figure 1.1 . The compensator elemenis are ccnnected to the system with a step-up
transformer. The TCR circuit is connected ia a delta conﬁguratién. The fixed capaci-
tors can be designed as a filter if necsssary and 12-pulse configurations can be used
for cancelation of lower order harmonics.

Although the bacic arrangement may be similar in many applications, conircl
circuits differ considerably for each application. Compensatica problems involve

either :
(a) Load compencation.
(b) Veltage control of a transmission system at a given terminal.

In load compensation the objective is to transform the line curreats drawn by
an unbalanced and non-unity power factor load into a balanced set of real line
currents. Such loads are normally concentrated in cne plant and are best handled by

a shunt compensator connected at the same terminal as the load.

Compensation of industrial loads such as arc furnaces and rolling mills are
characteristic of the load compensation problem. In order to achive symmetrical
loading, it is necessary to control each phase indepeadently. The quantities charac-
terizing the load are rmsasured and the line currents are controlled by varying tie

susceptance cf the SVC.

In voltage control, the objective is the regulation and in some cases balancing of
the terminal voltages without regard to tize actual cause of the variation ( and unbal-
ance). Where load balancing is not a requiremeant, it is not necessary to control each
phase independently. A common controlier can provid: the desired firing angle order
to all three phases. Feedback controls that maintain tixc measured terminal voltage at
the desired reference value are a viable solution to thc control probiem for transmis-
sion system support, where the parameters of the ac system are neither accurately

known nor measurable.



This thesis does not address the methods used for control of the reactive power
of the SVC to satisfy the load compensation and voltage control requirements. Such
control strategies and the theory behind the strategies are well documented in the
references listed at the end of the thesis. This thesis addresses the concept of modu-
lating the firing order detzrmined by the normal reactive power and voltage controll-
ers in order to reduce or eliminate a harmonic current component that is trouble-
some to the system. More specifically, firing angle modulation suitable for a thyristor
controlled reactor that has a common controller for all three phases is studied. A
similar modulation concept could be applied to SVC’s with separate controllers for

each phase.

1.2, CHARACTERISTIC AND NON-CHARACTERISTIC HARMONICS CF THE
THYRISTOR CONTROLLED REACTOR - FIRED CAPACITOR COMPENSATOR

The harmonic components of the currents in the fixed capacitors are deter-
mined only by the harmonic comporants of the compensator bus voltages, whereas
the harmonic content of the currents of the thyristor controlled reactor is a fuaction

of the firing angle and the harmonric components of the bus voltages.

In a balanced system and when the compensator bus voltages have caly a furda-
mental frequency component, harmonics are generated by the non-sinusoidal current

of the TCR that results from delayed firing.

If the back-to-back thyristors associated with each reactor are fired alternately
and symmetrically such that the reactor current has equal positive and negative
current-time area, all harmonics of even order cancel. Therefore there are no even

harmonics among the characteristic harmonics of the TCR.

Thus the characteristic harmonics of the TCR compensator line and reactor
currents include harmonics of cdd order only. The magnitude of these harmonics

varies with firing angle. Triplen harmonics (harmonics of order divisible by three)



exist in the reactor currents at most firing angles. Such harmonics have the same
phase in each branch of the TCR. By connecting the TCR in delta , there is a can-
cellation of these harmonics in the line currents of the TCR. Th_jerefore for the basic
six-pulse circuit, harmonic currents of order 6N = I for N = 1, 2, 3, ... fiow into the

system.

The preceding definition of characteristic harrzcnics assumes that the ac system
is balanced and that there are no asymmetries between the phase:. The control vari-
ables are assumed to be symmetrical in each of the phases as well. Any asymmetry or
unbalance that occurs causes as its immediate consequence the generation of har-

monics of all orders.

The following asymmetries and unbalarces are important. in determining the
magnitude of non-characteristic (even) harmonics that are present in the TCR

currents :
(a) Ac system voltage unbalance.
(b) Reactor and transformer tolerances.

(c) Asymmetries of firing angle between phases and between positive and nega-
tive half-cycles. Reference 3 gives some appreciation of the level of non-
characteristic harmonic currents that can arise for relatively small unbalances

and asymmetries.

1.3. CORTROL OF HARMONIC GENERATION OF THE THYRISTOR CONK-

TROLLED REACTCR

The compensator configuration can reduce the mezgnitude of harmonic currents
which enter the ac system. The back-to-back thyristor arrangement that is inherent
to the TCR provides the symmetry that eliminates even order harmonics. The delta
connection that results in the cancellation of triplen harmonics in the line is also

inherent to the TCR. The choice of configuration then reduces to use of the 6-pulse



or 12-pulse circuit. With a 12-pulse circuit, characteristic harmonic currents of order

6N =1 for N =1, 3, 5, ..are cancelled and do not flow into the system.

Filters to reduce the lower order characteristic harmonic currents are used in
‘many applications. Filter decigns are dependent on the harmoric impedance of the ac
system, as seen from the compensator bus. Filters can £z an expensive component of
the SVC. Often a 12-pulse circuit can be more economical than providing 5 and

7h filters.

The presence of non-characteristic harmonic currents can be minimized by
specifying stringent tolerances for reactcr and transformer impédances. Unbalances
in the ac system impedances and voltages are usually minimized by careful design.
When severe unbalances are anticipated, this careful design includes the application
of compensators for load balancing. Thus, in transmission systems the role of a static

var compensator is often one of voltage contrcl only.

Firing asymmetries have a major effect on the generation and hence control of
non-characteristic harmonic currents. Under most conditions firing asymmetries can
be reduced to a few fractions of a degree and are insignificant. The accuracy of the
firing angle can be influenced by the SVC regulators and by the synchronizing gys-
tem. Imperfections in the control regulators and the synchronizing system, including
phase-locked loop ( PLL ) synchronizing systems, can result in the generation of
large harmonic currents.

In Chapter 2 it is shown that harmonic voltages in the source, even thcugh bal-
anced, result in non-equidistant zero crossings. This causes large firing asymmetries
even with equidistant PLL firing control. For such cases it is beneiicial to introduce

firing modulation to minimize asymmetries and harmonic curreat levels.



1.4. OUTLINE OF THE THESIS

The objective of the thesis is to investigate the possibility of eliminating or con-
trolling a specified problem harmonic of the line current of the thyristor controlled
reactcr. The 120 Hz and the dc component of the TCR currents often cause system
problems. If these harmenic components can be influenced by appropriate modula-
tion, the TCR may in fact provide damping to the ac systex: at that frequency.

in Chapter 2 the system studied, which is similar to the Hydro-Quebec system
at Chéteanguay, is described. A simple model of the system which reproduces the
effects on the operation of the SVC of a second harmonic resonance between the
compensatcr capacitors and ac system is formulated. An analysis of the Chateauguay
system waveforms is performec using an analytical approach and digital simulation.
This analysis suggests that it is feasible to modulate the TCR firing angle to produce
current waveforms that will cancel the de or the 120 Hz components. Thus the SVC
may be able to damp 2ny resonant instability that exists.

In Chapter 3 the line and reactor currents of the TCR are analyzed for the case
when the TCR is operating with a balanced fundamental frequency souice, and with
sinusoidal firing angle modulation. Fourier analysis and symmetrical component
analysis of the TCR currents are performed usiny analytical methods and simula-
tion. The influence of the sinusoidal modulation magnitude and relative phase on

the harmonic content of the TCR currents is shown.

In Chapter 4 the method of measuring the harmonic current components that
are to be used as the ccatrol parameters is described. Digital simulaticn is used to
demoanstrate the measuring technique. Instantaneous real and imaginary componenis
of the positive sequence dc or second harmonic line current phasors are computed
using the digital model’s PLL voltages for reference phasors. A modulation cen-
troller is then designed and tested with the digital simulation. It is demoastrated

that with sinusicdal modulation the TCR produces 120 Hz ( or dc ) currents of the



appropriate magnitude and phase to cancel currents produced by second harmonic

source voltages, therefore cancelling that componernt in the TCR line current.

The conclusion is that the modulation concept has merit and could bz zpplied
to damp a resonant condition in the ac system. Suggestions for further studies are

discussed.
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Figure 1.1. Basic Configuration of the SVC
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CHAPTER 2

PERFORMANCE OF THE THYRISTOR CONTROLLED
REACTOR WITH SECOND HARMONIC COMPONENT
SUPERIMPOSED UPCN THE FUNDAMENTAL FREQUENCY

SCURCE

2.1. DESCRIPTION OF SYSTEM CONFIGURATION

The idea of modulating the firing angle of a static compensator to stabilize a
system resonant condition arises from operational experience at Hydro-Quebec’s
Chateauguay station. Chateauguay is the Hydro-Quebec 1000 MW back-to-back dc
tie. On the 120 KV ac converter bus, two static var compensators of the TCR + TSC
type are provided for voltage control and reactive power balance. Both the dc con-
verters and thyristor controlled reactors are connected in a 12-pulse configuration.

th, llth, 13th, and high-pass filter banks. Figure

The station is equipped with 3rd, 5
2.1 shows the station single line diagram. The diagram is taken from Brown Boveri
Publication No. CH-N 22.001.85, HVDC Back-to-Back Tie, Poste Chiteauguay, Hydro-

Quebec / Canada.

During commissioning of the Ch&teauguay station, it was observed that a reso-
nance at second bharmonic occurs under certain operating conditions. The
phenomenon was explained as follows:

A minor system disturbance excites the second harmonic resonance mode,

which in turn causes distortion on the 120 KV bus. This distortion is then possi-

bly amplified by the converter controls and the TCR controls, causing saturation



of the converter and the SVC transformers and subsequent tripping of the con-

verter and SVC.

One solution to the problem is to permanently de-tune the pov’er system in
order to avoid the resonant condition. At Chéteauquay, this means keeping a
minimun number of Beavharncis generators connecied to the 120 KV converter bus
to maintain sufficient short-circuit capacity. To eliminate this kind of operating res-
triction, one could free Beauharnois units by adding equipment such as synchronous
condensers. Alternatively, the SVC’s could be moved to a bus that is incdependent

from the converter bus.

Another solution is to add sscond harmeric damping controls to the converter
and static var compensator controls. Damping controls added to the converter pole
controls are being tested at the station. It is not known if damping controls are being

designed for the static var compernsators.

It is the objective of this chapter to analyze the operatior of the thyristor con-
trolled reactor under a second harmonic rescnant condition and to identify a con-
cept for modulation of the firing angle of the TCR such that the TCR would provide

a damping effect on such resonant conditions.

Figure 2.2 is an equivaient of the static var compensator system suitable for
analysis of the second harmonic resonant condition. This investigation assumes the
SVC is connected directly to the high voltage bus. Thus a more clear evaluation of
the dc component of the SVC currents is possible for the initial study. The TSC is
treated as a fixed capacitor, since it is not 2 harmonic current source. The equivalent
TCR is connected in a 6-pulse configuration. This is a reasonable simplicztion
because the 12-pulse configuration is expected to have the same performance as the

6-pulse configuration with respect to the second harmonic resonance problen:.

At Chiteauguay, a small second harmonic source resulting from a minor distur-

bance within the ac system can excite a large second harmonic voltage at the



compensator bus under a resonant conditon. Waveforms measured at the station are
shown in Figure 2.3. The measured line-to-line voltages at the compensator bus have
a positive sequence second harmonic component equal to 30 % of the fundamental in

magnitude, with a phase lag of -30° with respect to the phase of the fundamental.

The currents and voltages measured at the station can be reproduced by an
analytical analysis of the circuit shown in Figure 2.4. The analysis is described in the

following sections.

-10 -
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2 - Back-to-back converters -140.8 kV, 1000 MW
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4 - Fixed capacitors

5 - 8315 kV AC filters ( 11, 13, HP)

Figure 2.1. Chateauguay Station Single Line Diagram
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irs, isT, iTR: TCR reactor currents

Figure 2.2. Equivalent COf The SVC System
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2.2, ANALYTICAL ANALYSIS OF TCR CURRENTS

The voltage and current waveforms shown in Figure 2.5 reproduce the
phenomenon measured at the Chéateauguay station. The waveforms of Figure 2.5 are
obtained from a digital simulation of the circuit shown ix Figure 2.4 and are very
similar to the waveforms in Figure 2.3. Figure 2.6 shows the iine currents for the

same case.

It should be noted that the digital simulation outputs are usually shown siarting
from time t= 0. Therefore for some firing angles where a thyristor would be conduct-
ing at r=0, a start up transient can be seen. An example is the first firing of thyris-

tor 6 in Figure 2.5.(b).

Thke scurce voltage waveforms are defined by the equation
Uy, =V2Ujcos (6, —d; ) + V2Uj,cos (26, — &) @1

where the parametess for each line-to-line voltage are defined in Table 2.1.

TAEBLE 2.1. Perameters For Respective Veltages
XY ¢ bp
RS ¢ 3¢°
ST 128° 15¢°
TR -125° -90°

U1 and U, denote the RMS values of the respective voltages and 0, = wt . Note
that ¢f and ¢, denote the phase position of the respective voltage components,

the zero degree reference being the positive x-axis( cos w? phasor reference).

The theoretical current waveforms shown in Figure 2.5 are for a firing angle

-15-



a, = 45° . The reference for the firing angle is taken at the peak of the fundamen-
tal component of the voltage Urs' An equidistant firing system derived from a phase-
locked loop (PLL) is assumed. In the next section it is shown that the PLL voltages
are in phase with the fundamental component of the corrcsponding source voltages.
Note that the zero crossings of the source voltage waveforms are not equidistant due
the presence of the second harmonic component. Consequent!y equidistant firing of
the thyristors results in TCR current waveforms that are not symmetrical with
respect to the zero current axis. The TCR currents therefore have even harmonic

components.

The current waveforms shown in Figure 2.5 are calculated analytically as foi-

lows:

The differential equation describing the circuit shown in Figure 2.4 is

(1,06:)) . (22)

where 0, = wt . The equation applies whenever one of the thyristors is con-
ducting.

The solution of this equation is given by the expression

U
Iy = V2 ;—Z— ( sin( 8, —d, )+ (-D"*! sin «,

+015 U sin(28, — b, ) — 015U sin(2a, —&,q) ) (23)

for e + ¢y tow = 0 = ao+ép1+yxy+nﬂanéfor Uy, =30% of

Uy.

The parameters for each of the TCR currents are defized in Table 2.2.
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Tabie 2.2, Parameters Fer Respective TCR Currents
a_ = 45°
o

+ -—
XY ¢f ¢h ¢1 ¢h1 ‘ny Xy

RS 0° 3¢° 6° 30° 70° 11¢°

ST 120° | 150° | 126° | -8O° 90° 990°

TR | -126° | -90° | 240° | 150° 105° g°

Note that v, is the duration that the thyristor conducts and is calied the con-
duction period. The parameter »n in the equation denotes conduction in the
positve half-cyle or negative half-cyle of the voltage. When n=0 , Equation
2.3 describes the current for the positive half-cycle. When n=1 , Equaticn 2.3
describes the currcat for the negative half-cycle. Referencing Figure 2.4, thyris-
tors 1, 3 and 5 are denoted as positive half-cycle thyristors and thyristors 4, 6
and 2 are denotcd as negative hali-cycle thyristers. The conduction period asso-

ciated with the positive half-cycle is denoted as * . The conduction period

Vxy
assscciated with the negative half-cycle is denoted as vy,,~ . Phase RS of
the delta cocnrected TCR is the reference phase, with 6, = 0° at the peak of

the fundamental component of the veltage U rs’

The complete analytical solution of Equation 2.3 requires that the concuction
period be known. From Equation 2.3, i, =0 at 0, =a, t ¢; + vy, +n 7.

Thus the conducticn angle is defined by the transcencental equation
v o
V2 — sin («, +oytnwty, —d ) +0.15 Uy sin (2(a, +dtnw

Wy,

+'ny) - d)h ) = (.15 Ul sin (2(10 —(bhl ) - (““l)n+1 sin ((Xo ) (24)

- 17 -



Equation 2.4 can be solved for v,, by a numerical technique. The entries in
Table 2.2 for 'ny+ » Yy and a, =45 were calculated using the single vari-
able search algcrithm of Davies, Swann, and Campey . The digital simulation model
described in Section 2.3 is an alternate numerical solution method which gives the
same results for vy,, , as can be verified by measuring the conduction periods from

Figure 2.5.

The Fourier aralysis of the line currents and reactor currents is calculated using

the expression

a, n=w

f(@©= - + 3 (a, cos(n8) +b, sin{no ) ) (2.5a)
n=1
a, n =

f @)= > + 3 c,cos(nb +o,) (2.5b)
n=1

The following relationships apy:iy:
cx = Vi@, )2 + (b,)?
a, = ¢, COS((!)") bn =70 Sin(d)n)
bn
¢, = —arctan (— )

n

F({6)cos(nd)do n= 12, .. (2.6a)

N

=

I
J [
ot ¥

f(@®)sin(no)do n=123, .. {2.6b)

2

o

Il
3 |-
ot ¥

These relationships associate the a, coefficient with the positive x-axis ( coswt
reference phasor) and the — b, coefficient with the positive y-axis. &, is positive
measured counter-clockwise from the positive x-axis.

The expressions for calculating the coefficients a, and b, defined by Equa-

tion 2.6 for f (8) given by Equation 23 are included in Appendix 22.1 of
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Reference 7, the listing of the Fourier and symmetrica! component analysis program
FOURHAR. The program calculates the Fourier coefficients, given the firing angle,
the RMS fundamental frequency voltage Ul in per urit, and the data shown in Table
22. Note that the per unit system is defined in Appencix 1.1. The program assumes
that the source voltage has a 28 % second harmonic component. Note that the
conduction period must be obtained frocm a numerical solution of Equation 2.4 for
any specified firing angle. The program output is showrs in Appendix 2.2.2 of Refer-
ence 7 fof the case «, = 45° and a source 120 Hz corponent of 30 % at a phase

of —30° relative to the fundamental.

The Fourier analysis results for the first three terms taken from Appendix 2.2.2

of Reference 7 are summarized below :

i, = —.043 + 202 cos (8, -96°) + 078 cos (29, —60°) (2.72)
i, = —.048 + .182 cos (8, +150°) + 075 cos (28, +120°) (2.7b)
i, = 084 + 207 cos (8, +24.3°) + .125 cos (26, +33°) (2.7¢)
i, = (—.073 + 204 cos (6, —126°) + 087 cos (26, —116°) }V3 (2.7d)
i, = (—.003 + .186 cos (6, +115°) + 088 cos (20, +120°) YV3 (2.7¢)
i, = (076 + 200 cos (8, —95°) + .082 cos (26, +1.3°) )V3 (2.7f)

The program FOURHAR also ccmputes the symmetrical components relative to

R-phase for each harmoric using the transformation

1, 1 1111
I;| = |1 a a® ||l (2.8)
I, 1a? a I,

where a=-05+j 0866 , a?=-05-j 0866 azd I, ,I, and I, are the
zero, positive, and negative sequences respectively.

Sequence data for the a, = 45° case shown in Appendix 222 of Reference 7

is summarized in Table 2.3.
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Table 2.3. Symmetrical Compeonents of TCR Currents
o, = 45°, Seurce an Harmenic: 30 % @ -39°
Esrmonic Sequence Reactor Carrent Line Carrent :
- - Mag.-PU | Phase-Deg. Mag. -PU Phase-Deg.
DC +ve 0.043 -118. (V3) 0.043 -148.
-ve 0.043 118. (V3) 0.043 148.
zero 2.002 0. 0.0
60 Hz +ve 0.1566 -84 (V3) 0.19566 -124.
vz 0.011 162. (v3)o.0n -124.
zero 0.663 67. - 8.0
120 Hz +ve 0.686 -88. (V3) 0.086 -118.
-ve 0.0035 -76.5 (V3) 8.0335 -£6.5
Zero 0.6418 32. 6.0

Within the reactor circuit large 120 Hz ( 44 % of fundamental ) and dc
(22 %) currents flow as a result cf the asymmetries resulting from the existence of
the 30 % second harmonic component in the source. There is a 5.5 % negative
sequence fundamental frequency component in the line and reactor currents, a result

of the large difference in conduction angles for the positive and negative half-cycles.

For the configuration under investigation, the second harmonic phase voltage
denoted by U,, and the second harmonic line current denoted by I,. are given

by Equation 2.9 .

U
U, =03 -—\7% cos(26,—60°) I, = 0.086 cos(28, —118°) (2.9)

The voltage produced by this current flowing into the system is denoted as V2r and
is

Vo =—Z, I, (2.10)

-20-



where Z = j X, if the system is inductive ( resonant at a frequency greater 120 Hz
)and Z = —j X, if the ac system is capacitive. Thea the system voltage is defined

by the equation

V, =0086X (—28°) inductive (2.112)

V, = 0.086X (152°) capacitive (2.11b)

Figure 2.7 suggests that the compensator can augment the second harmonic system
voltage under the operating condition where the resonant frequency exceeds 120 Hz.
It is acknowledged that the effect of transformer phase shifts have been neglected in
this analysis. Note that if the phase of the TCR currents could be controlled
appropriately, the TCR could be used to damp instead of augment any system reso-

nance even when the resonant frequency exceeds 120 Hz.

The Fourier analysis of the TCR currents operating with constant firing angle

and in the presence of second harmonic source voliages shows that significant levels
of non-characteristic even harmonics exist ( particularly dc and 120 Hz components ).
From the waveforms shown in Figure 2.5 , it is clear that modulation of the firing
angle is desirable to restore symmetry with respect to the zero current axis. One pos-
sible scenario for a modulation signal is to fire thyristor 1 at
ay < a, , (@; =a, —A) and to fire thyristor 4 at oy > «,, (g =a, + A ).
Similarly for thyristors 3 and 6, a3 = a, — A and ag = «, + A. For thyristors 2
and 5 larger deviation from «, is needed, such as «, =a, —2A and
as =a, +2A .

Such a firing arrangement suggests that sinusoidal modulation of the firing angle
should be considered.Sinusoidal modulation where o =a, + A cos (wr +3) is

investigated in this study.

The concept of using sinusoidal modulation to cancel the dc or 120 Hz current

components in the TCR line currents is to be tested using digital simulation of the

-21-



TCR operating under resonant conditions. The digital model used for the simulation

is described in the next section of this chapter.
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V2r: Voltage developed across AC system
impedance due to log

l2r: SVC line current at 2nd harmonic

Figure 2.7. Phasor Diagram Of Second Harmonic Voltages
Associated With The TCR
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2.3. DIGITAL MODEL OF THE TCR-FC COMPERSATOR

The circuit of Figure 2.4 represents the case when the thyristor controlled reac-
tor is operating under a second harmonic resonant condition. This is the circuit that
is simulated for the purpose of checking the performance cf the TCR with sinusoidal

modulation of the firing angle.

An important part of the simulation is the representation of the phase-locked
loop firing control system. It is an important factor in the performance of the TCR
in the presence of second harmonic voltages. The PLL is also used as the reference
signal for the measurement of the positive sequence dc and second harmonic current

phasors which are used as control parameters for the modulation controller.

The simulation of the circuit shown in Figure 2.4 is accomplished with four For-
tran subroutines (SOURCE, THYRG6, STAEQG, FIRPULEILS ) and the main program.
The main program controls the system simulation using the above subroutines, han-
dles the data output and performs other housekeeping tasks. Control functions such
as the phase-locked loop and modulaticn controls are simulated using the following

control system modelling subroutines :
(a) REALP2 - real pole.
(b) INTGL2 - integratiqn by trapezoidal rule.
(c) TIMDS5 - timer with hysteresis, delay on pick-up and relzase.

(d) AVGFILS - digital averaging filter.

The listings of the subroutines are included as Appendix 2.1.1 to Appendix 2.1.8

of Reference 7.

Subroutine SOURCE simulates the line-to-line voltages that appear at the TCR
terminals. Source voltages are represented as infinite sources having a specified fun-
damental frequency magnitude and phase. The source can have a second harmonic

component with a specified magnitude and phase as well.
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The fixed capacitors are not represented since in the circuit that is modelled the
infinite sources are connected directly across the capacitors. Thus the capacitcr
currents are completely defined.

A state equation formulation of the thyristor controlled reactor is used. The
state variables are the TCR reactor currents. The circuit shown can be analyzed as
three independent single phase circuits. The back-to-back thyristors are represented
as parallel resistors. The effective thyristor resistance at any instant in time is

denoted as Rry . The differential equation for the circuit is

Rry
xy(t) ——U (1) = — iy () (212)

Applying the trapezoidal rule of integration gives the solution algorithm as

Ly (0t 4) = At/ZLAt {ny(w’kﬂ) + ny(‘»“’fk)]
(1 + Rey YA
[(1 — Rry ZL) / (1 + Rry EL_) } i(e1;) (2.13)

where ¢, denotes the current time step and ¢; denotes the previous time step.
The symbol xy represents rs , st or tr for each of the respective phases.

Whean the currents and vcltages are defined as per unit quantiiizs Equation 2.13

has the form

. At
txy (wtk +1) = Zbase /ZL {ny (wtk +1) + ny (mtk )}

At
(1 +Rry EL—)
+ [(1 ~ Rpn %‘-) / @+ RTH-zéLi) } i (wt)) (2.14)

where the variables have units as follows :
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(a) Zpse » Ryy -ohms.
(t) L - henries.

(c) At - time step in seconds.

(@) %Li - mhos.

The subroutinc STAEQ6 outputs the three TCR reactor currents aad the line
currents using Equation 2.14 , given the present time step’s thyristor resistance values

and source voltages, and the currents and source voitages of the previous time step.

Each thyristor is represented as a resistor. The resistor assumes the value R,
or R,rs in accordance with the on/off status of the thyristor. The status of the
thyristor is determined by the logic shown in Figure 2.8. Subroutine THYRE com-
putes the thyristor status at each time step. The values of R,rr and R,, are
required in ohms. K ry = 60 k) is used wkich gives an off-state current of 0.002
pu.(per unit), a typical value for a thyristor circuit. R, = 0.01 £ is used, giving an
on-state thyristor voltage of 0.0008 pu., two times larger than typical. Whea the ratio
of R,, / Ryrs gets too large, numerical instabiiity is observed. These values give
gcod results without ey numerical stability problems. The on state losses are not of
coricern in this study in any case. Note that Z,,,, = 12996 £ Q is used in the per

unit calculations.

The phase-locked loop firing contro! system of the TCR is modelled by subrou-

tine FIRPULS15 . A block diagram of the PLL system iz shown in Figure 2.9.

The phase error for the PLL is calculated by measuring tﬁe positive and nega-
tive zero crossings of the three source voltages U, U, and U . When a zero cross-
ing is detected, linear interpolation between tim= steps is used to reduce the sensi-
tivity of the measurement to time step size anrd to improve accuracy. The phase error
is defined as (6, — 6,) where the zero crossing of the PLL voltages are known to

be as shown in Table 2.4 . The PLL error is the average of the six individual error
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measurements where the averaging is carried out each time step. Note that 0,

9, denote the PLL and the system phase position respectively.

Table 2.4. Phase-Locked Loop
Reference Voltage Zero Crossings

PLL Voltage

+ve Crossing

-ve Crossing

Vie 0° 180°
Ve 120° 300°
Vir 240° 60°

and

In Figure 2.5 the source voltage shown has a second harmonic component equal

to 30 % of the fundamentzal. The PLL voltages are also shown. The errors measurablz

from the figure are shown in Table 2.5.

Table 2.5. Phase-Locked Locp Phase Errer -

Lource Voltnge ZU‘d Harmeniec: 30 % & -36°.

RS + -17.4°

ST + 0°

TR + | 174°

RS - 10.8°

ST - 0°

™R - -10.8°

Clearly the average error sums to zero when the FLL is in phass with the ac sys-

tem source voltages, as is the case in Figure 2.5. In fact the PLL voltages are in phase

with the fundamental component of the ac system voltages. Figure 2.10 shows this

significant point explicitly.

By using the average error signal, :he PLL is made insensitive to the variation

of each individual error that results from the 120 Hz balanced three voltage com-

ponent. Consequently no filtering of the signal ER is used for the majority of tae
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study ( a second harmonic component superimposed on the fundamental is con-
sidered in this study ). With reference to Figure 2.9, filtering is provided using the
real pole transfer function shown by specifying a non-zero value for T, . In order to
look after ripple arising from unbalances and various combinations of higher order
harmonrics, filtering of ER would normally be used with 7; having a setting of

8.33 milliseconds ( one half cycle at 60 Hz ).

The response of the PLL system to frequency and phase changes was adjusted
to give reasonable performance for the case with 7; = 0.0 and also for the case
with T; = 8.3 ms. Near optimal settings found for the PLL system are shown in

Table 2.6. The variables in the table can identified from Figure 2.10 .

Table 2.6. Phase-Locked Lecp Settings
Parameter Without Error | With Error
Filter Filter
GI[-] 1.00 1.00
Ty [ sec ] 0.0 0.0083
KP [rad/deg-sec ] 109 7.0
K; {rad/deg-secz] 0.4 0.4
2500 115.0
REF1 [ deg] 15.0 15.0
REF2 [ deg ] 50 5.0
T1 [ sec] 0.04 0.04
T, [ sec] 0.06 0.06
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Note that the purpose of changing K; is to accomodate a frequency change.
For transient phase changes , a large integral gain is not desirable since after the
correction the integral part Aw must be zero again. Hence the proportional term
should do the correction. On the other hand, for frequency changes the integral -
term must output a new steady-state value for Aw to supplement the base reference
radian frequency of 377 radians/second. This gain swiiching eliminates the need for

a frequency measurement input to the PLL.

The responses of the PLL system to step changes in phase and frequency are
shown in Figures 2.11 through 2.14. In all the figures, the PLL is locked t¢ the system

prior to the disturbance.

Figure 2.11 shows the respcase to a 10° phase step (7, = 0.0) . The PLL
corrects the phase error within 75 milliseconds. Note that the error signal prior to
and subsequent to the disturbance has no ripple on it due to the seccnd harmonic
source voltage. Figure 2.12 shows the PLL response to a 2 Hz step frequency change.
The phase error exceeds 15° which causes the integral gain to be increased tem-
porarily. The PLL compensaizs within 160 milliseconds.

Figures 2.13 and 2.14 show similar responses for T; = 8.3 ms. In order to keep
the PLL system stable it is necessary to reduce the gain Kp . The PLL is
correspondingly slower to correct for phase error. ( The gain: for the PLL with

filtering have not been optimized as well as for the T; = 0.0 case.)

The phase position error of the PLL in steady-state does not exceed 0.011° dur-
ing any given simulation , as shown by Figure 2.15. To be in phase lock at the start of
a simulation , it is necessary to initialize the phase measuring system error registers
with the appropriate steady-error values (Table 2.5 data for source 120 Hz voltage at
phase of -30° ). Otherwise, at the startup of the simulation case there will be a tran-

sient phase error until the PLL is able to respond.
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In steady-state operation the PLL system issues firing pulses that are equidis-
tant, within the tolerance of the time step. Table 2.7 shows the measured jitter in

the firing pulses for a time step of 50 s . The PLL is operating at 60 Hz.

Table 2.7, Jitter Of Firing Pulses
At = S0ps
Pulse Time Time Time
No. of Between Between
Pulse Adjacent Same
Pulse Pulse
(ms) (ms) (ms)
6 1.65 b A
Bk x% 2-75 L% 3
1 4.40 ** b
E2 ] b33 2.80 bt
2 7.20 b *3
B B 2.80 2%
3 10.0 hdd **
%% ¥k 2.75 s
12.75 e *s
E-2 3 b2 2'80 b1 -]
1555 b b
k2] D 2.75 E23
6 18.30 i 16.65
¥ %% 2‘75 E 23
1 21.10 b 16.70
B E 2 2.75 i
2 23.85 b 16.65
E 2] b2 2.80 L33
3 26.65 b 16.65
-39 b2 3 2.75 E-1 ]
4 29.40 »3 16.65
L34 E 24 2'80 £33
5 3220 e 16.65

The firing pulses are output relative to the PLL phase position 6, which is cal-
culated with modulus 2 w . The firing pulses are generated when the logic shown in

Table 2.8 is satisfied.
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Table 2.8. Logic For Pulse Generation

Pulse Range Of 0,
1 at+90° = 8, =< 180°
2 a+150° = @, = 240°
3 a+210° = 6, = 300°
4 a+270° = 6, = 360°
5 a+330° = 6, = 360°
oraa = 6, = 60°
6 a+30°= 6, = 120°
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2.4. NUMERICAL FOURIER AMALYSIS CF TCR MODEL CURRENTC

A numerical Fourier analysis program is included to permit a direct analysis of
the TCR waveforms generated by the digital modei. The basis for the Fourier
analysis is again defined by Equations 2.5 and 2.6. The integration required for the

calculation of the coefficients a, and b, is done using the trapezoidal rule

fp+1

f f@)at

At

—Z—{f () +f (tk+1)} (2.15)
where Ai is the sampling period, ¢, is the previous sample and ;. is the
curent sample. The algorithm for ccxaputation of both the cocfficients reduces to

n=N-1 .
an( bn) = 8o +gN +2 E &n (2'16)

n=1

1
N
where N is the number of sub-intervals per cycle. The function g represents the
product f -cosw,.t or fesinw,.t asappropriate. The arguments of the sine and
cosine use the PLL position 6, = w,¢t for computing the Fourier coefiicients. The
program also includes a symmetrical component analysis of the waveiorms.

The Fortran code for the numerical Fourier series program is included as
Appendix 2.3.1. of Reference 7. The details of the expressions used for calculating
the Fourier series terms and the symmetrical components can be seen in the appen-
dix. The per unit system used in the program is consistent with that used in the pre-
vious sections of this chapter.

The numerical anpalysis of the TCR model waveforms for the case whzn the
TCR is operating with a, = 45° and with a second harmonic :source voltage of 30
% magnitude at a phase of -30° is included as Appendix 2.3.2. of Reference 7. The
Fourier analysis results taken from thisz appendix for the first three terms of the

series are summarized below :
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= —.0411 + 2083 cos(8, —94.7°) + 0752cos(20, —62.5°) (2.17a)
i, = —.0503 + .1888 cos(8, +151.°) + 0783 cos(26, +120.3°) {(2.17b)
i,, = +.086G + 2123 cos(8, +25.2°) + 1286 cos(26, +32.7°) (2.17¢)
i, = (—.0737 + 2102cos(6, —125.1°) + .0507cos(20, —117.2°) )V3  (2.174)

i, =(—.0053 + 1927 cos(8, +1163°) + 0909 cos(26, +117.2°) )V3 (2.17)

i, = (+.0791 + 2062 cos(8, —0.2°) + 0853 cos(26, +0.7°) )V3 (2.176)

The results obtained from the numerical analysis of the model wavefcrms agree
very well with the results exhibited in Equaticn 2.7 ( which are included as Appen-

dix 2.2.2. of Reference 7).
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CHAPTER 3

THE TCR WITH FIRING ANGLE MODULATION - A

CONTROLLED HARMONIC GENERATOR

3.i. ANALYTICAL ANALYSIS OF THE TCR WITH SINUSOCIDAL FIRING ANGLE

MODULATION

The objective in using sinusoidal modulation of the TCR firing angle is to gen-
erate TCR currents having a second harmonic (or dc) component with the appropri-
ate magnitude and phase in order to cancel the same harmonic component produced
as a result of the second harmonic source voltage. It is instructive to coasider first
the effect of modulation of the TCR firing angle on the harmonic content of the line
currents, when operating with a balanced fundamental frequency ac system source

voltage .

Sinusoidal moduliation of the firing angle is defined by the equation:

o =a, +Acos(8,+8) =a, +A (3.1)
where
(a) a is the actual firing angle .
(b) o, is the nominal firing angle from the main SVC controls.

(c) A is the peak of the modulation.

(d) d is the phase of the modulation.
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(e) A is the modulation sinusoid.

(H) and 8, = wt , the PLL phase position.

Since firing of the thyristors is normally occurring at 60° intervals, with firing in
each TCR phase occurring at 180° intervals, sinusoidal modulation can also be
described by the equation

A,, = A cos[ (k—1)120° + 3 ] (3.2)

where 0, is arbitrarily set to zero degrees and is defined in Table 3.1.

Table 3.1. Firing Angle Definition

For Sinuvsoidal Modulation

XY k By Firing Angle
&

RS 1 A cos B o =a, + 4,

ayg=a, — A,

ST 2 A cos(d + 120°) az =o, + A
Qg = Gy — Ay
TR | 3 | Acos(d +240°) | as=a, +A,,
Ay = Qp, 7 By

Using this convention, and phase RS as the reference, Figure 3.1 shows the
reference frame for the three phases. The thyristor numbering and current refer-

ence directions are as shown in Figure 2.4.

The analytical expression for the TCR currents for the circuit shown in Figure

2.4 when considering modulation as defined by Equations 3.1 and 3.2 is as follows:

In the positive half-cycle

iy = \/‘2‘U1{ sin(8; + ¢;) — sin(x, + A)} (33)
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where o, +A +é; =6, = w —(a, + A) + ¢ .

In the negative half-cycle B
i = \/iUl{sin(es + ;) +sin(a, - A)} (3.4)

where & +(a, ~A)+¢; =6, = 2w — (o, —B) + ;.

Equations 3.3 and 3.4 define i,, in per unit. Consequently the impedance mul-
tiplying factor 1 /wL drops out of the equations. U is the RMS voltage

specified in per unit. Table 3.2 defines ¢; and ¢y for the respective phases.

Table 3.2. Parameters for TCR currents
XY b by

RS 0° 0°

ST -120° 120°

TR 120° 240°

Fourier analysis and symmetrical component transformations are used to
analyze the line and TCR currents defined by Equations 3.3 and 3.4 respectively.
Again the Fourier series and its coefficients are defined by Equations 2.5 and 2.6.
The detailed equations used in the calculation of the Fourier series coefficients are
shown in the listing of the program FOURMOD in Appendix 3.3.1. of Reference 7.

The program outputs the magnitude and phase of the terms of the Fourier series

a n=7
—éz- + ¢, cos( wt+d, ). The TCR reactor currents are given in per unit rela-

1

n

tive to the TCR reactor current base. The TCR line currents are given in per unit

relative to the line current base. The symmetrical component analysis is carried ocut
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in accordance with the transformation defined by Equation 2.8.

The characteristic harmonics of the thyristor controlled reactor are defined in
Chapter 1. The definition assumes a balanced fundamentzl frequency source. A har-
monic analysis of the TCR reactor currents described by Equations 3.3 and 3.4 (and
the line currents computed from these reactor currents) should give only the charac-
teristic harmonics for the case when the modulation magnitude is zero. Figure 3.2

shows the results of such a Fourier analysis, using the program FOURMOD.

The analysis for the no modulation case shows that there are no even har-

rd th

monics (including the dc component). Of the odd harmonics, only the 37, 57, and

are plotted. The figure shows the magnitude of the TCR reactor current har-
monic components for the entire range of firing angle. The magnitude is given in per
unit, where 1.00 pu. is defined to be equal to the magnitude of the fundamental com-
ponent of the TCR reactor current at o = 0°. The harmonic components of the
line currents in per unit are also given by Figure 3.2, where 1.00 pu. is the magnitude
of the fundamental component of the line current at a = (° . Of course, the 31\d

harmonic ccmponent curve applies only to reactor currents, the third harmonic not

being characteristic of the line currents.

Thus, for the TCR with equidistant firing at firing angle «, and in the pres-
ence of a balanced fundamental frequency source, Figure 3.2 describes the harmonic
current components. With sinusoidal modulation, the firing of thyrisiors is no longer
equidistant. The analysis of TCR currents using FOURMOD is shown in Appendix
332 of Reference 7 for the case with o, = 45°, A = 30° and 5 = (° .

The first three terms of the Fourier series are summarized in Equation 3.5 .

i, = —.1977 + 3409 cos (8, — 90.0°) + 1875 cos(29, +0.0°) (3.5a)

rs

i, = 0942 + 2243 cos (8, +150.0°) + .1113 cos{28, —60.0°) (3.5b)

5t
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i, = 0042 + 2243 cos (8, + 30.0°) + .1113 cos(28, +60.0°) (35¢)
i = (~.1685 + 2846 cos (8, ~1132°) + 0943 cos(26,-362°) )V3  (3.5d)
i, = (1685 + 2846 cos (8, +1132°) + 0943 cos(26, —143.6°) )V3  (3.5¢)

i, = (0000 + 2243 cos (6, + 00.0°) + .1113 cos(28, +90.0°) )V3 (3.56)

The firing asymmetry results in generation of non-characteristic even harmonics,
which include the dc component. The large difference between the positive hali-
cycle and negative half-cycle conduction pericd results in unbalances between the
phases of the fundamental component and the harmonics. There is a 15.5% unbal-

ance in the fundamental component for this 30° peak modulation level.

Figure 3.3 shows that the phase of the second harmonic positive sequence com-
ponent of the line current rctates in the direction of increasing phase 3 of the modu-
lation signal. The magnitude remains constant at 0.099 pu. for a peak modulaticn
A =30° . Note that relative to the magnitude ¢f the 60 Hz signal at « = 45° | a

peak modulation of 30° results in 37.6% second harmonic component.

Figure 3.4 shows that the phase of the dc positive sequence component rotates
in a direction opposite to that of increasing phase of the modulation signal. A peak
modulation A = 30° results in a dc component magnitude of 0.0973 pu., or 37%

with respect to the 60 Hz component at o = 45° .

Tables 3.3 shows the behaviour of the line current positive and negative
sequence phasors for several other harmonics. In terms of phase angle, the dc, third
harmonic, and sixth harmonic sequence phasors rctate in the direction of decreasing
phase when the phase 3 of the firing angle modulation increases. The fourth har-
monic negative sequence phasor behaves in a similar manner as the second harmonic
positive sequence phasor, the latter shown in Figure 3.1 . The fifth harmonic positive

sequence component’s phase decreases whereas the seventh harmornic negative
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Table 3.3. Phase of Symmetrical Components
Of Line Current Harmonics Versus -
Firing Angle Modulation Phase
A=30 a, =45

Mod. DC an 3rd 41}1 Sth 6th 7th

Phase

(Deg.) || (Peg.) | (Deg.) (Deg.) (Deg.) (Deg.) (D2g.) Deg.)
3 -ve -ye +ve -ve +ve -ve +ve -ve +ve -¥e +ve -ve
0 210 218 240 | 300 330 | 30 60 120 150 210 60 120
36 249 - 300 | 240 - 0 0 120 120 | 240 60 180
60 270 390 0 180 150 | 330 | 300 120 99 270 60 249
9% 300 - 60 129 - 300 249 120 60 300 60 300
120 330 210 120 60 330 | 270 | 180 120 30 330 [:{(] 0
150 0 o 180 0 - 240 | 120 128 0 0 60 60
180 30 38 249 360 150 | 210 60 120 330 39 60 128
210 60 o 300 240 o 180 0 126 300 60 69 189
240 96 216 0 180 330 | 150 | 300 120 270 | 90 60 240
270 120 - 60 129 o 120 | 248 120 240 120 60 300
360 150 30 120 60 150 20 180 129 210 150 60 0
330 180 o 180 0 - 60 120 120 186 189 60 60

sequence component’s phase increases with increasing phase 8. Note, the symbol ™~

denctes that the magnitude associated the phase entry has a zero value.

The magnitudes of the sequence components depend on the peak modulation
A and the firing angle «,, with the phase of the modulation having no influence
on the magnitude of the sequence phasors. On the other hand when the modulation
phase 8 is held constant , a change in firing angle o, results only in a change in

current phasor magnitude, as long as firing angle limits are not encountered.

Figures 3.5 through 3.7 show the effect of changing the firing angle modulation
magnitude A on the positive sequence dc, 120 Hz and 60 Hz phasors. The modula-

tion phase is held constant at 8=0° . The reference for the per unit values is the 60
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Hz component magnitude at «, = 0° (1.00 pu). Ciearly, at A=0, only charac-
teristic harmonics exist. For all firing angles, the ragnitudes of the dc and 120 Hz
line current positive sequences phasors increase with increasing modulation magni-
tude as expected. The phase of these current components is independent of the
modulation magnitude. The modulation of firing angle does change the 60 Hz com-
ponent of line current to some extent, as can be seen in Figure 3.7. Any change
represents the interaction that would exist between the modulation controller and

the normal controls determining the nominal firing angle.

The above analysis suggests that by controlling the magnitude and phase of the
firing angle modulation signal appropriately, it is possible to control the harmoaic
content of the thyristor controlled reactor. That is, at least for one specified non-
characteristic harmonic at a time the TCR can be used to output a desired magni-

tude and phase.
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3.2. SIMULATION OF THE TCR WITH FIRING AKGLE MOBDULATIOKN

The digital model of the thyristor controlled reacior is used to evaluate the per-
formance of controller using firing angle modulation to eliminate specified harmonic
components in the TCR line current. In this section, it is shown that the digital
model with sinusoidal modulation of firing angle gives the same results as the analyti-

cal analysis in Section 3.1.

The modulation controller, which is described in Chapter 4, outputs a phasor
quantity, expressed in terms of its real componeat CRL and imaginary component

CIMG. A sinusoidal time-varying signal at fundamental frequency defined by

A=A cos(w, + &) (3.6)

can be derived from this phasor information using thie relationships

CLvi
CRL

A = VCRL? + CIMG? & = arctan (3.7)

Then the equations given in Table 3.1 can be used cirectly to compute the modula-

tion required for each thyristor.

Alternatively, the sinusoid defined by Equation 3.6 can be constructed by using
two phase-locked loop signals, one in quadrature with the other. This is shown by

the equation

A cos(w,t + 8) = CRL (cosw,t) + CIMG (—sinw, 1) (3.8)

where CRL = A cosd and CIMG = A sind . Sampling the resultant firing angle
modulation signal at 60° intervals defines for each fundamental frequency cycle the
six modulation quantities Aa; ,i = 1,6 that are required. By assigning samples
180° apart to positive and negative half-cycle thyristors, the modulation defined by

the equations given in Table 3.1 can be realized.
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The TCR model computes the appropriate modulation signal using the CRL and
CIMG phasor components. These two quantities can be derived from the closed-loop
controller output or can be manually set. Manual control of the modulation is used
in this section to show that the model gives essentially the same results as are derived -
analytically in Section 3.1.

The case with o, = 45°, A =30°and 8 = 0° was simulated. An analysis of
the digital model current waveforms using the program FOURNUM gives for the

first three terms of the Fourier series.

i,y = —.1988 + 3412 cos (8, —88.9°) + .177% cca(28,—0.9°) (3.9a)
i, = 0969 + 2328 cos (8, +150.0°) + 1131 ccs(28, —62.0°) (3.9b)
i, = 0950 + 2306 cos (8, + 29.9°) + .1120 cuc{28, +57.3°) (3.9¢)

i, = (—.1697 + 2873 cos (8, —113.6°) + 0375 cos(20,—39.6°) V3  (3.94d)
i, = (1707 + 2889 cos (8, +113.9°) + .0509 cos(20, —141.9°) )V3 (39¢)

i, = (0011 + 2319 cos (6, + 02°) + 1122 cos(28, +87.9°) )V3 (3.95)

This result compares closely with Equation 3.5. The complete output for the case is
given in Appendix 3.33. of Reference 7 and is direcily comparable to the analytical

results of Appendix 3.3.2. of Reference 7.

Figure 3.8 shows the TCR current and voltage waveforms and the firing pulses.
The sinusoidal distribution of the firing pulses can be noted. The firing angles meas-
ured from the figure and modulation data for each phase are shown in Table 34.
The firing pulse asymmetry results in significant differences between the positive

half-cycle and negative half-cycle conduction periods.
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Tsable 3.4. Firing Angle Meodulation Data

A

A=30° 8=0° «a, =45°

Phase Ac Actusl Firing Angle

RS 30° oy =75 oy = 15° |
ST -15° oy = %0" og = 60°
TR -15° as = 30° a, = 60°

The simulations for cases with fixed modulation magritude and varying phase,
and fixed phase with varying modulation magnitude, give the same results as the
analytical analysis. Thus the simulation results for all those cases are not repeated

here.
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CHAPTER 4

DESCRIPTION AND PERFORMANCE OF FIRING ANGLE

MODULATION CONTROLLER

4.1 CONTROL PARAMETER MEASUREMENT

From Table 3.2, it appears that the seguence components of the line currents
would be suitable control parameters for the firing angie modulation controller. The
positive sequence should be used for the second harmonic. The negative sequence
should be used for the fourth harmonic. Either sequence component could be used
if it is desirable to use the dc component as the control parameter. In subsequent
sections, only the second harmonic compenent or the dc component is considered as

a control parameter.

For control purpoeses, a relatively fast measurement of the sequence components
is required. The paper listed as Reference 4 describes some techniques of coordinate
transformation suitable for control systems used for compensation: and balancing of
three phase loads. The techniques described in the paper use the transformation
from (r,s,t) - coordinates to («,B) - coordinates and the symmetrical comporent

transformation.

The (r,s,t) —to— (a,B) transformation is a scalar transformation and as
such applies to instantaneous values of current and voitage, as well as to pLasor
values. The symmetrical component transformation is a vector transformation. In
order to apply the symmetrical component transformation to instarntaneous signals,

the (a,B) - components must be translated to their vecior (phascr) equivalents. To

-60 -



accomplish this, the instantaneous value of the quadrature component of the signal
must be  determined. The paper describes techniques for  such

vector identification .

Another method that can be used to accomplish vector identification is to make
use of the phase-locked loop signals. The PLL is locked to the fundamental positive
sequence system voltage and therefore may be used as the phasor reference. The
PLL also follows fundamental frequency excursions. A coatroller thus can use the
PLL reference to produce other reference phasors at harmonic frequencies. This

measuring technique is further described in the following sections.

The (a,B) - transformation that is used is defined by:

2 -1 = i ()

io(t) 3 3 3 Y
i@ | T o L oz | %W “D

Vi V3 i (t)

The ground phase component is neglected since no zero sequence can flow in TCR

line connections.

The symmetrical component transformation that is used is defined by:

‘71 1 [1 J ] {a

LT 21 -], 42)
The symbol { denotes a phasor or vector. The symbol i 1 denotes the positive
sequence phasor and {2 denotes the negative sequence phasor. The symbols i o
and 1§ g denote the phasor values of the time- varying signals i, and i g respec-
tively.

Clearly to compute instantaneous values for the symmetrical components of the

time-varying signals i., i, and i, a transformation symbolically defined by
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(43)

- =

Ty lel [ia(t)]
To Ty | |ip(®)

is required.

The basis for finding the appropriate transformation T follows from the
requirement to extract from a signal the phasor components of a specified frequency

as a dc value. Consider a signal f (¢) described by its Fourier series a3

=00

c, =
@)= > + 3 ¢, cos(nwt + &,) (4.4)

n=1
If the signal is multiplied by the sinusocid cos{w,tz +8,) where

o, =nw for n =k then

r

f () -cos(w,z +6,)= —Cék- cos(d; ) cos(8,) (4.5)
+ Czk sin(¢, ) sin(6,) + nim d, cos(nw,t +v,)

n=l,n#k
The first twe terms, the dc value of the signal, result from the term of tiic serics that
has the frequency equal to ©,, d, and <, denocte the magnitu:lc and phase
respectively of the terms resulting from the product of sinuscids. Similarly,

Cr

f @) sin(w,t +6,)= >

cos(d, ) sin(E, ) (4.5)

T ney .
- sin{d;) cos(8,) + 3 g, sin(ro,t +£,)
n=1l,n#k

Recall that the component ¢; can be expressed as
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¢y =& cos(kor + &) 4.7)
= ¢, cos(d,) cos(kwt) + & sin(d,) (—sin(k wr))

= Re[é, ] coslk wr) + Im[é, ] (—sin(k wr))

where cos(wt) is the phasor reference (then -—sin(wt) corresponds to the

+ j —axis ).
Therefore
27 () -cos{fw,t +6,) (4.82)
= Re[é¢, ] cos(8,) + Im[&, ] sin(8,) + (sinusoids)
2f() -sin(w,? +6,) (4.8b)

= Re[¢, ] sin{8,) — Im[é, ] cos(8, ) + (sinusoids)

Re[é, ] denctes the real part and Im[é;] denotes the imaginary part of the
phasor ¢ .

In general, the sinusoidal terms must be filtered, and thus are neglected in the
next steps. Note that o, and 6, are synchronized to the phase-locked loop. O,
is an arbitrary but constant phase position of the PLL with respect to the reference

coordinate system.

Solving for the components of the phasor ¢; using Equation 4.8, gives

1 Re[¢; ] F({#)cosw,t ]

hIm[é,]| ~ |-f (¢)sin o, | (4.9)

From Equation 4.9, and considering the («,B) -system of currents which are

defined by
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hi =i (r)cos(w, 1) +j i (t) (~sin(w,1)) (4.10)

o

hig =ig(t) cos(w,t) +j ig(t) (—sin(w,))
Clearly Tll = Tzz = (COS(CO,-I) - J Siﬂ((ﬂrf) ) and T].Z = T21 =0.

Substituting Equation 4.10 into Equation 4.2 gives the result

i1 i (t)C +iglt) S Jjligt)C —iy(1) S)

i~ |ia(t)C —iglt) S j(=igt) C —i(e)S) | (4.11)

where C = cos(w,t) and S = sin(w, 1) .
Using Equation 4.11, the positive sequence phasor real and imaginary com-

ponents for the k™ are given by the equation

Re[i{] [cos(w,t) sin(w, 1)
Imfi] |~

: ia(t)]
e | (4.12)

The negative sequence phasor real and imaginary components are given by the equa-

—sin(w,t) cos(w,t)
tion

Im[i,] —sin(w,t) —cos(w,t) ig(t) (4.13)

Re[iﬂz]} l cos(w, 1) —sin(w,t)] [ia(t)}

Figure 4.1 shows how Equation 4.12 is implemented for measuring the positive
sequence real and imaginary phasor components of the TCR line currents. The
(a,B) - system is calculated using Equation 4.1. The positive sequence harmoric
component of the signal that is measured is determined by parameter K. If
K =0, the dc component is measured. If K =1, the 60 Hz component is meas-

ured, and so cn.

The phase position of the reference sinuscid is determined by 0, , which is
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adjusted to correct the phase position of the PLL to coincide with the desired coor-

dinate system.

Subroutine PSEQ in the digital mecdel calculates the positive sequence real and
imaginary parts of the phasor for the dc, the 60 Hz, and the 120 Hz components
exactly as shown in Figure 4.1. €, = —90° is required to correct the phase of the
measuring system to give the same results as the numerical Fourier analysis program
FOURNUM. The listing for subroutine PSEQ is included in Appendix 2.1.6. of

Reference 7.

Filtering to eliminate the sinusoidal terms shown in Equation 4.5 and 4.6 is
accomplished using an averaging filter. The signal is sampled 24 times per cycle and -
stored in a shift-register containing 24 registers. Each new sample is stored in regis-
ter 1, the previous samples shifted up one register. The output is derived by sumi-
ming the contents of the 24 registers and averaging the result (1/24) after each sam-
ple pulse. Thus, the output will give the dc component of any sinusoid whose period
is a multiple of the fundamental period, including the fundamental. AVGFIL25 is the
subroutine that does the filtering. Its listing is shown in Appendix 2.1.8. of Refer-

ence 7.

Figures 4.2, 4.3 and 4.4 show the output of subroutine PSEQ and AVGFIL25 for
the dc, fundamental and the second harmonic components respectively cf the TCR
line currents. The measurements are from the simulation of the case «a, = 45°.
The TCR source has a second harmonic voltage of 30 % magnitude at a phase of
-30°. The figures show the response from the startup of the simulation. Note that it
takes one cycle for the filter to initialize. The filter is very effective in eliminating
large oscillations. As an example, for the second harmcnic component the 60 Hz
signal represents a large sinusoidal noise signal with zero dc average which must be

filtered .
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Table 4.1 shows a comparison of the output of the measurement technique
described above and the output of the Fourier analysis program FOURKNUM which
provides an analysis of the digital simulation current waveforms. Note that the
FOURNUM program outputs RMS values in per unit and the measuring system out-
puts peak values in per unit. The scale factor between the two results is V6 . The
sequence measuring system provides signals with an accuracy adequate for use as a
control parameter for the modulation controller. The measuring system delay is at

most a cycle ( 60 Hz).

Table 4.1. Comparsion Cf Numerical
Fourier Analysis With Medel
Sequence Measuring System

a, = 45°. Source 2™ Harmonic : 30% @ —30°.

R Fourier Anzlysis Model
+ve Seq. Mag-pu Fhase-deg. Mag-pu Phase-deg.
DC 0436 -147.7 (:0456) V5 -147.3
60 Hz 2036 -122.8 (.2660) V6 -122.8
120 Hz 0874 -118.4 (.8886) V6 -115.2
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4.2 DESCRIPTION OF THE MODULATICGN CONTROLLER

The modulation controller block diagram is shown in Figure 4.5. The modula-
tion controller consists of one real-pole type filter and one proportional integral type
of controller for each compenent of the measured phasor, and controls to generate
the modulation signal Aa . The output of each controller is taken through a two-

pole switch to allow for a capability to define the firing angle modulation manually.

The controller outputs CRL and CIMG represent the real and imaginary parts
respectively of the modulation signal phasor. The sinusoidal modulation signal can
be reconstructed as shown in the figure using phase-locked loop signals. Reconstruc-

tion of the appropriate modulation signal is described in more detail in Section 3.2

The remaining elements in the closed-loop control system are shown in the dot-
ted boxes. The thyristor controlled reactor model consists cf the state equation for-
mulation of the TCR (subroutine STAEQ6), the thyristor representation (subroutine
THYRG) and the firing pulse control system, including the phase-locked loop (sub-
routine FIRPULS15). These models are described in Chapter 2. The current
measuring system is described in Chapter 4.1, and consists of (r,s,¢) —to— (a,B) -
transformations, vector identification of the (a,B) - components, and the symmetri-

cal component transformation.

The mcdulation controller, as configured, has reference valucs equal to zero for
CRL and CIMG respectively. Thus the PI controlier is forced to adjust these param-
eters until the measured current real and imaginary components are both zero,
resulting in zero input error. The filtering provided by the real-pole filter is not
necessary to eliminate ripple (the averaging filter AVGFILZS is very effective in
doing this), but allows for averaging the measured signal over several cycles. This is

beneficial when the dc component is the control parameter.

The modulation controller is implemented in subroutine PCONTRS8. The listing

of this subroutine is included in Appendix 2.1.7. of Reference 7.
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4.3 EVALUATION OF FIRING ANGLE MODULATION CONTROL CONCEPT

The performance of the concept of sinuscidal modulation of the firing angle of
a thyristor controlled reactor is evaluated using the digital model. The configuration
that is studied is the one where the thyristor controlled reactor is operating with a
second harmonic component superimposed on the fundamental frequency source.
One objective is to eliminate the second harmonic component of the TCR line
current by using the measured positive sequence second harmonic current as the con-
trol parameter. A second objective is to eliminate the dc component in the TCR line

current by using the measured positive sequence dc current as the control parameter.

For both the dc and 120 Hz control parameters, the performance is evaluated
for various phase angles of the second harmonic source voltage, and for various
firing angles. The effect of firing angle limits on the modulation is also studied.
Controller gains and time constants that work are selected. These parameters are
not necessarily optimum. The stability of the closed-locp control system has not

been studied theoretically.

It is useful to have a reference case in order to gauge the effects of the modula-
tion on the harmonic content of the line and reactor currents of the thyristor con-
trolled reactor. The reference case for this purpose is selected as the case with
@, = 45° and no modulation active. The TCR source voltage has a second har-
monic compenent of 30% of the fundamental at a phase of -30°. Table 4.2 summar-
izes the harmonic content of the TCR positive sequence line and reactor currents

obtained from an analysis of the model waveforms.

Note, the line and reactor currents are specified with respect to their respective
bases. One per unit is defined to be equal to the magnitude of the 60 Hz component
at o, = 0°. With no modulation, there is a 21.5% dc and a 42.6% second harmonic

component, relative to the 60 Hz component at o = 45°. Appendix 4.1. of
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Table 4.2, TCR Current Compenents
For No modulation

a, = 45°. Source 2" Harmonic:30 % @ —30°.

b Line Current Reactor Current
+ve Seq. Mag-pu Phase-deg. Mag-pu Phase-deg.
DC .0450 -147.5 0450 -1175
60 Hz 2041 -122.9 2041 ' -92.9
120 Hz 0889 -118.5 0839 - 88.5

Reference 7 shows a more complete Fourier analysis of the TCR current waveforms,

obtained with the program FOURNUM.
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4.3.1 FIRING ANGLE MODULATION WITH POSITIVE SEQUENKCE SECOND

HARMONIC LINE CURRENT AS THE CONTROL PARAMETER

Table 4.3 shows the controller parameters that give good response. The varicus

parameters can be identified from Figure 4.5.

Table 4.3. Control Variables For
Positive Sequence an Harmonic
As Centrel Parameter
Parameter Real Part Img. Part
G [-] 1.00 1.00
T [sec.] 0.016 0.016
Kp [ rad | 0.01 0.01
pu '
Ky (—rad -160.0 -85.0
pu —sec
Limits [rad.] + 1.0 * 1.0

The control variables were selected by evaluation of the digital model output
for the reference case, a, = 45° and a source voltage second harmonic of
30 % at —30° . Note that the proportional integral controllers have essentially an

integral characteristic, with the proportional term being negligible.

Figure 4.6 shows the operation of the TCR for the reference case, and with
modulation active. The simulation case is shown from start-up. The transient that is
seen within the first 20 ms is due to initialization of the filter of the measuring sys-

tem. At 20 ms the measured real part of the second harmonic component is -0.08 pu.
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and the imaginary part is -0.19 pu.. The magnitude is V6 (0.084)pu. which is
approximately the value for the no modulation  case shown in Table 4.2. The
controller then brings the second harmonic component to zero by 0.21 seconds. The
PI - controller outputs CRL and CIMG are also shown in the figure. CRL = 0.0115
pu. and CIMG = 0412 pu., which gives the modulation peak A =23.6° and the
modulation phase 8 = §8.4° . Modulation phase is measured relative to reference

phasor which is the phasor associated with the sinusoid cos(wt) .

The Fourier and symmetrical component analysis of the line and reactor
currents is shown in Appendix 4.2.1. of Reference 7. Table 44 summarizes the

significant positive sequence current components.

Table 4.4. Sequence Components Of TCR Currents

Control Parameter : +ve Sequence 2nd Earmonic

a, = 45°. Source 2" Harmonic: 30% @ —30°.

A =236. 5 = 88.4°.
Rhdd Line Current Reactor Current
-tve Seq. Mag-pu Phase-deg. Mag-pu Phase-deg.
BC 040 893 040 1193
| 60 Hz 198 -1213 198 913

120 Hz 0025 -118.4 0025 - 884

Table 4.4 shows that the second harmonic component has been reduced
significantly, now being only 1.3 % of the fundamental and 2.9 % of its magni-
tude for the no modulation case(Table 4.2). The dc component has not been changed

by the modulation, and the 60 Hz component has been reduced by 3 % . The
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modulation has contributed to more unbaiance ( 5 % at 60 Hz), but has not altered
the other harmonic components significantly. The modulation would have a minor
interaction with the normal fundamental frequency reactive power and voltage con-

trols.

A peak modulation A =236° and phase & = 88.4° gives

Aa,, =066° Aa, =208 Aa, =20.1° (4.14)

Clearly, no firing angle limits are encountered with this level of modulation and
a, =45 . Figure 4.7 shows the TCR waveforms after the modulation controller has
reached a steady-state. The actual firing angles can be measured from Figure 4.7(a),
(b) and (c). The a = 0° reference should be taken from the peak of the phase-
locked loop reference voltage VREF. Table 4.5 shows measured values of firing
angles and compares these to expected values that should result from the modulation
that is active. Note that the resolution in the plotted waveforms is limited to
£2.16° due to the plot sampling period. Any other error is attributed to measur-

ing inaccuracies.
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Table 4.5. Firing Pulse Position And
Sinusoidal Distribution
Control Parameter : +ve Sequence an Harmonic
a, = 45° Source 2™ Harmonic : 30% @ —30°.
A =236°. & =884°.
Thyristor Firing Angle Interval
Alpha Between Pulses
Expected Measured Expected Measured

(Deg.) {(Deg.) (Deg.) (Deg )
oq 45.6 452 3 e
(12._1 s g 393 374
oy 249 247 i *3¥
A3 b b 593 61.4
og 242 212 ** b
a4_3 g g 802 794
) 449 44 5 e »*
g4 e e 80.7 81.5
Qg 65.1 623 i i
Qs *s e 60.7 60.5
Gg 65.8 623 ** »*
Ol1¢ e »e 39.8 40.5

Table 4.5 also shows that the firing pulses are sinusoidally distributed. Expected

Figure 4.8 shows the line current waveforms of the TCR after the modulation

Changing the phase of the second harmonic component of the source voltage

intervals that normally occur with no modulation.
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values are determined using the values for Aan, fron: Equation 4.14 and the 60°

has reached steady-state. Clearly the waveforms show a dc component, as can be

verified from the Fourier analysis attached as Appendix 4.2.1. of Reference 7.

does not change the magnitude of the modulation required to eliminate the positive
sequence 120 Hz component of line current. Only the phase of the modulation signal

is changed since harmonics arising from the source are now at a different phase. An




example in Table 4.6 is shown where the source voltage has a second harmonic com-

ponent of 30 % @ —210°.

Table 4.6. Sequence Components Of TCR Currents
Contrel Parameter : +ve Sequence 204 Harmonic

a, = 45°. Source 2™ Harmonic:30 % @ —210°.

A

A =236°. 8 = —-91.5°

A Line Current
+ve Seq. Mag-pu Phase-deg.
DC 041 -92.3
60 Hz 198 -121.1
120 Hz 0018 -13.4

A 180° change in phase of the second harmonic source component is compensated

by a corresponding 180° phase change of the modulation signal.

The performance of the modulation controls for different nominal firing angles

o, is evaluated next. It is observed that the positive sequence second harmonic

(]

compcnent of the line current can be eliminated with firing angle modulation, even
though firing angle limits restrict the sinusoidal modulation. For «, = 0° the
sinusoidal modulation is in fact one-sided.

Table 4.7 summarizes the data for some of the TCR line currents along with the
relevant modulation data. For all cases in the table, the simulation was done with
the source voltage second harmonic component of 30 % at —30° .

For the cases a, = 45° and «a, = 30° no firing angle limits are encountered.

The modulation magnitude imcreases proportionally, which is expected since the
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Table 4.7. Effect Of Nominal

Firing Angle On Medulation

Control Parameter: 2nd Harmoric

Seurce 2“‘d Harmonic : 38 % @ - 39°.

wES TCR Line Currents
Case Modulation Ofi Modulation On
Data Comp. Mag-pu Phase-Deg. Mag-pu Phase-Deg.

Q, = 45° DC 044 -147.7 040 893
A = 23.6° ’
2= 82&4 c 60 Hz 204 -122.8 198 -118.4

Oy = .
Aa, = —20.8° 120 Hz 087 -118.4 0025 -
Aa, =20.1°
o, = 30° DC 060 -132.7 120
A’= 3300 850
3 =74.0° 60 Hz 408 -121.8 430 1218
Ao, =9825° “
Aoy, = —32.1° 120 Hz 124 -135.5 0024 .
Ao, =229°
o, = 15° DC 072 -114 4 159
A= 552° £8.4
5 = 70.3° 60 Hz 690 -120.2 530 1221
Aa,, = 18.6° )
hay, = —54.3° 120 Hz 144 -145.3 0027 -

o, = 35.7°
w, = 0° DC 066 -91.0 150
A’=81.0° 893
3 = 66.7° 60 Hz 1.00 -120.1 533 1221
Aa,, = 32.0° ;
Aoy, = —80.5° 120 Hz 150 -149.2 0038 .t

a,, = 48.5°
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second harmonic component is larger, as can be seen from the no modulation case

data.

For the a, = 15° and «, = 0° cases, firing angle limits severely restrict the
sinusoidal modulation signal on one side. The second karmonic component is still
virtually eliminated (less than 2.5 % of magnitude when no modulation is used),

but this requires larger peak modulation magnitudes.

The elimination of the second harmonic component has an undesirable effect on
the dc component for most cases. For all firing angles shown in Table 4.7, the abso-
lute magnitude of the dc component at least doubles. This could cause transformer

saturation and lead to larger second harmonic currents.

When the firing ahgle limits are not encountered, the effect of the modulation
on the 60 Hz component is not significant. The modulation reduces the 60 Hz com-
ponent by 3 % for the «, = 45° case and 5 % for the a, = 30° case. As
firing angle limits are encountered, the 60 Hz compcnent of the line current is
severely reduced. At «, = 0° the 60 Hz current component is 46 % of the
current for the no modulation case. The modulation signal would obviously have
a large interaction with the 60. Hz reactive power conirols that determine the nomi-
nal firing angle o, .

Figures 4.9 and 4.10 show the operation of the TCR with a = 0° . Figure 4.9
shows that the controller successfully eliminates the 120 Hz line current component
within 210 ms. Figure 4.10 shows the TCR waveforms after the modulation con-
troller has reached steady-state. Table 4.8 shows the firing angle limits are clearly
limiting the modulation. Note that the modulation magnitude and phase are given in
Table 4.7 for the a, = 0° case . Appendix 4.2.2 of Reference 7 shows the complete
Fourier analysis for the case «, = 0°, with modulation such that the second har-

monic line current is eliminated.
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Table 4.8. Firing Pulse Pesition And
Sinuscidal Distribution
Centrol Parameter : +ve Sequence 2°9 Harmonic
a, = 0°. Source 2" Harmonic:30 % @ —30°.
A=81c. B=667.
Thyristor Firing Angle Interval
Alpha Between Pulses
Expected Measured Expected Measured

(Deg.) (Deg.) (Deg.) (Dez.)
oy 320 31.8 ** **
Q51 e e 28.0 254
oy 0.0 _ 0.0 ** **
3.9 b i 60.0 593
Olg 0.9 0.0 * >
g3 ** ** 60.0 614
Oy 0.0 0.0 * »*
Ols_g »* o 108.5 106.0
Qs 48.5 445 *% e
U5 b = 62.0 94.6
¢ 80.6 79.0 2 **
g ** ** 320 318

The digital model tests demonstrate that firing angle modulation using the 120
Hz positive sequence line current as a control parameter is effective in eliminating
this component from the line current, even if firing angle limits are encountered.
Elimination of the second harmonic can result in larger magnitudes of dc current,
which is not desirable. To avoid significant interaction between the normal 60 Hz
reactive power and voltage controls and the modulation contreller it is desirable to
incorporate,in the overall SVC control strategy, means for re-adjusting the nominal

firing angle when modulation signals are restricted by firing angle limits.
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4.3.2 FIRING ANGLE MODULATION WITH POSITIVE SEQUENCE DC LINE

CURRENT AS THE CONTROL PARAMETER

Table 4.9 shows the controller parameters that give good response. The varicus .

parameters can be identified from Figure 4.5.

Table 4.9. Contre!l Variables For
Positive Sequence DC
As Control Parameter
Parameter Real Part Img. Part
G [-] 1.00 1.00
T [sec.] 0.032 0.032
Kp [ rad 0.01 0.01
pu
Ky [—Lad 20.0 -40.0
pu —sec
Limits [rad.] + 1.0 + 10

The control variables were selected by evaluation of the digital model output
for the reference case o, = 45° and a source voltage second harmonic component
of 30 % ar —30°. Again, the proportional integral controllers are essentially
integral in nature, the proportional term being negligible. The smoothing from the
real pole of 32 ms definitely improves the controller response, making the system less
sensitive to asymmetrics resulting from larger time steps that could be used in the
simulation (a time-step of 50 microseconds was usually used). Note smoothing of 16

ms used for the second harmonic as control parameter was not as important, but also
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beneficial).

Figure 4.11 shows the response of the modulation controller for the reference
case and with the dc modulation active. The first cycle of the simulation shows the
start-up transient. At about 20 ms, the measured real part of the dc component is
-0.058 pu. and the imaginary part is -0.083 pu.. The magnitude is V6 (0.043) pu.,
which is approximately the value for the ne moedulation case shown in Table 4.2. The
controlier is successful in reducing the dc component from this magnitude to zero
within 280 milleseconds. The Pl-controller outputs are also shown in the figure.
CRL = -0.109 pu. and CIMG = 0214 pu. which gives the modulation peak
A = 13.8° and phase & = 117° . Note that the modulation phase is measured with

respect to the reference phasor cos(wt) .

The Fourier and symmetrical component analysis of the TCR line and reactor
currents is included in Appendix 4.3.1. of Reference 7. Table 4.10 summarizes some

of the more significant positive sequence current components.

Table 4.10. Sequence Com:penents Of TCR Currents

Contro! Parameter : +ve Sequence DC Component

@, = 45°. Source 2™ Harmonic:30% @ —30°.

A =138. 8 = 117.0°.
A Line Current Reactor Current

+ve Seq. Mag-pu Phase-deg. Mag-pu Phase-deg.
DC 0.001 -1295 0.001 -995
60 Hz 1904 -1213 1904 -51.3
120 Hz .048 -1295 048 - 1213
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Table 4.10 shows that the dc component has been eliminated. The second har-
monic component has been reduced from 0.087 pu. to 0.048 pu. , now being 252 %
of the fundamental. The 60 Hz component has been reduced by 6.6 % , which
implies that the modulation controls will have some interaction with the normal fux-

damental frequency reactive power and voltage controls.

The peak modulation of A = 13.8° and phase d = 117° gives

Aa,, = —625° Aoy, =-75 Aa, =138 (4.15)

No firing angle limits are encountered with this level of modulaticn and «, = 45° .
Figure 4.12 shows the TCR waveforms after the modulation controller has reached
steady state. From Figure 4.12 (a), (b) and (c), the actual firing angles can be meas-
ured. The a = 0° reference is at the peak of the PLL reference voltage VREF.
Table 4.11 shows the measured values of the firing angles and compares these to
expected firing angles that should result from the modulation. Note that the plot

sampling period gives a resolution of +2.16° .
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Table 4.11. Firing Pulse Position And

Sinuwsoidal Distribvtion

Centrol Parameter : +ve Sequence DC Component

A =138°. & = 117.0°.

o, = 45°. Source 2™ Harmonic : 30% @ —30°.

Thyrister Firing Angle Interval
Alpha Between Pulses
Expected | Measured Expected Measured
(Deg.) (Deg.) (Deg.) (Deg.)

aq 38.75 38.2 *2 **
oy_q ¥ **® 52.5 515
oy 312 33.0 e >
Q3o »* »* 66.3 67.8
Olq 375 35.3 > w*
dg_g e > 73.8 73.0
o, 51.25 52.2 o .
Qs_a b b 67.6 68.5
Og 585 56.0 ** s
Qs = ** 53.7 53.6
Qg 525 51.2 »* b
Q¢ g 24 46.3 45.0

The table also shows that the firing pulses are

Expected values are determined using the values for Aaxy
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firing intervals that normally occur with no modulation.

Fourier analysis shown in Appendix 4.3.1. of Reference 7.

sinusoidally distributed.

in Equation 4.15 and 60°

Figure 4.13 shows the line current waveforms for the TCR, when the modula-
tion has reached steady state. These waveforms and the reactor current waveforms

of Figure 4.10 show that there is a negligible dc component , which is verified by the

Changing the phase of the second harmonic compoaent.of the source voltage
does not change the magnitude of the modulation required to eliminate the dc com-

ponent. Only the phase of the modulation changes to compensate for the change in




the source voltage.

Table 4.12 shows the results of an analysis of TCR line currents for the case
when the source voltage second harmonic component has a phase of -210°. A 180°
phase change of the second harmonic component of source voltage is simply compzn-
sated by a corresponding 180° phase change in the modulation signal required to

eliminate the dc component.

Table 4.12. Sequence Components Cf TCR Currents
Control Parameter : +ve Sequence DC Component
a, = 45°. Source 2™ Harmonic:30 % @ —210°.
A =136 & =-62.8

A Line Current
+ve Seq. Mag-pu Plase-deg.
DC 0008 »*
60 Hz 163 -121.2
120 Hz 0488 26.2

The performance of the modulation controls for different nominal firing angles

a, , is evaluated next. It is observed that the positive sequence dc component of

o
the line current can be eliminated with firing angle moduiation, even though firing
angle limits restrict the moduiation. This was also the situation when the second

barmonic was used as the control parameter.

Table 4.13 summarizes the data for some of the TCR line currents along with
the relevant modulation data. For all cases shown in the table, the simulation was

done with the source voltage second harmonic component at 30 % @ —30° .
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Table 4.13, Effect Of Nominal
Firing Angle On Modulsticn
Control Parameter: +ve Sequence DC Component
Seurce 2nd Harmoenic : 30 % @ - 30°.
R TCR Line Currents
Case Modnlation Gif Modulation On
Data Comp. Mag-pu Phase-Deg. Mag-pu Phase-Deg.

a, =45° DC 044 -147.7 0008 o
A =13.8°
d = 117.0° 60 Hz 204 -122.8 193 1212
Ao, = —6.25° )
Aay, = =7.50° 120 Hz 087 -118.4 0488 26.2
Aa, = 13.8° '
a, = 30° DC 060 -132.7 0017 -
A =119°
d = 103.0° 60 Hz 408 -121.1 4074 1219
Aoa,, = —2.7° ’
Aa, = -8.7° 120 Hz 124 -1335 0865 -153.1
Aw, =114° ’
a, =0° DC 066 -910 002
A'=177° 865
d = 65.6° 60 Hz 1.00 -120.1 582
Aa,, =730° -122.3
Aag, = —17.6° 120 Hz 150 -1412 135 11529
Aa, =103° <

For case a, =45° and a, = 30° , no firing angle limits are encountered.
The modulation peak A does not increase much as «, gets smaller. This is
expected since the dc component for the ne modulaticn case does not change
significantly with firing angle.

For the a, = 0° case, firing angle limits restrict the sinusoidal modulation to
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be a one-sided signal. The dc component is still eliminated (less than 3 % of the

no modulation case), but this requires a larger peak modulation.

The elimination of the dc component also reduces the absolute magnitude of
the second harmonic component. For the a, = 45° case the second harmonic
current is 56 % and for the a = 0° case the second harmonic current is 90 % of

the respective no modulstion values respectively.

When firing angle limits are not encountered, the effect of the modulation on
the 60 Hz compenent is not significant. With a, = 45°, the 60 Hz component is
94 % of the no medulsation case. For a, = 30°, the 60 Hz C(;mponent is virtually
unchanged. When the modulation is restricted by firing angle limits, the 60 Hz com-
ponent is more severely reduced. For «, = 0°, the 60 Hz component is reduced to

88 % of the no modulation value.

Figures 4.14 and 4.15 show the performance of the TCR with
the dc component as the control parameter and when firing angle limits are encoun-
tered. Figure 4.14 shows that the controller succeeds in eliminating the dc com-
ponent within 280 ms. Figure 4.15 (a), (b) and (c) show the waveforms after the con-
troller reaches its steady state, having eliminated the dc component. Table 4.14
shows the firing angles that are measured from the figures . The firing angle limits
are clearly acting. Note that the modulation magnitude and phase is shown in Table

4.13 for the a, = 0° case.

Clearly, the reactor current waveforms appear symmetrical, having virtually no
dc component. This is verified by the waveform analysis, included as Appendix 4.3.2.

of Reference 7.

The digital model tests demonstrate that firing angle modulation using the posi-
tive sequence dc component of the line current as a control parameter is effective in
eliminating this component from the line current, even if firing angle limits are

encountered. Elimination of the dc component tends to reducc the 120 Hz
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Table 4.14. Firing Pulse Pssition And

Sinusoidsal Distribution

Control Parameter : +ve Sequence DC Component

a, = 0°. Source 2™ Harmonic:30 % @ —30°.

A

A =177 d = 65.6°
Thyristor Firing Angle Interval
Alpha Between Pulses
Expected Measured Expected Measured

(Deg.) (Deg.) (Deg.) (Deg))
o4 73 6.3 ** **
Q91 i b 52.7 52.2
oy 0.0 0.0 ** **
Oz_» ** »* 60.0 593
olg 0.0 0.0 ** **
Q43 ** ** 60.0 60.7
oy 0.0 0.0 ** >
Ag_y b i 70.3 720
o 10.3 9.9 o **
Og_s ** ** 67.3 66.3
e 17.6 17.6 = >
oy_g > ** 52.7 50.8
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component as well, but does not eliminate it. When firing angle limits are encoun-

tered, the 60 Hz component is reduced more significantly by the modulation.

Some cases were tried where a weighted average of the modulation signals from
the dc component controller and the second harmonic component controller was
used as the control parameter in an attempt to eliminate both currents simultane-
ously. Such attempts were not successful, a result which was expected. With a bal-
anced fundamental frequency source the only source of even harmonics is firing
assymetries. Then one could expect to eliminate all even harmonics by some modula-
tion which eliminates the asymmetries. In the case where the TCR source has a

second harmonic component, this component causes non-equidistant voltage zero




crossing which results in even harmonic currents. In addition, the source itself con-

tributes an additional second harmonic current component.
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CHAPTER 5§

CONCLUSIONS AND RECOMENDATIONS

5.1 CONCLUSIONS

The concept of using firing modulation on a thyristor controlled reactor to con-
trol or more correctly manipulate the harmonic content of its currents was developed

and demonstrated using a simple model of the TCR static var compensator.

Based on the studies with the simple model, the main conclusions are as follows:

(a) Sinusoidal modulation of the TCR firing angle provides the capabilty to con-
trol the magnitude and phase of a specified harmonic component of the TCR
line current. Thus the modulation concept has merit for improving system per-
formance in practical situations such as at Chéteaguay by injecting currents into
the ac system at the appropriate magnitude and phase to damp resonances at the

lower harmonic frequerncies.

(b) It is technically feasible to use sinusoidal firing angle modulation to elim-

inate a problem harmonic component of the line current of the TCR.

Digital simulation of the TCK system verified this for the dc comporent and for
the second harmonic component of the line current. It is possible to eliminate
the desired harmonic current even when severe firing angle limits are encoun-

tered, including when the limits result in a modulation signal that is one-sided.

(c) For the circuit studied , it was not possible to control or eliminate the dc
component and the 120 Hz component simultaneously by using a weighted aver-
age of the two respective modulation signals. This is not very surprising. The
presence of the second harmonic voltage component in the source causes non-

symmetrical voltage zero crossings. This asymmetry results in non-characteristic
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even harmonic cur-ents, the dc and second harmonic for example. However,
for the second harmonic current another factor contributing to the total 120 Hz
current is the source itself. One point to note is that eliminating the dc current
component tends to reduce the second harmenic current component in most

cases.

(d) An analysis of TCR currents when sinusoidal firing modulation is used
shows that positive sequence harmonic components of the TCR line curreats

are suitable measured signals to use as control parameters.

The algorithm described in Chapter 4.1 that uses a coordinate transformation,
phase-locked loop signals for vector identification and the symmetrical com-
ponent transformation to provide an instantaneous measuremsnt of the positive
sequence harmonic current components works very well. The measuring delay is
at most a cycle ( at 60 Hz). The algorithm output of the magnitude and phase o:
the dc, 60 Hz and the 120 Hz currents is virtually the same as that computed
with the numerical Fourier analysis program FOURI{UM. This measuring con-
cept would be suitable for measuring other sequence volizges c: currenis. If

these quantities are influenced by the TCR curreats,then these quantities would

also be suitable inputs for the modulation controller.

(e) When firing angle limits restrict the magnitude of the modulation signal, the
60 Hz component of the TCR line current is significantly reduced. This reduc-
tion represents an interaction between the modulation controller and the 60 Hz
voltage and reactive power controls. Such an interaction is undesirable. When
it is beneficial to use modulation of the TCR, contro! strategies that set limits
on a, to allow for anticipated peak modulation angles should be adopted to

minimize such undesirable interactions.
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5.2 RECOMMENDATIONS

The following points are suggestions for additional work in order to demon-

strate further the practical feasibility of the modulation concept:

(a) Clearly firing modulation influences the magnitude and phase of the TCR .
line currents. Firing angle modulation of the TCR should be applied for con-
trolling a resonant system operating condition. The circuit shown in Figure 2.2,
with the circuit parameters adjusted such that there is a parallel resonance
between the system and the SVC capacitors, should be studied to check that the
modulation can damp the resonance. The impedance between the TCR and the
system should be varied to evaluate the performance of the TCR when operat-
ing in a weak and strong system. The circuit defined above is representative of

the Chateauguay station when the ac system is in a resonant situation.

(b) When firing angle limits do not limit the modulation, there is on'y a small
interaction between the modulation controller and the normal 60 Hz voliage
and reactive controls ( reference Figure 3.7 ). When limits restrict the modula-
ticn, the interaction is more severe. A study should be done t¢ develop an
overall control strategy that allows all controllers to operate satisfactorily and
without compromising the overall SVC performance criteria. In many applica-
tions, the TCR is operated at large firing angles to minimize steady-state losses
in the reactors. Strategies to keep the operating firing angle in a range that
accomodates mcdulation would likely increase losses, and perhaps influence the
overvoltage profile at the station if more capacitors are normally switched on to

maintain mid-range firing angles. These are some factors to be considered.

(c) The studies suggested above and the studies done for this thesis consider
that the SVC is connected directly to the high voltage bus. A series of studies
should be done which consider the performance of the TCR with firing modula-

tion when the SVC is connected to the ac system with a step-up transformer.
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(d) A theoretical analysis of the stability of the closed modulation control sys-
tem, including the non-linearity of the TCR , should be done in view of the

interesting modulation corntroller configuration that is used.
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APPENDIX 1.1

PER UNIT SYSTEM

Per unit representation of power system quantities such as voltage, current,
power and impedance is a convenient and advantageous method of carrying out
power system calculations. Per unit quantities are normalized with respect to a
chosen base value, rated apparent and rated system voltage. Quantites calculated in
per unit can be related to a specific system by the appropriate choice of the base
values.

For this study, the thyristor reactcr system has a three phase rating of 332.4
MVA and a line-to-line voltage rating of 120 KV at the high voltage bus. Thus
Sp = 3324 MVA is taken as the base MVA, and Up = 120 KV is taken as the
base voltage. The reactor base current is [, = 923.4 amperes and the line cuurent
base is I;; = 1599.0 amperes. The base impedance for the TCR reactor circuit is
Zpase = 12996 ohms. The base impedance relative to the line current base is 43.32
ohms,

The above quantites are used to derive the per unit quantities used in the

analytical analysis equations and the digital modelling equations of the TCR.
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