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Abstract

The instability due to feedback control of the direct
current in a d.c. fransmission system manifests itself Through
the presence of fwo types of self sustained oscillations

a. Oscillations synchronised with the a.c. system

voltage - usually referred to as harmonic instability.
b. Oscillations at a frequency unrelated to that of the
a.c. supply.

The theoretical tools that have been developed to study this
problem are based on |inearised models of a d.c. transmission
system and %re unsuited for predicting oscillations synchronised
with the a.c. system voltage. The objective of this research
is To develop a model capable of predicting such oscillations.

As the converter is a non-linear device, the describing
function technique was used in order to evaluate the frequency
response of the current control loop. To evaluate the
describing functions, a harmonic analysis was performed of the
d.c. side current and the a.c. side current associéfed with a
converter.

An off-line digital computer program was developed to
this purpose. The results from this program, Togefher with the
tfrequency response of the iitnear eiements of the current
control Iooﬁ, were used to predict oscillations synchronised
with the a.c. system voltage. Test results obtained on the
Imperial College H.V.D.C. simulator were compared with

theoretical predictions.



Operation under current control is conduclive to abnormal
harmonic generation. |f the a.c. voltage is unbalanced and/or
distorted, the direct current will contain abnormal Aarmonics.

In a closed ltoop situation these harmonics, even |f
filtered, may be sufficient fo cause firing irregularities
and thus precipitate harmonic magnification.

The experimental results were obtained on a d.c. transmission
mode| whose converters were fired from a control s;s+em basea

on a commercially available microcomputer.
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List of symbols and abbreviations

Note: The following list does not include either symbols of
| Tmited usage (defined in their place of occurrence), or symbols
of general usage in electrical engineering.

Latin letters

a - Transformation ratio
D.ALL. . Data acquisition interface
d.f. Describing function

d.i.d.f. Dual input describing function

d.t.f.a. Digital transfer function analyser
e.p.u. Error processing unit
G Transfer function of linear part of control loop
|a a.c. current 'constant' term
lah Amplitude of the h'i-h harmenic of a.c. current
Id d.c. current 'constant'! term
Idz Amp litude of the 1+h harmonic of d.c. current
1FP Interfiring period
IPC Individual phase con%rol
Iref Reference d.c. current
la Converter side a.c. current
by ' d.c. current
TT : Commutation current in the incoming valve
iO Commutation current in the outgeing valve
K ’ Galn
av Average value of converter internal inductance

L. Transfer inductance



N.L.

PFC

PPC

Modulating siénai

Describing function of non-linearity
Nen-linearity

Pulse frequency control

Pulse phase control

Average value of converter internal resistance ’
Transformer resistance

Short circuit ratio

Time constant

Commutation angle

Control voltage

d.c. voltage constant term

Amp[itude of the £+h harmonlc of d.c. volfage
Phase-to~neutral a.c. bus voltage

AmpITTude of the h-l-h Earmonic of a.c. bus voltage
Valve side commuytating voltage |
Amplitude of modulating signal

Voltage zero crossing

Nominal control voltage

d.c. voltage

Source reactance

Source impedance

F
[}

oy

d.C.

Greek letters

Firing angle
Nominal firing angle

Correction due to the auxiliary a control loop



Extinction angle

Increment

Tolerance

Phase of modulating signal

Phase of the h+h harmonic of a.c.
Phase of the ifh harmonic of d.c.
Phase of the 2+h harmonic of d.c.
Phasé of the h+h harmonic of a.c.

Argument of transfer function G

current
voitage
current

voltage

Modulating signal angular frequency

'Mains' angular frequency



Chapter One

INTRODUCT | ON

l.1 General

A significant feature of an h.v.d.c. transmission link
is that its power flow is set to a desired level by means of
closed~-loop conftrol. For d.c. systems embedded in an a.c,
power network, this feature may supersede strict economic

consideration (e.g. the breakeven distance concept) when

assessing the merits of d.c. transmission with respect to a.c.

transmission.

The importance of h.v.d.c. link control requires that a
Ficn has +c be given fo the cnhancement cof

its transient response. A well designed controller should

ensure fast and stable operation free from oscillatory modes,

a low level of abnormal harmonic currents and, as a consedquence,

acceptable a.c. system voltage distortion levels.



The control of an h.v.d.c. link Is implemented through
direct action on the converter by advancing or delaying the
firing instants of the individual valves. This process Is
much faster compared to the control actions necessary to
regulate the active power flow in an a.c. network,

An overall dynamic study of a mixed a.c./d.c. power
system requires +he mode |l ling of the a.c. system, the d.c.
network and the d.c. terminal controls. Oue fo the di fference
in Time scales of the dynamics of the a.c. and d.c. systems,

a number of ;pproximaTionsare usual ly made in the representation
of the d.c. controls. Often the dynamics of the d.c. controls may
be altogether neglected and the response of the d.c. system

may be taken to be instantaneous. |In such a transient

stability analysis it is assumed that the d.c. system control

is stable and a relatively crude model is used for the converters.

The stability of the d.c. system controls is a major
topic in itself and requires manipulation of electronic rather
than power circuitry. The concept of stability in a d.c.
system must not be confused with stability in an a.c. system.

In the former, the stability of a number of closed loop control
systems must be ensured. In the latter, it is necessary to
ensure that all the machines in Thé system remain in synchronism
in the presence of large or small disturbances.

The stability of d.c. system control requires a detailed
model of the system, and in particular of the converters. These
are highly non—~linear devices controlled at discrete time
instants only. The formulation of a sufficiently accurate
mode! for this device presents considerabie difficulty. |f

a smal| signal analysis is to be carried out with the converter



connected to an infinite a.c. bus, a linearised discrete model
and the z-transform method of analysis can be used (1).
However, with the converter connected to a weak a.c. bus, a3
much more complicated model becomes necessary, in which the
unconventional modulation and demodula%ion processes inherent
in converter operation are represented (l). |f, however, a
large signal analysis is required, the describing function
method is probably the only technique which at present can be
used to predict with reasonable accuracy the occurrence of
self-sustained oscillations.

The instability due to feedback control of the direct
current in a d.c. transmission system manifests itself through
the presence of two types of self-sustained oscillations:

a. Oscillations synchronised with the a.c. system
voltage, 1.e. at a frequency which is @ mulfiple or
submultiple of the a.c. frequency - usually referred
to as harmonic instability.

b. Oscilfations at a frequency unrelated to that of
the a.c. supply.

Harmonic Tns+abi|i+y may also be present without a direct
current closed loop in cases where converter controllers are
used in which the valve flring instants are dependent on the
a.c. bus voltage waveshapes (2, 26) - the so-called individual
phase control. However, this céuse of instability has been
eliminated through the use of phase-locked oscillator based
firing systems (2). |

.The stabi lity of the gufrén¢-conffo}rlobp“fn an a.c./d.c.
converter depends upon a number of system parameters, the most

important of which are:



- Type of firing control system

- Unbalance and/or distortion of a.c. bus voltage

- A.C. network i mpedance

- A.C. and d.c. filter impedance

- D.C. system configuration

- Converter Transfarmer saturation

- Unbalance in converter transformer impedance

- Errbr processing unit dynamics

The system designer has éasily implementable control over
a limited number of these parameters. For instance, the firing
control system and the control amplifier can be réadily
modi fied. In contrast, the a.c. system impedance can on[y-be
changed through the addition of costly equipment - e.g.
synchronous condensers. Similarly, the unbalance between
converter transformer phase reactances may be reduced but at
conéiderable expense. As a general rule, electronic rather
than power circuitry should be maniputated in order to improve

performance. In this respect the valve firing control system

plays a major role and should be given appropriate attention,

1.2 'Review of previous work

As early as 195], Busemann (3, 4) explained albeit under
certaln restrictive assumpTions the hunting of a rectifier
supplying an inverter through a ftransmission {ine, under
constant current control. He found that under certain conditions
hunting occurred at half the firing frequency and derived a
formula for the critical equivalent resistance of the

rectifier under current control [eading to instability.



BJaresten (5) and Fallside (6, 7) modelled the rectifier
as a pure sampler and were able to derive respectively a
closed-form and an infinite series for the critical gain of
the closed-loop system leading to instability at half the firing
Afrequency. Fallside went further and using the describing
function studied the instability for large disturbances at
ofher subharmonics of the firing frequency. However, his
analysis treated the converter as a fas+.amplifier and was
restricted o {ow power devices (zero commutation angle and
an infinite a.c. bus were assumed).

Hazell et al (8) modelled the converter as a sampler:
followed by a zero-order hold. This misrepresents the
converter behaviour and leads to very conservative results
when applied to the predic+ion.of instabitity. Reider (9)
used a similar modé! to study the stability of control of
the Kashira-Moscow h.v.d.c. experimental |ine. Later Hazell
{10) developed a general theory for converter systems which,
as far as the author is aware, has yet to be applied to a real
system and confirmed experimentally.

Parrish and McVey (11) used a simplified method of
modelling the controlled converter by a constant gain followed
by a pure delay of half the sampling period, ;ermi++ing the
use of continuous control systems theory in the analysis. This
is However an over-simplification which leads to inaccurate
results.

With the exception of Busemann, all other researchers
viewed the controlled rectifier as a fast static amplifier,

and not as the main piece of equipment for h.v.d.c. fransmission.



They therefore neglect the existence of a finite commutation
time due to the presence of reactance in the converter
transformer. They also assume that the converter is connected
to an infinite a.c. bus, thereby neglecting the a.c. network
fimpedance.

The first of these restrictions was lifted by Sucena-Paiva
and Frerls (12-I4),'who developed a linearised disére+e model,
which represents accurately the in+eréi++en+ control action of
the converter with a finite commutation angle. [+ was shown
that this angle pfays a major role in the dynamic behaviour
of the converter under closed-|oop control. The z-transform
method of analysis was used to calcula+é stabi lity boundaries
which were successfully confirmed on an h.v.d.c. simulator.

With the converter connected to an infinite a.c. bus
this model predicts harmonic instability at half the firing
frequency only if the converter is inserted in a control loop
with a high cut-off frequency. For low cut-off frequencies
(compared with the firing frequency) instability is predicted
at osclllations of low freguency unrelated to the firing
frequency. However, harmonic insfabi]ify a+_o+her subharmonics
of the mains frequency may develop under certain conditions
and be sustained at values of the loop gain less than the
critical value. This phenomenon is due to the non-linear
properties of the converter and is not predicted by The
linearised model.

The discrete converter model was also used to assess the
stabi tity of a d.c. link between two strong (infinite) a.c.
systems (15), the rectifler operating under current control

and the inverter under extinction angle control. Both harmonic



and non-harmonic instability modes were predicted, the harmonic
instability being restricted to half the pulsing frequency.
Simulator tests again showed that other modes of harmonic
instability can develop, which are not predicted by this model.
With the converter cénnecfed to a weak a.c. system, the
discrete model élone is not capable of representing the dynamic
behaviour of the converter as the a.c. bus voltage is now a
Hépenden+ variable. Further, as the filters are designed with
high quality factors, parallel resonances occur at certain
frequencies with the result that a high impedance is encountered
by currents of those frequencies injected by the converter into
the network. To model the inferaction between the a.c. and
d.c. system quantifites, the modulation and demodulation
processes characteristic of converter operation have to be
taken into account. The inherent modularcion process of the
converter is unique, exhibiting only vague resemblance to
the modulation methods used in the communications field.
Persson™™ (16} introduced the concept of 'conversion
functions', which in fact are the carrier functions of the
modulation and demodulation processes, to calculate the
transfer function of a converter taking into account the effect
of filter plus a.c. network impedance. Although this technique
is similar to the describing function, he restricts his
analysis To small disturbances. Sucena-Paiva and Frerls (17)
followed a similar path, but used sinusoidal carrier functions,
an approximation that reduced considerably the computational
requirements without significant loss of accuracy. In both

works, only the onset of instability can be predicted, since



linearised models are used. Frequency domain techniques are
emp loyed.

Sakurai et al (I8) use a describing function approach to
analyse a particular mode of harmonic instability detected
in the Shin-Shinano frequency converter, which is characterised
by a fundamental frequency oscillation on the d.c. side and
a 2Znd-order harmenic on the a.c. side. This mode is likely
to occur if the d.c. system resonates near the fundamental
frequency and if the combined a.c. ne+work plus filter impedance
has an antiresonance between the 2nd and 3rd harmonic as is the
case in many h.Q.d.c. | Tnks.

Jotten et al (44} discuss the inflgencé of'resonances
on the d.c. side and anti-resonances on the a.c. side on the
behaviour of the current controller. They conclude that if the
d.c. resonance and a.c. anti-rescnance frequencies are related

by the modulation process inherent to the converter, instability

In the current control-loop might occur if the controller is given

a high gain and bandwidth. The frequency of the resulting
oscillation will be close to one of the lower harmonic
frequencies.

Oliveira and Yacamini (19, 42} developed a program to
calculate a.c. and d.c. harmonics in converter systems with
both finite a.c. and d.c. impedances. Using an iferative
method the final patterm of harmonics in the a.c. bus voltage,
a.c. current, d.c. voltage and d.c. current with or without
current control are evaluated. l% the iterative process fails
to converge the authors conclude that they are in the presence
of harmonic instability. As no test results are presented, it

is difficult to confirm whether we are in the presence of a

20



True or a numerical instability.

Yacamini and Smith (43) compute the negative sequence
impedance of converters by applying an unbalanced voltage
supply to the converter system and measuring the resultant
a.c. line currents. They show that the negative sequence
impedance depends on the type of firing system used and
-conclude that the v.c.o. based type of firing system is
‘advanfageous, as i+'leads to a higher negative sequence
i mpedance.

The saturation of the convertfer transformer core due fo
spurious d.c. components can also contribute to harmenic
instabi lity as noted by Ainsworth (20). This particular type
of instabillty is caused by a combination of a weak a.c. system
and a resonance near the fundamental frequency on the d.c. side,
and as shown in references. (18, 19, 42} and suggested in
reference (44) may be present even without transformer
saturation. Core saturation does however aggravate this

phenomenon.

[.3 ObJec¢tives of research

The linearised modets developed (1, 15, 16) so far suffer

from the following limitations:

i. They fail to predict limit cycle oscillations
synchronised with the a.c. system voltage excépTiﬁg
the case of half the pulsing frequency.

ii. They cannot take into account an unbalance and/or

harmonic distortion in the a.c. bus volfage.

21
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iii. They cannot take into account imbalances in the

commutating reactance.

The main objective of the research work undertaken Is
the development of a mathematical mode! for the converter,
capable of predicting oscillations synchronised with the a.c.
system voltage for a single converter and a complete d.c. link.
The predictions from fhe-ana]yfical studies were supported
with results f}om a d.c. system simulator.

The model in question is based on the describing function
method. Referring to fig |.| a sinusoidal signal is injected
at B and the component of the same frequency is calculated at
C for a given voltage input A. The analysis is restricted to
frequencies which are subharmonics of the pulsing frequency,
i.e. only harmonic instability is investigated.

The distinctive trait of the frequency response of the
converter at these particular frequencies is that the output
becomes dependent on the phase of the input signal and instead
of a single point on the complex plane, as is the case for
frequencies unrelated to the pulsing frequency, a circle is
traced. Moreover, due to the non-linearity of the system, the
radius of the circle depends on the magnitude of the input
signal. The linearised model does predict a circle only at
half the pulsina frequency. a feature of all sampled-date
systems.

Unbalance and/or distortion in the a.c. voltage has a
definite effect on the magnitude of the circles, which can be
significantly increased under certain circumstances, indicating
that instability is more likely to occur. The same considerations

apply to converter transformer core saturation, which has similar
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effects upon the freguency response of the converter system.
To evaluate the describing function a computer program
was develcoped. First, analytical relationships were established
to simulate the firing system and to evaluate the commutation
angles. Then the program performs a Fourier analysis of both
a.c. and d.c. quantities. In concept, the method used to
eva!uéTe the commutation angles and to calculate the a.c. and
d.c. harmonics is similar fo the one developed by Oliveira-(IQ).
This new model, in conjuncticn with the exis+iﬁg‘linearisqd
modelé which can predict the onset of instability, afford a
fuller understanding of the mechanisms responsible for the

development of large oscillations in h.v.d.c. systems.

.4 Organisation of thesis

This Thésis contains eight chapters. In Chapter Two the
firing control systems for h.v.d.c. converters are reviewed. A
new digital con+ro||er bui it around a commercially available
mi crocomputer system was developed and is described and compared
To previous systems.

Chapter Three deals with the non-linear converter model
developed to compute the describing function. Imbalance and/or
distortion in the a.c. voltage, imbalance in the converter
transformer impedance and.non-equidistant firing are taken into
account. A general method for the determination of the
commutation angle is developed. Mathematical models for the
firing system, converter transformer, a.c. and d.c. systems

are developed.
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Chapter Four is concerned with the harmonic analysis of
d.c. and a.c. voltages and currents. From the mathematical
description of the d.c. voltage and a.c. current the Euler
coefficients are calculated analytically under the most general
conditions. A model for the inverter is proposed which takes
into account the constant extinction éng!e mode of control.
Flowcharts of the computer program developed for the steady-
state analysis of an H:v.d.c. link both with infinite and
finite TeFmina! a.c. systems are presented,

The application of the describing function method to the
direct current control loop of an h.v.d.c. sys+em_is the object
of Chapter Five.

Input signals of 50, 100 and |50 Hz are considered and
The‘influence of imbalance/distortion of the a.c. voltage
waveform on the describing function locus are assessed.
éeveral application examples are presented for both finite and
Infinite a.c. systems.

The use of the describing function for stability studies
is also dealt with in this chapter. The Nichols chart is the
technique used for the prediction of limit cycles.

Chapter Six deals with the experimental confirmation of
the theoretical results. First the apparatus used fto measure
the describing function is ouflined. Test describing functions
for a 50, 100 and 150 Hz modulating signal and different
short=circuit ratios are presented énd compared with theoretical
predictions., Also the experimental confirmation of predicted
limit cycle oscillations is carried out for different bandwidths

of the current contro! locop.



A-new controller whose objective Is to minimise the
non-characteristic harmonic§ generated due  to imperfections
in the a.c. sy5+em is outlined in Chapter Seven. Two control
policies are suggested. Wifh the use of a spectrum analyser
and a waveform generator the new controller was simulated and
.+es+ed. Osci |l lograms éf the behaviour of the new controller
are shown, and its performance assessed.

Concluding remarks and scope‘for further work in this field

are discussed in Chapter Eight.
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Chapter Two

CONTROL SYSTEMS FOR H.V.D.C. CONVERTERS

2.1 Introduction

The basfc control sysfem of an h.v.d.c. converter normally
controls either the direct current through the rectifier or the
extinction angle of the inverter.

The basic control system performs two tasks:

a) It produces an error signal (normally current or

extinction angle error) by comparing a reference quantity

with a measured quantity;

b) Based on the error signal it produces a train of

pulses which are applied sequentially to the converter valves.

These pulses are generated according to a specified control

law .

The basic control system can thus be divided into two separate
units: +the "error processing unit", which performs task a),
and the firing control system, which performs task b).

As all the contrel functions are performed in the firing
control system, this system is of paramount importance in the
stability of converters under closed-loop control.

In the first h.v.d.c. system to be puf into operation, the
so-called individual phase control was used. In this type of

firing system the pulses are generated individually for each
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valve simply by detecting the voltage zero crossing of the
respective commutating voltage and éllowing a certain time to
elapse before the pulse Is generated. In terms of electronic
circuitry this can easily be accomplished by starting a ramp
generator at the voltage zero crossing, and producing a pulse
when the output of this generator is equal to a control voltage.
A linear relationship between firing angle and control voltage
s therefore achieved. In order to achieve good accuracy, the
slope of the ramp must be changed according to the a.c. system
frequency.

The drawbacks of the individual phase control were pinpointed
in 1967 by Ainsworth (26) and are well known. With unbalanced
and/or distorted a.c. voltages, the voltage zero crossings are
not equally spaced at 60 electrical degrees, with the result that
the firing of the valves is not equidistant. The generation of
uncharacteristic harmonics, due to the voltage unbalance and/or
distortion is aggravated by the non-equidistant firing. This
may result in a limit cycle characterised by great magnification
of some of these harmonics. Note that this phenomenon named
"harmonic or voltage loop instability" is prone to occur when
the a.c. source impedance is relatively high and has nothing o
do with current or extinction angle control. The converter may
exhibit this type of instability under open-loop operating
conditions.

The second generation of converter firing sysfems was based
on a voltage-controlled oscillator (2, 21, 25), producing a
train of pulses at the firing frequency = six ftimes the a.c.
frequency for a 3-phase bridge. The pulses are routed seguentially

to the six converter valves via a ring counter. Since the firing
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instants are not derived from the voltage zero crossings of the
commutation voltages, the firing is truly equidistant in the
steady-state. The conditions for magnification of a.c. bus
voltage harmonics due to firing instant irregularities no
longer exist. This, however, does not imply that there can be
no uncharacteristic harmonic magnification which may.be caused
by other mechanisms. However, experience has shown that
operation with much weaker a.c. systems is possible whén V.C.O.
based firing systems are used.

Operation under current confrol is detrimental with respect
to abnormal harmonic generation. |f the a.c. voltage is unbalanced
and/or distorted, the direct current will contain abnormal
harmonics. When this current is fed back into the controller,
these harmoﬁics, although filtered, may be sufficient to cause
firing angle irregularity and precipitate harmonic magnification.

Both types of v.c.o. firing system can be built using
eifher analogue or digital fechniques.

AAlfhough in all h.v.d.c. schemes to date the firing control
system has been implemented using analogue circuitry, proposals
have been made for digital controllers using hard-wired logic
(22, 23). Also minicomputers (24, 28) and microcomputers
(29, 30, 31, 32, 33, 34) have been proposed to implement the
firing control system.

This chapter describes the implementation of a firing
control system using the T.M. 990/10IM microcomputer, which is
a TMS 9900 microprocessor based system.

Section 2.2 describes the principle of operation of the

di fferent types of v.c.o. based systems.



Section 2.3 briefly describes the basic design features
of the firing control system, and section 2.4 discusses the
behaviour of the firing control system implemented, comparing it
with the behaviour of a previously implemented digital control

system (33) and with its analogue equivalent (21).

2.2 Types of control systems

Since the individual phase control has long been abandoned,
only the v.c.o, based systems will be considered.

In principle 2 voltage controlled osciltlator is a voltage
to frequency converter, i.e. it converts an input d.c. voltage
info a train of pulses whose frequency is proportional to the
input voltage.

In a converter system, the frequency of the firing pulses
in steady-state must be an exact multiple of the a.c. bus
frequency.

To control the converter d.c. volftage (and therefore the
d.c. current) a change in the phase of the firing pulses rather
than in the frequency must be Tmplemented.

A change in phase can however be achieved by changing
transiently the frequency of the osclllator with the proviso
that this frequency returnsfo the steady-state value affer the

"""""" nase nas been achieved.

Since the variation in phase with regard to some reference
is the integral of the variation of frequency, a voltage to
frequency converter exhibits from a control point of view an
integral characteristic, i.e. the output is the integral of the

input. This type of firing arrangement is sometimes named

30
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Pulse Frequency Control System (PFC).

The operation of this firing control sysfem is explained
with the help of figure 2.1.

tn figure 2.1(a} the sawtooth generator is basically a
capacitor which is charged at a constant rate by a constant
current source and discharged by the output pulses of the
monostable, which are produced whenever the control voltage VC
equals” the sawtooth voltage.

As long as the control voltage remains at a steady level,
equidistant firing pulses will be generated. A step increase
or decrease on the control voltage Vc will produce a continuous
constant frequency change on the firing pulses with consequent
cumulative changes on the firing angle. The period of the firing
pulses is proportional to the control voltage.

- K,
T = —V, (2.1)
Yo
where KI is the slope of the ramp in figure 2.1(b).

If the control voltage is changed by an amount A Vi The

period will vary Kl AVC and the firing angle ¢ will change

linearly with time:

AP{nTs) = K,A Vcn {(2.2)

!
n = 1,2, 3,
~ An integral relanonship therefore exists between the firing
angle and the control voltage. .
To ensure that the frequency of the oscillator returns to
its steady state value, the control voltage is the output of the

"error processing unit". This ensures the synchronisation of

the firing pulses with the a.c. system voltage either through
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the d.c. current measurement or through the constant firing
angle or constant extinction angle measurements, depending on
the control mode of operation of the converter.
The voltage éonfrolled osci | lator can be modified in such
a way that the phase of the pulses rather than the frequency
is directly proportional fto the input control voltage, resulting
in the so~called Pulse Phase Control system (PPC).
One possiﬁte solution of achieving this modification is
shown in figure 2.2. The v.c.o. cépaciTor is not discharged
to zero voltage but only to voltage level ch, chafging beginning
again immediately. ch is given by the difference between
VC and VCI, assuming Vc3 = 0. As VCI is constant, any increase
in VC by a small amount AVC will produce an identical increase
in VCZ’ and the frequency of the firing pulses remains unchanged
although their phase varies by an amount A¢ .proportional to A VC.
Synchronisation of the firing pulses with the network
voltage is ensured through an auxiliary feedback loop yielding
output voltage Vc3 which keeps the average value of @ "tied"
to a firing angle reference directly related to the control
voltage and to any change in a.c. system frequency. The response
of this loop is made very slow in order to prevent voltage-Iloop
instability. Also the a-control amplifier is given a proportional-
integral characteristic so that no steady-state error occurs in
the actual value of o . This auxiliary oa-control-loop also
ensures a unique relationship between VC and o.
Due to the auxiliary @ control-loop the maln feedback loop
{(either current or extinction angle) is not needed to ensure
synchronisation with the a.c. system frequency and therefore the

PPC can be used with the main feedback loop open.
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The major difference between the PPC and PFC as far as
hardware implementation is concerned resides In the fact that
the sawtooth generator capacitor is discharged by a fixed amount
rather than to zero volts.

Although the poor dynamic performance of PFC systems, due
To the integral characfe}isfic, can be overcome through
compensation, the PPC possesses some advantages which make it
more aTTFéc?Tve for h.v.d.c. control, namely:

a) The proportional characteristic results in a larger

stabi lity margin;

b} Operation with constant firing angle is implemented

simply by setting a constant control voltage;

c) The converter gain Vd/Vc can be made independent of

the converter contreol angle @ by introducing a cos-I

circuit between the "error processing unit" and the firing

control system.

2.3 'Microprocessor=based digital control system

2.3.1 Basic design features

The basic design features of the TMI90/10IM microcomputer
based firing control system are similar to the ones described in
(33).

The main di fferences result from the fact that the scheme
implemented In (33) was based on a 24-bit purpose bui |t bit~
slice microprocessor, whereas the present scheme is based on a
I6=bit+ general-purpose microprocessor, commercially available.

The TMS90/10IM (35) is a self-contained microcomputer on a
‘single board. This microcomputer board Tncludes a central

processing unit (CPU) with hardware multiply and divide,



programmable serial and parallel input/output lines, external

interrupts and a debug monitor to assist in programme development.

1t alse includes

4K bytes of random-access memory

ZK bytes of erasable programmable read-only memory
(EéROM) preprogrammed with the debug monitor

2K bytes Eproms preprogrammed with a line-by-line
assemb ler codé

3 MHz crystal-controlled clock

A 16 bit parallel input/output port as well as a local
serial input/output port

17 priorifised interrupts - including Reset and Load

functions.

The division of tasks performed by hardware and software was

imp lemented with the aim of achieving as much as possible through

software, thus minimising external hardware and increasing

reliability (32, 33).

2.

3.1.1 Hardware design features

The overall block diagram of the microcomputer based control

system is shown in figure 2.3,

unit

The data acquisition interface is a purpose-built interface

whose main functions are:

Firing angle evaluation

Extinction angle evaluation

Valve voltage states detection

Voltage zero crossing interval evaluation

Counting of the interfiring period - evaluation of real

value of the inferfiring period (IFP)
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~ Generation of the firing pulses o the valves
- Organisation of data transfer between the microcomputer
and the real system.

A clock generator locked with the a.c. bus voltage provides a
synchronous time base for 2!l countersof the DA!. The frequency
of this clock generator sets the precision for all Thé measure-
ments. As the clock oscillates at 180 KHz this corresponds te
a definition of 0.1 electrical degrees at 50 Hz.

The "error processing unit™ generates the control volfage
Vc from the comparison of the reference direct current (lref)
with the measured d.c. current (ld).

An A/D converter digitises VC, Id and lref in order that
these quantities may be used by the microcomputer. The A/D
converter is an RTl 1241-R from Analog Devices (36). It
possesses a 16 channel capacity in single-ended connection, an
input range of * 10v and a conversion time of 25 ys for successive
conversions on one channel.

Both the DAl and the A/D converter are perceived by the
host computer as a block of words in memory and communication
between the microcomputer and the DAl or A/D converter is done
in the same way as the microcomputer stores and retrieves
memory data.

As most of the hardware design features are similar +o the
ones developed in (33}, only the relevant differences are to be
detai led. Appendix A details all the hardware for the micro-
computer based control system.

The main di fference between the scheme implemented and the
one developed in (33]) lies in the generation of the firing pulses

to the thyristors.
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The generation of firing pulses to the thyristors at the

appropriate time is accomplished both through hardware and

software.

Figure 2.4(a) shows the hardware arrangement for The

generation of the firing pulses.

The value of !FP computed through software is stored in

"Register A, This value is compared with the value of a counter

LFEP computed

control |,
signai

LOAD

DATA BUS
P —

Register
LER A

|

- /nterrupt signal to processor

B>A
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aa_| |

Comparator
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Reset ’Q control signal
fet— —~

Enable y ['E'F"n;e,%l|
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g, DATA BUS

Fire

control M
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Genaration of firing pulses
{a) Block diagram
(b) Timing diagram of reievant signals

3



which is reset every time a valve actually fires. Whenever the
value of the counter, 'B', is larger than the value in Register
A, an interrupt signal to the processor is generated.

This interrupt signa! (which possesses the highest priority)
routes the soffware program to a routine which generates the
firing order 1f the voltage across the valve to fire is positive.
If this volfage is not positive a waiting loop occurs. However,
the value of the coun+ér is stored in Register B and the counter
reset, only when the firing of the valve.actually occurs. This
may be recognised in figure 2.4(b) by noticing that the signal
B >A returns to the inactive state only when the fire control
signal changes ifs state from the low level to the high level.

In (33) the generation of the interrupt signal is
responsible for resetting the counter and loading the value of
the counter in Register B, i.e. The transition of B > A from the
low level fo the high level is responsible for sfor{ng the

value 'B' in Register B and resefting the counter.

2.3.1.2 Software design features

One of fthe main advantages of a digital controller stems
from the fact that a change in control policy may be accomplished
by simply changing the software, the hardware being the same.
Thus with the present hardware set-up either the PFC or *the
PPC control algorithms may be implilemented.

The type of control algorithm implemented was the PPC. This
was chosen because the PPC controller may be operated under open-
loop conditions, and thus the theorefical predictions for the

describing function can be confirmed by fests.



Three versions of the PPC have been previously developed
(32, 33). In the version implemented, multirate sampiing of the
control voltage is carried out between firings. In the present
scheme, |7 samples of the control voltage are obtained befween
firings. The latest sample of the control voltage is the one
used to determine the computed value of IFP..

As In the case of the analogue equivalent (section 2.2),
an aﬁxi]iary o control toop ié needed. A block diagram of the

PPC controller implemented is shown in figure 2.5.

Firing * » Firing pulse
algorithm +
e i 7
i Fitterf— Dgortom| |
} a measured }
L ____Auxiliary a-controlloop _____ J

Fig 2.5: Puise phase control. Functional block diagram.

The aldgorithm for the computation of IFP is qgiven by:

aemy = arey sk [ - v (Tece @03
n=1,2,3,
where (lFP)nom is a constant, defined when (V.), equals
(Vodp = 1 apd (acly - | equals zero. This constant must be
defined in such a way that the actual value of IFP under these

conditions be 60°. (Vo) stands for the last value of control
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voltage VC sampled immediately before the firing, (V.)_  _ I stands

C'n

for the control voltage at the previous firing instant, KI is a

constant derived from the clock generator frequency and the A/D

c)n-|

converter setting, and (¢ is the correction due to the
auxiliary © control-loop which is computed at the previous
firing instant. The action of-this ¢ cqn+ro|-|oop is made
pufposely slow in order that the direct influence of the system
voltage waveshapes on the firing pulses be reduced fo-a

minimum (21).

The filter impiemented is a moving average filter, and its
correction algorithm was given an integral characteristic in
order that in steady state the mean value of d measured is
identical to the mean value of (K]VC) denoted here by o reference.

Due to stability problems (32, 33) the gain of the filter
has to be less than one.

As its dynamic performance is degraded for values of gain
close to unity, the set value for the gain of the filter was
chosen to be 0.25.

A simplified flowchart of the software algorithm implemented
is shown in figure 2.6.

The value of (V.), is recomputed after the firing of each

valve in order that the controller may withstand the occurrence

of fast fransients:

— - O —
v, = I [(IFP?_%[ 60° - ac _
K

Three levels of interrupt exist, although only two can
change the program flow. The highest priority level interrupt

corresponds to the firing of a valve.
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The next priority interrupt corresponds to the Analog-to-
digital end-of-conversion signal. The lowest priority interrupt
occurs whenever a voltage zero crossing occurs. When this
Tn+errup+~occurs; The hrogram .feads the value of the latest
voltage zero crossing interval (v.z.c. interval).

Only the highest priority interrupt may occur at any
stage of the soffwére algorithm after the "Fire valve" stage
in figure 2.6. The A/D end of conversion interrupt does not -
change the flow of the algorithm. The lowest priority interrupt
may only occur affer the block "Read value of V_ " in figure 2.6.
The constant (IFP)nom is introduced In the algorithm in order that
under constant control voltage V. and with no correction due to
the ﬁ {conTroI—Ioop the real value of IFP is in fact 60° and
therefore the firing pulses occur equidistantly.

To define (!FP)nom under these conditions, time TI of figure
2. 4(b) must be known. This quantity corresponds to the time
that elapses between the instant the interrupt signal to the
processor is generated and the instant the valve actually fires.

[ f the condition "commutating voltage of valve fo fire > Q"

in figure 2.6 holds, the value of +| is approximately 50 us, 1.e.
0.9 electrical degrees. |[|f the condition "commutating voltage of
valve to fire > Q" does not hold, time T] depends on the instant
the commutating voltage becomes positive. This is an extreme

case énd only happens if the a.c. busbar voi+age is very much
distorted and/or a modulating signal of considerable amplitude

is superimposed on the control voltage Vc' The value of 0.9°

was therefore considered as a basis for the computation of
(IFP) . Thus in principle the value of 59.1° should be the

value chaosen for (IFP)nom. .
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However, two other factors contribute for a change in this
value:

a) The interrupt signal to the microcomputer is only

generated when the value of the counter is greater than

the value in Register A (see figure 2.4). As the definition

due o the clock generator is O.!O, the interrupt signal

ig generated when the value of the counter is 0.1° greater

than the value of the register.

b) The reset of the counter in figure 2.4 is synchronous,

in other words setting up a low level at the reset input

disables the counter and causes the output 'B' to become
zero after the next clock cycle., This means that a delay
of one clock pulse (i.e. 0.1%) is introduced before the
counter begins counting again.

Due to these fwo factors, the value of (IFP)nom was finally
fixed as 58.9°.

In the present scheme the auxiliary o control-loop is
needed in order to gﬁaran+ee synchronism with the a.c. busbar
frequency, deépiTe the existence of a clock generator synchronised
with the a.c. mains. This is due to the fact that the value of

50 us evaluated for t, is approximated and thus a small slip

I
exists between the actual frequency of firing and the a.c. mains
frequency. The only way Yo cure this problem would be to use

a better definition for the measured quantities, i.e. To use a

clock generator with a higher frequency.

2.4 Performance  of the microcomputer based control system

In all the fests carried out, the newly developed micro-

computer based control system performed satisfactorily.



Although the number of samples of the control voltage Vc
(17 in 60°1 is smaller than the figure quoted in (33) (30
samples In 6001; no di fferences were detected when comparing
the behaviour of both controllers under closed~loop conditions.

However; some di fferences exist between the behaviour of
the two controllers under open-loop conditions:

a)l The scheme Tn (33) does not need the auxiliary

ucoanoI-Ioop To guarantee synchronisﬁ with the a.c.

system frequency under constant contro! voltage. This

is due to the fact that this scheme takes as real value

of the interfiring period the instant the value in the

counter is greater than the value stored in the register

(see figure 2.4(a}) and not the value in the counter when

the order to fire is actually given. As shown in figure

2.4(b}, a time TI elapses between the instant the

"B greater than A" signal goes high and the instant

"the order to fire the valve" is actually given (the

B >A signal becomes inactivel.

b) As a consequence of (a) whenever an infringement of

the hard a [limit occurs in the scheme in (33) the

relation between control voltage and firing angle is lost.

This situation may be better understood by referring tfo

figure 2.7. In figure 2.7(a) the firing pulse generation

is shown, whereas in figure Z.7(b) the pattern of.firing

pulses is shown. Together with the pattern of firing

pulses in figure 2.7(b), the voltage zero crossing instants

are shown In hatched line. In this figure a hard o Ilimit

situation occurs initially for valve 3. The instant
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the signal B > A in the counter of figure 2.4(al becomes
active,occurs before the voltage across the valve is
positive. The software programme remains in a walting
Iqop up To the instant the VOITégé'across the valve
changes polarity. However; in The scheme implemented in
{(33) the instant the signa! B > A becomes active is used
to store the value of IFP and to reset the counter
of figure 2.4(a). Thus the value of (VC)n - in ‘equation
(2.3} for the computation of the IFP for fhe next valve to
fire {valve 4) does not take into account the actual
value of tontrol voltage shown in flgure 2.7(a). Valves
4 and 5 tend likewise To hit the hard o limit, a situation
that does not occur if the actual value of control voltage
is considered.
This situation is only noticeable under open-loop conditions.
{f the ¢ control loop is active, it tends to correct this
sifuation and temporarily does so. This results in Jumps in
the firing pattern of the valves. 1f the o control-loop is
not active, all the valves will eventually hit the hard ©¢ {imif.
When comparing the behaviour of the digital controlier with
its analogue equivalent (21), some differences were noticed.
a) A digital controller always introduces a delay in the
control action. This delay is due to the Time necessary
for the software to perform its computations. As already
mentioned, in the scheme implemented the delay is
approximately 3.5° when no hard @ Iimit situation occurs.
b) The digital controller can override a fast transient
in the control voltage. This is due to the fact that a

minimum |limit was imposed on the interfiring period



value (33)}. |In the present scheme this |imit is
5 electrical degrees. This va[ué was based.on
the minimum time necessary to compute the IFP after
sampling the control voltage VC, plus a "safety" factor.
The analogue equivalent may miss a pulse whenever the fast
transient occurs. The auxiliary @ -control loop would
then stowly correct this situation.
‘c) The main difference between the digital controller
and i1s analogue equivalent lies, however, in the behaviocur
of the auxiliary o control-loop. This difference
results from the quantisation error {(which is inherent to
all digital controlled systems), and the gain of the filter
in the a controi-loop.
As previously mentioned (see section 2.3.1.2) due to
stabi ity reasons the gain of the filter has to be less than
unity. The correction algorithm (see figure 2.5) of the
auxiliary @ confrol-loop is given an integral characteristic.
However, due to quantisation errors this means that the output

of the fllter is within

-0.1° < ara < +0.1° (2.5)
where Aa is the output of the filter. Within this band the
correction factor (a(:) is zero.

The output of the «filter Aa is the error between the mean

value of o reference and the mean value of o measured. |f the

gain of this filfter is unity equation (2.5) holds.
However, the gain of the filter has to be less than unity.

Thus the correction algorithm acts on a value K Ac where

real”’

Aa real stands for the difference between the mean value of

-
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o reference and the mean value of © measured when the gain of

the filter is unity. Equation (2.5) results in:

~0.1° < K A« < 0.1°
real
or
om0 . o
=0. | < Aareaf < 0.1 {2.6)
K K

As the gain of the filter was fixed as yor

o) 0
- A
0.47 < area! < 0.4 (2.7)

i.e. in the digital controller for an absolute value of the
di fference between the mean value of & reference and a mean
value of ©® measured smaller than 0.4° no action is taken by
the correction algorithm. Therefore the value Aa real is not
within the accuracy required 0.19).

This situation may be seen as an increase in the noise

level due to quantisation, and it does not happen in the

analogue equivalent,

2.5 Conclusions

This chapter has dealt with the different types of basic
control systems used for h.v.d.c. converters, with a main
emphasis on the v.c.o. based control systems. The actual
impiementation of a digital coniroiler based on & Texas
TM390/10IM microcomputer was briefly mentioned. The relevant
hardware ana software design features were described, as well
as the main differences in the behaviour of the controller
implemented relatively to another digital controller and to

its analogue equivalent.
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The performance (both in steady-state and under transient
conditions]l of the digital controller was found to be

identical to a previously implemented digital controller (33).
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Chapter Three

NON LINEAR CONVERTER MODEL

3.1 “Introduction

The models so far developed (|, 16) to assess the stability
of control systems with contrclled converters are only valid
for smal |l disturbances.

These models, although useful in predicting the onset of
instability, are of limited usefulness for a number of
reasons, namely:

| They fall to predict limit cycle oscillations

synchronised with the a.c. system voltage (harmonic

instability).

2 They are incapable of taking into account unbalance

and/or harmonic distortion in the a.c. bus voltage imposed

by the a.c. system.

To determine the conditions of occurrence of harmonic
instability the describing function technique is employed in
this work. The evaluation of the describing function requires
a steady-state non-linear model of the converter, valid for
large perturbations. The control voltage Is modulated by a
signal and the component of the ocutput direct current at a

particular frequency is calculated. The complex ratio between
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the two quantitfies yields the describing function.

To achieve this aim; a computer program was developed,
since the problem is not amenable to an analytical approach.
In this chapter the converter system model is presented,
including firing system, converter transformer, a.c. and d.c.
systems. Flowcharts of the computer routines are included
where appropriate.

The calculation of %hé 3.c. and d.c. harmonics, which is
a major part of the computer program, -mwill be dealt with in

Chapter Four and the describing function evaluation in Chapter

Five.

3.2 Firing System

The three firing control systems used in h.v.d.c.
fransmission may be simulated in the computer program;
individual phase control (IPC), pulse frequency control (PFC)
and pulse phase control (PPC). The simulation is based upon
the analogue physical realisation of these firing systems.

Although the individual phase control sysfem is no longer
employed in new schemes, it was implemented in the initial
stages of h.v.d.c. transmission and is still in operation. For
this reason and also for comparative purposes it was decided to
Include +he IPC in the computer nrogram )

The purpose of the firing system simulation is the determination
of the f}ring instants and the firing angles with arbitrarily
distorted a.c. bus voifage and modulated control voltage. Prior

to the defermination of the firing angles the voltage zero

crossings of the a.c. voltage must be calculated.
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3.2.1 Voltage zero crossing evaluation

A three phase representation of the a.c. systems is
assumed. The phase-to-neutral a.c. bus voltages are given by
the general equation

sin thu t « ¢.) (3.1

_P
Vi(mof) —g;l vih

where 'p' is the number of harmonics considered, mo is the

fundamental frequency, Vih

angle of harmonic 'h'! in phase (1 = R, Y or B).

and ¢ih are the amplitude and phase

The instant wt = 0 of the fundamental component of phase
R voltage on the busbar side of the converter transformer is
taken as the main reference.

The commutating voltage for a particular valve is given

by (the prime denotes valve side quantities)

t = Y1 — gyt
Vik Vi Vk (3.2)
where "i' is the phase connected to the incoming valve and 'k'

is the phase of the outgoing valve, which can be determined

according to the following table.

I 8, R

2 Y, B R = Red

3 Y, R Y - Yellow
4 B, R B - Blue

5 Y, B

6 Y, R

From equations (3.1) and (3.2) one cbtains
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P P
' .
Vik @uof) - 2: Sh sin (hmbf) * z: Ch cos (hﬂBT) (3.3)
h=| h=!
where
S. = V' cos ¢' = V' cos ' (3.4
h in Yih T Vkn %% %, )
C = ! i V] : ' )
h i ?In ¢ih " sin ¢kh (3.5)
The voltage zero crossing of the commutating voltage
for valve V (V =1, ..... » ©6) can be obtained from

' -
Vik (qDT) 0 (3.6)

This is a non-linear equation which can be solved by the

Newton-Raphson method:

h + 1D (n} (3.7)

_ (n)
(u}ofl = ( w,t) + A(u,of)

where

1
) Vik(zuof)

Alw _T)
o L dVﬂk(UJ +)
: i o)

(n) (3.8)

dlw 1)
o}

{w 1)
o]

V;k(tuOT) is given by equation (3.3) and its first derivative

by
davl ( t) P i
. VW - - .
Tk o E h Sk cos(htuOT) E h Ck snn(htuof)
d(wOT) h=| h=1

(3.9)
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The flowchart for the evaluation of the voltage zero
crossings of the commutating voltage is presented in figure
3.1. As can be seen from the table, each commutating voltage
corresponds to a pair of valves. The program therefore
evaluates the two crossover points of the three commu+a+ing.
voltages (k=l and k=2 respectively). Tolerance ¢ is taken
equal to LO-4 kv. The Initial estimates of w o+ are close to
the solutions for the case where there Ts.no distortion and/or
0 o} 0

unbalance in the a.c. voltages, which are 300, g0~, 1507, 270

and 330° for valves | to 6 respectively.

3.2.2 Individual Phase Control (IPC)

Figure 3.2 explains how the firing pulses are produced in
this type of firing system. A level detector senses the voltage
zero crossing of the commutating volfage; at this point a ramp
voltage is initiated and its value compared with a control
voltage, a pulse being produced when both are equal. The pulse
is amplified and routed to the valve gate.

Taking as time reference the voltage zero crossing of the
corresponding commutating voltage, the ramp voltage is for all
valves given by

R(t) = K, w T {3.10)
| 0
let the control voltage be referred To the main reference

VAt =v®  +V sin Cat +¢) (3.11)
C C m

where the first term VOC is set at a value that yields the

steady-state firing angle &o according to the relationship

WOoa 2 (3.12)
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|f there is unbalance/distortion in the a.c. voltage, @ © should
be interpreted as the average value of the firing angle for all
six valves of the converter.

The second term of Vc(+) is a modulating signal of amplitude
va and frequency @, which is needed fo calculate fhe describing
function. If only the steady-state calculation is derived, then

vV =0.
m
The firing pulse is produced when

R(T) = v (1)
c

or

Klwo'i'=V°C+Vmsin(m'|'+¢) (3.13)

Equation (3.13) is non-linear and can be solved by means
of the Newton-Raphson method. Setting

_ _.0 _ \
F(+) = KI(QOT Ve Vm sin( gyt +¢) (3.14)

Then

FT{t} = k]m -V Weos( W+ +¢) (3.15)
o m

the Newton-Raphson algorithm yields

n+l n n
.I.

=t + A4 (3.16)
where
Asho. - Fit™
£t ¢4y (3.17)
After convergence, the firing angle is obtained by
a = w T _ (3.18)

o]

The firing instant of a given valve V, referred to the

main Time reference can now be obfained

FoloV) = V.Z.C.(V) + & (V) (3.19)
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where V.Z.C.(V) is the volfage zero crossing for valve V, the
calculation of which was discussed in section 3.2.1.
The flowchart for the subroutine that simulates the

individual phase control is presented in fig 3.3.

3.2.3 'Pulse Freduency Control (PFC)

The operation of a PFC system was described In section 2.2,
the firing pulse determination being shown in fig 2.t. The

system is Based on a voltage-controlled oscilléfor, which in

the steady-state operates at six times the a.c. frequency. The
frequency of the firing pulses is proportional to the control
vo|+age; the phase is therefore proportional to the integral

of the control voltage. The interfiring period, rather than the
firing angle, is directly controlled.

As was the case with the IPC system, a firing pulse is
produced when the control voltage equals the ramp voltage,
equation (3.13). The difference lies in that for the IPC, the
ramp is initiated at the v.z.c. of the commutating voltage,
whereas for the PFC, the ramp is initiated at the firing instant,
since the ramp generator is reset by the firing pulse.

The starting instant of the ramp for the first valve fo be
firedr(assumed to be valve 1)} can be calculated from the steady

state firing angle a° through the expression

o

. u .
Co_[m L ez % (3.0
3w w mo
o

+En
Q

This time is referred to the main reference and defines the new
reference for the calculation of the firing angle  for valve |.
The firing insfénf_fbr'vaf;é | defines the-reference for valve 2.
and so forth. Equation (3.1!1) for v {t) has to be changed

accordingly for the calculation of the firing angle for each valve.
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The flowchart for the evaluation of the firing angle with
the PFC system is presented in figure 3.4. As was the case for

the IPC, the Newton-Raphson method is employed.

The operation of the PPC system was described in section
2.2, the firing pulse determination being shown in fig 2.2.
The sys+em is also based on a voltage-controlled oscillator,
which In the steady-state operates at six times the a.c.
frequency. |t differs from the PFC, in that fhe phase of the
firing pulses, rather than the frequency, is proportional to
the control voltage. This is achieved by letting the
capacitor of the ramp generator discharge to voltage Vo and
not zero, as is the case for the PFC.

The ramp voltage is therefore

RCPY. = Kyt + v, (3.21)
where
_ - m
Ve2o Ve T 3K (3.22)

Assuming vc(T) defined by equation (3.11), a pulse is
generated when

R{+) = vc(f) (3,23}
or

) :

K|m0+ FVo TVt Vm sin{ gt+ ¢) (3.24)

One can now define a function F(+)
(o] N

F(t) = KINOT * Vo TV T Vm sin( Wt+d ) (3.2%)
which is formally equivalent to equation (3.14). The Newton-
Raphson method can be employed again, the main di fference in

relation to the PFC being the calculation of Veo©

62



Comptte tin

R

¢=¢*Wotin

ITER=0

63

£-0

!

Compute Fﬂ-)

|[Fl <€

N Y

Compute F'(t)

Fig. 3-4

Y
END

Firing angle evaluation (PFC) Flowchart

F.lL(VY=F.I.(v-1)
F.L{1) = wet -+ Wol
Compute At"
tn+1 = tn+Atn
Y N
ITER= ITER + 1
Fl=VZC
V=V
x=Fl-VZC
N D=0+
FILMV) -FEL(v-1} [




Substituting equation (3.11) info equation (3.22), one

obtains

o . w
Veo =V ot Vm sin{w O++ ¢ - 3RT (3.26)

This equaticn yields the value of v_, at each firing instant.

c?
The value of v°C is initially fixed to give a desired

firing angle according to equation (3.12}, which also applies

to the PPC. A correction must however be added if the firing

pulse 1s generated before the voltage zero crossing for the

‘correSponding valve;

o

Av = K

c | {v.z.c. = F.l.) (3.27)

The flowchart for the computer simulation of the PPC system

is shown in fig 3.5.

3.3 Converter Model

A converter can be thought of as a device fthat transforms
alternating voltage into direct voltage and direct current info
alternating current. From the d.c. side point of view, given
a set of a.c. voltages, the converter output is a d.c. voltage
waveform depending upon the particular set of a.c. voltages
imposed. From the a.c. side point of view the converter
transforms a given d.c. current waveform into a set of Three
phase a.c. currents.

One caﬁ therefore say that from the d.c. viewpoint the
converter behaves |ike a voltage transformer, while from the
a.c. viewpoint its action is similar to that of a current
transformer. These ideas lead to the "black box" representation

of fig 3.6.
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Converter
d.c. current
Converter
Fig. 36

Converter 'black box’ representation

(@) From the d.c. side viewpoint
(b} From the a.c. side viewpoint
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Both the d.c. voltage and the a.c. current waveforms depend
upon the firing instants determined by the firing systems and
upon the commutation angles. The existence of a non-negligible
reactance in the converter fransformer implies that the transfer
of the direct current from one current path to another cannot
take placé instantly. A certain time elapses before commutation
is completed, leading fo a commutation angle, which has
considerable influence on the dynamic behaviouE of the
converter.

3.3.1 Commutation Angle Evaluation

During a commutation period three valves are conducting
as shown in fig 3.7. |t is assumed that 'i' is the incoming
valve, 'o' the outgoing valve and 'k' the thtrd valve which
is in a fully conducting state. The fo!lowing equations can

be easily established:

. o diy
ViR L g (3.28)
v =ri + Jo,y (3.29)
o oo o dt pn )
|0 + li =iy {3.30)
diy , di, _ diy (3.31)
IF T IF

Combining equations (3.28) and (3.29}, and faking into account
equaticns (3.30) and (3.3!), cne cbtains
di . di

] .
T - Ryt L)

Vv, - VO = (Ri + Ro)ii + (Li * LO)
(3.32)

As Vi and VO are phase-to-neutral voltages they can be

represented by the general form of equation (3.1)
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Vih sin (h wof + ¢ih) (3.33)

=
u

<
o]

n
Mo

Voh sin (h wof + ¢oh) (3.34)

=)
i}

The commutation ceases when the current through the
incoming valve equals the direct current,

|‘(+) = rd(T) (3.3?)
or, alternatively, when the current through the outgoing

valve is zero

i () =0 (3.36)

In order to solve equation (3.35) or (3.36), it is
sensible to take the firing Tnstant as reference. Vi and VO,
which In equations (3.33) and (3.34) are referred to the main
reference (voltage zero crossing of phase R voltage) must be
changed accordingly. Assuming that 6. Is the firing instant

for valve 'i', one has

V., sin (hw + + ¢ «ph8) - (3.37)
ih o ih i

=
1
™Mo

=g
1]

V. sin (hw + + ¢
o o

8
oh + h i) (3.38)

h

=
[}

<
[0}

]
M-

whence

P
Vo -V, = vio = h; (sh sin hwo+ + ch cos hwo'!') (3.39)

w
1}

5] -
Vi cos ( ¢ih+h () =V, cos (¢ L +h6.) (3.40)

H 5] -\
Vih sin ( ¢ih+h i) VO

O
n

: 3]
L sin (¢Oh +h P (3.41)
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The direct current id(+) can be represented by its

Fourier expansion as

N4

|d=ld+z Id25|n(2mo++¢d2) (3.42)
=1
on a time reference defined By the firing instant of valve 1.
The reason behind this assumpfion wi}l become clear later.
A change of reference must now be implemented in id(f)

for the calculation of the commutation angle, since the chosen

reference is the firing instant of the incoming valve Bi:

M4

id(‘l') = ICI + Z Idz sin{2w O'T‘ gy t 2 9~ el))(3.43)
=1
Defining
8, =8, -8, (3.44)

equation (3.43) can be rewritften as

n
d

Id('f) = !d + Z (FR. sin R.wo'l' + GZ cos Emo'l') {3.45)
2=1

where
) =|d£ cos(¢d£+ 281) (3.46)
Gy ='d£ sin(¢d1+ E'Bi) (3.47)
Note that for i=t, BI = 0, i.e. there Is no need for a change

of reference in the calculation of the commutation angle for

valve |.



Inserting equation (3.45) and (3.39) into equation (3.32),

one can obtain

di P
Lio i + Rio |.I =h§;| (Sh sin h m0+ + Ch cos htuof) +'Rold +
n
d .
+ 2 (RFg - w LG sin u t +
2 =1
N4
+ (ROGE + RmOLOFh) cos lmOT (3.48)
L=
where
o = RT + RO (3.49)
L, =1L, + L (3.50)
io i o]
Defining the parameters
A g = RbF£ = ZmOHDGR (3.51)
BL = RoGg + L“bLoFa (3.52)

equation (3.48) simplifies into
di

. P :
o T + Rio io= 2: (Sh sin hu)of + Ch cos huloT) +
=1

ng
. . 2‘
+ Rold + E: (A, sin Lw OT + By, cos HBT) (3.53)

%=1

This differential equation can be solved by the Laptace
transform method, the initial condition being ii'= G, as the
incoming valve carries no current before the firing instant.
The calculations are presented in Appendix B, the result being

equation (B.16).
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p
-+/T, -1/T.

N 10 . 10
() =§: [X;, © Sy sin thg t o+ ] v Y (e ) +

h=1

i /T _
+ EZ [X5, © + Sy, sin Qu T+ ¢, )i (3.54)
2=l

The various constants are defined in Appendix B.
In order to calculate the commutation angle, equation
(3.35) must be solved. The Newton-Raphson method was employed,

the function F(+) being in this case

FCEY = 1.(1) - 1 (D)
i d
p -+/7. ' -t/7,
=Y X, e °+s _sintat+ s, ] Y Ue 'O
E: Ih th e Ih o
h=I
"4 ~t/T, 4
+ [Xzze +82£sm(2wdf+¢213 L
&=l
"d
- {F, sin fu t + G cos £m01] (3.55)
2=

The flowchart for the calculation of the commutation angle
is presented in figure 3.8. An inifial estimate of 5° is
assumed for the commutation angle. A three-phase representation
is used for the a.c. system, since the phase voltages and the
source impedances can Ee unbalanced. The unbalance in the
impedance is mainly due to the converter transformer, since
di fferences of 5 to 7.5% are not unusual for three-phase units.
Phase-to-neutral voltages are used throughout the analysis.

The consideration of the d.c. current harmonics greatly

increases the computation time, since it implies an iterative
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process, distinct from that required by the Newton-Raphson
solution of equation (.35). The d.c. current harmonics are not
known at the outset and must therefore be calculated. However,
they are dependent upon the commutation angle which is the
object of the calculation. A slowly convergent Gauss method
was used to tackle the probliem and assess the influence of
the d.c. harmonics. This was found fo be smail, not justifying
the expeﬁse of an increase by a factor of 50 to 80 in the
computation time.

If the harmonics of the direct current are neglected,

equation (3.55) simplifies fo

p _.i./T‘ ) -T/T.
F(+) = ; [X,e 'O+ Sy Sin (heteg ] vy, (i-e 'Oy -
=

(3.56)
Test system | shown in fig 3.9 was investigated with the

following data:

transformer valve side line voltage: 94 kV
transformer reactance per phase: 7.76%
transformer resistance per phase: neglected
d.c. line resistance: 58

d.c. line phase smoothing inductance: 0.25 H
firing system: FPC

nominal rectifier firing angle: 15°

direct current: . 0.5 kA )
converter type: six-pulse

Tables 3.1 and 3.2 show the results cbtained with and
without an input modulating signal at 50 Hz, respectively, for

the approximate and correct models.
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Table 3.1

Commytation angles (no modulating 'signal)}

Valve No. Approximate Model Correct Model

I 9.82 9.45

2 9.82 9.45

3 9.82 9.45

4 9.82 9.45

5 9.82 . 9.45

6 9.82° 9.45
Table 3.2

Commutation angles (modulating signal at 50 Hz,'A§‘=‘5°)

Yalve No. Approximate Model ‘Correct Maodel
I 8.54 8.35
2 8.27 7.63
3 9.38 8.54
4 11.25 10.64
5 12.06 1.94
6 10.39 10.49

As can be seen, if no modulating signal is present, the
di fferences are.only about 4%; with a modulating signal at

50 Hz, this can increase to nearly 108%.

3.3.2 D.C. voltage and A.C. current waveform description

The firing instant and commutation angle are known for
each valve at the present state. The mathematical description
of the outputs of the 'black boxes' of fig 3.6 is now possible.

In fig 3.10 the steady-state converter d.c. voltage
waveform is shown. The d.c. voltage exhibits a fixed pattern

of a commutation period followed by a full-conduction period.
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In the first period, referring to fig 3.7, the d.c. voltage
is given by
did

Vd = Vpn - Vk - Rk by = Lk T (3.57)

From equation (3.28), Vpn can be written as
V=V, =R [, -L L | (3.58)

Substitution of equation (3.58) into equation (3.57) yields

di, . di

SV VY- tR - Iy _ r _d
Vd = (Vi Vk) (Ri 'i + Li T ) {Rk 'd * Lk 7 ) (3.59)

From fig 3.11, which represents the converter bridge during

full conduction, the d.c. voltage is given by

di
)-(Ri+R)i-(Li+L)——d— (3.60)

= - k’'d k' d

Vd k

Equations (3.59) and (3.60) describe completely the d.c.
voltage waveform. From fig 3.10 it is apparent that six full
conduction sections alternate with six commutation sections
during an a.c. voltage period. Equation (3.59) is valid for
Oi <uw b <8, +u and equation (3.60) for o, + u, < wt< 8,
The Fourier analysis of the d.c. volfage will be carried out
in Chapter Six.

In fig 3.12 the a.c. current waveform in an a.c. phase is

shown. Gi, g and u, stand for the firing nstants and

k> Ui K

commutation angles of the valves that are connected to the

particular phase represented; e], Bm, u, and Um stand for the

I
firing instants and commutation angles of the valves that
begin conduction after the valves connected to the particular

phase have ceased to conduct.

+ 1°
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Although not shown in fig 3.12, the effect of the d.c.
current harmonics is taken intc account. The a.c. current
waveform comprises three periods:

i Full conduction period, in which

i (f)y =i, () (3.61)
a d

for
8; *u, < mof <B‘

and
i () = =i (1) (3.62)
a d

for

By * U < u <6,

i1} Commutation period, in which

i (1) = i,(H) (3.63)
a i
for
Sr < go+ < ei + ui or ek < w0+ < Bk + uk
and
Ia(f) = id(f) - i‘(f) {3.64)
for
61 < mOT < e[ + u|
and
ia(f) = -id(f) - im(+) {3.65)
for

B < wtT <8 +u
m o} m m

iii) Non-conduction period, in which

i (ty =0 (3.66)
a

for

0O <wt <8 or 8§ +u
(o) i

<wt <898 or 8 + 4y <wt <27
| Q m m Q

! k
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The d.c. current id(+) is described by equation (3.45)
and the commutation currents ii(f), il(f) and im(f) by
equation (3.54).

Equations (3.61) through to (3.66) describe the a.c.
current waveform, {.e. the output of the 'black box' of fig

3.6b.

3.4 Converter Transformer

H.v.d.c. systems invariably operate at twélve-pulse, this
mode being achieved by connecting two six-pulse converter
bridges in series on the d.c. side and in parallel on the a.c.

.side. Twelve-pulse operation is benificial from the a.c. and
d.c. harmonic generation viewpoint. This involves such a
substantial reduction in the harmonic filters that in the most
recent schemes, operation at six-pulse is not allowed.

The combination of two six-pulse bridges yields a
fwelve-pulse converter if one of the converter transformers
introduces a 30° phase shift with regard to the other. In
practice - one transformer is Yny connected, the other Ynd
connected, the neutfral being isolated from the earth in both
cases. In the numerical simulation, each bridge is considered
separately; the d.c. voifage and a.c. current of the twelve-
pulse converter is the sum of the respective quantities of the
individual six-pulse bridges.

The transformer transformation ratioc is defined as

I

: _..__Ri_ .
2=y eV (3.67)
-

where VR is the r.m.s. nominal voltage on the busbar side and



Vr the nominal voltage on the converter side, and 9 +the
phase-shift due to the transformer connection (0 for Yny and
30° for Ynd).

Since the transformer mode! must be able to handle
unbalanced and/or distorted voltage conditions, symmetrical
components were adopted in the simulation. For the nth

harmonic of the voltage on the busbar side,

- _ -1 [ 1

(VDn - J[T] VRn
(3.68)

VIn Vyn

Lvon_ _VBnJ

Similarly for the nth harmonic of the current

. -1 [ :
'on B [T] 'Ra
| | (3.69)
In Yn
I I
on Bn
L L
where [T:I..I is the inverse of the Fortescue matrix
- - - B . 27
mo- o fl7' -1 |1 @
3 (3.70)
a® o | | o @
a o | I I !

The peositive - sequence voltages and currents on the converter

side may be cbtained through

Vdn = Dn (3.71)

'
[v]
*

an - Dn (3.72)

where * is the conjugate of the transformation ratioc 'a'.
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For the negative sequence, the phase angle of the trans-

formation ratio has to be negated, yielding:

v

- In

[, = g |
in In

This fact is of no importance for the Yny transformer,
in which case ¢= 0; it should however be ful[y'faken into
account for the Ynd transformer.

In fig 3.13 the model of the converter transformer is
presented both for the pesitive and-negative sequences. The -
transformer impedance is the same for both sequences and is
taken into account inrfhe calculation of the commutation
angle; it should therefore not be included in the transformer
model .

The models of fig 3.13 do not apply to the zero sequence.
In fig 3.14 the zero-sequence equivalent circuits of the Yny
and Ynd transformers are shown. |t is clear that since the
neutral is isolated on the converTer, there can be no zero-
sequence currents on this side. Note that the converter under
no circumstances generates zero-sequence currents.

vV =0

o)

1 =0
o)

As far as the busbar side is concerned, there can be no zero-
sequence currents for the Yny transformer.

v =0
o

| =0
o

For the Ynd -transformer, however, zero-sequence currents can

circulate on the busbar side
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- Busbar | [-——

Fig. 313 |
Converter transformer model
(a) Direct sequence
(b) Inverse sequence

Vo VO
o 4 : lo
Vo V.
Fig. 314

Transformer zero - sequence equivalent circuit

(@) YnY connection
{b) YnA connection
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where Zr is +he‘5hor+-circui+ impedance of the transformer.
The zero-sequence current is not generated by the converter,
but is the result of a zero-sequence voltage imposed by the
a.c. network.

F;om the computed values of the symmetrical components
of the voltages and currents on the converter side of the

transformer, the phase voltages and currents may be cbtained

through

_ 1. r -
lrn B [r] Idn .
I | (3.73)
yn in

_Ibn ] _O ]

Vrn = [T] Vdn

v (V. (3.74)
yn in

vV ]

I bn i i )

The converter can be thought of as an ideal source of
harmenic voltages which cause harmonic currents to circulate
cn the d.c. system. The anzlysis wil! be restricted here to

=R G R L = =

two-terminal d.e¢. links.

Figure 3.15 shows the general configuration considered

for the d.c. system. The d.c. line is represented by an

equivalent T-section. Smoothing reactors are assumed on
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Rectifier DC inductor Inverter
_ ‘ l tilter | | I _
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a.c bus I | l 2 2 2 2 ‘ acbus
| I Cn Cr2
}——( Q — . ——C X Z} }—“
I.E IV‘"‘ : i R¢4 Rez | |Vt Tt Vai I ‘ I\ﬁi '
l I Ly Sl | | , | '
| | | | | |
| | | I
Fig. 315

Equivalent circuit for the d.c. system |
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both the rectifier and inverter ends. A tfwo-branch d.c. filter
is assumed on the rectifier side; it is omitted on the
inverter side since the smoothing reactor inductances will in
practice dominate the associated branch impedance.

From the d.c. voltage waveform description it is possible
to find the harmonic content of the d.c. voltage, both at the
rectifier and at the inverter end (see Chapter Four). The d.p.

voltage is therefore of the form

n
Vd(f) = Vd + z:d de sin( zwof + Y dz) (3.75)
2=}
where Vd is the constant term of the Fourier expansion and
de and waz are the magnitude -and phase of the harmOnié et
In order to calculate the d.c. currents at both ends of
the line, the nodal equations wil! be employed

03 = I¥10@v] ' (3.76)
where {I] is the vector of the noda! injected currents,
V] the vector of the voitages and [Y] the admittance matrix.
Since the admittances of the various d.c. system branches
depend upon the frequenon a matrix [Y ] has to be computed for
each harmonic. For the general harmonic 'n', equation (3.76)

can be expanded as

- . T - - -
) Yie  Yize Vize o Yia Vare
(3.77)
Laig Y210 Y220 Y23u  Yomm Vare
0 Y1, Y320 Y33g  Y3ag Vate
0 Ya12. Y4z y,b y V.
43 442 di'g
i B B J L i
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The indices 'r', 'i', 'f', and '&' stand for rectifier ,
inverter, filter and llne respectively.

Defining the following vectors

[12 ] - |yt (3.78)
)
[V'R] i Vare (3.79)
Vdig
[VZE] - Yieg (3.80)
| Vara

I+ is possible to rewrite equation (3.77) in the form:

I = Y Y v (3.81)

3 m 128 12
0 Yo1g Y228 Vaog
where
Yie ° Yile Y122 (3.82)
Y212 Y224
L §
Tipe ® Y32 Y14 (3.83)
Y38 Yo44,
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Y21 = [Y3ia Y324 (3.84)
Yare  Yaze
Toze = |Y3za Y34 (3.85)
L"439, Ya42
_Using Kron's reduction, equation (3.81) becomes
[1,] = cv -y .. Uy oy [v. T8
% e 122 222 212 RS

Vector [Vlglis calculated from a.c. systems quantities.
Equation (3.86) therefore enables fthe evaluation of [lz], the
vector of injected currents by the rectifier and the inverter,

for harmonic "', Vector Pzglcan now be obtained from

-r -
[sz] =Yy Y14 [V| sa] (3.87)

The constant ferm of the d.c. current at the rectifier

and inverter ends is simply calculated by

Var ~ Vai

Idr = = !di = RL (3.88)

In fig 3.16 a flowchart for the d.c. current evaluation Is
presented for two-terminal d.c. systems only. The nodal
formulation together with the Kron's reduction wasAinTroduced
with a view to the multiterminal d.c. system case which is a

simple extension of the technique developed here.



START

Compute lgr and lg;

Y
\{
END

Compute [Y22|]

Compute [l \ ]

1= e1]

Fig. 3116 .
D.C. current evaluation (2-terminal d.c. system)
Flowchart



3.6 A.C. System représentation

The a.c. system source [mpedance seen from the converter
busbar is a complex function of frequency which in all but
exceptional cases is not accurately known. From the converter
point of view this impedance is in parallel wjfh the harmonic
fi lters and reactive support sources, the total impedance being
highly dependent upon the frequency with a number of resonance
and anti-resonance points. ’

For h.v.d.c. schemes in which six-pulse operation is
al lowed, the a.c. filter bank normally comprises tuned arms for
the 5th, 7th, [1t+h and |3th harmonics, plus a damped arm for
the higher harmonics. The recent trend is fo use exclusively
fwelve-puise converters, and dispense with the 5th and 7th
harmonic filters. In some installations, only damped filters
have been installed.

The a.c. network source impedance can be modelled by
very complex circuits if its dependence upon the frequency is
fo be accurately taken into account. However, this is normally
not justified in stability studies, since resonances are only
likely to occur at low frequencies. Therefore the a.c. system
was simply represented by an e.m.f. in series with an impedance
Z, = RS + jXS.

Since RS<< XS, the value of Xs at the fundamental frequency

w, is given by

_ 2 2 _ _ n
Z =R+ X=X = (3.89)

S
sSC

where Ssc Is the short-circuit power (MVA)} and Un the rated

voltage (kV¥) of the converter busbar.
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Damping is provided by the resistance RS. A usual measure
of the damping is given by the impedance angle ¢ which for
the fundamental frequency ranges from 80° to 85°.

X

5
fany = ﬁ; (3.90)

The value of Rs is set fo yield the specified impedance

angle at the rated frequency:

X

_ s
Ry = oy | (3.9

For a rectifier station fed solely by a generating plant
with little local load, an angle of 85° is normal ly adequate.
For an inverter station with a substantial load in its
vicinity, an angle of 75° gives, in general, enough accuracy.

Unlike the a.c. network, the impedance-frequency
characteristic of the filters can be accurately calculated.
For a ftuned filter (LCR series arm) the relevant parametfers

are:

i) The characteristic frequency

P (3.92)

© 2my LC

ii} The characteristic impedance

L (3.,93)
xo =Jb

ii} The quality factor Q

X

Q = 2 (3.94)
R

The same parameters define the impedance of a damped

filter, however in this case the quality factor is
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(3.95)

From ‘the knowledge of the impedance characteristic of
the a.c. network and filters, it is possible 1o derive an
-equivalenf circuit for each harmonic, as shown‘Tn f?g 3.17.
For the harmonie 'n' the relationship between the cﬁrrenT
injecfed by the converter and the current which flows in the

a.c. system is

A | " (3.96)

where Z_ o 'S the combined a.c. network plus filters impedance.

-

The busbar voltage is accordingly

vV o=E fn -z | o (3.98)

n n —m——m— acn n _ _
where En Is the harmonic e.m.f. of order 'n' imposed by the
a.c. system. 1f the” a.c. source e.m.f. does not contain

harmonic "n', equation (3,98) reduces to

v =-Z I , (3.99)

Equation (3.98) or (3.99) enables the calcglafion of the nth
~ component of the converter busbar volfage, once the nth

harmonic of the converter a.c. current is known-.

. =5 . 'ZS . _
AV == 7y o= =0 C(3.97)
=
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Fig. 317

c ‘
an

A.C. system plus filter equivalent for harmonic n
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3.7 Conclusions

In This chapter a mathematical model for a converter system
was presented, with a view fo the calculation of the describing
function. For this reason, the input control veltage consists
of a static component plus a modulating signal of arbitrary
magnitude and phase, and a frequency which is either a harmonic
or sub-harmonic of the a.c. system frequency.

Computer subroutines To calculate the firing instants were
developed for individual phase (IPC), pulse frequency (PFfC)
or pulse phase (PPC) control systems. This calculation
requires the previous knowledge of the busbar voltage zero
crossings with ar5i+rary unbalance or distortion.

The commutation angle is calculated under the most
general conditions, namely a.c. volftage unbalanced and/or
distorted and taking into account the influence of the direct
current harmonics. The latter was however found To be small,
not justifying the expense of an increase in computation time
by a factor of up fto 80.

Cnce the firing instants and commutation angles are known
for each valve of the converter, the d.c. output voltage and the
a.c. current can be mathematically described. The waveforms
are made up of several sections, the transition from cne to
the other occurring at the firing instant and at the end of
coﬁmu+a+ion. Being periodic, these waveforms can be expanded
in Fourier series, the harmonic.analysis being the objectT of
Chapter Four.

H.v.d.c. converters normally cperate on a twelve~-pulse
mode, which is accomplished by connecting two converters in

series on the d.c. side and feeding Yny and Ynd transformers
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respectively. Care has to be taken in modelling the converter
transformers, in particular the Ynd connected type, since it
inTroduce; a phase shift which is dependent upon the sequence
of phases of the a.c. voltage.

The d.c. system was modelled by the nodal equaTions{ the
d.c. current harmonics injected by the converter being calculated
by Kron's reduction. This technique wili al low easy expansion
into the multiterminal case.

A simple equivalent was assumed for the a.c. system source
impedance, since the main emphasis is on the comparison of
theoretical predictions with simutator resulfts. |In the computer
program, however, more complex representation of the a.c.
system can be easily infroduced if the relevant data are
available for the particular a.c. network. Since this is not
generally the case it was decided not to enhance the a.c.
system representation beyond the simple T-section, which is
generally accurate enough for the range of frequencies of

intferest in converter stability studies.



Chapter Four

HARMONIC EVALUATION

4,1 Introduction

As was pointed out in section 3.3, the converter transforms

a set of three phase voltages into direct voltage, which
comprises a constant term plus a number of harmonics of the
a.c. frequency. On the other hand, from the current point
of view, the converter transforms a d.c. current, defined by
the d.c. voltage and the d.c. system impedance, into a set
of three phase currents which are injected into the a.c.
network. These currents contain a ferm at the fundamenftal
frequency and a number of harmonics.

If the three phase a.c. voltages are balanced and
undistorted and the firing pulses are equidistant, the order
of the harmonics is determined Ly the pulse nuibeir 'p' of
the converter. These so-called characteristic harmonics

are of order

I kp
on the d.c. side, and

h =kp = |

a7
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on the a.c. side, where k is an integer ranging from | to
infinity.

The amplitude and phase of the characteristic harmonics
in relation fo the fundamental depend on the firing angle
and the commutation angle.

In practice the a.c. busbar voltage exhibits always a
measure of unbalance and/or distortion. Also an unbalance of
the converter transformer réac+ances is To be expected. The
firing of the valves cannot be exactly equidistant, since even
with modern control equipment, the tolerance for the firing
instants is 0./ To_O.Z degrees.

These three factors result in the generation of
uncharacteristic harmonics. Since the harmonic filters are
tuned for the characteristic harmonics and it Is not economical
to install filters for all the uncharacteristic harmenics,
these are injected into the a.c. system. While their amp!itude
is small, there is no reason for concern; however, under
certain circumstances they could be magnified aiving rise to
unacceptable operating conditions. This phenomencon named
harmonic instability is likely to occur when the converter is
under closed-loop control and will be dealt with in Chapter
Five.

In the present chapter, a method is presented which
enables the calculation of both d.c. and a.c. harmonics with
arbitrarily distorted a.c. voltagés, non-equidistant firing
instants and unequal transformer reactances. The input
control voltage can either be constant or modulated by a

sinuscidal signal with a frequency ktuo. The Fourier expansion
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coefficients are calculated analytically from the waveform
description of the d.c. voltage and a.c. current established

in section 3.3.2.

4.2 'D.C. voltage

4.2.1 'Mathematical description

To calculate the harmonic content of the d.c. voltage i+t
is nécessary to define a function which can describe the d.c.
voltage waveform. As was pointed out in section 3.3.2 this
waveform comprises, for each valve, ftwo sections, named
commutation section and full conduction section, which are
described by equations (3.59; and (3.60) respectively. The

function Vdit%j can therefore be written as follows:

.dli .dld

(VI_VK) - (Riii+ Li dt ) - (Rkid+ Lk gt )

= . . ei<m0+< CERUP (4.1)

di 4

- (Li+'L Y T

V=V, ) = (R,+ R Rl

Wiy

8. +u, < w1 <8
i o

i k

BT is the firing angle of a particular valve, in the main
reference domain; u; is the commutation angle for that valve;
8 is the firing instant of the next valve to conduct.

As in a six pulse converter there are six valves; six
functions of the type of equation (4.1) can be defined, each

function representing the contribution of a particular valve

for the d.c. voltage. |f the a.c. voltage is unbalanced or



distorted or the firing instants are not equidistant, the
contribution of each valve is different. On the conTréry, for
balanced a.c. voltages and equidistant firing, the contributions
are equal, resulting in a periodic waveform; with a period of
/6 the a.c. voltage period. In the general case, the period
is the same as that of the a.c. voltage, i.e. the lowest
harmonic is at frequency W

An excépfion to this rule does however occur if the firing
angle for a particular valve is not the same after 21r/¢¢0.
This can occur if the frequency of the control voltage
modulating signal w is not a mulfiple of the a.c. voltage
frequency wo. In this situation the fundamental frequency
for the Fourier series expansion has to be the maximum common
divisor of W and W since these must be terms in the

expansion containing W and w e Assuming that

W =Ew {(4.2)
m q o

the fundamental frequency for the Fourier expansion is

w w
m _ Q
mfund = —p—— = ——q {4.3)

The reference for the calculation of the harmonics is
taken as the firing instant of valve |, which was also used in
the evaluation of the commutation angle (section 3.3.1).
Although this choice involves in some cases changes frém the
main reference, the overall balance is positive due to
considerable simplifications in other instances.

Equation (4.1} can be rewritten in the new reference

as

|00



Vik ~

where 9] i

=X
L]

Vi and
To the main
referred to
by equation
In the

becomes

where

)

d

(Rk|d+ Lk g+ ) o+ - (g e e|l< “b+‘< ( 0" gl) + U,
(4.4}
A.did . . . .
. —— . - < W < -

Rigig* Lik ot ! R R L P
s the firing instant of valve ! and
Ri + Rk (4.3)
LT + Lk (4.8)
VT - Vk (4.7

diI
"(Ri|i+ Li e ) (4.8)

Vk are defined by equation (3.1) and are referred

reference; i, is given by equation (3.42) and is

d
the valve | firing instant reference; Ii is given
(3.54), referred to the firing instant of valve 1i.

valve | firing instant reference, equation (3.1)

p
Vi sin Chu t+ ¢, +h0)) (4.9)
h=|

P

P
V.-V, - é 5, sinthu t) = ) C cos (hu D

I h=|

(4.10)
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= 8 - 8
Sh Vih cos L ¢ih + h [) th cos ( ¢kh+ h [) (4.11)
= i 8 - i 8
Ch Vih sin ( ¢ih +h [} th sin ( ¢kh+ h l) (4.12)
The commutation current ii must alsco be the oblect of a
change of reference. Both ii and Vp are only defined in the
interval
8. <w t+ <0, 4y, : (4.13)°

i o) [ [
Gi and Gi * u, are defined in the main reference. In the new

reference, equation (4.13) becomes

< B
Bx < uJo-I- oty (4,14)
where
8§ = 8, - 8 (4.15)
X ; I
When expressed by equation (3.54}, i] is enly defined in the
interval
0 < w+' < u, (4.16)
o i

From equations (4.14) and (4.16) the relation between t+ and t!

can be established

wt' = wt -8 (4.17
o o X
or
+1 = + - + ‘ (4.18)
X
N:
+ = X (4.19)
X UJO

>

By substituting in equation (3.54} 1t by t-tx and mo+ by mo+ -BX

the commutation current ii is obtained in the new reference as



P Ut /T, . o -he )
+ -
+ SIhSIn(hmo ¢|h Bx]+

~r-t )T,
+ §,gsinCle + o+, -8 ]

g
+ 2: [X22 e
=)

Substituting equation (4.20) into eguation (4.8) the

expression for Vic’ the. voltage drop in the transformer

103

~(=1 /T,
Ylﬁl—e ©

(4.20)

impedance due to the commutation current, can be ob¥ained .

as
—(+—+x)/Tio p
Vig(ty =We + ZE [ M, cos(h w t) + N,
h=]
ny '
2 -
+ zz' [MZE cos ( wof) + N2 SIn(Emofﬂ + ki
L=
where
LI
-
RI T. Ri
io
p N
W =R, X - X
(> i 1; 24)
h=1
K. = -R, Y
i i [
6|h - ¢Ih - h ex
“20 ta T lex
Mlh = -(h wo Li Slh cos alh + Ri SIh sin Glh)
M22 = r(lmo Li 322 cos 62£ + Ri 822 sin 622)
NJh = (h wo Li SIh sin Glh - Ri SIh cos Glh)
N22 = ( xwo Li 822 sin 621 - Ri 522 cos ng)

sin{h wofﬂ +

(4.21)

(4,22)

(4.23)

(4.24)

(4.25)

(4.26)

(4.27)

(4.28)

(4.29)

(4.30)



and now defines
di

o d
.dfd
Vikd = Rik ld + Lik-a—- (4.32)

By substituting the expression for id’ referred to the
firing instant of valve !, given by equation (3.42), one

obtains

i _
Vg = Rely * Z (RkFE -gmoLkGﬂ) sin (gw 1)
2 =1

n

d
+ Z (RkGZ + slmol_kFg) cos (2w _t) (4.33)
% -
and
N4
vikd = Rikld + Z (RIsz - R.wOLisz)sm(Zwoﬂ
%=1
AL
*S (R & *tu L, F) cosClat) (4.34)
2=
where
Fo = Idg COS ¢ 4, (4.35)
G = lg,sin 4¢ (4.36)

Equations (4.10), (4.21), (4.33) and (4.34) fully describe the
contribution of valve i to the d.c. voltage waveform. Eguation

64.4) ban now be written in the form

V., =V 4 Vic (Bi— BL)< QDT < (Bi - BI

)y o+ u. (4.37)

{(8,- 8,) +u,<wt <(8 - 8, (4.38)
i 1 i o Kk ]
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Equations (4.37) and (4.38) are valid for the odd numbered
valves only, i.e. the valves connected to the positive pole of the

converter. For the even numbered valves, V and Vic must

ik
have their sign changed, as the following reasoning will
show.

Fig 4.1 shows a 3-phase bridge during commutation of two .

even numbered valves (compare with, fig 3.7). The following

equations apply in this case:

did
Vd = -Vpn + Vk - Rkld - Lk 4t (4.39)
e -
Von = Vi T Rl g L= Ve Y (4.40)

Substitution of equation (4.40) into (4.39) yields

diCI

Vd = Vk - Vi - Rkld - Lk at Vic (4.41)

Taking into account equation (4.31),

vV = = - -
p Vik de V. (4.42)

Vd = -VTK -‘Vikd (4.43)

Assuming at this stage a modulating signal with a
fregquency multiple of the a.c. system frequency, the fundamental
frequency of the d.c. voltage is w - Therefore one period of
Vd(T) can be partitioned into six sections, each in turn
comprising two sub-sections, as shown in Table 4.1. 1f the

fundamental frequency was mo/q, the number of sections would be



Fig. &1

- Rk Lk Iq
@ A—T—b; —
Vi
- R L, i

3 - phase bridge during commutation of even - numbered valves
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6q. In this case the reference for the harmonic evaluation would
be the first firing instant of valve | within the repetition

period.

Table 4.1: D.C. Voltage Deécomposition

Section | Time Limits ... Fquatfion
0 < ut < u 6, =0  (4.3D

U et < Bm 8 o (4.58)

, 62— Bi < wo'r < 62- 6|+ Uy BX = 82— GI (4.42)
D0 Bty et < 8= By L (4.43)

. 63- 8, < Wt <828 +ug |8 =0,-0 (4.37)
6'3— 91+ us < mo‘[' < 84- 6[ (4.38)

) 6,- 6, < wt<8,-8+u |6 =006 (4.42)
6,7 8+ uy < uf<0.-0 (4.43)

i 8- 8, < wt< 8,06+ ugl o =66 (4.3
95—e|+ Ug < wo+ < 66- Bl .(4'38)

; 867 8| < gt < gm0 s O = %~ 8 (4.42)
........... 0 v ug < wt < 2w 4 443




4.2.2 'Fourier Series Expansion

The d.c. voltage can be expanded in Fourier series:

>
N8
M&

- .2
Vd(T) =3 + An cos ntuOT +

anh1nw0+ (4.44)
n=1i =]

where An and Bn’ the Euler-Fourier coefficients, are given by

= "'IT V M -
(mOT Y.
(2T .
a
3
An T Vd(f) cos h wOT dt (4,45)
/0
w. (2T
B - —Tﬂ V,(H) sinnw + df (4.46)
]O

Alternatively

oo
= Vv i
v, vd+z gesin e t+y 00 (4.47)
2=
where
A, |
Vy = (4.48)
2 2
de'\[’”‘n + 8 | (4.49)
¢ = tan | “n (4.50)
de B y

Since Vd(T) is piecewise defined, equations (4.45) and (4.46)

develop into

.r
w +| 2

_ 0
An =T
0 ’ TI

2T

+ Vdn(T) COS h w0+ dt (4.51)

—+,

V,  (t cos nw Tt dt + V () cos nw T df + ...
dl o) d2 o-

108



109

T .
W
- : ;
Bﬁ-T le('l‘) Slnnwo'l' dt + de(‘[‘) snnnwo‘l' dt + ...
0 T
2T
+ 3
N Vdn(T) sin n w_t dt (4,52)
n-! :
|
!
_ where the integration |imits Ti -0 Ti define the interval !
during which valve | is conducting. For this valve, the |
corresponding ferm in equation (4.5!) is
t, f;
Ani = Vdi(f) cos n wof dt = (Vik - de + Vic) coS n wOT dt.
+. t. -
! i1
T
+ (Vik - Vikd) cos n wo+ dt (4,53)
1
1-i
and in equation (4.52)
Ti T;
Bni = Vdi(f) sin nlﬂof dt = (Vik - de + Vic) sin ncnof dt
t.
P=1 =1
Ti
+ (Vik - Vikd) sin nwo’r dt (4.54)

t
|

The evaluation of the Euler coefficients therefore requires

the following integrals:

.I.

b
. Vik cos ncuof dt (4.55)
a
*b
Vik sin ntnOT d+ ' {(4.56)
s .




b
,_ cos nWw t+ gt (4.57)
ic o)
+ .
a
Tp
ViC sin ntuo+ d+ (4.58)
-1.
a
T
. de cos n wOT d+t (4.59)
a
Ty
de sin n wof dt (4.60)
.|.
a

where +a and t_ are general limits of integration. There is no

b

need to define the integrals containing Vikd’ since Vikd and
de are of the same form (see équaTions (4.33) and (4.34)), with
only different parameters.

The integrals (4.55) through (4.60) can be calculated by
inserting equations (4.10), (4.21) and (4.33) in the appropriate
cases. Each integral has to be evaluated for n ranging from
zZero +o‘+he maximum number of harmonics considered in the |
calculation. The latter was assumed to be 30 in this work, both
on the a.c. and d.c. side. Evaluation of the integrals (4.55)
to (4.60) are shown in Appendix D.

_Equafions {(D.i) fthrough (D.31) together with the integration

limits defined in Table 4.1 allow the calculation of the

110




coefficients An and B of the Fourier expansion, from which

parameters V,, V. and wdn (equation (4.47)) can be.obtained.

dn
In fig 4.2 a flowchart for the computation of the d.c.

voltage harmonics Is préesented. Variable Kl is a key which
indicates whether the contribution to the Euler coefficients
is Eeing calculated during a commutation perfod (K1=0} or
during a full conduction period (Kli=!). It should be noted
that the contribution of }nfegrals (4.55) fo (4.58) for the
coefficients An and B, is positive for the odd-numbered valves

and negative for the even-numbered valves, as shown in section

4.2.1.

4.3 'A.C. Current

4.3.1 Mathematical description

As for the direct voltage, the harmonic evatuation of the
converter alternating current reguires a mathematical
description of its waveform. As was shown in section 3.3.2,
three periods can be identified in the a.c. current waveform,
namely: 1) Full conduction period described by equations
(3.61) and (3.62); i} Commutation period, described by
equations (3.63), (3.64) and (3.65); and 11i) Non-conduction
period, described by equation (3.66).

In fig 4.3 the three phése a.c. line currents are
represented. Eéch current can be divided info six sections,
the beginning of commutation defining the borderline between
the sections. Section | is initiated at the commutation from

-phase B 1o R, section 2 at the commutation from phase Y to B,

and so forth.
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Each of these sections can be decomposed into two
subsections. In the first, two of the valves are tn a
commutation period and a third valve is in a full conduction
period; i.e. three valves are conducting. In the second, #two
valves are in full conduction and the others are in a non-
conduction period. Table 4.2 gives a full descrip%ion of the
a.c. current waveform decomposition.

The firing instant of valve | is Taken as reference as

previously in the calculation of the d.c. voltage harmonics.

In Table 4.2, ii(f) stands for the current in the Incoming valve,

io(f) for the current in the outgoing valve, and i (1) for the

d
direct current. For the odd-numbered valves (see Fig 3.7},

(4.61)

(4,62)

As can be seen from Table 4.2, the current in the outgoing
valve io(+) is invariably calculated from equations (4.61) or
(4.62) as a function of ii(f) and id(T), an explicit expression
not being necessary. ii(+) and id(T) are given by equations
(4.20) and (3.42) respectively.

Equation (3.42) can be rewritten as
n
, d
MOIENNDY (L; sin guf + M cos pu ) (4.63)
g=1

where

ds cos 04 g (4.64)

=
n

sin ¢ (4.65)

4 d& df

114



The six sections and respective sub-sections in Table

4.2 are as defined in Table 4.1, with respect to the calculation

of the d.c. voltage harmeonics.

Table 4.2: A.C. Current Decomposition
Secfion_ _Time LTmiTs iR TY iB
| 0 « mo+ <y ii —iy id-l
| up < wOT < 8,7 8 id -Id 0
a ,= 9 <t%+< 6,~ 8y+u, id —i-“ ii
05~ 8)*u, < wOT < 6= 6 id 0 —Td
X O3~ 8 < ot < Oy 9jvug et T Ty
93- B|+u3 < mo+ < 644 el 0 Id -|d

. 84- BI < w0+ < 84— Ell+u4 i Td -Id-i.

64- B|+u4 < mo+ < 65- e[ —id id 0
; b5~ 0 < w T < 65~ 8)%Ug —id id-it s
85- e|+u5 < wgt < 8- e[ =i 0 id
6 % & T et E.'5" ° v e T
96- 9|+u6 < w o< 2w 0 ~i g id
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4,3.2 Fourier series expansion

The a.c. current can be expanded in Fourier series as

A Do
) =2+ ) A Cosnw'I'-f% B sinnuw t (4.66)
a 2 n o) n o)
n=l n=|
where
wO(ZT
A = = i (t)Y cos nw T dt . (4.67)
n [ a o)
Jo
g 2T
B = — i (+) sin nw T dt (4.68)
n T a : 0
0

Alternatively

0o
1a(1') = !a + hz=| lah sin (h wo'f' +tpah) (4.69)
where
Ao
|a - 5= (4,70}
_ 2 2 '
' -fAn + B (4.71)
-1 An
¥ ah = *an (EE) _ (4.72)

According to Table 4.2, [a(T) (a=R, Y, B) can be expressed as
a function of ii(T) and id(T). The calculation of the Euler

coefficients A and B therefore requires the evaluation of

the integrals

*b

ii cos ntnof dt (4.73)
~i-a
Th

ii sin ntuo+ dt (4.74)
1—

16
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+b
by cos n wOT dt (4.75)
+ *
a
Ty
id sinnw T dt (4.76)
O .
+
a

which are developed in Appendix E.

Equations (E.I} and (E.22) together with the time limits
defined in Table 4.2 are sufficient to calculate the coefficients
An and Bn of the Fourier series, from which the parameter
Ia’ Ian and wan can be obtained.

In fig 4.4 arflowchar+ for the computation of the magnitude
and phase of the a.c. current harmonics is presented, assuming
a fundamental frequency equal to the a.c. system nominal
- frequency.

In the f1owchart variable Kl has the same meaning as in
fig 4.2 (0 for commutation period, | for full conduction
period). The contributions of ii and id to the Euler
coefficients (integrals (4.73) to (4.76) are assigned to phases
R, Y and B current according to Table 4.2,

The computer routine based upon this flowchart evatuates
the harmonics on the valve side of the converter transformer.
Therefore a consfan+ term may occur under some c¢ircumstances,
‘which will cause the saturation of the transformer core. The
hafmonics on the busbar side can be calculated using the
symmetrical component approach, as pointed out in section
3.4. On this side, the constant term of the current cannot

exist since the transformer is a filter for zero frequency.
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A number of simplifications can be implemented on the
calculation of both d.c. and a.c. harmonics which afford
reduction of computer times without appreciable loss of

accuracy. This matter wil! be discussed in the next sections.

4.4 Sfeady-sféfe analysis of an h.v.d.c. link

Tne non-iinear converter model deveioped 1n Chapter Three
and the harmonic calculation presented in this chapter enable
the calculation of all quantities of interest for a biterminal
h.v.d.c. link Tn the steady-state. The d.c. system is assumed
to be operating in open-loop, i.e. without current controi,
the input control voltage being constant., Ifs value is set
to a level which yvields the desired firing angle in the steady-
state. |f there is imbalance and/or distortion in the a.c.
voltage, the firing angle is not the same for all valves
(although the interfiring period may be constant with PPC or
PFC firing systems, but not with IPC), the average value is
made equal to the desired value.

The degree of imbalance’and/or distortion of the a.c.
bus voltage can be set at will, on both rectifier and
inverter ends. !f the a.c. system is assumed to be infinite,
the imbalance/distortion imposed will not be changed throughout
the calculation. Oﬁ the other hand, for a finite a.c. system,
the finmal pattern of distortion in the a.c. bus is different
from the initial assumption, due to the voltage drop caused.
by the a.c. current harmonics in the source network impedance.
In this case an iterative process is necessary, since the

voltage drop is not known a priori.
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The computer program accepts as data

- Three phase-to-neutral a.c. bus voltages, fundamental
component (magnitude and phase); both on the rectifier
and inverter énds.

- Up to 30 harmonic components of the a.c. voltage generated
by the a.c. supply systems.

- Nominal firing angle of the rectifier.

- Nominal extinction angle of the inverter.

- Converter transformer impedance.

~ Converter *transformer voltage ratio.

- Transmission line parameters.

- B.C. filter parameters.

- A.C. filter parameters.

D.C. current.

and yvields results

- Voltage zero crossiﬁgs of the commutating volfages.

- Firing angle for each valve and average of six valves.

- Firing instant for each valve.

- Commutation angle.

- D.C. current harmonic content.

- A.C. current fundamental component and harmonic content on both
sides of the converter transformer.

- A.C. voltage fundamental component and harmonic content on

the converter busbar (if a.c. system is finitel.

4.4.1 Infinite a.c. systems

The case where both rectifier and inverter a.c. system
are infinite will be dealt with in this section. Due to this
feature the a.c. bus voltages are constant (fundamental and

harmonic), irrespective of the operating conditions.
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The calculation is particularly simple under these
conditions because no iterative process is required fo adjust
the a.c. bus voltage. However, since the commutation angle
and the d.c. voltage harmonics are dependent upon this d.c.
current harmonic content (see figs 3.8 and 4.2), which is not
known a priori, an ifterative process is, in principle,
necessary to calculate these quantities.

A fiowchar+ is presented in fig 4.5 for the steady-state
calculation of the d.c. link with infinite a.c. systems. The
inverter is simulated by a fixed e.m.f., its equivalent
negative resistance due to commutation being included in the
d.c. line resistance. Since the d.c. current is imposed and
the rectifier volfage constant term is not known a priori
(it depends on the commutation angle), the inverter e.m.f.
is allowed to vary from {teration to [teration until
convergence is achieved.

As_was pointed out in section 3.3.1, the iterative process
is slowly convergent and greatly increases the computation time.
Fortunately, fthe influence of the d.c. current harmonics on.
the commutation angle is small and can be disregarded without
appreciable error, Its influence on the d.c. voltage is,
however, sizable, due fo the voltage drop on the transformer
impedance. Taking again Test System |, represented in fig
3.9, the results obtained for the d.c. current harmonics
with and without a modulating signal at 50 Hz are shown in
Tables 4.3 and 4.4 respectively.

To reduce the excessive computing time resulting from

the iterative method, an approximate non-iterative method was



122

START

1

calcuiate voltage
zero crossings

Caiculate
firing angles

]
Let
i (1) = Iy goc

|

Calculate
commutation
angles

Calculate d.c.
voltage constant
term and harmonics

Caiculate d.c.
current harmonics

Harmonics Ul:‘ii’:i :tc
converged harmonics

&

Calcujate a.c.
current harmonics
on both sides of a

converter transformer

1
END

Fig. &5
Steady - state calculation of d.c. link.
Infinite a.c. systems.




modulating signal)

Converged values

Magnitude Phase (deg)
(KA)
0.02680 -145.50
0.00397 -177.00
0.00075 107. 19
0.00074 2.24
0.00080 -44.,28

D.C. Current Harmonics (modulating signal at 50 Hz)

Table 4.3: D.C. Current Harmonics (no
First T+eration
Harmonic  Magni+ude Phase (deg)
Order (KA)
6 0.03198 -149.00
12 0.00472 150.00
|8 0.00083 99.74
74 0.00093 . =9.04
30 0.00103 - =53.67
Table 4.4:
First iteration
Harmonic  Magnitude Phase (deg)
Order (KA)
I 0.03633 137.50
2 0.00151 96.70
3 0.0002! -173.50
4 0.00650 -147.50
6 0.03154 -129.30
7 0.00423 -124,80
8 0.00050 40.67
9 0.00012 -167.10
10 0.00056 -163.20

Converged values

Magnitude Phase (deg)

(KA)
0.03073 143.10
0.00130 101.56
0.00020 =177.20
0.00102 -152.08
0.02638 -128.21|
0.00385 134.00
0.00047 44.50
0.00010 -164.40

0.00045 -165.80
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devised which yields resultfs very close to the former. The
internal resistance and inductance of the converter can be
averaged and located external ly to the converter in series with

the d.c. current. Denoting by R+ and L+ the transformer

resistance and inductance per phase, the internal resistance

and inductance of the converter change from-é R, and é-L

7 Sl R

when three valves are conducting (0 <m0+<'u°) to 2R, and 2L

T +
when fwo valves are conducting e m0+<&%). The average

values are consequently:

03 + (T -u") 2R

u" =R T
R = 2t 3
av "
3
o}
- - ou
2R+(l o ) (4.77)
and simi larly
_ 3u°
LaV = 2L+(I I ) (4.78)

R+ and LT should be interpreted as mean values if They
are di fferent for the three phases; the same applies to uo,
if di fferent for the six valves.

For +he same conditions as in Table 4.4 the results of
the calculaTién using the approximate method are compared in
Table 4.5 with fthe converged values of the exact method. The
di fference in the amplifude is only about 0.5%; the computing
time 1s reduced by a factor of 80. The benefits of the
approximate method are so obvious that it will bé systematically

used throughout this work.




Table 4.5: D.C. Current Harmonics {modulating signal at 50 Hz)

Exact method Approximate method
Harmonic  Magnitude Phase (deg) Magnitude Phase (deq)
Order (KA) (KA) '
I 0.03073 143,10 0.03056 136,95
2 0.00130 . 101.56 0.00127 85,78
3 0.000z20 -177.20 0.00017 =-173.73
4 0.00102 -152.08 0.0010| ~147.65
5 0.00528 -146.83 0.00546 -142,63
6 0.02638 ~128.21 0.02652 -129.44
7 0.00385 134.00 0.00356 134,73
8 0.00047 44,50 0.00042 40,62
9 0.00010 - 164,40 0.00010 -167.20
10 0.00045 -165.80 0.00042 -165.20
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In Table 4.6 to 4.10 the results of selected calculations
are shown for Test System 2 represented in fig 4.6, with the
following parameters:

D.C. voltage per bridge at rated current 250 kv

Rated d.c. current 2 kA

Converter transformer

Rating : 501 MVA

Copper loss 2500 kW

Voltage ratio 400%|5%/209 kV
Nominal firing angle (rectifier) 15°
Nominal extinction angle (inverter) 18°

Smoothing inductor (per station)
Resistance 0.3258
Inductance 0.5 H

Transmission line

Length - 800 km
Resistance 10 @
Inductance . 0.48 H
Capacl tance . 23-28u F

The d.c. line has a resonance at 50 Hz 1f the capacitance
is 27.38 WF. For the range considered the resonance varies
between 54.5 and 49.5 Hz.

Table 4.6 refers to the base case with balanced and
undistorted a.c. voltages, yielding the chéracferisfic
harmonics both on the d.c. and on the a.c. side. Only one
six—pulse converter is assumed Yo be in operation.

In Table 4.7, 1% second harmonic distortion with positive

sequence was assumed on the a.c. busbar. A ‘component at the
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Data a.c. busbar voltages

PHASE R PHASE Y PHASE B

Order KV DG KV, DG KY DG
! 230.94 O 230.84 =-120.00 230.94 120.00

D.c. voltage constant tarm (KV) 250.32
D.c. current constant +erm (KA) 2
D.c. current harmonics

Order KA DG
6 0193 164.82
12 0036 -8.14
18 .0029 -100.57
24 L0008 [66.22
30 .0006 -9,23

A.c. currents - busbar side

PHASE R PHASE Y PHASE B
Order KA DG - KA DG KA DG
! [.1469  -26.40 1.1469 213.60 I.1469 93.60
5 .2076 46.94 .2076 166.94 2076 -73.06
7 1234 -3.99 1234 236.0l 1234 I16.01
I .0520 65.11- .0520 185. 11 .0520 -54.89
13 .0330 9.48 .0330 249.48 0330 129.48
17 .009! 42.65 .0091 162.65 0091 =77.35

Table 4.6

Base case s.c.r. =0o
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Data a.c. busbar voltage

Phase R Phase Y Phase B

Order KV DG KY DG KY DG
| 230.34 0  230.34 -120° 230.34 +120°
2 2.3 0 2.3 -120° 2.3 +120°

D.c. voltage constant term (KV): 250,32
D.c. current constant term (KA}: 2

D.c. current harmonics

Order KA DG

{ . 1182 85.71
5 .0005 -39, 7|
6 0194 164.83
7 . 0005 -159.67
11 . 0002 137.51
4 L0037 -8.19
13 .000| 77.66

A.c. currents - busbar side

Phase R Phase Y Phase B
Order KA - DG KA DG KA DG
I 1. 147 -26.,39 1.147 213.60 1.147 93,61
2 L0349 -80.99 0349 159,01 .0349 39.00
4 005 64,85 L0051 184.88 L0051 =55.13
5 2077 46.99 .2077 166.96 .2078 -73.04
6 .0097 -21.45 .0049 115.42 .0070 186.83
7 L1237 -3.,98 . 1235 236.01 . 1236 116.08
8 . 0045 257.32 .0045 147.28 .0045 27.27
10 0016 14.05 .00l6 134,21 .00i6 254.18
Il L0523 65.17 L0321 185.13 L0522 -54,99
12 . 0037 -55.70 .0023 106.61 L0016 150.36
13 .0332 9,26 L0331 248,4] .0332 129.51

Table 4.7

Second harmonic distortion, positive sequence

S.C.I'. =@




fundamental frequency is obtained for the d.c. voltage,
yielding a corresponding large d.c. current due to the line
resonance. On the a.c. side, besides the characteristic
harmonics, all the even harmonics are ob+ained..

!'f the second harmonic on the a.c. busbar has negative
rather than positive sequence, as shown in Table 4.8, the
harmonic pattern is profoundly affected. On the d.c. side, all
triplen harmonics are generated, but not a component of the
fundamental frequency. On +the a.c. side all haémonics but
triplens are present. The difference between this case and
that of Table 4.7 is of great importance on the system
stability, as will be shown later.

in Table 4.9 imbalance both in amplitude (I%) and phase
(2%) was assumed for the fundamental component of the a.c.
voltage. This means that there is both a negative and a zero
sequence. The latter is, however, of no importance, since it
is filtered out by the converter transformers. The harmonic
pattern is in this case as follows: on the d.c. side all
even harmonics are produced; on the a.c. side the characteristic
harmonics together with the multiples of three are generated.
Of particular interest are the 3rd and 9th harmonics, the
other unchéracferisTic harmonics being of rather smal |
amplitude.

The addition of a #10% imbalance in the converter
fransfo}mer impedances does not change the harmenic pattern,
although it does contribute to the magnification of the
uncharacteristic harmonics. This is shown in Table 4.10, which

shows the results of the steady-state calculation with
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Data a.c. busbar voltage

Phase R Phase Y
Order KV 0G KV 0G
! 230.94 0 230.94 -120
2 2.3 0 2.3 120

D.c. voltage constant term: 250.32
D.c. current constant term: 2

D.c. current harmonics

Order KA DG
3 .0046 -74.08
6 L0194 164.83
9 .0C03 -167.48
12 0037 ~8.19
13 .0001 37.24

A.c. currents - busbar side

Phase R FPhase Y
Order KA DG KA DG
1 1.147 -26.41 1.147 213,
2 L0048 -63.55 .0048 56.
4 0025 267.23 .0025 147,
5 .2076 46,93 .2076 166.
7 . 1234 4.00 L1234 236.
8 L0027 -2.15 L0027 77
10 0024 259.05 .0024 |39
It .0520 65.11 .0520 185,
13 .0330 9.49 L0330 249,

i iy - A (=]
Table 4.8

Second harmonic distortion, negative sequence

5.C.r. =00

59
45
23
93

.85
.05

I
49

Phase B
KV DG
230.94 120
2.3 -120
Phase 8
KA
1.147 a3.
.0048 | 76.
L0023 27.
2076 -73.
. 1234 | 16.
L0027 |97.
.0024 19
.0520 -54,
.0330 129.

bG

59
45
23
o7

85

.05

89
49
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Data a.c. busbar voltages

A.c.. unbalance in amplitude and phase

5.C.I'. =00

Phase R Phase Y Phase B
Order KV DG KV DG KV DG
{ 230.94 0 228.64 -118 230.94 120
D.c. voltage constant term (KV) 249.4
D.c. current constant term (KA) 2
D.c. current harmonics
Order KA DG
2 .0082 120.77
4 L0010 37.20
6 L0183 164.56
8 . 0004 57.33
[0 . 0062 -67.16
12 L0037 -8.83
A.c. currents = busbar side
Phase R Phase Y Phase B
Order KA DG KA DG KA DG
[ 1.143 -25.91 |.146 214,44 1.151 94,14
3 L0002 [41.25 L0054 - 121.74 . 0056 -657.45
5 .2082 49,32 .2094 170.65. .2046 -69.72
7 . 1221 -.67 L1219 241.42 . 1258 120.45
9 0014 113.23 L0031 110.76 .0045 -66.46
I 0518 £9.83 L0535 193 0521  -46.81
13 0316 15.29 0323  260.58 .0345 136.93
" Table 4.9



Data a.c. busbar voltages

Phase R Phase Y
Order KV DG KV DG
I 230.94 0 228,64 ~118
D.c. voltage constant term (KV) 249.4
D.c. current constant fterm (KA) 2.
D.c. current harmonics
Order KA DG
2 0126 96.56
4 0007 -140.92
6 .0193 164.64
8 0014 -8.43
10 L0002 -84.39
12 .0037 -8.89
A.c. currents - busbar side
Phase R Phase Y
Order KA DG KA DG
I 1.137 ~25.82 1.151 214.67
3 .010 [05.5] 0027 158.55
5 L2129 49,08 .2049 171.96
7 L1174 A4 L1254  242.85
9 L0092 106.24 L0005  234.90
11 .0545 68,37 .0535 196.90
13 .0290 19,04 .0350 263.05
"TJable 4.10

A.c. voltage plus ftransformer unbalance

s.c.r. =0p

Fhase B
KY DG
230.94 |20
Phase B
KA DG
1.153 83,83
L0118 -64.07
2012 =70.73
. 1265 [18.37
.0089 =71.15
. 0469 -48.46
.0342 132,19
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simultaneous imbalance in a.c. voltage and transformer
impedance.

4.,4.2 Finife a.c. system on rectifier side

|f the a.c. system connected to the rectifier is finite,
the bus voltage has to be adjusted iteratively due to the
voltage drop in fthe a.c. source impedance. The iterative -
process used is the accelerated Gauss method with some
simplificaTions'To reduce the computation time.

In fig 4.7 a flowchart for the calculation of the
steady-state conditions of a two-terminal d.c. link with a
finite a.c. system on the rectifier side is shown. The a.c.
system on the inverter side Is assumed to be Infinite, the
inverter being simply modelled as a back e.m.f. with a value
which yields the specified d.c. current (constant term).

A Gauss-type iterative process is used to adjust the
a.c. bus voltage which depends upon the a.c. current harmonics,
which are not known a priori. Initial values of the imbalance
and/or distortion of a.c. voltage can be specified, as wel! as
imbalance in the converter transformer reactance.

The iterative process is fairly slow, therefore an
acceleration factor was introduced to speed it up. The logic
for the acceleration factor, which is only effective after
the second i+era+ion;.Is as follows:

a. The a.c. vol+age amplitude In iteration 'n' is
compared with that in iteration 'n-1', I[f the .
convergence is monotonic, an acceleration factor is
used; }f the convergence is oscillatory, a

deceleration factor is employed instead.
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b. The acceleration and deceleration factors are
applied separately for each harmonic and each
phase. Its value can be chosen by the user, being
typically 1.4 for acceleration and 0.6 for
deceleration.

c. A protection against divergence is implemented.

1f the mismatch for a particular harmonic [s

gfeafer than the overall mismatch in iteration 'n-i1,
the acceleration (deceleration) factor is set to
unity in iteration 'n'.

In Tables 4.11 to 4.17 the results of calculations are
shown for Test System 2 with variable vatues of the short-
circuit ratio on the rectifier a.c. system.

Tables 4.1| and 4.12 refer fo the base case with a short-
circuit ratio of 15 and 2 respectively. Convergence was
achieved in three iterations for s.c.r. = |5 and four
iterations for s.c.r. = 2. The difference between the results
for both cases is faihly small, %he reason being ‘that the
combined a.c. network plus filter impedance for the
characteristic harmonics is approximately the same in both
instances. Since no imbalance/distortion was assumed, no
uncharacteristic harmonics are generated.

In Tables 4.13 and 4.14, '1% second harmonic distortion
with positive sequence is assumed to be imposed on the a.c.
converter busbar by the a.c. system. Table 4.13 refers to
s.c.r. = [5 and Table 4.14 to s.c.r. = 3, convergence was
achieved in 14 and |7 iterations, respectively. In this case,

as was seen in section 4.4.1, a d.c. voltage component at
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D.c. voltage constant term (KV} 250.60
D.c. current constant term (KA) 2

D.c. current harmonics

Order KA DEG .
6 .0193 164.26
12 .0037 -9.79
18 - L0031 -106.92
24 .0008 162.77
30 . 0006 =-15.34

A.c. voltage harmonics - busbar side

Phase R Phase Y
Order KV DG KV DG
| 230.9400 O 230.9400 -120.00
5 L2770 217.24 2770 =22.76
7 L3131 220.45. 3131 | 00.45
I .0483 236,28 .0483 -3.72
13 0583 141.76 .0583 21.76
17 6846 =74.33 6946 45.67
|9 8279 133,27 .8279 13,27
Table 4.11

Base case s.c.r. = |5

Phase B

) KV DG

230,.9400 120.00
L2770 97.24
31310 -19,55
0483 116.28
0583 216.76
.6946 165.67
.8279 253,27
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D.c. voltage constant term (KV)  250.62

D.c. current constant term (KA) 2

D.c. current harmonics

Order KA DG
6 L0193 164
|12 .0037 -9 )
18 0030 -109 ‘
24 .0008 162
20 .0006 - =15

A.c. voltage harmonics - busbar side

Phase R Phase Y Phase B
Order KY DG Ky DG KY DG
| 230.,9400 0 230.9400 " -120.00 230.9400 [20.00
5 L2763 214,44 2763 =23.56 2763 G86.44
7 3176 219.68 .3176 99.68 L3176 -20,32
11 0482 236,14 .0482 -3,86 .0482 [16.14
13 L0578 141.64 .0578 21.64 0578  261.64
17 .8886 -83.10 .888s 36.90 .8886 156.90
19 L7778 113,73 .7778 -5.27 7778 233,73

Table 4.12

Base case s.c.r. =2



D.c. voltage constant term (KV)

D.c. current constant term (KA) 2

D.c. current harmonics

Order KA

1 0727
5 .0004
6 L0193
/ . 0000
| .0001
2 .0037

|.
|
13 L0001

DG

78.40
-98.65
164.28
170,04
122.86

-9.84
[13.08

A.c. voltage harmonics - busbar side

Phase R
Order KY DG
[ 230.9400 0
2 1.2777 .0l
4 . 1508 183.74
5 L2770 217.27
6 5014 92.68
7 3134 220.46
‘8 .8351 44,97
Table 4.13

250.60

Phase Y
KY 0OG
230.9400 -120.00
1.2776 242,01
. 1508 -56.24
2771 -22.75
L2499 208.04
3132 100.45
.8354 =75.07

Second harmonic distortion, positive sequence

S.C.I's = |5

Phase
KV

230.9400
1.2776
. 1507
2772
.4544
L3133
.8347

B
DG

120.00
121.02

63.76

97.25
-57.52
=-19.51
164.93
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D.c. voltage constant term (KV) 250.61
D.c. current constant term (KA) 2

D.c. current harmonics

Order KA DG

I .0B32 35.53
5 0014 -86.17
6 .0194 164.32
7 0014 -177.8I
[ L0005 148.86
12 0037 -10.19
13

.0003 71.66

A.c. voltage harmonics - busbar side

Phase R Phase Y Phase B
Order KV DG KV DG KY DG
| 230.94 0 . 230.94 -120° 230.94 «120°
2 6.324 -13.3] 6.325 226.70 6.325 |06.69
4 2166 267.57 2167 27.59 . 2166 147.61
5 2765 216.46 2766 -~23.55 2765 96.48
6 .2009 152,43 .3048 162.06 5040 -21.76
7 3174 219.66 3175 99,70 L3177 =20.33
8 .3619 60,86 3623 =59.15 '.3620 180.8
Table 4.14

Second harmonic distortion, positive sequence

S.C.I'e = 3
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the fundamental frequency is generated. Since the d.c. line
resonates at close to 50 Hz, a strong d.c. current component
at this frequency is generated, which in turn gives rise to
a second harmonic current on the a.c. ;ide.

For s.c.r..= 3, the a.c. system plus filter impedance
exhibits a resonance at close to |00 Hz, which results in a
large magnification of the second harmonic 6n the a.c. busbar,
as can be apprécia+ed from Table 4.14, The d.c¢. line resonance
is at 54.5 Hz; if the line capacitance Is adjusted to yield
a resonance of precisely 50 Hz, the programme fails fo converge.
It is therefore not possible to evaluate the degree of
harmonic magnification in the real system.

For s.c.r. = 15, the a.c. system plus filter impedance
poOssesses a resonance at close to the 8th and the 19th harmonics,
which results In an appreciable magnification of these two
harmonics of the a.c. busbar voltage.

As a general rule, the presence of resonances either on
the d.c. or the a.c. side occurring at the same frequency as
any uncharacteristlic harmonic, results in a considerable
increase in the number of iterations and sometimes even to
divergence of the computer simulation program,

Tables 4.15, 4.16 and 4.!7 refer to the same conditions
as Tables 4.8, 4.9 and 4.10, but with s.c.r. = 3. Since in
none of these cases a d.c. componenf-af fundamental frequency'
is generated, convergence is relatively fast: - five, four
and four iterations respectively. The a.c. resonance at close
to 100 Hz ines rise fo a rélafive]y strong second harmonic

in Table 4.15; i+ does not affect the study cases of Tables
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D.c. voltage constant term (KV) 250.61
D.c. current constant term (KA) 2

D.c. current harmonics

Order KA DG
3 0060 -66.36
6 .0194 164.25
9 0003 -139.77
2 .0038 -9.83
|5 . 0002 43.39

A.c. voltage harmonics - busbar side

Phase R Phase Y Phase B

Order KV DG KV DG KV DG

! 230.54 0 230.94 -120 230.94 [20

2 3.296 11.08 3.296 131.06 3.286 251.06

4 L0936 -1.69 .0936 238,31 L0937 118.31

5 L2764 216,46 2764 =-23.54 2764 96,46

7 L3172 219,69 31727 99.69 B172 =20.31

8 .3525 61,38 3525 181.38 .3525 -=58.62

10 .0388 -1.85 .0388 238,15 .0388 118,15
Table 4.15

Second harmonic distortion, negative sequence
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D.c. voltage constant term (KV) 249.67
D.c. current constant fterm (KA) 2

D.c. current harmonics

Order KA " DG
2 . 0084 115.91
4 000 48.96
6 0193 163.97
B .0003 53.17
10 .0002 -55.60
12 .0038 -10.48
14 L0001 -76.66

A.c. voltage harmonics - busbar side

Phase R Phase Y Phase B

Order KvY DG KV DG KV DG

I 230.94 0 228.64 -118 230.94 120

3 0004 123.75 0058 120.59 0061 =59.23

5 .2082 50.33 2088 171.63 2044 -58.88

7 216 .61 215 242.82 A256  121.76

9 L0017 118.97 L0030 112,98 L0047 -64.88

[ .0515 71.79 .0530 I95.15\ 0496 -44.96

|3 0312 | 7.47 0319 262.98 0342 139.18
Table 4.16

A.c. voltage imbalance in amplitude and phase
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D.c. voltage constant term (KV) 249.67
D.c. current constant term (KA) 2

D.c. current harmonics

Order KA DG
2 L0125 90.77
4 L1110 -173,52
6 0193 164.96
8 L0014 -11.76
10 . 0001 -46.66
12 0037 -10.53
14 .0006 -118.15

-~

A.c. voltage harmonics - busbar side

Phase R ~ Phase Y Phase B

Order KY DG KY DG KV DG

[ 230.94 0 228.64 -118 230.94 120

3 .6878 1988.59 . 1298 255.57 ,7663 26.75

5 .28B39 218.65 2763 -18.44 .2678 98.68

7 .3007 223,85 .3230 106.67 .3256 -18.10

9 2779 202.20 0219 5.88 2570 23.57

[l .0508 239.47 .0494 6.12 L0434 122.15

|3 L0500 151,20 0516 35.44 L0602 263.93
Table 4.17

A.c. voltage plus transformer unbalance



4,16 and 4.17, since no second harmonic is produced on the

a.c. side,

4,4.3 Finite a.c. systems on réctifier and inverter sides

If the a.c. system connected to the inverter terminal is

finite, the a.c. busbar voltage at this fterminal has to be

adjusted iteratively as for the rectifier. Furthermore,

a harmonic evaluation has also to be carried out on the inverter

side to determine the final pattern of a.c. and d.c. harmonic

voltages.

As the inverter operates on extinction angle control mode,

the evaluation of the firing instants is somewhat different
from the evaluation of the firing Instants on the rectifier
side.

To control the extinction angle, feedback control (2)
is assumed and a PFC type of firing system considered (see
section 3.2.3).

 Extinction angle control keeps the smallest of six
extinction angles at the prescribed value. As the value of
the firing angle is not known a priori from the specified
value of the extinction angle, an estimate of the firing
angle is needed.

At the beginning of the process (first iferation), an
e;+ima+e of the firing angle is obtained from the classic

equation:
= Wy (Li + LO)

[¥iol

whers lVio‘ is obtained from equation (3.39) for h=|.

T cos o (4.79)

ost T ©O° Ysp
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V., =5 sin w Tt +C, cos @& + (4.80)
io ! o) | e}

Thus:

|v.

lc)| = (5°+¢C (4.81)

In the remaining iterations the value of firing angle
obtained in.the previous iteration is taken as am estimate of
the firing angle for the current iteration.

From the estimate of d the starting instant of the ramp
for the first valve to be fired can be computed (see sec;ion

3.2.3):

; o
+in - [317 _ (v.z.c.(l) . esf)] (4.82)
% Yo %

The firing angles and commutation angles for the six valves
can now be evaluated using the subroutines developad for the
rectifier. |

From +he values of the firing angles, commutation angles
and voltage zero crossing between valves connected to the same
a.c. phase, the extinction angles for the six valves can be
computed:

Y = (v.z.c.). . =~ (a+ y) (4.83)
int ’

where (v}z.c.)in+ stands for voltage zero crossing Interval.

.The minimum ex+inc+ion'angle is compared with the set -
value, the difference giving rise to an adjustment of o and
repetition of the computations until convergence is achieved.

During this iterative procedure a situation may occur
in which no solution for the commutation angle evaluation exists. -
This Is due to a "bad" estimate of the firing angle and occurs

only during the first iterations when the a.c. voltage waveform



147

is badly distorted.
If such a situation occurs, a new estimate of aes+ is taken

by decreasing its value by Ysb. -

Fiqure 4.8 shows the flowchart of the subroutine that
evaluates the firing, commutation and extinction angles.

All Computations are similar for rectifier and inverter
with the exception of the firing Instants.

Once the d.c. volfage constant term and harmonics are
obtained for both stations the d.c. current can be evaluated.
In order o maintain the rated d.c. current, the d.c. voltage
constant term on the inverter side has to be adjusted. This is
achieved by acting on the inverter tap changer.

The contribution of each valve to the d.c. voltage

waveform is given by equation (4.4)

. di
Vik (Rkld + Lk d“_d ) o+ Vic (ei Bl)f wo+< (Bi BI) + By
Vdi(f) = y
d - -
Vik (Rikd + Lik_d-‘f‘_) (Bi el) o <mo'i'< (ﬁk el)

(4.4)

All the a.c. volfageé in equation (4.4) are referred to the
converter side of the transformer. It is thus possible to
rewrite this equation as a function of the a.c. voltages on the
busbar side, and the transformer's.ratio 'a'. Furthermore,

if the influence of d.c. current harmonics in equation (4.4)

is neglected, the constant term of d.c. voltage Vd depends onty
on the a.c. voltages on -the busbar side, on the transformer's
ratio 'a' and on the voltage drop in the transformer resistance

due to the constant term of d.c. current. Vd can then be
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Fig 4.8: Calculation of firing, commutation and extinction
angles for the inverter
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expressed as:

V, = V' - Ay (4.84)

where V'd represents the component of Vd

a.c. voltages (busbar side) and on the transformation ratio

that depends on the

'a' and AV represents the voltage drop in the transformer
resistance.

Denoting by V the constant term of d.c. voltage

d comp

computed when performing the Fourier analysis of the d.c.

voltage waveform, and by V the constant term of d.c.

d Tmp

voltage obtained in order to maintain the constant term of

direct current at the specified value, V and V, .
d comp d imp

may be decomposed as in (4.84).

= Y -
Vd comp v d comp Aycomp
= “ -
Yaim = Vg imp T Vi
Thus:
! = _
v d comp Vd comp + Avcomp (4.85(a))
' =

An approximation to the value of AV is obtained by considering

Ay= Rav Id | (4.86)

where R, 15 given by equation (4.77).
The value of 'a' is finally obtained from
) V{. :
as V%-Eﬂml (4.87)
d imp

Figure 4.9 shows the flowchart of the computer program

when a finite a.c. system is considered on both the rectifier
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and inverter sides.

The acceleration and deceleration procedures are identical
to the ones detailed in section 4.4.2.

Tables (F.1) to (F.8) in Appendix F compile some of the
studies carried out.

Comparison of these tables with the ones shown in section
4.4.2 aliow the fo}lowing'cohclusions:

a) For the hase case with both high and.]ow s.c.r. the
d.c. voltage and current harmonics show no significant difference
from the results obtained in section 4.4.2.

b} The 100 Hz d.c. harmonic generated by an imbalance
in the fundamental voltage either on the rectifier or on the
Inverter has negligible influence on the a.c. voltage
distortion In the terminal in which no voltage distortion was
assumed. This means that the d.c. line acts as a filver for
the 100 Hz. Also the consideration of an imbalance in the
fundamental voltage both on the rectifier and Tnverter does
not affect considerably the (00 Hz harmonic on the rectifier
side. Modelling the inverter as a constant e.m.f. seems
sufficient.

c) A second harmonic distortion with negative sequence
in one of the terminals (yielding a 150 Hz d.c. harmonic) has
no effect on the other terminal.

d) The only case which glves results significanflyl
di fferent from the ones obtained Tn section 4.4.2 is the one
that generates a 50 Hz harmonic on the d.c. side.

Due to the s.c.r. considered both terminals possess a
source impedance with a high value, capacitive characteristic

and poor damping (damping angle equals 85°}. As the d.c. Iine
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resonates at a frequency near 50 Hz, convergence was not
achieved for the values of d.c. line capacitance given for
fig 4.6 (23 uF). The value of capacitance was changed to
20 uF,

- Analysis of this case shows that when a 50 Hz harmonic
appears on the d.c. current the final solution for both
terminals 1s affected.

Thus for a 50 Hz d.c. current harmonic }T is not valid

to model the inverter as a constant e.m.f.

4.5 Conclusions

The calculation of d.c. voltage and a.c. current harmonics

generated by a three phase bridge converter was dealt with in
this chapter. Both characteristic and uncharacteristic
harmonics are considered. The latter arising when the a.c.
bus voltage is imbalanced and/or distorted, the firing is

non equidistant or the converfer transformer impedances are
unequal for the three phases.

The Euler coefficients of the Fourier series expansion
are calculated analytically, giving rise fo rather involved
mathematical expressions. However, this procedure is |
computational ly much faster than the alternative method of a
computer harmonic analysis of the waveforms obtained by
numerical Integration of the differential equations.

Both the d.c. voltage and a.c. current are periodic
waveforms which can be decomposed in six sections, each in
turn having two sub-sections, if their period is the same as

the a.c. voltage fundamental period. This assumption implies
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a modulating signal with a frequency multiple of the a.c.
system fundamental frequency, which is of practical interest.
If on the contrary, the freéuency of the modulating signal
were a submultiple of the a.c. fundamental frequency, a larger
number of sections would have to be considered. Due to this
feature of the waveforms, the Eufer coefficients turn out

to be a ;ummafioﬁ of a finife number of ferms. In Thi§ study,
the maximum number of harmonics~consideréd is thirty, both on
the a.c. and the d.c. sides.

The technique developed for the harmonic analysis of the
converter voltage and current enables the steady-stfate
calculation of and h.v.d.c. link under the most general
conditions. A computer program was developed to perform
this task both with infinite and finife a.c. terminal systems.

In the first case a non-iterative method can be used,
since the a.c. bus voltage is fixed. To be precise, iterations
are still necessary to fake info account the influence of the
d.c. current harmonics on the commutation angle and d.c.
voltage. However, the first effect can be neglected
altogether without significant error and the second can be
approximated very closely by averaging the converter transformer
resisfénce and reactance and placing them exfernally in series
with the d.c. circuit.

With finite g.c. systems, a Gauss iferative method has
to be used fo adjust the a.c. bus voltage, which is dependent
through the a.c. source plus filfer impedance on the converter
a.c. current which is not known a priori. The method is

slowly convergent and acceleration and deceleration factors had
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to be implemented to reduce the computation time. The numerical
method may in some instances be divergent, when a d.c. system
resonance occurs at k mo’ the frequency of the input signal
and simultaneously an a.c. system anti-resonance occurs at
(k £1) @ . A

The computer program, with some modifications, can also
" be used for the caleculation of describing func+ions, it a
modulating signal of suifable frequency is superimposed to the
constant input control voltage used in the steady-state

analysis.
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Chapter Five

DESCRIBING FUNCTION EVALUATION

5.1 Introduction

The steady-state simuIaTiOn program described in
Chapters Three and Four can be used with minor adaptations to
calculate the describing function for h.v.d.c. systems. This
method appears at the present time fto be the most suitable
for the analysis of harmonic stability of converter systems
and was chosen for ifs simplicity and reliability. This
method was also chosen because it is a natural extension of
the frequency response methods previously used in the study
of small-signal stability.

The describing function is defined as the ratic of the
fundamental component of the output of a nonlinear system to
the.amplitude of the input signal. In general, the describing
function depends on the input signal amplitude and frequency
and is complex because @ phase shift may occur between the input
and the fundamental component of the output. For converter
systems (and sampled-data systems in general) the describing
function also depends upon the phase of the input signal

measured in relation to the firing instants.



If the input fo a non-linear device is a sinusoidal

signal the describing function method assumes that the output

‘is a periodic signal having the same fundamental frequency

as the input. Therefore the analysis is concerned only with

the fundamental component of the output waveform, ai} harmonics,

subharmonics, and any d.c. component being neglected.

The assumption of a stnusoidal éignal applied to the
iﬁpu+.of the non-linearity is based on the fact that the
amplitude of all harmonics and subharmonics of the input
frequency are generally much smaller than the amplitude of
the fundamental. Furthermore the low-pass characteristic
of the linear element further attenuates the amplitudes of
all the harmonics of the input frequenéy. The describing
function assumes the existence of only one non-linear
element in the feedback loop control system which (element)
is not tTime varying. 1!f a system contains more than one
non—-linearity they must be lumped together to allow the

evaluation of an overall describing function.

In this chapter the evaluation of the describiﬁg function

for a two terminal h.v.d.c. system is dealt with. [+ is
shown that the steady-state simulation program  described
in Chapter Four can be used to evaluate the describing
funetion (d.f.) by considering a modulating signal super-
imposed on the input control voltage and determining the

output harmonic of the relevant frequency.

5.2 Review of the describing function method

“In order to derive a mathematical expression for the

describing function consider the non-linear feedback system
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of fig 5.1. |f the input to the non-linear element N is given
by

x{wt) = X sin wt (5.1
the steady-state output y can be expressed by the series

) + ...

ylwt) =Y 5

sin (wt+ %) + Y, sin (2p T+¢

! 2

(5.2)
The describing function is by definition the ratio of the
phasdr.represenTaTion of the output component of frequency
w and the phasor representation of the input:

YI(X,w )

N(X,®) 8 ———— e

j¢|(X,m)
X

(5.3)

The describing function depends upon the amplitude and
frequency of the input signal. The nonlinear element is thus
considered to possess a gain and phase shift varying with the
amplTtude and frequency of the Input slignal.

The conditions for existence of a limit cycle in a non-
| Tnear feedback system can be predicted through the describing
function, assuming that the linear element has a low-pass

characteristic which effectively filters the harmonics of

frequency higher than w . 1|1+ can be shown (24) that a sustained

oscil lation of amplitude X and frequency w can exist if the
. following equation is satisfied:

| + N(X, w} G (jw) =0 (5.4)
This condition can be written as

G w) = = g7

(5.5)

or, alternatively,
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N(X,Lﬁ) = 'W

(5.6}

The Nyquist diagram or the Nichols chart (gain-phase
plot) are the most widely used techniques” for stabi | ity
analysis utilising the describing function method. Two
separate sets of loci, corresponding to G(j w) and —~1/N(X, w)
(or, alternatively =-1/G( jw) and N(X, 0)} are plotted on the
same graph for either of the two methods. In general, the
sketch of -1/N(X, w) will be a family of curves fof di fferent
ampliftudes X and frequencies w.

Intersections of the two loci indicate possible solutions
of equation (5.4) and yield information as to the magnitude
and frequency of the sustained oscililation. If no inter-
section occurs, an oscillation is unlikely. This is
illustrated in fig 5.2, which indicates the possibility of
a limit cycie of frequency w, and amp1itude XO.

I+ remains to be discussed whether the limit cycle is
itseif stable or unstable. This can be determined by means
of a perturbation analysis around the limit cycle. A
generalised rule can be established for the gain-phase plot
as shown In fig 5.3a. |f the two loci are assigned a
positive sense so that the linear locus G(j w) is pointing
towards increasing frequency and the non-linear locus -I/N is
pointing in the direction of increasing amp!itude, then 2
stable limit cycle occurs when the non-linear locus appears
to an observer, stationed on the linear locus and facing
the direction of increasing frequency, fto cross from left fo
right in the direéfion of increasing amplitude.’

{f a polar plot is used instead, then the limit cycle is

stable when the non-linear locus crosses the |inear locus from
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right to left in the direction of increasing amplitude, as

illustrated in fig 5.3b.

5.3 Describing function for sampled-data systems

A non-linear sampled-data system is represented in fig
5.4. For such a system it should be borne in mind that frequenci;s
other than the fundamental are generated by both the non-
linearity and the sampler.

The output of an ideal sampler, the input to which is a

sinusoidal signal of frequency ©, Is

+00

> Y(Ce s kw ) (5.7)
e

. !
* = =
Y¥(jw) = T
s
where w, is the sampling frequency and TS The sampling
period (w_ =2 m/T ).

Referring to fig 5.4 the frequency components of x(t),

y (1) and y*(+) are:

Signal " Freguency c¢omporients
x(t} + w
y{t) + fw
y*(+) * fw * kmS

If w/ W, is irrational, i.e., if the frequency of x(t)
is not locked to the sampling frequency, y*(+) is aperiodic.
If on the Canfrary, w/ we = m/n, y*¥(1) is periodic with a
period multiple of 2™m/ w. A particular case of this occurs
when w/ wo = |/n, i.e., the input frequency is a subharmonic
of the sampling frequency: y*(+) 1s periodic with a period of

27/ w,
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If  ww _ Is irrational or /w o = m/n then y*(+) may
contain frequencies less than w . These are produced by
modulation of higher frequency harmonics of y, since the
frequency spectrum of y¥ is 2w g Tku o If @/ _=1/n,

y* contains no frequencies (other than d.c.} lower than w,
One can therefore conclude that the filtering hypothesis upon
which the describing function method is based is only valid
when the input sigﬁal is a subharmonic of the sampling
frequency. This is also the case of greatest practical
Importance. |

Furthermore, fthe phase relationship between the sampling
instants and the input signal affects both the magnitude and
phase of the describing function. For a given amplitude of
the input, and letting the phase vary from zerc to 2T radians,

a closed curve is obtained. The describing function is therefore

deflned as
G0 ek, w, @) - ¥
N(X, 0, ) = ————— g T T?
X
for an input signal
x{ wt) = X sin ( wt + ¥) (5.9)

The condition for existence of a limit cycle car therefore be

rewrititen as

|+ N(X, w0, ¥) 6(ju) =0 (5.10)

A feedback system with controlled converters is in many
ways similar fo a sampled-data system (1), in particular,

when the converter is connected to an infinite busbar. |f the
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a.c. bus is finite, the similarity is not so close, however,
many features of the d.f. for sampling systems also apply to

power converters.

5.4 The dual input describing function

A-relaxation of the conditions imposed on the signal
fed back to the non;linearify can be cbtained by introducing
a generalisation to The.d.f. definition. -

In the so-cailed refined d.f. method (24) the exact
output waveform is fed back and is therefore assumed as a
new input to the non-linearity, the new fundamenta! oufput
component being evaluated. Since the input signal! to the
non-|inearity possesses a number of harmonics in addition fo
the fundamental, the fundamental term of the oufput will not
normal ly be in phase with the fundamental term of the input
even for a singie valued non linearity.

The refined d.f. is however defined in the same way as
the single Input d.f., the difference being that in the
refined d.f. the influence of the input harmonics affect the
fundamental of the oulput.

The dual input describing function is a particular case
of the refined d.f. method. I[n The dual input describing
function the input signal to the non-linear element is
assumed to possess fwo frequencies conly, i.e.:

x(H) = X sin @t + X, sin (ot +p,) (5.11)

where ‘Pz is the phase of the signal at frequency-'m2

relatively to some reference.



The steady-state output y(+} can be expressed as:

o)
y(t) = z Y, sin (o t+ ¢ (5.12)
k=0

The dual input describing function for frequency @, is

therefore: ‘ ‘
. yleJ $
N " (X],Xz, m[, mz) = N (5.13(aM
!
and for fréquency w2

Y JOd,-v,)
N . (X, ,X,w ,0.) = 2 & 272 (5.13(b))
wp 1772 I

2 x2

I+ can be shown (38) that the influence of the signal with

frequency wz( ml) in N (Nw2 ) depends on whether the two

wl
frequencies w and w, are related or not. |f the ratio
ml/ w, is not a ratio of integers (these frequencies are
known as incommensurate) N ml(N m2) depends anly on the
amp litude of both input frequencies and not on the phase 1 2.-
If the ratio wi/ w, is a ratio of integers

(these frequencies are known as commensurate), le (Nm2 ) depends
both 'on the amplitude and phase of the input signals.
Jn the case of control loops with controlled converters
the frequencies of the Input signhal are commensurate and thus
only this case will| be dealt with here. ;

For commensurate frequencies the dual input describing
function is a closed curve even for a continuous system (see

fig 5.5).

For each amplitude of the fundamental frequency signal W
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and for each amplitude of the bias signal wz the phase

di fference must vary between 0 and 360°. The d.i.d.f. must
be plotted for a large number of the amplitudes of the
fundamental and bias signals.

The prediction of a limit cycle is a natural -extension

of the evaluation of limit cycles for single input d.f.s:

6(jw) = - —= ! (5.18)

N m|(XIJX2’ GJIJ 032, ‘-pz)

[n case equation (5.14) holds a sustained oscillation with
frequencies o and Wy s amp { i fudes XI and XZ at a phase wz of
TEe signal a+ frequency m2 is predicted. .

The stability of limit cycles is determined using the -
rules described in section 5.2.

For sampied-data systems the d.i.d.f. for input

frequency w, can be defined as:

N '(XI’XZ’ ml’ wz: 1pl: ¢'2) =
‘

Y X oXos 0y wps 8) e IO 8 X Xoswp05,050,) = ¥))

X "(5.15)

for an input signal

x(T) = X] sin ( mif + wi) + X2 sin ( m2+ + wz)

The condition for existence of a limit cycle can therefore

be rewritten as:

I +Nt.u](x|:x2: Wys Wy 11!1; lfJZ) G () \'-UI) =0 (5.16)
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5.5 Describing function for h,v.d.c. systems

H.v.d.c. systems invariably operate under constant -
current control. This is achieved by a feedback control foocp,
represented in fig 5.6.

The describing function refers fto the hatched box, which
contains the converter (ﬁon—!inear element), the firing system
and the d.c. system. To evaluate the d.f., a signal of
amplifude Vm, frequency w , and phase V¥ 1{s superimposed on
to the steady-state control voltage vco. The d.c. current i

d

will contain a term at frequency w with amplitude Id and

phase ¢dw . The d.f. is defined as

! 4o et Oy ~¥
N(Vm, w, ¥) = v (5.17)
m
For a given frequency and amplitude of fthe input signal,.
the d.f. depends upon its phase. Lefting the phase vary from
o° to 360° a closed curve is obtained.
To evaluate the dual input describing function a signal

of the form

Vm(T) = Vmi sin (w IT + ¢!) + sz sin ( m2+ + P 2) (5.18)

is superimposed on to the steady-state control voltage Vco. The

d.c. current id will contain terms at frequency ml and wz.

The d.i.d.f. for Input signal at frequency ml is defined as

] JC ¢ - )
_ dw! e d wl] I
N(Vm 'Vm . ¢|, wz, ® s m2) = 5 (5.19)
| 2 m,
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The d.i.d.f. for input signal at frequency w, is defined
similarly. Thus for a given frequéncy ( wl) and amp!itude

(Vm ) of the input signal the d.i.d.f. depends on the phase

l -

w]’ the amplitude and frequency of the bias signal (V  ,u,
2

and on the phase of the bias signal wz. For each phase wl of

)

the input signal at frequency w, the phase of the bias signal

is varied from 0 to 360°. An example of the plot of a d.i.d.f.

for h.v.d.c. systems is shown in fig 5.7. The haitched line
corresponds to the d.f. locus for a signal with frequency

wl and ahp[iTude le. When a bias signal of frequency o
and amp | itude sz Is introduced, eth point of the d.f. locus
develops into a closed curve.

Both the evaluation of -the d.f. and d.i.d.f. can be

achieved through the computer program  described in Chapter
Four. The phase of the input signal is increased from 0% 1o

350° in steps of 10°. 1f the d.i.d.f. is to be computed for

each phase of the input signal at frequency wl the phase of

the bias signal is varied from C to 350° in steps of 10°.  Thus

for the d.f. 36 steady-state solutions of the h.v.d.c. system
are carried out whereas for the d.i.d.f. 1296 solutions have
to be obtained.

However, the computation of the d.i.d.f. is only needed
in some cases. It was found that for the prediction of limit
cycles 1t 1s sufficient to piof the d.i.d.f. for points of
the d.f. where the gain and/or phase margins are quite small.
Moreover the influence of this bias signal is generally small,

i.e. in most cases it is sufficient to evaluate the single

input describing function. The use of the dual Tnput describing
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signal of amplitude sz, frequency o,
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function has been restricted fo the comparison between
theoretical and +es+ results (see Chapter Six).

As mentioned earlier, the steady-state solufion requires
a Gauss iferative process to take the a.c. system impedance
intfo account. The iterative process is slowly convergent,
requiring in some cases as many as 20 iterations, even with
acceleration factor. This corresponds to 9 min CPU time on
a CDC 6600. These exftreme cases Qccur when resonances exist
both on the a.c. and the d.c. sides, close o the frequency
of any uncharacteristic harmonic generated by the converter.

The solution time depends to a great extent upon the
number of harmonics considered tn the calculation. When a
modulating signal is superimposed to the control! volfage, all
harmonics are generated both on the a.c. and the d.c. sides,
which considerably increase the computation time. In principle
the program handles all the harmonics up to the 30th.
However, to bring the computer time to a reasonable value,
some simplifications had to be introduced.

The main justification for a drastic reduction in the
number of harmonics handled lies in the fact that a parficular
harmonic of frequency k w, on the d.c. side affects mainly
the value of the a.c. side harmonics of frequency (k+l|) W,
and (k-1) . The effect on the other a.c. side harmonics
is rather smali.

The first approach tried was to neglect all d.c. side
harmonics except that of the frequency of the modulating
signal. Test system 2 with no capacitance on the d.c. side

was used, together with unbalanced a.c. busbar veoltages



(up, = 230.94 L, uy = 228.64 {=118°, ug = 230.94 L120°).
The short-circuit ratio was assumed fo be |5 and a modulating
signal at 50 Hz and an amplitude corresponding to 5° vartiation
in the firing angle was injected.

The results are shown in Table 5.1 with respect to case
A'(all harmonics considered), the error in the d.f. being
0.3% in amplitude and 2° in phase (case B).' Since the d.c. line
capacitance was not considered, there is no resonance on %he
'd.c. side, and all uncharacteristic harmonics except that of
the frequency of the modulating signal are negligible. The
characteristic harmonics are of no importance since they give
rise on the a.c. side to 5th, 7th, 1l1+h, 13th, etc, which are
eliminated by the filters.

Next, the number of harmonics considered was progressively
reduced. The results obtained are in Table 5.1, cases C through
G, revealing the importance of the consideration of the reson-
ances on the a.c. sidé. For S.c.r. = |5, the combined a.c.
network plus filter impedance exhibits two anti-resonance
points close to the third and eighth harmonics. From Table
5.1 it is apparent that the error in the d.f. Is only acceptable
when the 3rd and 8th harmonics are considered.

As far as the number of iterations is concerned, the 3rd
harmonic is responsible for the jump In the number of iteratiens
from case C to D. This happens preéisely because of the high
inductive value of the a.c. impedance at the frequency of 150 Hz,
which causes a large variation of the 3rd harmonic component

of the a.c. bus voltage.
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The conclusion can therefore be drawn that the a.c.
harmonics which are magnified by existing resonances of the
a.c. impedance cannot be ignored in the calculation of the
d.f., because they contribute to the d.c. current harmonic

at the frequency of the modulating signal (50 Hz).

Table 5.1: Inf]uence'of d.c. and a.c. harmonics on d.f.

Case . |. d.c. harmonics a.c. harmonicsg d.f. |No. iterations
A All All 0.04921 [80.6 22
B Fundamental only All 0.04938[80.4 14
c Fundamental only 2nd 0.06355(77.2 4
D Fundamental only 2nd & 3rd 0.06353/78, 15
E Fundamental only 2nd & 3rd 0.05680/74.8 14

&4th & 5th
F Fundamental only | 2nd & 3rd & 0.05115/81.7 14
4th & 6th & :
8th
G Fundamental only | 2nd & 3rd & 0.05782/84.4 [0
- 8th

In case G of Table 5.1 only the 2nd harmonic and the
harmonics for which there are resonances (3rd and 8th) were
considered. The error in The-d.f. amp!itude with regard to
case A is 15%, which shows that the 4+h and 6th harmonics
are also non-negligible.

I+ is consequently not possible to state a priori that
a particular a.c. harmonic is not important for the calculation
of the d.f., with the exception of the characteristic

harmonics, which are filtered out. There is some kind of



interaction befween the a.c. voltage harmonics, since each

one contributes to each cne of the d.c. current harmonics

and each of these in furn contributes to each a.c. voltage

harmonic, albeit in different proportions.

As a result of the above considerations the following

approach was devised to adapt the steady-state simulation

program

a.

to the calculation of the d.f.

On the d.c. side only the harmo&ic at the input
signal frequency-is taken into account.
On the a.c. side only the harmonics which in the
first iteration have an amplitude greater than the
maximum harmonic amplitude divided by a factor
(typical value 9-10) are retained for the following

iterations.

This approach implies that [n the first iteration all

a.c. harmonics have to be calculated. To reduce further the

computation time, a modification was introduced in the a.c.

harmonic calculation, as follows:

a.

At the beginning of the pregram, the a.c. harmonic
imbedance is computed. All fhe-harmonics for which
the impedance is greater than a specified value

are calculated, as well as the harmonics between
(k+3)tuo and (k—3)fﬂo.

From the second iteration, a further reduction in
the number of harmonics is implemented: only those
that possess an amplitude larger than the maximum
harmonic amplitude divided by a factor are retained.

An exception is made for the (k+1)¢uo, and (K-I)mcf
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which are always calculated.

This modification allowed the reduction in the number of
harmonics handled in the first iteration by a factor of
2.5. From the second itferation, another reduction by a
factor of 1.5 is effective. A further reduction in the
number of harmonics necessarily leads to a larger error in

the d.f. and was not thought to be practicable.

5.6 Examples of d.f. evaluation !

-

In this section some application examples are presented
referring to test systems | and 2. Two cases are dealt
with in this section. |n the first case the rectifier possesses
infinite s.c.r. and the inverter is simulated by a constant
e.m.f. Test system | was used to obtain the d.f.s for +his.
case. In the second case the rectifier possesses a finite
s.c.r. and the inverter is simulated by a constant e.m.f.
Test system 2 was used to obtain the d.f.s for those two

cases.

5.6. 1 fnﬁuT sfgnéi at 50 Hz

Fig 5.8 is the d.f. for test system | for an inbu+
signal frequency of 50 Hz and amplifude corresponding fto a
variation of 5° in the firing angle. |f no unbalance or
distortion is imposed on the a.c. volfage, the d.f. reduces fo

a point (a). The presence of imbalance in amp!itude (I%)
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(c) 2" harmonic distortion in ac. voltage (2°%) direct phase sequence



and phase 2% 1in one of the a.c. voltages yields a small circle
(curve b). The d.f. expands into a large circle if a 2% second
harmonic distortion with positive sequence is assumed. Note that
this type of distortion leads to an uncharacteristic harmonic

of 50 Hz on the d.c. side, even without the injection of a

modulating signal (m.s.)

If the s.c.r, is finite, the a.c. busbar volitage will

be distorted, due to fhe-presence of the m.s., even if no
distortion is assumed a priori. It was found that the 2nd har-
monic on the busbar voltage increases approximately in a linear
fashion with the amplitude of the m.s. (at 50 Hz). For small
amp |1 tudes, The 2Znd harmonic Is balanced; however as the
amp | Ttude increases, an unbalance develops due to violation of
the a [timits. This unbalance is characterised by a

negative sequence component (but no iero sequence).

Fig 5.9 shows the d.f.s for test system 2 with two
different s.c.r.s and increasing amplitude of the m.s. No
imbalance/distortion was imposed by the a.c. system. For
several amplitudes the d.f. again reduces to a point; as the
amp | i tude increases, the area enclosed by the d.f. locus
increases.

When the d.f. is a point, the amplitude of the output
harmonic current at the frequency of the input is independent
of the phase of the input signal, its phase varying in
synchronism with the phase of the latter. If this phase varies
by &4¢ , the phase of the output also changes by A¢ . This
synchronism is up to a certain extent lost when the amplitude
of the input increases, yielding an expansion of the area

enclosed by the d.f.
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From fig 5.9 it is also apparent that, for low s.c.r., The
d.f. is considerably displaced as the amplitude of the input
is increased, whereas for high s.c.r. the loci are situated
in the same region, although an eniargement does take place.
Also the area encircled by the d.f. is larger for high s.c.r.
than for low s.c.r.. This is because, for the particular
system studied, ar higher a.c. impedance results in a;larger
distortion of the a.c. voltage.

Fig 5.10 shows the polar plot of the d.f. for test system
2 with an amplitude of the m.s. corresponding to 5°, for the
base case, unbalanced a.c. yol+age, unbalanced transformer
impedance, and 2Znd harmdnic distortion with positive sequence.
The loci are similar to those of fig 5.8 for infinite s.c.r.
The imbalance in a.c. voltage or in transformer reactance
does not cause a considerable expansion of the d.f. In cen-
trast, for the 2nd harmonic ‘distortion the magnification of
the d.f. and hence the possibility of instabilities is
considerable. The reason for this phenomenon lies in the
fact that the distortion imposed by the a.c. network has a
fixed phase angle which is not linked to the phase of the
input signal. The converter [tself originates 2nd harmonic
distortion which is however related phasewise to the
moduiating signal.

The magnification of the area encircled by the d.f. is
only important when the imposed a.c. distortion contributes to
the d.c. harmonic of interest. An unbalance in the fundamental
a.c. voltage gives in the steady-state d.c. harmonics which ’
are multiples of 2. Sincelno component at the frequency of

the input signal is produced, the magnification of the d.f.
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is rather small and probably only takes place at all due to
the modulation of the commutation angle.

The fact that a 2nd harmonic distortion with positive
sequence gives rise in the steady-state fo a d.c. harmonic at
fundamental frequency is coherent with the fact that an input
signal at fundamental frequency ylelds a d.c. harmonic at the
same frequency, which in turn produces a 2nd harmonic with
posi+ive sequence on the a.c, side. It also produces a d.c.
component which is filtered out by the converter transformer.

The amplitude and phase of the a.c. current harmonics
for a m.s. at 50 Hz corresponding fo a variation of 5° in the
firing angle is shown in Table 5.2 for the base case. Note
the reIaTiYFIy high value of the 2nd harmonic. Also note that
the 3rd and 6th harmonics are highly unbalanced, in confrast
with the other harmonics which are balanced. The fundamental
component is practically not affected by the modulating signal,
sinée a d.c. component at 50 Hz does not contribute to the

a.c. component at the same frequency.

‘Table 5.2t A.c. current harmonics (base case) input signal at 50 Hz

lHarmonic order | IR(KA) IY(KA)‘ IB(KA)
| 1.147 [=26.2 | 1.146 /213.6 | 1.145 /93.7
2 10.0435 [169.0| 0.0438 /48.9 | 0.0436 /=71.4
3 0.0029 /54.0 | 0.0023 /193.2 | 0.0019 [=74.4 .
4 0.0241 [39.9 | 0.0244 /1598 | 0.0243 /-79.7
5 0.0337 [-70.3 | 0.0189 /=34.8 | 0.0504 [122.4
6 ~|0.0256 [201.8 | 0.0256 /81.1 | 0.0254 /-33.5




Fig 5.11 shows the polar plot of the d.f. for 50 Hz with a
second harmonic distortion (positive sequence) imposed on
" the a.c. busbar and a s.c.r. équal to 3. |Increasing the
ampli+ude_of the m.s. resulfs in a deflation of the d.f.

5.6.2 laput sigral at 100 Hz

Figure 5.12 shows the d.f. for fest system | for an input
signal frequency of 100 Hz and amplitude of the m.s. equal to

O, 5° and 15°. From this figure it is apparent that even for

I
small ampiitudes of the m.s. the d.f. is a closed curve. The
area enclosed by the d.f. curve enlarges when the amplitude

of the modulating signa! increases.

For the 100 Hz modulating signal case it was found that
Thé consideration of an unbalance in fthe fundamental of the
a.c. voltage and the existence of a third harmenic (possessing
either a positive or negative sequence) led to considerable
magni fication of the d.f. locus. Figure 5.|3 shows the
influence of a negative sequence in the fundamental of the a.c.
voltage upon the 100 Hz d.f.

As 100 Hz on the d.c. side contribute directly tc the
fundamental of the a.c. voltage, and any imbalance in the
fundamental on the a.é. side affects the 100 Hz describing
function, it Is not valid to assume that the fundamental of
the a.c. voltage in the busbar is constant. For the 50 Hz
and 150 Hz m.s. cases the harmonic pattern on the d.c. side does
not affect significantly the fundamental on the a.c. side and
therefore the amplifude of the a.c. voltage may be considered
constant on the busbar side of the converter transformer.

Table 5.3 summarises tThese results,
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Ftg 5.11: Describing function for 50 Hz, s.c.r. = 3, a” = 15°

2nd harmonic distortion (positive sequence - 1%}
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Describing function for 100 Hz. S.C.R =0
(a} No unbalance or distortion in a.c. voltage
(b) Unbalance in phase angle of phase Y (-2%)

(¢} Unbaiance in ampiitude of phase Y (-7%)
{d) Combination of (b} and (c¢)
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Modulating signal |0 Hz and 150 Hz 50 Hz 100 Hz

Ir l.146 !—25.9 1.147 [-26.4{ 1.115 |-27.2

Fundamental a.c. |y 1,146 [214.1 l.146 pls.s 1.149 [215.3
Current (KA} 1| I.146 [94. 1 1.145 [93.7 1.174 [92.8

Table 5.3: Influence of modulating signal in d.c. current
fundamental at the busbar side of the converter
transformer.

Figures 5.14 and 5,15 show the d.f. for test system 2, m.s.

amplitudes of 50, 15° and 300, and for s.c.r.s of 12 and 3

respectively.

The locus of the d.f. with increasing amplitude of the
modulating signal is approximately the same. As in the
infinite s.c.r. case the d.f. tends to expand with
increasing amplitude of the m.s. For an amplitude of the
m.s. equal to 30° the d.f. is not a closed curve. This
result seems fo be‘indepeﬁdenT of the s.c.r.

Figure 5.16 shows the effect on the d.f. of an unbalance
of the converter transformer reactances. The d.f. is
enlarged around the base case solufion.

Figs 5.17, 5.18 and 5.9 show the d.f. plots for
‘unbalanced a.c. voltages, a range of'amplf+udes of the m.s.
(50, 15° and 30°) and a range of s.c.r.s.

As in the base case, for an amplitude of the m.s. equal to
300, the d.f. is not a closed curve. Also the enlargement.
of the d.f. seems to be greater for a.c. voltage imbalances
than for Tmbalances in the converter transformer reactances.

In figs 5.17, 5.18 and 5.19 it is noticeable that

increments in the amplitude of the modulating signal are not
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Fig 5.17: Describing function for 100 Hz. s.c.r. = 12, a =15
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followed by enlargements of the d.f. locus; instead a deflation
of the d.f. locus occurs.

This result was also found in the 50 Hz m.s. case.

These results confirm the fact that even for smatl
amplitudes of the modulating signal, the d.f. is a closed
curve.

Table 5.4 shows the d.c. voltage and d.c. current harmonic
at the frequency of the input Signal. The values refer fo
test system 2, with a resonance on the d.c. side at 54.5 Hz,
and correspond to ftwo values of the phase of the input signal,
0° and IOO, and an amplitude yielding a 5° variation in the
firing angle. No distortion and/or imbalance was imposed by
the a.c. system (base case).

The results of Table 5.4 indicate that the 'synchronism!'
between the phase of the input and of the output d.c. current
harmonic at the same frequency, evident for the 50 Hz, no
Ioager exists fof the 100 and 150 Hz, particularly for the
latter. This means that the d.f. for 50 Hz reduces to a
peint, becoming a circle for 100 Hz and 150 Hz. The cirle

is larger for 150 Hz.

Table 5.4: "Voltage harmonic of input signal frequency (base case)

Input signal frequency 50 Hz 100 Hz 150 Hz

D.C. voltage V¥

]
Q

o 3.967 [58.9| 3.948 [251.9 14.92 [255.8

Harmonic (kv) ¥ = [0 . .3.964 [68.9] .3.707 [259.1 12.41 [253.9
D.C. Current ¢ = o° 44,1 [=41.2} 9.3 [162.6 21.04 [166.2
Harmonic (A) V¥ = 1o° | 44.1 [=31.2| 8.7 [I69.8 17.5 164.3
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5.6.3 "input signal at 150 Hz

Figure 5.20 shows the d.f. for test system | for an
inpuf signal frequency of 150 Hz and amplitudes of the m.s.
equal to 1° - 5° and 15° respectively. In contrast to the
50 and 100 Hz cases an enlargement of the d.f. locus does not
occur.

In order fo predict the harmonic likely to contribute
to an enlargement of the d.f., Table 5.5 was assembled.

In this table the resulting a.c. voltage harmonics are
displayed for the same conditions as in Table 5.4. [f can
be observed that for 50 and 150 Hz, the voltage harmeonics,
with the exception of the 3rd and the 6th, are balanced. For
50 Hz, the 2nd and 8th have a positive sequence, whereas the
4th has a negative sequence; for 150 Hz the sequence is
reversed.

A 2nd harmonic distortion with negative phase sequence
imposed by the a.c. system is consequently bound to cause an
appreciable expansion of the d.f. locus for 150 Hz. This
assumption is fully confirmed by the loci of fig 5.2}, Also
a 2nd harmonic distortion with positive phase sequence vyields
a considerable magnification of the d.f. locus for 50 Hz, as
was noted in section 5.6.1,

A 4th harmonic with negative sequence should cause the
magnification of the d.f. for 50 Hz; if the sequence were

negative, the 150 Hz d.f. would in turn be enlarged. Similar

conclusions could be drawn for other types of harmonic distortion.

Only the 100 Hz modulating signal produces a third

harmonic on the a.c. busbar. This harmonic is highly
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Describing function for 150 Hz S.C.R. =00
(a) No unbalance or distortion in a.c voltage
(b) 2™ harmonic distortion in a.c. voltage (2%), inverse

phase sequence.



Table 5.5: "A.¢. voltage harmonics (base case)

[nput signal 50 Hz 100 Hz 150 Hz
..... fr:equency‘,,. .
Input signal Harmonic U, N Us Ug
phase order Uy (kv/deg) Uy (kv/deg) Uy (kv/deg)
Ug Ys Ug
7.82/254,4 9.18/227.0
2 7.97/134.3 - 9:18 /-13.0
7.89/13.4 9.18/107.0
o° 3.331/192.0
3 - 0.328/-13.2 -
3.038/14.7
0.737/140.8 t.097/172.9
4 0.758/260.5 - 1.097/52.9
0.751/22. |.097/-67. 1
1.368/19.4
6 1.366/51. | - -
2.647/50.5
2.75/-68.7 3.19 264.6
8 2.72/170.3 - 3.19/24.6
2.67/50.5 3.19/144.6
7.86 [264.2 7.65]227.3
2 7.92/144.0 - 7.65(~12.7
7.88/23.8 7.65/ 107.3
2.902 190.9
3 - 0.357/231.1 -
1o° 3.183/15. |
0.744/130.8 0.916/173.4
4 0.752 [250.7 - O.9I6{53.4
0.750/11.3 0.916/-66.6
1.747 [24. 1
6 0.978/59.6 - -
2.711 [-59.0 2.67 [265.7
8 2.712 1180.3 - 2.67/25.7
2.683160.6 2.67 145.7
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unbalanced, possessing pesitive and negative sequence
components of comparable magnitude. Therefore the presence
of 3rd harmonic distorfion in the a.c. busbar should result
in enlarged d.f.s at 100 Hz, as mentioned in section

5.6.2.

.Figs 5,22 and 5.23 show the d.f. for increaging amp | i tudes
of the m.s. and for s.c.r.s equal to |2 and 3 respectively,
using test system 2. The behaviour of the d.f. for s.c.r.
equal to 3 is similar to the one cobserved in fig 5.20.

However the behaviour of the d.f. for a s.c.r. equal to |2 seems
o follow the pattern found fo; 50 and 100 Hz, T.e. an
enlargement of the d.f. locus occurs with increasing amplitude
of the modulating signal. Fig 5.24 shows the comparison

between the d.f. plot for s.c.r. equal to 3 and for s.c.r.

equal to I2. The amplitude of the modulating signal is 59,

The reason for the enlargement of the d.f. locus with

decreasing s.c.r. lies in the fact that for s.c.r. equal to

3 an antiresonant point for the second harmonic exists on

the ‘a.c. side.

Fig 5.25 shows the effect on the d.f. of imposing a %
second harmenic distortion with negative sequence. Again, as
for the other input signal frequencies the éxpansion of the
d.f. occﬁrs around the base case solution. This result seems
to be a commen feature for all frequencies of the modulating
signal studied.

The effect of increasing the amplitude of the modulating
signal when a second harmonic dis+0r+iog with negative sequence
is imposed on the a.c. side can be seen in figs 5.26 and 5.27.

Again the deflating effect on the d.f. is produced. This
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Fig 5.25: Describing function for 150 Hz.
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feature Is common to all frequencies of the modulating signal

studied.

......

5.7 'Prediction of limit ¢yeles using the Nichols ¢hart

As pointed out in section 5.2, the Nyquist diagram or
the Nichols chart are commonly used for stability analysis
when the. describing function me;hod is employed.

Equation 5.5 gives the conditlions for the existence
of limit cycles. A plot of G(j w) and =1/N(x, w) is required
to determine fhege conditions. .

G(j w) represents the transfer function of the linear
part of the control loop. In all studies carried out the
error processing unit possesses a transfer function of fhe

type:

+K

G(J w ) T"'w (5.20)

where K is the.gain and T the time constant.
Any transfer function of the type of equation (5.20)
may be expressed in the form

. ) _ 2 _
20 log,, G(jw) =20 log (K} = 10 log, (CuT® + 1)
-5 tan” D (5.21)
With a gain K of unity equation (5.21) reduces to

20 log,, 6(J ®) = 10 log, 4 ( ¢ wTY2 « 1) = ] fan | ( wT)
(5.22)
From equations (5.21) and (5.22) it is apparent that a
variation in K causes a vertical displacement of G(Jw) in

the Nichols chart., This result is shown in fig 5.28.



]
- -50 0
0 ¢ (degrees)

Fig 528 Nichols chart of G{jw)

The plot of =I/N(x, w) together with that of G(J ) on the
Nichols plane provide a simple method of finding the solution
of equation (5.5). Fig 5.28 also indicafgs that only the part
of the locus of =I/N(x, ®) included between -90° and 0° is of
inferest as far as G{j w) is concerned.

Taking as example the 50 Hz studies, fig 5.29 shows the
Nichols plot for an a.c. system s.c.r. of 12 and for a
modulating signal amplitude resulting in a perturbation of

a of 5°. Three cases are shown and a comparison of figs

5.28 and 5.29 reveals that no intersection of G(j w} with
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~1/N(x, ) is predicted.

1
18—
A
(aB)

10—
(a) Base case
(b) Unbalanced ac.voltages
(c) 2" harmonic distortion

(positive sequence)

5 —

o | | L ! [ L |

80 S0 100 10 120 130 140 180

$ (degrees)

Fig 5-29 Nichols chart
180 Hz, SCR.212, AQ5"

Table 5.6: Limit cycle predictions, f = 50 Hz, s.c.r. = 3,

A = 50

Prediction of  Stability Gain K
Itmit cycle margin

O

Base case No 18 141.2

Negative sequence
in fundamental Yes - 136.5
a.c. voltage :

Unbalance in
t+ransformer No |
reactances

40

2nd harmonic
distortion Yes - 58.2
(positive sequence)




In fig 5.30 the plots of fig 5.29 are repegfed but for a
g.c.r. of 3. A comparison of figs 5.30 and 5.28 shows that
limit cycle oscillation are now predicted. The result of
this comparison is shown in fig 5.3|. Table 5.6 gummarises
+he study of limit cycle prediction for a frequency of the
modulating signal of 50 Hz, an amplitude of the modulating
signal of 5° and a's.c.r. equal to 3.

Considering that for the case of Table 5.6 Iihif cycle
osci |l lations are predicted, further studies were performed
with this s.c.r. but for an amplitude of the modulating
signal equal to 15°. 1+ was found that only a second harmonic
distortion with positive sequence would give rise to limit
cycle oscillations.

The Nichols chart for this case is shown in fig 5.32.
The inverse of d.f. (-1/N(x, ) is plotted for amplitudes
of the modulating signal equal to 50, 15° and 30°.

Also plofted is the locus of G(j2T 50) for di fferent
values of the gain K. The values of K for which a limit
cycle is predicted may be obtained by reading the value of
A for which an intersection of =1/N(x, ® )} and G(j2 T 50) occurs,
and using

A =20 log, o K = 10 log,, 27 50m7 + 1) (5.22)

whera T = B0 ms,

5.8 Conclusions

From the studies carried out, the following coriclusions

can be drawn:
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! The describing function for a small amplitude m.s. af
the a.c. fundamental frequency is a point, for any value of
the s.c.r.; if there is no unbalance and/or distortion in the
a.c. busbar vol+age;

As the amplitude of the modulating signal becomes larger,
the d.f. develops into a closed curve, due to the intervention
of the firing angle limits. This behaviour applies fo both
high and low short-circuit ratio. However, when the s.c.r.
is low the d.f. locus is considerably displaced in the polar
plane as the amplifude increases, whereas for high s.c.r.
the locus stays in the same region.

2 For an input. signal at 100 Hz, the d.f. also reduces to

a point for very small amp]ifudes. However, the point develops
info a closed curve for values of the amplitude of the
modulating signal which are considerably smaller than those
necessary to produce the same effect at 50 Hz. This is

thought to be due to the contribufion to the fundamental

on the a.c. side of a second harmonic on the d.c. side.

3 The d.f. for 150 Hz, which is the only one predicted by
the linearised model (1} exists for infinitesimal input
signals. |Incrementing the signa! amplitude produces quite

di fferent effects on the d.f. For test system 2 and a s.c.r.
of 3, the resuiT; show no eniargement of the d.f. with
increasing amplitude of The.m.s. The same behaviour was
observed for test system | and infinite s.c.r. conditions. For
Test system 2 and a s.c.r. of 12 an enlargement of the d.f.

with increasing amplitude of the modulating signal occurs.
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4 In all the cases studied, for a particular value of
the introducticn of an imbalance and/or distortion on the
a.c. busbar led o an expansion of the d.f. cenfred on the
base case solution. This enlargement Is, however, only
significant in those cases where the a.c. currents generated
by the converter with a modulated input signal contain the
same harmonics which are being imposed on the a.c. busbar.
5 As a cordllary of the previous point, the following
conclusions can be drawn:
a. The d.f. for 50 Hz is expanded by a second harmonic
distortion with positive sequence (+2).
b. The d.f. for 100 Hz is expanded by voltage imbalance
and/or by any imbalance in the converter transformer
reactances, i.e. by a harmonic of order -I.
c. The d.f. for 150 Hz is expanded by a second harmonic
distortion with negative sequence (order -2).
6 When. the a.c. currents generated by the converter with a
modulated input signal contain the same harmonics as those
imposed on the a.c. busbar, the enlargement experienced by the
d.f. depends on the amplitude of the m.s. This enlargement

is more bronounced for small amplitudes of the m.s.



Chapter Six

EXPERIMENTAL DETERMINATION OF THE DESCRIBING FUNCTION AND
LIMIT CYCLE OSCILLATIONS '

-

6.1 Inftroduction

The previous chapters describe a non-linear converter
mode| which allows the prediction of limit cycle oscillations
synchronised with the a.c. system .voltage, wusing the
describing function technique.

In order to assess the validity of the proposed model,

a number of fTest results were obtained using the Imperial
College h.v.d.c. simulator.

The controller used was the one described in Chapter
Two.

The experimental set-up incliuded a Digital Transfer
Function Analyser (39) and a Spectrum Analyser (40) which
al lowed the evaluation of the relevant d.c. current harmonic,
and the determination of all the relevant harmonics both
on the a.c. system voltage and in the control voltage.

The main purpose of the set of tests carried out was

to confirm experimentally the theoretically evaluated describing
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functions and the predicted |limit cycles.

To obtain the plots, the digital ftransfer function
analyser was used. A function generator with a frequency
range from 10-5 Hz to 159.9 Hz provides the modulating
signal to be superimposed on the contro! voltage. A correlator
with a frequency range identical to the function generator’
performs the méasuremenf of the relevant harmonic of d.c.
current. The current control loop of the converter is thus
open.

To verify a limit cycle oscillation, tests were performed
with the converter under the constant-current mode of
operation. A spectrum analyser was used to measure a.c.
voltage harmonic distortion and control voltage harmonics.
These measurements provide data for the off-line computer
program developed. The spectrum of the control voltage
enables the determination of the amplitude of the modulating
signal to be superimposed on the steady-state control voltage
In the computer off-line studies, whereas the spectrum of a.c.
voltage harmonics enables the evaluation of the a.c. harmonic
distortion present when Iimif-cycle oscillation occurred.

Section 2 of this chapter describes the experimental
set-up. Tﬁe parameters of the h.v.d.c. simulator used for

+he thecretical =t

tudies are determinad and the measuring
apparatus described.
In section 3 a comparison between thecretical and tes*t

describing functions both with infinite s.c.r. and finite

s.c.r. is performed.



Section 4 describes the theoretical prediction of limit
cycles and comparison with test results. The Nichols chart

is the technique used to perform this comparison.

6.2 'Experimental set-up

6.2.["Parame+er5'of'+he h.v.d.¢c. simulator

A single line diagram of the system under test is shown
in figure 6.1.
Eac stands for the a.c. voltage at the mains supply.

Vac!, Vac, and Vac3 dencte the a.c. voltage at the busbar

2
side, converter gjide and fertiary of the converter transformer
respectively.
EDf is the constant e.m.f, that simulates inverter
behaviour. |In the test circuit i+ is 48V and is provided
by series connected accumulators.
The filter bank, denoted in figure 6.1 by F, consists
of 5th, 7+h, Ilt+h and 13th tuned arms plus a high pass arm
and is connected to the tertiary of the converter transformer.
Measurements were performed on both the commutating
reactances a;d smoothing inductors in order fo evaluate Rcom’
’ Rch’ and Lch' The source impedance was also measured.

~

The values of R, L and C for the filter bank are design

L
com

values, RT is also a design value.

The resistances were measured using d.c. voltage, whereas
all the inductances were measured at 50 Hz. No d.c. bias

was considerad when measuring LC as for the range of d.c.

h

current used in the tests (IA - 5A), the influence of the d.c.
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Series resistance of the converter transformer
~ Smoothing inductor resistance

~ Source resistance

Commutating reactances resistance

- Commutating reactances Inductance

- Smoothiag iInductor Inductance

- Source Impedance reactance

E mr— 000
v o —
=
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OO0
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Fi1g 6.1: On-linz diagram of system under fest
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bias Is negligible (41}. The value of RT considered is the
one mentioned in (41). The parameters for the filter bank
are the ones listed in ().

The source impedance is a simple air-cored inductor
with 10 taps.

Table 6.1 summarises all the relevant daTa.concerning
fhe a.c. source impedance, converter transformer, |
cohmuTaTing reactances and d.c. gide parameters. Table 6.2
ITsts the filter bank data.

Table 6.1: Parameters of h,v.d.c. sysfem

Vac, (nom) [v] 220

Vacz(nom)[ V] 80
Vacy(nom) vl 110

R (2] 0.17

Reom | 2] 0.6

“comg [H] 5.09 x 107>
Lcomy [H] 5.12 x 107>
eong [H] 5.18 x 10 °
Ly [H] 0.4

R, [ 2] .6

R (9] !

Rmax L 2] 2.3

L

w {e]  64.21
O smax
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Table 6.2: "Paraméters of filter bank (1)

Fliter R-[Q] 1 L [mH] C[ »F]
5th 4.6 78 5.25
7th 3.88 54.4 3.75
| 1+h ' 3.24 30 2.75
13th 4.12 24.8 2.5

H.P. oo - - 20 1.75

In Table 6.1, the transformer resistance and the commutating
inductance and resistance are referred fo the converter side
oflfhe converter transformer.

In Table 6.2 the parameters of the filter bank are all

referred to the a.c. bushar side of the converter transformer.

6.2.2 'Measurement set-up

To obtain a describing function from tests 11 is necessary
to modulate the steady state control voltage with a signal
of known amplitude, frequency and phase, aﬁd to measure
the d.c. current harmonic of the same frequency.

The d4.f. is given by equation (5.17)

NV ) 14 e %au (5.17}

w @Y Vel ¥ '

A Sclartron IM 1800 (39) gdigli+al +r
‘'was used to generate the modulating control voltage Vc and to
measure the harmonic of d.c. current of interest.

The JM 1600 comprises a function generator as a source

of excitation to the system under test and a digital correlator.



The digital correlator picks out the sine wave component
that possesses the same frequency as the one set in the function
generator and rejects harmonics and noise. The 'in phase'
and 'quadrature' components of the waveform to be analysed
are measured relatively to sine and cosine reference signals
derived directly from the function generator.

A block diagram of the digital transfer function analyser
is shown in fig 6.2,

In order o lock the output of the function generator
to the a.b. system voltage a special purpose circuit had
to be designed. This c¢ircuit s shown in fig 6.3.

The +6V is obtained from the digital transfer function

analyser (d.t.f.a.), and V is the |ine-to-neutral voltage

RN
of phase R. The instant this voltage goes through zero

with a positive slope is taken as time reference for both
the theoretical and test studies.

Tests showed that no phase shift existed between the
output of the function Qenerafor and voltage VRN'

The describing funcTipn of a controlled converter is
general |y obtained for a partficular value of steady state
control voltage, which corresponds fo a nominal firing angle
d °. Thus a d.c. voltage level must define-fhe value of a©,

The d.f. for converters (see section 5.3) also depends
on the amplitude, frequency and phase of the input signal.

As the function generator of the d.t.f.a. generates
a signal whose mean value is zero,a d.c. level must be set

independently. Also the d.t.f.a. does not allow variations

in phase of the output of the function generator. The hardware
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Fig 6.3: Circuit to lock D.T.F.A.



circuitry that provides both phase-shift and d.c. level is
shown in fig 6.4,

As the phase shifting network provides a shift of the
signal in the range of 0° to ISOO, to covér the desired.
range of phase shift (befween 0° and 360%) an inverting
circuitry was built.

Path (1) shown in hatched line in fig 6.4 allows a
phase shift of the output of the funcfién générafor between
0° and IBOO, whereas path (2), allows a phase shift between
180° and 360°. |

The bootstrap minimises the loading effects on the
d.t.f.a.

The input to Thé correlator is the d.c. current waveform
which is measured with a Hall effect device circuit which
itself introduces a phase shift in the d.c. current harmonics.
For the frequencies of interest, 7.e. 50, 100 and 150 Hz,
this phase-shift is respectively -5.70, -11.4° and -16.8°.

To use fully the nésoluTion of the correlator of the
d.t.f.a. it was necessary to filter ouf the constant component
of d.c. current. A fourth order Chebyshev band-pass filter
was used for this purpose. The circuit diagram is shown in
fig 6.5. Fig 6.6 shows the comparison beiween the theoretical
amp|litude response ahd the test results for this filter.
Table 6.3 shows the gain and phase-shift for the frequencies

of inferest, obtained from tests.
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Test results
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Fig 6.6: Comparison between theorstical and test results for
a 4th order Chebyshev bandpass filter
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Table 6.3: Gain and phase-shift of 4+h ordér Chébyshev

f Gain Phase
50 |.916 -134°

100 |.916 -198.3°
150 |.887 -245,3°

The controller used (Chapter Two) employs a Pulse
Phase Control algorithm which possesses a proportional
characteristic between the control voltage and the firing
angle with respect to a particular reference. The constant
of proportionality, derived from the A/D converter, and the
phase-locked=-lcop free running frequency is 20.45 el deg V_I.
To obtain the test describing function the output of the
function generator is set to a particular frequency. A
bias voltage obtained from a power supply sets the value
of « O, whereas the output of the funcfion generator is set
To an amplitude that corresponds to the desired value of Ad .

The output of the Chebyshev filter is applied to
the correlator input. The measurement performed by the
correlator gives the amplitude and phase of the harmonic
of d.c. current at the frequency set by the function generator.
The reference for phase measurements are sine and cosine
signals derived from the function generator. As the phase
shifting circuitry is not built in the d.t.f.a. the

measurements of the correlator are always performed in relation
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to the same reference signals, To obtain the d.f. the
phase-shift ¥ introduced by The.circuif of fig 6.4 must

be taken into account. As the phase shift is varied through
a potentiometer, any small error can affect the value of ¢,
and comparison with the theoretical results may be difficul T,

An alternative is to plot the ratio

td J¢
e dy 6.1

Vm
and obtain the theoretical results in the same form. This
means that although a phase shift is introduced in the
modulating signal, the measurements are made relatively
to the control voltage before the phase shifter (¢ = 0°).
In the measurements obfaineé.a correction due to the
gain and phase of the Chebyshev bandpass filter must be
introduced. However no correction was introduced to
compensate for the phase-shift due To the Hall effect device

circuitry.

6.2.3 Data for the theoretical studies

For the off-line studies the data compiled in Tables
6.1 and 6.2 was considered. Although during measurements a

i flerence in the valt

2% d ues of the source impedance for

the three phases was found, this was not included in the off-
line studies: Similariy any imbalances in the filter
parameters for the three phases were not considered, as the
off~line program does not allow the representation of imbalances

in the source and fltter impedances. The off~line program



230

can however incorporate commutating impedance imbalances
and any such imbalances found during measurements were taken
into account.

The value of @ used in the theoretical studies was
the mean value of d reference obtained during tests. The
amplitude of the modulating signal was measured during tests
and this value was used in theoretical studies. |

Tﬁe d.c. current constant term considered for all the
theoretical studies was 2A.

During the tests it was observed that this pafamefer
varied with the phase of the modulating signal, this variation
being negligible for the 50 Hz and 100 Hz modulating signal
frequencies. However for a modulating signal of 150 Hz and

° . 15°) the d.c. current 'constant!'

amplitude of 14.8° (with @
term varied between [.5A and 2.5A.

The off-line program takes the d.c. current constant
ferm as fixed, thus assuming a variation in the invertfer
e.m.f. This short~-cut was used in order to avoid an
iterative procedure for the evaluation of current in the
theoretical studies.

The variation of the d.c. current 'constant! term affects
mainly the value of the commutation angle and thus the
amp|itude and phase of d.c. current harmonics. We can conclude
that the comparison between theoretical and test results
should be worst for the 150 Hz case.

As pointed out in Chapter Five, for the 50 Hz and 150 Hz

moduiating signal frequencies, the fundamental a.c. voltage

' {on the a.c. busbar of the converter transformer) was
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assumed fixed. Therefore the time reference for both the
theoretical and test studies is obtained from phase R of the
a.c. busbar of the converter transformer (Vac[, in fig 6.1).
1T was also pointed out in Chapter Five that for the 100 Hz
modulating signal frequency it is not valid to impose the
fundamental on the a.c. system side of the converter ‘
transformer. This is because a 100 Hz on the d.c. side
generates a 50 Hz on the a.c. side. The fundamental of the
a.c. voltage is therefore imposed on the Thevenin equivalent
generator. Thus to obtain the test results the d.t.f.a. was‘

synchronised with phase R of the output side of the variac

(Eac in fig 6.1).

6.3 ‘Comparison between fheoretical and test results

Test d.f.s were obtained for both high (infinity) and
low (3 and 6) short circuit ratios. For high s.c.r. two
cases were studied: &) base case where only imbalances
Inherent fo the commutating reactance were considered;

b) imbalances of 15.6% In one of the cémmufa+ing reactances.

For low s.c.r. only the base case was examined.

6.3.1 Infinite shorf circult ratioc

6.3.i.1 Base case

The theoretical and test results obtained with no
imposed imbalance and/or distortion apart from that inherent
in the a.c. mains are shown in figs 6.7 to 6.12.

Figs 6.7 and 6.8 are for 50 Hz m.s. and show that an Increase

-
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Fig 6.7: Comparison between theoretical and test results.
f = 50 Hz, Ao = 8.4°, Balanced and undistorted

a.c. voltages
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Fig 6.8: Comparison between theoretical and test resul+s.
f = 50 Hz, Aa = 15.4°, Balanced and undistorted a.c. voltages
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in the amplitude of the m.s. leads to a distorfion in the
theoretical and test d.f. curve.

Figs 6.9 and 6.10 refer to the 100 Hz m.,s. In this case
the results are sensitive to imbalance in the fundamental a.c.
(assumed negligible in computed study), therefore the agreement
between theoretical and test results is not as good as in
the 50 Hz m.s. case. This inconsistency Is 1llustrated In
fig 6.9 Qhere the first (1) and last (I1') test points afé.
not coincident.

Figs 6.11 and 6.12 refer to the 150 Hz m.s. case. The
phase-shift between theoretical and ftest resultfs is due to
the d.c. cﬁrrenf constant term experiencing a change with
the phase of the m.s. This affects the commutation angle
and therefore the amplitude and phase of the d.c. side
harmonic . of interest (150 Hz). As already mentioned (see
secfioﬁ 6.2.3) the off-line program assumes d.c. current
constant term as being fixed and allows for variations in
the e.m.f. that simuiates inverter behaviour,

The change of the constant ferm of d.c.‘curren+ with
the phase of the m.s. stems from the fact that for a particular
phase angle all the interfiring periods are approximately
identical. In this situation the d.c. current harmonic of
inferest is negligible, and therefore the d.f. is zero. The
value of constant term of d.c. voltage attains its maximum
value in this situation.

For another phase of the m.s. the 150 Hz d.c. current
harmonic is maximum, and the interfiring periods of the even

numbered valves are very different from those of the odd-
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Fig 6.9: Comparison between theoretical and test resul+s.
f = 100 Hz, Aa = 7.2°.
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Fig 6.11: Comparison between theoretical and test results.
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Fig 6.12: Compariscn. between theoretical and test results.
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numbered valves. Therefore the d.c. voltage constant term
and as a consequence the current diminish.
As mentioned earlier, the variation of d.c. current constant

term with the phase of the m.s. Is more pronounced for the I50 Hz case.

6.3.1.2 ‘Unbalanced transformer reactances

A comparison between theoretical and test resuits with
unbalanced transformer reactances was also carried out. -A
reduction in the commutating reactance of phase é resulttng in
a 15.6% imbalance was implemented.

Figs 6.13 and 6.14 refer to a 50 Hz m,s. In fig 6.13 two
test results carried out on different days are shown. The effect
of commutating reactance imbalance in the 50 Hz d.f. is
negligible and this agrees with the theoretical prediction.

Fig 6.15 show; the influence of an a.c. fundamental voltage
imbalance on the d.f. plot for a 100 Hz m.s.

Figs 6.16, 6.17 and 6.I8-show the comparisons between
theoretical and test results for a [00 Hz m.s.

Figs 6.16 and 6.17 correspond to the same amplitude of
the m.s. but were obtained on different days. Unlike the
50 Hz m.s. case,differences in the two plots are noticeable.
This is due to the fact that the 100 Hz frequency m.s. is
greatly affected by any imbalance in the fundamental a.c.
voltage. .- The phase shift between the theoretical and testT
results may be caused by imbalances not taken into account in
the theoretical calculations.

Figs 6.19 and 6.20 refer to the 150 Hz frequency m.s.

The results are similar to the ones obtained for the

unbalanced case. Again'+he theoretical prediction that
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transformer reactances :



242

£
0

100 Hz
] 15.2O
Ac 1.4°

"Theoretical studies"

n

1)

0-28
0-241
0-20-
) “Unbalanced transformer
016 reactance + a.c. volfage
unbalance!”
jéa 0-08-
k]
> 0-0d-
g ¥ L F T
> 020 -016 -0-12 /%008 -004 0 004 008 012 020 024 028
-0-04
-0-081
"“Unbalanced fransformer
reactance.”
-0-161
X VALUES 107
Fig 6.15: Influence of a further imbalance in the d.f. locus.

2% a.c. voltage imbalance



0-32;

028

Y VALUES 1072

243

f = |00 Hz
o° = 15.2°
Ao = 6.40

"Unbalanced transformer reactances"

Test results

Theoretical
results

~016 -012

004 012 0164020 024 028 032

X VALUES 107

Flg 6.16: Comparison between theoretical and test results.
f = 100 Hz, a® = 15.2, Aa = 6.4. Unbalanced
transformer reactances
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Fig 6.18: Comparlson between theoretical and test results.
£ = 100 Hz, o = 15.2, Aa = |1.4. Unbalanced
transformer reactances
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Fig 6.19: Comparison between theoretical and test results,
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Fig 6.20: Comparison.between theoretical and test resul+s.
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transformer reactances
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Imbatances either in the commutating reactances or in the
a.c. fundamental voltage do not affect the d.f. for a |50 Hz

frequency m.s. has been confirmed.

6.3.2 Finite short cireuit ratio

Tests were conducted to obtain d.fls for low s.c.r)s. No
imbalances and/or distorftions apart from those inherent to
the commutating reactances wére considered ié the theoretical
sfudées. Figs B.zr and 6.22 refer to a 50 Hz m.s. frequency.
As in the infinite s.c.r. case the theoretical and test d.ffs
are in good agreement but there are discrepancies in the
size of the locus.

Figs 6.23 and 6.24 were determined for a [50 Hz m.s.

The theoretical and test results show the same trends as for
infinite s.c.r. Again the phase-shift between theoretical
and test results 1s due to the d.c. current 'constant'! term
change with phase of the m.s.

For both 50 Hz and 150 Hz frequency modulating signals
the thecretical and test results are in reasonable
agreement. However, this is not the case for the |00 Hz
m.s. In this case any imbalance in the source impedance or
in the fundamental a.c. voltage affects decisively the d.f.
plot. Such imbalances had therefore to be considered when
obtaining the theoretical results. To assess the sensitivity
of the d.f. plot to imbalance in the fundamental term of the
a.c. voltage some theoretical studlies were carried out.

In fig 6.25 the effect of a change in phase of the

fundamental of the a.c. voltage Is shown. The d.f. plot
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Fig 6.21: Comparison bgTween theoretical and fest results.
f = 50 Hz, a° = 15.2°, 4a = 8.4°. s.c.r. =3
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Fig 6.23: Comparison between theoretical and tes+ results.
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shifts o the left and upward.

In fig 6.26 the effect of a change in phase and
amp|itude of the fundamental of the a.c. voltage is shown.
Comparison of curve 2, fig 6.25 with curve 2 of fig 6.26 shows
that changing the imbalance from one a.c. phase to another
shifts the d.f. plot upwards. |In both cases the negative
sequence of the fundamental of the a.c. voltage is identical.

Fig 6.27 and fig 6.28 compare the theoretical and test
results for a s.c.r. of 6 and 3 respectively. In both cases
the test d.f. is larger than the theoretical curve. However
the fheorefical results do correctly predict the shift in

the d.f. with varying short-circuit ratio.

6.4 'Experimental confirmation of limit-cycle prediction

In order to assess the ability of the off-line computer
program to predict limit cycle oscillations, a set of tests
was carried out with both high and low short circuit ratios.

The a.c. voltage and the control voltage harmenic
distortion was monitored using a spectrum analyser, these
measurements used later as input data for the off-line
computer program.

The linear part of the control loop incorporating
control led converters comprises two blocks in fig 6.29,
namely the error processing unit (e.p.u.) and the Hal! effect
device plus amplifier. The block N.L. stands for non-linearity
and comprises the d.c. converter system plus d.c. line.

| Denoting by G](J w) the transfer function of the error

processing unit and by H{j w) the transfer function of the
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Fig 6.25: Effect of change in phase of the fundamental of the

a.c. voltage in the D.F. plot for a 100 Hz m.s.
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Fig 6.26: Effect of a change in phase and amplitude of the
fundamental of the a.c. voltage in the d.f. plot
for a 100 Hz m.s.
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Fig 6.28: Comparison between theoretical and test results.
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10-24

{022

Theoretical
results

02k 022 020 018 016 0% 012 010 008 006 0:0% 002 0
X VALUES 107



Fig 6.29:

Control

1 p—
ref E.PU.

N.L

Hall effect
device + amplif

id

loop [ncorporating control led converters

BSZ



259

Hall effect device plus amplifier, the linear part of the
control loop can be gathered in a single transfer function

G{jw ) where:

[stiw)| = [6,GuiHtiu) | (6.4(a))

plwl} = [G(jw) =,L§ihjm) + JH{jw) (6.4(b})
The open—loop transfer function of the linear part
of the control loop is of the form’

-K (6.5)
| +jwTl

Gj ) =

As the gain of the Hall effect device is unity and its time
constant is very small;fhe gain K and time constant T in
(6.5) are mainly determined by the error processing unit.
For a particular time constant T, the gain K was varied up
to the value where a limit cycle oscililation would occur,
The value of K was then read and compared with the
theoretical prediction.

As the off-line program devefopéd can cnly predict
osci | lations synchronised with the a.c. system voltage, a
set of tests for two s.c.r. conditions (Infinity and 3),

_ balanced and unbalanced conditions (an Imbalance of 25% in
The amp | i Tude of phase R voltage) and for four time constants
{1, 10, 100 and 1000 ms ) was carried out.

Table 6.4 summarises the results obtained. Only
oSEiIlaTions synchronised with the a.c. system voltage are
shown in this Table. Oscillations not synchronised with the
a.c. system voltage were also found but they were disregarded

as they cannot be predicted by the theoretical mode! deve loped.



Table 6.4: Frequency of oscillations synchronised with the
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S.C.R: = S.C.R. = 3
T [ms] Balanced Unbalanced Balanced Unbalanced
a.c. voltages| a.c. voltages| a.c. voltages| a.c. voltages

I 150 Hz

100 Hz 50 Hz 50 Hz -

© 50 Hz

e 50 Hz 100 Hz - 50 Hz
100 - 50 Hz - -
1000 - - - -

Furthermore only oscillations with a considerable
amplitude were registered. The amplitude of these oscillations
were measured in terms of a variation of @ reference and
varied between 2 el deg and I1C el deq.

The following conclusions can be drawn from the resul+s
cbtained.

a. Oscillations synchronised with the a.c. system voltage
appear predominantly for high s.c.r. and low time constants
(1, 10 ms).

b.  In all the cases where oscillations éynchronised with the
a.c. system voltage were detected, the value of the gain Is
much smaller than that necessary to initiate oscillations
unsynchronised with the a.c. system voltage.

c. For a low s.c.r. the galin necessary to sustain an



osci | lation of detectable amplitude is much smaller than for

high s.c.r.
d. The gain K for which oscillations occur decreases with
decreasing time constant T.

The results of Table 6.4 indicate the area of interest,

i.e. T =10 and 100 ms for both high and low s.c.r.

6.0.1 Time constant 10 ms

Fig 6.30 shows the Nichols chart obtained from the
theoretical results for the prediction of limit cycles at
a frequency of 50 Hz and a s.c.r. of infinity.

The plots are shown for several values of amplitude
- of the modulating signal. At the time of the fests the
level of both the fundamental and harmonics on the a.c. side
of the converter transformer were measured and used as input
data for the theoretical studies. A similar procedure was
fol lowed for all the tests performed.

The straight line G(jl0Ow) in fig 6.30 is the locus of
the 50 Hz frequency point of G(j(;) far different values of‘
gain K.

According to the theoretical predictions an oscillation

of 5° in amplitude would occur for a gain K of 37.2. |Increasing

the gain K would increase the amplifude of the oscillation up

to a value of 2°, A further increase in the gain would

result in a cHange of phase, the amplitude of this oscillation

remaining the same. Finally further increments in the value

of K would lead to an oscillation of smaller amplitude.

261



Fig 6.30: Nichols chart. f = 50 Hz, s.c.r. =@ , T = 10 m.s., o = 26.4
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Table 6.5 details all the results obtained for a time
constant of 10 ms. For the case under study an oscillation
with amplitude equal to .4° exists for a gain equal to 0. A
gain of 50 produces an oscillation of 5 amplitude. A further
increase in gain produces a change of phase and finally the °
amplitude of the oscillation reduces to 4°,

Although the theoretical results explained qualitatively
the behaviour of the oscillations with increasing géin K, a
considerable difference was found between the calculated and
measured values'of The gain.

Fig 6.3 shows the Nichols chart of the theoretical
results cobtained fo predict limit cycles at a frequency of
50 Hz, amplitude of the modulating-signal of .24°% and a s.c.r.
equal to 3. The straight line in this figure is the locus
of the 50 Hz point of G(j w} for different gain§ K.

The results shown in Table 6.5 show that In this case
good agreement between the theoretical and test results was
obtained.

Increasing further the gain K of the error processing
unit wouldliniTiaTe oscillaTions not synchronised with the
a.c. system frequency.

Figs 6.32 and 6.33 show the Nichols chart for the
theoretical results and freauencies of the modulating signal
equal to 100 and 50 Hz respecfively.and s.c.r. equal to
infinity. The a.c. voltages were unbalanced.

In fig 6.32 the theoretical results predict an oscillation
of .40, frequency 100 Hz for a Qain Kof 11.3, Test results

shown in Table 6.5 confirm this prediction.



Table 6.5:

Comparlson between theoretical and test results.

Time constant T =

10 ms

Infinlty short circult ratio

Test results

Theoretical results

Short clrcult ratlo 3

Test results

Theoretical results

Frequency of Gatn |Amplitude of |Galn |Amplitude of |Galn [Amplitude of| Galn| Amplltude of
oscillation (Hz) K osclliations K osclhlations K osclitations K osci llatlons
10 .4° 37.2 .5° 20 .24° 23.2 .24°
50 o o
50 5 57 2 - - - -
100 10 .4° 1.3 .4° - - - -
50 5°(50 Hz) 52(50 Hz)
and 70 84.6 o
100 32(100 Hz) 3°(100 Hz)

14°r4



Flg 6.31: Nichols chart. f = 50 Hz, s.c.r. = 3, T = {0 ms, a° = 26.10°, Aa = .24°
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Fig 6.32: Nichols chart. f = 100 Hz, s.c.r. =» , T = 10 ms, o = 13.5°, Aa = 0.4°
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Flg 6.33: Nichols chart, f = 50 Hz, s.c.r. =08 , T = |10 ms, o° = 14,5°
(a) Dual input D.F. around ¥ = 3109 Frequency of bias signal 100 Hz, amplitude 3°
AldB)
38
36F
' . ,a(j100TE)
EIA! Aa=2 /'/ ) :
'S ] . ® o ‘:___’:._'__—_—-K‘ “\,‘
32} — T T
— x
[ k% o X \
\“‘11\ m—d(ﬂ) /I
30 ~~ ) TRE T —
Ao=5 T N *-x—,.q) _319,} -l"ﬁlz/““n-;k&
— n‘\\-' ) —'K'--,::._—n ix-l‘_________.—-x
28 ! ) .
T Ao =2" K=79-8
26
24y
22
20 L 1 1 1 1 1 1 1 1 1 1 1) 1 1 A 1 1 1 1 : 1 i 1 I i J
80 84 86 88 90 92 9% 96 98 100 102 106 106 108

[deg])

L92



Tests showed that increasing the gain K leads to a
situation where an oscillation with both 50 Hz and [00 Hz
would exist. The measured amplitude of the 50 Hz component
of control volitage was 5° whereas the amp | 1tude of the 100 Hé
component of control voltage was 3°ﬂ Téble 6.5 details the
gain K for which this situation occurred.

The evaluation of the dual input describing function is

needed to analyse this case. The single input d.f. was first

plotted for an amplitude of the m.s. equal to 2% and 5°. For’
an amplitude of the m.s. equal to 5° and a phase of 310° (which

corresponds to the lowest value of gain margin) the d.i.d.f. was

evaluated. The plot is shown in fig 6.33 (curve (a)).
As can be seen from the resul+ts shown in Table 6.5,
again good agreement between theoretical and test results

was found.

6.4.2° Timeé c¢onstant 100 ms

Fig 6.34 shows the Nichols chart of the ftheoretical
results for a frequency equal to 50 Hz, s.c.r. infinity,
amplitude of the modulating signal equal to 59,

From the theoretical results the gain for which an
osci | lation of 50 Hz and amplifude 5° is present, should be
932.5. However the test results showed that an oscillation
of amplitude 5° and frequency 50 Hz existed for a gain
of the error processing unit equal to 380. |

Fig 6.35 shows the Nichols chart of the theoretical
results for f = 100 Hz, s.c.r. =@ and 4o = 0.5°.

The theoretical resul+s predict an oscilliation of

00 Hz, amplitude 0.5° for a gain equal to 193.5. Test resul+s
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Fig 6.34: Nichols chart. f = 50 Hz, s.c.r. =@ , T = 100 ms, o° = 14.8, da = 5°
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Fig 6.35:
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showed that this oscillation would exist for a gain K of the
error processing unit equal to 150, For low short circuit
ratio no oscillations synchronised with the a.c. mains were

observed.

6.4.3 Firing argle irregularities

A common feature Sf the tests for both the 10 and IOd
ms time constants was the dominance of the 50 Hz oscillation
even when the fundamental of the a.c. voltage was unbalanced.
I+ is thought that a contributing factor towards this
behaviour 1s the Irregularity In the firing of the converter
Thyristor valves.

- Under open-loop, the firing instant pulses produced by the
digital controller are to all intents and purposes 60 el., deg. apart.
These pulses are routed to the valves Th}ough a set of pulse
Transformers.

Tests showed that a delay exists between the instants
The.pulse is produced by the digital contreller and the
instant It is applied to the valve.

Theore+icé| studies were carried out in order to assess
the influence of a common delay in all the firings in the d.f.

The resulis are shown in fig 6.36 where the Nichdls
chart is plotted for a 50 Hz m.s.

The plot indicates that a defay in the firing instants
shifts the —I/N(VC, w, ¥) plot by a value which is almost
ldentical to the delay considered. The amplitude of the

-I/N(VC, w, ¥) also decreases.
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|f the delay is not identical for all the valves, and
this 1s likely due to hardware companent precision, a pa++ern
of firings is established which dces not repeat itself
over a'mains' cyclé. This is the caﬁse of THe 50 Hz
oscillation.

6.5 'Céécfdgidns

fn this chapter a comﬁarison between the theoretical
results obtained from the off-line computer program, and test
resuits obtained from the h.v.d.c. simuiator was carried
out.

The experimental determination of the d.f. confirmed
the theoretical predictions in nearly all the cases, agreement
being better for high s.c.r.s. This (s thought to be due to
imbalances in the parameters of the test equipment not taken
into account in the theoretical studies.

This conclusion 1s reinforced from the results of the
100Hz m.s.case in which the correlation between theory and
tests is the poorest, However this is also the case for which
the d.f. is most sensitive to a.c. system Imbalances. Al+hough
some imbalances were measured at the beginning of tests and
used subsequently as input data in the theoretical predictions,
there was no guarantee that these Imbalances remained the same
during the course of the tests.

The experimental confirmation of |imit cycle oscillations
at a frequency synchronised with the a.c. system voltage was
also carried out. Some Iimit cycles of 50 and.lOO Hz

observed experimentally were confirmed through a Nichols plot
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of both the Inverse d.f. and the error processing unit transfer
function.,

The agreement hetween theoretlical and experimental values
of the e.p.u. gain is fn most cases saTisfacfofy:

Jhe limit cycle qscilla+ions are In general of relatively
small amplitude and result from a;c; system imperfections
magnified by The closed~loop control of the d.c. current. They
occur for values of the e.p.u. gain less than that necessary
To initiate oscillations with a frequency not synchronised
with the a.c. system voltage. .

Actual ly the mechanism that generates oscillations
synchronised with the a.c. system voltage is different from
the one that generates non-synchronised oscillations. Whereas.
non-synchronised oscillations are mainly excited due to
the closed~loop control of the d.c. current, synchronised
oscillations are excited due to a.c. system Imbalances and/or
distortions.

These synchronised osciilations may exist even under
opeH-Ioop situations, the closed-loop control simply

magnifying them through modulation of the control voltage.
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Chapter Seven

HARMONIC MINIMISATION CONTROLLER

7.1 Introduction

The thecretical and experimental results cobtained in
Chapters Five and Six sugges%“+ha+ oscillations synchronised
with the a.c. system vol+age.are m;inly generated by imbalances
and/or harmonic distortion. in the a.c. busbar of the converter
transformer.

The results obtained also show that modulating the firing
instants with a signél of a particular frequency generates
a d.c. current harmonic of the same frequency. This current,
in tfurn, imposes on the a.c. side voltage harmonics, which, if
present independently, would ha&e resul ted in.é d.c. current
harmonic of the modulating signal frequency.

These two major conclusions led Yo a proposal of a.new
controller, whose primary objective is to minimise the
modulation of the control voltage due o uncharacteristic

d.c. currenf harmonics.



The type of control systems that are in use today supress
the modulation of the control voltage due to d.c. current
harmonics by imposing a Iérge time constant in the error
processing unit, i.e. by giVing it a low-pass filter
characterisfic. The smaller the passband of the error
précessing unit fthe more effective the filtering effect of the
error Processing unit. Results obtained in Chapfer Six
showed that for a time constant T of the error processing uni+t
equal to Is, no oscillations synchronised with the a.c. system
voltage were obtained.

Increasing the time constant T has, however, the drawback
of slower dynamic response of the controller.

By minimising the modulation of the control voltage,
the controller proposed enables the use of sma!ler time constants
in the error processing unit.

The basic philosophy of the new confroller is presented
in section 7.2. Section 7.3 shows some exﬁerimenfal results
obtained using the principle aeveloped in section 7.2. These
results were obtained using a specfrum analyser and the waveform
gen;ra+or of a digital transfer function analyser. Alsoc in
this section the basic design of the new controller is outlined.

Finally in section 7.4 some conclusions are drawn.

7.2 Basic philosophy of the harmonic minimisation controlier

Oscillations synchronised‘wifh the a.c. sysfem voltage are
mainly due to imbalances and/or distortions in the a.c. busbar

voltage of the converter transformer.
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These imbalances and/or distortions generate, due to the
moduiation process of the converter, a set of d.c. current
harmonics, Under open-loop conditions and with equidistant
firing the source of non-characteristic d.c. current harmonics
is the variation in commutation periods.

When the current-control loop is closed the d.c. current
harmonics modulate the confrpj voltage, thus giving rise to
non-equidisTanT'firing of the valves. This irregular firing
is a secondary source of d.c. current harmonics which is likely
to lead fo harmonic magnification.

The basic objective of the harmonic minimisation controlier
(h.m.c.) now proposed is to use an auxiliary signal to demodulate
t+he modulated control voltage. -

Figure 7.1 shows the block diagram of the current-control

loop of a d.c. converter system using the proposed h.m.c.

‘ a.c. voltage
\/ V" i id
EPU c H ¢_| Firing | Converter ke .dc.

system ‘ system

d.c. current
measurement

Fig 7.1: Block diagram of the current control loop using
the Harmonic Minimisation Controller
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Here the output signal from the error processing unit (VC)
is modifled according to a particular law into V"C which in
turn is applied to the firing system. Block H in fig 7.1
performs this modi fying function.

Two approaches are possible here:

a. In the first approach, The.demodu|a+ion of VC is the

ob jective. VTC modulates the firfng instants in such

a way-that the d.c. current non-characteristic harmonics

are minimised.

b. In the second approach, the demodulation of V"C is

the objective, i.e. in this approach the pulses applied

to the thyristors are truly equidistant. The residual

d.c. current non-characteristic harmonics are larger than

in case (a).

Thus, in the first approach the modulation due o imbalances,
distortion in the a.c. voltage and non-equidistance firing is
col lectively compensated, whereas in the second approach only

the modulation due to the non equidistant firing is compensated.

7.3 Experimental results

The two approaches detailed above were fested using the
set-up described in Chapters Two and Six.

A spectrum analyser was used to analyse the controi-
voltage frequency spectrum. The waveform generator of the
digital transfer function analyser was used to produce a signai
with a particular amplitude and frequency. The phase shifting
network described in Chapter Six was used to adjust the phase

of the output signal of the d.t.f.a.



To produce V"C a summing Jjunction was implemented. The
inputs to the summing junction are the output of the error
processing unit Vo> @nd the signal derived from the d.t.f.a.
as shown in fig 7.2.

In the hatched box the phase shifting circuit described
in section 6.2.215 shown. Also the d.t.f.a. is locked with
the a.c. system voltage through the cireuit outlined in 6.2.2

Experiments were performed for high and low s.c.r.s.

The frequency spectrum of both Vc and V"c obtained with
the spectrum analyser was used to determine the frequency and
amplitude of the signal +o be provided by the waveform
generator of the d.t.f.a. First, with a small ampiitude of
this signal, its phase was adjusted so that VC (V"C) diminished
its amplitude. Next the amplitude was incremented to minimise
the modulation in V_ (V"c).

With the present experimental set-up it is only possible
tTo aC'I".on one particular frequency of the spectrum of VC(V"C).

A summary of the results obtained is shown in Table 7.1.

Tests were also performed with a s.c.r. equal to 3.
Oscillations synchronised with the a.c. system voltage were
detected for very smali values of the gain ( = 10} of the error
processing unit, The amplitude of this oscillation was so
small that correction would have been counter productive.

In the table the amplitudes of VC are an image of the
amp | i tudes of the uncharacteristic harmonics in the d.c.
current. In all cases shown,the modulation of VC by the auxiliary
signal derived from the d.t.f.a. did not initiate other types

of oscillation. Actually the frequency spectrum of VC for all
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Table 7.1: Summary of results obtalned with the H.M.C.

Current controller

Harmonlc MInlmisation Controller

Short circult | Id |JFrequency of | Amplltude | Amplltude of Amplltude | Amplltude Confrol pollcy
ratio [A]) loscillation [v] auxi Ilary signallv] | of v_ IV [ of v ]
Y -3 -3 -3 -3 "
b7 .2 50 Hz 80 x 10 64 x 10 50 x 10 20 x 10 * | Control of V¥ c
-3 -3 -3 -3
w Z2 50 Hz BO x |10 85.3 x |10 20 x 10 BO x 10 Control of VC
-3 -3 -3 -3
6 .8 50 Hz 40 x 10 40 x 10 20 x 10 30 x 10 Control of Vc
-3 -3 -3 -3 "
6 1.& 50 Hz 40 x |10 25 x |0 30 x 10 20 x 10 Control of V c
® 2 100 Hz 30x10° | 23.5x 1077 10x 10°] 30 x 1072

Control of Vc

182
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frequgncies but the one which was being controlled remained
‘the same.

In order to assess whether the same results would apply
to the control of 0+hér frequencies, an imbalance in the
fundamenTa! term of a.c. voltage was introduced. This caused
a 100 Hz oscillation In the control voltage. The results are
detailed in Table 7.1.

In all the tests performed ;he phase shift befwéen the
auxi liary signal injected and the signal modulating the
control vcltage VC was found to be 180°,

The results obtained suggest that the control of VC is
not only more effective in reducing the d.c. current non-
characteristic harmonics, but is also easier 1o implement. It
is also apparent that the amplitude of the auxiliary signal
is approximately equal to the amplitude of the oscillation in
VC before the demodulation.

To derive a simple law for the control of V"C is however
more difficult, as in +hi§ case the objective is that the
voltage fed into the firing system will be demodulated. Thus
the amplitude of the auxiliary signal depends on the non-
characteristic harmonic content contributed by the control
voltage.

Figs 7.3, 7.4 and 7.5 show oscillograms of the direct

voltage VY, before and after the implementation of the new

d
control policy for infinity s.c.r. and frequency of oscillation
of 50 Hz. The gain of the error processing unit is 50. The

osci | lograms of Vc and V"C (with and without the auxiliary

signal} are shown.
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b)

Fig 7.3 Current controller
s.c.r. =@ k = 50
al V
5) vI
C
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C)

Fig 7.4 Harmonic minimisation controliler Control of V"L
s.c.rr. =0 ‘k = 50
al Vg bl V"o o) V¢
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C)
Fig 7.5 Harmonic minimisation controller Control of VC
s.c.r, =® k =50

a) Vg b) Vo <) Vi
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As already pointed out, these results were obtained with
the auxiliary signal derived externally fo the control-loop.

To fully assess the behaviour of the new controller tests with
the new auxiliary lcop closed needed to be performed.

A possib!erway of implementing the Harmonic Minimisation
Controller would be to use a microcompu+er which performs the
Discrete Fburier Transform (DFT) of the control vdlfage, thus
obtaining its frequency speéfruﬁ‘

The components that possess negligible amplitudes may be
simply disregarded and a new spectrum built with the
frequencies which are dominant. Subsequently the spectrum
should be shifted by 180°, From this new frequency spectrum
the inverse Discrete Fourier Transform can be performed
and the auxiliary signal obtained.

This signal can then be applied either in analogue form to
the input of the firing system (a digital to analogue copverTer
is thus needed) or in digital form as a correction to the
software algorithm described in section 2.3.1.2.

As the control voltage is sampled |7 times in 60° (see
Chapter Two}, these samples can be fed as data to the Discréfe
Fourier Transform processor.

The action of the new controller must be very slow so that
its Influence on the dynamic behaviour of the current-control
loop is negligible. As the lowest frequency to be défecfed is

50 Hz a Time delay of 20 ms is inherent in the correction.



7.4 Conclusions

This chapter described a new controller whose main

objective is to suppress the magnification of non-characteristic

harmonics due to the feedback action of the current control-
loop of COpverTer systems.

Two control policies are described. Experimental Eésulfs
for both confro] policies were obtained, using an external
source to impose an auxiliary signal to demodulate the modulated
control voltage.

Under these conditions the behaviour of the new controller
was satisfactory. Oscillograms that compare The‘relevanT
signal with and without the new coptrol policy were shown.

Based on the results obtained, a way of implementing
the new con+r§||er was described.

Although one of the control policies is easier +o
implement and leads to a negligible amplitude of the harmonic
supressed it does not follow that this control policy is the
best. |+s behaviour under closed-loop conditions must be
fully assessea and the consequences of the firing instant
. madulation investigated.

A digifal controller seems most appropriate for the
incorporation of such con+rol policies as only alterations in

software are needed, the hardware remaining virtually the same.
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Chapter Eight

CONCLUS IONS

8.1 Conclusions

A new model for the converter and its associated controls,
suitable for the study of oscillations synchronised with the
a.c. system voltage, was proposed.

The model developed takes into account the modulation and
demodulation processes characterising converter behaviour, and
the resulfing generation of harmonics. As this detailed
converfer mode!l is not amenable fo an analytical approach a
computer program was develcped capable of analysing the
mechanism of harmenic generation by the converter in the presence
of imperfections in a.c. voltage, converter transformer an&
firing system. The program performs a detailed steady-state
calculation of a complete h.v.d.c. link, yielding all the a.c.

and d.c. side voltage and current harmonics up to the 30th.

r
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The program allows the simulation of the Individual

. Phase Control (IPC), the Pulse Frequency Control (PFC) and
Pulse Phase Control (PPC) systems, and the representation of
both rectification and inversion with either infinite or
finite a.c. systems,.

The main burden of the computer program is the harmonic
calculaTion!of the Euler-Fourier coeffiéien+s of the d.c.
voltage and a.c. currenfs:- In order to save computing time,
these coefficients are calculated analytically.

With finite a.c. system short circﬁif ratio, a Gauss
iterative methed is used to adjust the a.c. bus voltage. This
algorithm requires a considerable number of iterations,
specially in *the presence of a.,c. and/or d.c. system resonances.

Acceleration factors were implemented in order to speed up
the convergence, however in some cases convergence was not
achieved. This situation occurred whenever the a.c. system
anti-resonant frequenéy and the d.c. system resonant frequency
were "linked" Tﬁrough the modulation process inheren+ in the
converter.

The most important findings concerning the steady-state
solution of a bi-terminal h.v.d.c. system were:

a. A second harmonic distortion with positive sequence

on the a.c. voltage gives rise to a component at
the fundamental frequency on the d.c. voltage, and to
al! even harmonics on the a.c. side.

b. A second harmonic distortion with negative sequence

on the a.c. voltage gives rise to all triplen
harmonics on the d.c. side and to all even harmonics

excluding ftriplens on the a.c. side.
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¢. An imbalance in a.c. voltage or in commutating
‘impedance yields all even harmonics on the d.c.
side and all triplen harmonics on the a.c. side.

The new model for the converter was used to compute the
describing function for d.c. transmission systems. This is
defined as the complex ratto of the output d.c. current at a
particular frequency fto the input control valtage at the same
fréquency. -

Wi+th bafanced and undistorted a.c. voltage, the d.f.
expands with increasing amplitude of the input signal for
50 and 100 Hz. However, for the |50 Hz input signal this
feature seems to depend on the type of system studied and on
the short circuit ratio.

Imbalance and distortion of the a.c. voltage yields a
significant expansion of the d.f. in those cases where the
a.c. currents gen?rafed by the converter with a modulated
input signal contaln the same harmonic which is imposed on the
a.c. busbar voltage. As a result, the d.f. for 50 Hz is
expanded by a second harmonic distortion with positive sequence;
for 100 Hz s expanded by voltage or transformer reactance
imbalance; and for 150 Hz by a second harmonic distortion with
negative sequence.

. The experimental determination of the d.f. for the h.v.d.c.
simulateor showed good agreement with the predicted resulfs in
nearly all cases examined. Some limit cycies of 50 and 100 Hz
ébserved experimental ly were confirmed through a Nichols chart
where both the inverse d.f. and the error processing unit

transfer function were plotted.



The agreement between theoretical and experimental
values of the error processing unit gain is in most cases
satisfactory.

The limit cycles (harmonic instabilities) are in general
of relatively small amplitude, and result from a.c. system
imperfections magnified by the cloged—loop controi of fhé d.c.
current. Oscillations synchronised with the a.c. system may
indeed be present even under open-locop conditions depending
on the a.c. bus voltage imperfections. The harmonics of d.c.
current generated by these imperfections is fed back into the
firing control system and depending on the bandwidth of the
error processing unit, modulate the firing instant of the valveé,
thus magnifying the relevant harmonic of d.c. current.

We can conclude that the mechanism that gives rise to
oscillations synchronised with the a.c. system voltage is
qui te di fferent from the one resbonsib]e for the generation of
osci llations at lower frequencies. As a consequence, the values
of the error processing unit gain necessary to initiate
osci llations synchronised with the a.c. system voltage are much
smal ler than the ones necessary to initiate lower freguency
oscil lations.

A new controller whose main function is to minimise the
d.c. current non-characteristic harmonics, and thus prevent the
occurrence of harmonic instabllity Has been proposed. Tests
performed with the new controller showed that oscillations
synchronised with the a.c. system voltage can be eliminated. Two
alternative control policies were proposed. One minimises the
modulation in the control voltage fed into the firing system.
The other minimises the d.c. current harmonic, Oscillograms

[ llustrating both control policies were presented.
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The describing function method, although expensive in

computer ftime, has proved to be a powerful fool in the study

of harmonic instability in h.v.d.c. systems. The results

obtained led to the suggésfion of a new controller which

promises the prevention of harmonic instability.

8.2 Original contributions

The following are believed by the author to be original

contributions:

I

Imp lementation of a digital control system based upon

a commerciélly available microcomputer system

(TM 990/1C1IM).

A mathematical mode! for the evaluation of the commuta-
Tioﬁ' angle when the influence of d.c. current harmonics
s Téken into account. | J

A mathematical model for the firing control systems

used in d.c. converters, i.e. individual phase control,
pulse frequency control and pulse phase control.

A mathematical model for the inverter which fakes into
account the constant extinction angle mode of control.
The use of the non-lineatr model of the converter fo
evaluate the describing function for h.,v.d.c. systems
and to predict the existence of limit cycle oscillations
synchronised with the a.c. system voltage.

A method of minimising uncharacteristic harmonics

using a Fast Fourier Transformchip. This could form

the basis of a new controller.
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8.3 Suggestions for further work

The non=linear model of the converter developed is useful
for the evaluation of the harmonics injected in the a.c. and
d.c. systems and of the describing function for h.v.d.c. systems.
However it possesses some limifations concerning the modelling
of the a.c. system and the converter transformer:

I. When -obtaining experiﬁenfal results for the 100 Hz

input signal it was found that imbalances in the a.c.

system impedance and/or imbalances in the filter bank

impedances did affect the describing function locus
considerably.

2. Core saturation of the converter transformer can also

contribute +oaharmonic instability (20). Thus the

influence of the harmonic pattern generated by the
transformer in the d.f. locus and shape must be
determined.

[+ 7s therefore suggested that the features described
above be introduced in the model and their influence on the
d.f. fully assessed.

The mode! developed should be expanded to deal with
I2-pulse operation. Nowadays h.v.d.c. links operate in a
|2-pulse mode, as this minimises the number of a.c. side filters
used and theretfore makes h.v.d.C. systems economicaliy more
attractive. This expansion would allow a sftudy of the type
and arrangement of the a.c. side filters.

The interaction between the a.c. side harmonics and d.c.
slde harmonics has already been compared by some authors (I,

16, 17} to a modulation process. The direct voltage of a



converter can be seen as the result of the modulation of a
carrier function by the input alternating voltage, whereas
the a.c. current can be seen as the result of the modulation
of a carrier function by the Tnput d.c. current.

On the other hand, due to the d.c. current feedback,

a modulation process of the firing instants occurs.

The carrier would then be modulated both by the a.c.
voltage (d.c. current) and by the harmonics in éon+rol voltage
due To the d.c. current feedback. Whilst the former modulation
process is similar to an amplitude modulation (thus a linear
modulation process), the modulation performed by the control
voltage is similar To a pulse duration modulation which is a
non-|inear modulation process.

The new model now proposed can give a better insight into
the kind of modulation performed by a converter. The development
of analytical expressions that relate a.c. side harmonics and
d.c. side harmonics would allow the evaluation of the harmonic
pattern both on the d.c. side and a.c. side without having to
perform a Fourier analysis of the waveforms. This would lead to
appreciable savings'in computing Time, and make the analysis
of an h.v.d.c. system more flexible.

The principle of a new controller has been proposed and
simulated with the use of a spectrum analyser and a waveform
generator.

Actual implementation on the new controller is strongly
recommended as the test results obtained indicate that it may

prevent the occurrence of harmonic instability.
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In the set-up used to simulate the new confroller, it
was only possible 1o generate single frequency signals. As
the control voltage is generally modulated by the d.c. current
harmonics, the consideration of signals that possess more than
one frequency Is also desirable.

The two contro! policies suggested should be tested and
their behaviour assessed. Also a stability study of the new
controller for osciilations unsynchronised and synchronised with
the a.c. system voltage shouid be performed in order to fully

establish its behaviour.
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Appendix A

DATA ACQUISITION INTERFACE, HARDWARE DES|GNS

A.l Voltage zero crossing detection

The maln functions of this circuit are

| To generate logic signals that provide Informatiecn
regarding the valve voltage states (i.e. whether a
particular commutating voltage is positive or
negative); .

2 Generation of the v.z.c. interrupt signals;

3 Initiation of the firing angle measurements by
reseting a counter to zero;

4 To terminate an.extinction angle measurement by
loading the value of a counter into a latch.

Flg A.[ shows the block dlagram of this circuit.

———— 6{valve voltage states)
===~ 1 bus
=3 buffer ———To system
- DATA BUS
lﬁ
Comparato Mono- _D_%
stable |
VZ.C pulse

%6 %8

X8

Fig A.l: Valve voltage states and voltage zero-crossing generation
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A.2 Firing angle and voltage zerc crossing interval measurement

The main function of this ¢ircuit is to measure the
firing angle. A counter is reset every time a voltage zero
crossing occurs. Thus this seft-up cannot measure directly
values of @ greater than 600. Firing angles greater than
60° are obtained by adding to the value of & ‘the values of
the last voltage zero crossing (if 60° < a < 120°) or
adding the value of the last two zero crossings (120° < e < 180°).

The counter used for measuring @ is also used to measure
the v.z.c. interval,

A register loads the value of the counter whenever a fire
"occurs and another register loads the value of the voltage
zero crossing interval whenever a voltage zero crossing occurs.

Figure A.2 shows the block diagram.

fire vaive amecontrol signal
control signai
LOAD enable ocutput
Clock
enerator 8
¢ Counter »| Register —-_.."m’"gaaf‘a“gjg
A.
Reset VZ.C. control signai
Delay | enable output
o ;
vZe —|Register V.Z.C.interval
== a {0 data hoa
LOAD
—

Fig A.2: Firing angle and voltage zero crossing interval
measurement
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A delay in the signal that resets the counter was introduced
in order that the value of the voltage zero crossing interval

could be stored in register B.

A.3 Current zero crossing measurement circuitry

To measure the extinction angle the knowledge of the end
of valve conduction Is necessary. Figure A.3 shows the block

diagram of this circuit.

+V

Threshold

i i | I Comparator —Do_}_cu:ent

N Zero
My
HCR f i {x 6)

crossings
(x6)

Fig A.3: Current zero crossing measurement

The detection of the valve current end of conduction is

obtained through saturating toroids of H.C.R. which Is a
material with a narrow rectangular hysteresis loop. When

the vatve current falls below 10 mA the magnetisation level

of the H.C.R.tornidal fransformers changes, this change in



flux being detected on the signal winding of the transformer.
A voltage differential comparator possessing a small |
positive threshold voltage amplifies this signal in order that
It ¢can be within T.T.L. voltage levels range.

The curr}an‘r Zero crossing pulses are then processed in
a way which is similar to the voltage zero crossing detection

circuitry {(see A.1).

A.4 Extinction angle measurement

The extinction angle is measured between the end of
valve current conduction and the voltage zero crossing of
the valve's commutating voltage. |

The counter in figure A.4 is reset every time a current
zerc ¢rossing occurs. The value in this counter is loaded into
a register whenever a voltage zero crossing occurs. The
extinction angle ( ¥) control signal enables the output of
the register and the measured value of ¥ can then be stored

into the microcomputer's memory;

V2.C. Y controi signal
Load enable
Clock |
12 , to data bus
Counter }—#-—1 Register e

Y measurements
Reset |

Fig A.4: Extinction angle measurement
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A.5 linterfiring period measurement

This circyit is detailed in section 2.3.1.1.

A.6 Ring output latch

The software of the microcomputer based-controller sets
the valve to be flired +hr?ugh-a word of six d?giTs which is
stored into a latch. Only one of these digits }s at low
voltage, corresponding to the valve to be fired. Figure A.5
details the circuitry. A set of pulse transformers then
apply the output signal fto the gate of the appropriate

thyristor.

0
e T ™

Fire control signal

4

to puise transformers

Fo—
—(D—

Ftg A.5: RIng output latch

b
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A.7 Phase locked~loop (PLL)

To provide the clock pulses to all measurement circuitry

a phase locked-loop synchronised with the mains is used.

S50Hz fo =18Q kHz
P.L. L. clock
"™ generator
Divide by
Ncircuitry

Flg A.6: Phase locked-loop

The free running frequency of the v.c.o. of the PLL
s adjusted to be 180KHz (which corresponds to a 0.1°
definition). This signal goes through a divide by N
circuitry (in the present case 3600) and the frequency of
the output slgnal compared with the mains frequency. Any
di fference corresponds to a variaticn in Thé input voltage

of the v.c.o. and thus an adjustment of its frequency.

s



A.8 Organisation of data transfer

306

In order that the microccmputer system may recognise

the Data Acquisition Interface (DAl) as a block of words in

memory, a circuitry to generate the appropriate control signals

was designed.

This circuitry is shown in figure A7,

DBIN D _

Contral signails
et (Pe2d)

Controi signals
—® (write)

EXCLUSIVE MEMCYC 3-to-8
Al-AN
—— NOR : LINE
GATES DECODER
A2 -A14 WE
£ 3-t0-8
MEMCYC LINE
-] CECODER
¥, o -
Fig A.7: Control signals generation

The 12 most significant bits of the microcomputer's address

bus are processed in order to attribute to the DAl a space

in memory between adress DFFC and DFFC.

Adress |i

nes Al2,

Al3 and Al4 are processed by a 3-to-8 line decoder In order
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to generate the appropriate control signal. Table A.l shows
the relationship between the adress and the control signaf that

enables the output of a particular register.

Hex

Adress Control signal

DFFO & - measurement

DFF2 Y - measurement Read

DFF4 Vv.z.c. interval Control

DFFé& IFP (real) Signals

DFF8 Valve voltage states

DFFA |FP (computed) Write control
DFFC Fire valve Signals

Table A.l: confrol signals

Signals DOBIN (Data bus input), MEMCYC (memory cycle) and
WE (write enable) from the microcomputer are used to enable

the appropriate decoder (Read or Write control signals).

A.9 Interrupt module

As stated in section 2.3.1.2, three levels of interrupt
exist. The interrupf associated with the end~of-conversiocn
of the A/D converter ' is internally gensrated in the RTI
1241-R.

Both the interrupt associated with the firing of a
valve (which has the highest priority) and with the v.z.c.
interval (which has the lowest priority) are processed in

a similar way.
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A dual D-type positive edge triggered flip flop with
preset and clear changes the output state whenever the
interrupt signal [s generated, and is reset whenever the
inferrupt is to be cleared.

For the interrupt that generates the firing pulses, the
flip-flop 1s set when the signal B > A of figure 2.4(a) goes
Eigh and reset when the valve actually fires. |

For the lowest priérify interrupt, the flip-flop is set
when the v.z.c. signal goes active, anq reset when the v.z.c.

interval is stored into the microcomputer's memory.



Appendix B

CALCULATION OF THE COMMUTATION CURRENT

The commutation current in an incoming valve 'i' can be
calculated by integration of differential equation (3.54}
with the initial condition ii = 0. The application of

Laplace transforms yields

hw S sC

|
h h 14
sk,  + R I.(s) = $ [ o * ]+R_
AL Z s2ethw )2 sPetha 2] 0TS
h=1 o o
n

Cefining
Sh
Xh = hw o E—- (B.Z)
h
= R,m -JT_E— (B 3)
7’y °© B, * '
Lio ' )
TIO = R— (B.4)
10

and substituting into equation (B.!) one obtains

Lw AL o . ‘
) > o = 5By , (B
- >
= 2 .
) s7+( mo) 5 +(£mo)
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P .
C S+x R |
) = 2 LLh > 7 ] C T ST
: h=l =Tio (s+1/T, )(s"+(hy }7) o io
io o
n
d
S+y
. 5% L (B.5)
L. 2 2
4| - 10 (s+I/TiO)(s +(gm0) )

To obtain ii(+) the inverse Laplace transform must be

calculated, yielding:

T e-+/Tio

10

P Ch
) = Z L. [I
h=|

JT. %e(h w )?
[N 0]

l / Yh2+(h mo)z
Yo 5 = sin (htuOT + ¢Ih}
i

o /T o +(htuo)
. n i ) )
Ro ‘I‘/TIO Bg yg, I/Tio +/Ti0
R Id(l~e ) o+ E: » = = e
io g o1 1o /T, "+ Ca)
2 2 . .
| / vy e o)
+ sin (Rw + + ¢ ) (B.&)
2 2 2 o "2 }
e I/Tio +( zmo) ' :
where
_ /T, =x )hw
oy = Tan [ﬁ o _h é] (8.7)
(h mo) +xh/Tio
= [T Y Y (8.8)
¢22 = tan 5

The following constants are now defined
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Z = l (B.9)

thw )2+1/T. °
Q 10

|
(ta )27, 2
o] 1Q

N
n

(B.10)

(B.11)

[¥p)
o0
it
-
(]
o0
S
=0 .
> '
-
N
+
o
=2
VI\)
_

. | _
_ 2 2
S,p % 5T~ V2, [yz Cou ) ] (B.12)

O i0
G, I
th = T_._- (Xh 'r-) Zh (B.13)
1D 1O
BL |
Xy = T—= 4, ~T) 2, (B.14)
10 1O
RO
g o= 2 (B.15)
| RTO d

Substitution of equations (B.9) to (B.15) into equation

{(B.6) yields
P ~t/T, /T,
|“+) = Z: P”1e +Slh an(hwoﬂ-ﬂhq.+ylﬂ-e )
h =1
n
d /T, |
. 5 [nge %5y, sin Gt ¢22):I (B.16)
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Appendix C

CALCULATION OF THE EULER COEFFIC!ENTS

fn this Appendix the Euler coefficlients of the Fourier
series expansion of certain ftypes of periodic functions which
appear in the mathematical description of the inverter d.c.
voltage and a.c. current are calculated.

As is well known, a periodic function f(f} with period

2T can be expanded in Fourier series as

A ) »
o .
FH) = 5=+ ) A cosnw t+y B sin nw_t (C.I)
=| n=|
where w_ = ¢ /T and An and Bn’ the Euler coefficients, are
given by
w, 27
A = — f(+) cos nw t dt n=90,1, .... , (C.2)
n T . (o}
0
mo 2T '
Bn == f(+) sin n wo+ dt n=1,2, «.... , (C.3)
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C.l Assume that function f(t) is

f(+) = A cos kwo1'

(C.4)
The Euler ccefficients are given by:
M} n =20
W o 2T .
A = =— A cos k®w t dt
] T o)
0
2T
A
= = [sinkow 1] (C.5)
kT o 2y

Bn is not defined in this case.

1) n #k
Cw (2T
A = = A cos kw T cos nw T df
n T o o
0
_ Amo sin(kmo+nwo)+ . Sin(kwo-nmo) ZT (C-6)
T 2(km0+nmo) 2(kw0—nmo) o
W, 2T
B = — Acos kw 1T sinnuw 1 gt
n T o ©

0

cos{kw -nw )t
o o)

_ A%[- cos (k W ,*n mo)f ]ZT (C.7)
T 2(kmo-n mo)

2k w _+nw )
o) o)

0
i) n =k
w 2T
A o= =2\ A cosZnw t dt
n T o
0
AW

2T

] {C.8)
4n w
© 0

i o i)fsin.ano'l'
— |z



(C.9)

(C. 10}

(C.i1

wo 2T
Bn=—.|.— A cos nmof sin nmo'i' dt
0
AW cos 2nw T -2T
._o [. __0]
T 4n w
°© 0
C.2 Assume that function f(t) is
f(+) = Asin ku
Q.
The Euler coefficlents are given by:
1) n=20
R mo ZT
AO=-T— Asmkwo'l'd‘f'
0
27
A
= T [— cos ka'I':[
0
il n =k
wo 2T
A = — Asinkw tcos nw T dt
n T o} o
0
A w cos(k w +n w )t cos(kw -nw )t
_ e} o o) - o o)
T [ 2k w +nw ) 2(kw -nw )
o] o) o) o
w g 27
B = — Asinkw T sinnw 1+ dt
n T o ~ o
0
Aw sintkw +nw )T sinfkw -nw )T
_ of_ O o) + 0 o]
T [ 2(kw +na ) Z(kw -nw )
o) o) o) o)

FT (C.12)

0.

IZT (C.13)

0
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u

Asinnw Tt cos nw T dt
o] o)

AW cos 2nw T 92T
o f_ o

T [ 4n W ]

© 0

mOZT

B = -Asinznm'fd'i'
n T o
0

Aw sin 2n w T 42T
eyt |
2 dn w

o

0

C.3 Assume finally that function f(+) is

- (=t ) /T,
f(t) = Ae !

The Euler coefficients are given by:

w_ (2T -+t )/T.
R

AW -Ct=t /T, 2T
[ T e * .]

T
0
i) n# O
Wy 2T -(T-fx)/T.
A = — Ae ' cos nw + dt
n T o)
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(C.14)

(C.15)

(C.16)

(C.17)
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Aw ‘(‘i"Tx) /Ti 2T
o] e . ]
> > {n g sin nwof-:-l.-cos nmoﬂ
(n w Y7 +1/T. i
o |
0
(C.18)
mo 27 - (+-1 )Y/T.
-2 Ae * lsinno t dt
T o
0
u e-(f-‘rx)/T] | -
O[ (-= sinnw T -nuw cosnm'l')1
Ti o o) 0

(n w )2+|/T.2
o [ o

(C.19)



Appendix D

EVALUATICN OF THE D.b. VOLTAGE EULER COEFFICIENTS

By using equations (C.5) to (C.19) of Appendix C, the

following results are obtained.

A - Integral (4.55)
Al - n =20
T . P s P& T
_ _h g
V., dt = Z ( P, cos huw 1) + Z (““’o sin h w_t)
+ h=| h=| +
a a2
(D. 1)
A2Z2 - n =0
Ty | | =
n=1|
Vi €05 n @t gt = & CO v CO » 2 co (D.2)
+a h=1 h=n+]

where
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cos (h W, + nmo)*l' , cos(h W, nmo)'f'

Ot el zme e The ~na T |
o) o) o) o)
sin(thw _ +nw )t sinthew - nw )t 1t
+ C ( o) 0 + o) o) ) b
h 2Z(hw  +nw ) 2Z(hw - nw )
o) o) o) o)
Ta
(D.3)
and
cos 2nwo"l' + sin ano'l' +b
C°=[5n(‘ e 0t ST TEe )
o “o (D.4)
1.
a
8 - Integral (4.56)
_i..
b n=1 P
Vik sin nwo1' d+=z Slh+Sl + Z Slh {D.5)
+ h=1 h=n+l
a .
where
' sinthew + nw )7t sinthw - nw )t
sl =[S | o o) + o o) )
h h 2hw  + nw } 2(hw =nw )
o o) o o)
costhw_ +nw )t costhw =—-nw )+ 7+
+ C ( o 0 + o) o ) b
h 2Zhw_ +now ) Ztha - nw )
0 o) o o) +
a
(D.6)
and
. +
+ sin 2n mo'f cos 2n mo"l' b
Sl = S(—-———)- C — (0.7
nt?2 an w n dn w +
o o)

a



c.2

Integral (4.57)

b ~Ct-t ) /TY
V., dt = -WT! [e x 'O]
I1C [N
+ +
a a
P M- Yy PN, +b
+ [Z — sin h w + - Z L cos hw T
Wy T m0 ©
h=| a h=] +
a
N4 M, ) b N3 N, T
+ —=sin gy T - Z —— cos 2w T
W o Lw o
g = Ty 9= L
T
+ [Ki'l'] (D.8)
.I.
a
- n#0
.t.
b n-1| P
vTc cos n w0+ dt = COl + Z Cozh + Co2 + ’Z coz
+ h=1 h=n+I
a
n—1 nd
+§  CO3, +CO3+ § CO3 + COM (D.9)
%=1 % =n+
- (=t )/T,
col = [ 2‘” _ X Ou sinnw t -
(hw Y v /71 ©

h

[
T!
io

(D.1C)
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cos nw T
o}

)]%
+a




sinthw + nw )t sintfhw =nuw )t
o o) + o

= e)
COzh [Mih( 2hw +nuw ) 2hw - nw ) )
o} o} o o

_ costhw + nw )t costhw =-nw )t
- N o o + o] o b
Ih Z2Z(hw +nw ) 2Z(hw -nw ) )
o) o] o) o)
-1.
a
(D11
' sin 2nw T cos Znow T +
_ T o, _ o) b
Coz _[Mln( 2 ¥ 4dn w ) Nlh 4dn w :[
o) o
.r
a
(D.12)
sin{ffw + nw )t sinfw - nw )t
CO3, =M, | o 7 = S
2 22 2C(8w + nw ) 2(%w = nuw
o) 0 o) o)
N (cos(lw0+nwo)+ . cos(ilmo-nwo)'l' ‘l'b
20 o+ na)) 2T - e ):’
o) o o o)
Ta
(D.13)
+ sin Zn wO'I' cos Zn mof '1'b
co3 =[M2n('2- ¥ e T Non e T 1
0 o
.1.
a
(D.14)
K.' Tb
co4 = — [sinnw _t ] (D.15)
D - Infegral (4.58)
Tb n=| P
V.o _sinnw tdt =Sl e ) SI2 4512+ 5 SI2
ic o] he h L h
+ =| h=n+I
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n=1 nd ‘
+ SI32 + 513 + Z SIBE + SI4 (D.16)
1:' £=n+|
where
-{(t-t )y/T!
51!=]: 2“’ > e x " io, c-_.T!_ Sinne t -na
(n w)° + |/T! io
o] IO
1‘b
cos nmo‘l') ]
+ (D.17)
a .
costhw_ + nw )t costhw_ -nw )t
QO Q @) Q )
Zhw_ +*no )
0 o

slzy =['M|h( Tho +nw)
o] (o]

+‘N : sin(h wo+nmo)+ ) sin(h mo-nmo)-l') +b
Ih 2Z(hw_ +nuw ) 2hw  +nw )
o o} o o
a
(D.18)
[ Cos .Zn tuo'i' + sin 2n wo-l' rb
M2 Twme . T N T e )
0 o}
Ta
{(D. 19
cos(zmo +n mo)+ cos(zmo -n mo)-l-
5'3z=["M22( ST TN e~ ey )¢
0 o) o o
sin(fw _ +nw )F sin(fw =-nw }t +
N ( o o o) o -l b
28 2{ & +nm ) 20 L -nw ) )
o e} o) o i
.l.
a
{D.20)
o5 - [_M cos 2Zn mo'i' N (1 i sin 2n wo'l') ]jb
2n an w S 2n 2 dn w
o} 0
1-a

(D.2N
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Ki .i-b
.1_
a
E = Integral (4.69)
E.l = n=20
+ )
b t o
R Fy w LG
. _ ok %
de d*I*-[deI [Z ( ™ )coszmo'l'
+ + o
a a
REy * 2L Fy " (D.23)
+ sin Luw T] )
Lw
© +
a
E.2 =n#+0
Tb n=1
Vi €05 n wt dt = COl - y; coz, +COZ *+ Z C0Z,  (D.24)
+ "'n""1
a
where
Rl Ty
ol = [srn i ow +1 (D.25)
n @ o
° +
‘ a
r ) ﬁnu%)+nwﬂf mn(h:-nw H
R R R oy 20w _ -~ nw )
cos ( w ° + nw 0)+ cos(iw o nw O)+ Tb
- (RKGR, ¥ M}OLKFR. > 2w * nw ) N 2(2w0 - nw ) :l
. o) o) o) o)

+
a

(D.26)
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[ + sin 2nmo+
cosano'l' Tb
TORTy T muhEy)? anw _ ] (D.27)
1_
a
F = Integral (4.40)
+b . n-1 n
. 5 d
Vg Sinnw tdt =Sl - 5 512, + 812+ _ZH 512,
_i_ 2,_ Q-n
a
(D.28)
where
Rkld +b
St = [-— cos ny T 1 (D.29)
no o
.I_
a
sinzmo-nwoﬁ' sin(2m0+nwo)+
Stz = [ RFe = 2L Y = - T e
o o o o
. R . e )(cos(zmo-nmo)'f' . cos(2m0+nmo)+ 'I'b
k2 Wo'k ¢ 202w _ -nuw ) 2(00w =-nw ) 1
o) o o) o
.I.
(D.30) a
+ sin 2nwe 1
_ _ T _ o
slz = [(RkF2 nw LG, o )

b
oK g 4nm0 ] (D.31)
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Appendix E

EVALUATION OF A.C. CURRENT EULER CCEFFICIENTS

A = Integral (4.73)
A.l - n =20
T t
b P Gt /T S b
idt = > T, X e " o costh w t +¢ = ho )
Ta h=1 a
N4
-(+-t }/T. +b =(+=t /T
+Y[1~+T.e x 1o + -T, X, e %
! io 2] io Zh
-i.
a .
.I..
S . b
—— cos( %0 t+ + ¢ - 28 (E. 1)
" o 2% X
o) Ta
A2 -n ¢ 0
-].
b n=| P

i, cosnw_t=) COI +COl + 2 col,

T h=| R=n+|
a
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n=1 n .
d
+ > coz, +cCo2 + §  cozy +CO3 (E.2)
=] g=n+l|
where
) e-(f—fx)/Tio _ a
_| TR C . _ | )
COIh —[ > 5 (nmosm nwo'i' T Cos nmoﬂ ]
(n w)™ + I/T. o
o] K] T
a
cos(hmo +‘nwo)1' cos(htu0 - anH' 'fb
wo [ - |
* Sy cost pmh 00 The  +no) AT TR
o o o) o
.i.
a
sinthy  +nw )+ sinthw _ =-nw )+t+
+S. sinté .-ho ) o °_ ., o Q b
Ih Ih X 2(ht  +nw ) 2thw - nw )
o o o) o}
.|.
a
{E.3)
S e-('l'-1~x)/Tio er
col = | (hw sinhw +- —— cos hw 1)
(hw)2+|/T 2 o) 0 Tio o
o io +a

cos(tblh—hex) +
+Slh [— cos 2hwo++—5|n(¢|h-hex)

4h w Z
sin{ ¢ - he.) T
. lh X' sin 2hw +} b (E.4)
4h 0
o)
_t.
a
s5in nmo‘l' ‘fb e_(.r-d}‘x)/Tio
COB=Y[——-—]_ -Y (nw sinnw + -
| nw I Z2 Z o) o
o (hw_ ) +I/T.
o io
.T.
a
| i
— cos nu T (E.5)
o ¥

a



-{+-1 /T,

X io

Xzz.e ) .

002 =[ > > (hw sinnpw T - =— cos nwo't') ]
% Chw 05+ /T, © © io

ccos{fw + puw )}t cos{fw = nw )T
o] o) o o)

* Spp C0s(8 A8 ) [' 7(%a_+ne 3 | 2fa_~he )
Q o} Q

sin(i’.w.o + nwo)t sin(ﬂ,mo - anH‘ +
+32251n(¢2£-zex>[ e o~ T I (te <—na )
o o o) o)
.{.
(E.6)

) 3 e-(+-+x)/T|.O | e
coz =[ 2% 5 5 (2w sinfw + - T, cos fw 1) ]
Caw )2« /T o o io o)

o] io T
a
cos( ¢ -28 )
28 . _

.S [_ i cos 2Ewo+ +§- 5'”(4’22 lex)

2% o

sin(tbzz.- Eex) 1-b
‘ L sin 220 _t ] (€.7) -

o
.I.
a
B - Integral (4.74)

-f-
b - P

L5 stnnw =5 SIL +SIT + 5 st
+ h=1I h=n+I

‘a

n-1| nd

+Z SI22 + 512 + Z SIZQ_ + 513 (E.8)
L =] ' f=n+1

where
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-('1"‘1' )/T. .I.
X, e % 10 o b
sry, = [ (-nw_ cos nw t - —— sinno 1)
h 2 2 o) o} T. o
nw Y™ + | /T, io
o) io +
a
A sinth wd+ln mo)'l' sin{h W, = anH‘ ‘{‘b
+SIhCOS(¢Ih-hex) 2Zhw  +naw ) * 2thwe - nw )
o o) o o
+a
cos(h mo.'+ nwo)'l' ~ cos(h 0 - anH' 'I'b
* Sy sintéy mhe) [' 2(he_+na_) T TIthe ~nae) ]
o) o o) o)
Ta
(E.9)
) e-(+—+x)/TiO | o
ss|=|: L . = (-hu_cos hu t - T_I—sinhw +) ]
thw ) + I/T. © © o °
o] io 1
a
sin( ¢ -ho)
_ Ih X T - -
o+ Slh [ 4hmo cos 2ht1101'+2 cos(cblh hex)
cos(.¢[h.-..h ex) _ *b
7h © sin zh ‘“ofl (E.10)
o
.1-
a
Sz = 2 (-nw_cosnow T - —L— sin nw 1)
2 2 2 o o} T. o)
(nw ) + I/T. e
0 io T
a
sin{ 8w + nuw )T sin{ 8w_ - nw )T 'I'b
+ 5 cos{ &, - 28 ) ]-— —_ = O + — o ? -I
28 ) X L ZUAw +nw ) (i = nuw ) ]
o o o o
Ta
cos{ %w_ + nw )T cos{ 2w_ - nuw )t
_ _ o o 0 0 b
* Sy cosldy, 'wx)[ SRR 2(2m—nm)]‘
] O Q o
1.

a
(E. 11)



-(T-TX)/TiO +
S1 [nge . . , | ] b
= - fw_ COS . T - = sin 1)
Caw 1%+ 1/7, 2 ° Yol T, *o
o] io T
a
sinl4,.. =-28.)
2% X +
+ § - £ — -
2 [ 7} zwo cos 2 wo'i' + > COS { ¢22 JLBX)
.cos(.¢2£,. - %6 ) 1-b
_ e X sin 2w + (E._I2)
° 0
_f.
a
v t
| b Yl -H—-TX)/T.
S13 = - — [cos nw t ] + . 5 |e e
o) + (nw Y“+I/T,
a o) fo |
~i-b
(nw o COS nu 01' - -_-r—]—— sin nw O'I')] (E.13)
io
.]..
a
C - Integral (4.75)
C.l - n=20
1.
b T, N4 L b
Ti(ﬂ d+=[|d+ ] + - 2—2 coslw T
+ 2= “ ° it
a 'I'a o} a
ny +

(E.14)
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b n=1 n
, d
i (1 cos nw_t dt = CCl +Z= cc, +ccr §occ,
+ b3 L=n+1}
a
(E.15)
where
l b
ccl = 2 [sin h ot ] (E.16)
nmo Q
-i.
a
cos{ fw +now )t cos{fw =-np )ttt
cc, =1L |:- o o - o) o] ]b
2 L 208w _ +nuw ) 2080 - nw )
QO [e] Q (@]
-i.
a
.si,n(£.mo + N on sin( 2wo - nmo)']' '1'b
+%|:2(£m e W Te - el ] (E.17
[#] O (e} o]
.I..
a

cos . 2 w T sin 2 4w t
0 T o

| o 1
€C=h -[——42wo ] ”"z[?" T ] (E.18)

+a fa
D - Integral (4.76)
(er -1 ng
Pyt stnnw t =551 . Z 55, 85 » Z 5§, (E.19)
Jfa 2= g =n+l
where
| : 1,
ssi = - W[cos nmo'l'] (E.20)
Q
.1.
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sin(fw. . + nw )t sin(fw . ~nw Mt 'i'b
S, =Ly |° imes e e ¥
') ,Q.wo nwo mo nmo
1.
a
cos{fw . +.nw )T cos(&w .= nw  Ytt
M [ 6 o . o} o] b
') 208w +nw ) 2(8w - nw } (E.21)
o) o o) 0
.t.
a
+ cos 2w O'l' +b . cos 2w 01' er
5§ = LR. [-2—- Tm—-o——-—'] + M,Q, - —m';_ (E.22)
1 T

a a
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Appendix F

TABLES OF RESULTS CORRESPONDING TO FINITE S.C.R. ON BOTH

RECTIFIER AND INVERTER SIDES



TERMINAL NUMAEP 2
DeC.o CURRENT CIMSTANT T2l 2430005
DeC. CUPRENT HAP¥ONICS
ORDER MAGNITUDE (X&)
5 cILIERD
12 202742
18 022731
24 NLERE
30 . 000643
TERMINAL NUMSER 2
DeCo CURRPENT CONSTANT TERM 2.00002
DeCs CURRENT 4HARMINIZS
JRDER MAGNITUIE (Xa)
5 21634632
12 LCo3587
is 202303
z6 301953
30 000612 -
TERMINAL NUM3FR: 1
A Ce VOLTAGE YAPMONICS-RJ5334AR SIDE
PAASE R SqASE Y
ORDER MAGNITUDE [xXy] 9HaSE (LG MABNITUDT (xy) PRASE (DG}
1 235.940000 5 233.54w030C ~120,0C
5 2772175 216467 2277275 -23,33
7 316944 219,43 +314G944 93,53
11 e bR 235,28 CGLE4nT -4, 72
13 WC5E037 140.54 WC3n03Y 2054
i7 592724 208422 W 5692723 -31.7%
19 0223603 97,02 $2236NG -2z.0r
23 J1E5081 135,14 «165035 288,14
25 $154173 £5,34 154172 -24,Ly
73 113074 lebabg L113624 -73.5%
TERMINAL MU4BER: 2 B
AeCo VOLTAZE YARMONTILS=3US34F SINE
) DARE ¢ PrasE ¥
ORDER MAGNITUDE {KV) 24AS5E (LG) MA34ITUDE (£v) PHASE (TG}
230,367 050 2.35¢ 25304945050 =il8ely
: IRRRETEEY % -13.%2 Pt 1) Y203y
7 W2HGLED 1‘:075 17.:- 5:! -3:’-27
11 G164 37n w33,25 NETER Ao g72
13 W 52677 2.3 sUiER3D 24233
17 «507137 24,00 ool iian? LTt oh
19 WiE332F Somed7 W172335 =1TaiH
23 167385 T14,6% Wlagszc 2ia,43
25 u‘i“lq;'a’o .’.:3|:.—J c;.:_‘ o 73.\:5
2q L102171 L) W10ii7i ~TE,lq
Table F.| Base Case s.c.r. = 12
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N I NV RIS EN Y
L (10 P s =~ O
Cop= oy Yo g LIP0Y

[RYRY IS (T[S TSRS B SN LW )

24s§
(KV

[TSTANIS R RN Lo F IR S W I L)

1

3 -
PHasE=
123657
9c.§7
—2\5027
llD-cB
2eC.z 8
Fe22
Lo2eat™
EReR
“hemy
3
Paast
122,00
SiLeis
215474
lizeis
e
2.":- :'7
-:a:?
-4k 55
a3yiz

—
9
£




TERMINAL NUHMRER 1

DeCoe CURRERT CONSTANT TERM™ 2400000

DeCe CURRENT HARYONICS

: orRDER MAGNITUDE (K3) 24aSE (DL&)
6 119573 1p5. 33
12 -uDB?‘vl "J_.D.u3
13 el 2733 2374903
24 IO0G2ZT le-’t
30 003542 =l3.0%
TEQMINAL NUM3ER 2
DeCe CURRENT ZIMSTANT TERNM 2e 000G
DeCe ZURIRENT Har~¥THNICS
ArRDZR MAGNITUDE (KA PHASE (DEw)
51935% 245,23
13 N EETY 506453
18 «L22995 2T4s 7™
24 L.Calncs ) 23424
it LCOUS1E 300493
TERMINAL NUM3IFR: ]
A.Cy VOLTAG: HARmONITE=31U53aR 51IDE
; PaSE 2 PHASE Y P4a%8 3
. ORDER MAGNITUDE (KV]) PH&SE (DG) MAGNITUDE (KV} PHASE (DG) MAGNITUDE (XV) PHas:
: 1 230.940003 o 233.3400C9 =120.50 2354950033 12C0L3
: 5 275826 215.3% 275029 ~Z4,.01 $275825 5.9
N 7 v315202 Z18.93 03122052 95,53 0335222 =2L477
: 11 «Ja5477 234,53 WUGEITT ~3,17 o Gugs?? 113,52
. 13 +0 57805 lg2.13 oUD?ﬁDG Ztol? .';D?E'J‘D ZQCO‘-'?
17 -55‘_:0#3 20!‘.10 050\’3035 -quq(.’ .:‘.‘:qﬁ-‘o:l Sl el
195 +2313253 34,54 e 21505y =25,12 215595 Zlbass
23 +157C37 133,35 «1e763% 251,35 $ 157037 P3ezB
25 e132324 33472 »1223Za =JEa2% a133527° 2L271
23 v11234% 184432 113342 =75.88 L1133%0 4k 32
TERMINAL nUA3ER: 2 _ -
- AdC, VOLTARS HARHONICS=3U334%k SI0c
: FHASE 7 T { 5458: 3
ORDER ﬁAGNITuDE_((V) PHASE (Do) MMAGNITUDE (KV) PHASE (D6} MAGNITUDZ (Ky) »F-yiz
1 230.9405C00 2424 23.5.36300C -118,%0
5 P 25407 =24.%0 LD 353.74
7 1292157 SUaih w2137 =23, 7o
%% -??g}“j -23.55 $023232 I, 67
SE25m EP vi22E803 24 bn
17 ENES TN S 5.2 LIRS
33 (15221« 115,02 SR 235053
25 'T":..'?"“ ._‘.':o .l"\f??l‘? o=
29_' e ) InTe slonzde s

Table F.2 Base case s.c.r.

=3




- 334 I

TERMINAL NUMBER: 1 TYPE 1
DATA A.C. BUSBAR VOLTAGES ) .
PHASE R PRASEY PHASEB
_ORDER MAGNITUDE (KV) PHASE (DG) MAGNITUDE (KV) PHASE (DG) HMAGNITUDE (KV) PHASE (DG)
1 230,940000 0 228.640000 ~-118.00 2304940000 120.00
CONTROL ANGLE (DG) = 15.00
SHORT CIRCUIT RATIO = 3,00
1 STTITTE MY
i PHASE R PHASEY PHASEER
ORDER MAGNITUDE (KV] PHASE (DG) MAGNITUDE (KV) PHASE (D) MAGNITUDE (KV) PHASE (DG)
1 230,940000 2.00 230.940000 -118.00 230.940000 122,00
CONTROL ANGLE (DG) = 18.00
SHORT CIRCUIT RATIO =  3.00
TERMINAL NUMBER 1 .
DeC. CURRENT CONSTANT TERM 2.00000
D.Ce CURRENT HARMONICS
ORDER MAGNITUDE (KA) PHASE (DEG)
2 .008710 116,08
4 .001083 48,61
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10 .000200 -55,68
12 L 003746 ~10.68
16 .000161 147.03
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20 .000127 158,83
22 +000118 4534
254 2000500 163,21
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TERMINAL NUMBER 2
. D.C. CURRENT CONSTANT TERM 2.00000
DoCe CURRENT HARMONICS
GRDER MAGNITUDE (KA) PHASE (DEG}
2 .001381 8416
6 1019253 249,72
12 .00358% ~53,33
18 » 002988 -85,89
24 2000989 2642.71
30 +000Aa25 =-59,59

Table F.3

Unbalanced fundamental voltage (rectifier side) s.c.r. = 3
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Table F.3 (cont)




ERM L LI
AT A c = YyILTa _
24a%F = 4a58Y
CRDER MAGNITUDE (Xy) 24HASZ (D&) MAaNITJD: (KV) PHASE
1 2354340000 o 2334942000 =1l2L.00
CONTRIL LGLE (DE) = 18.¢7
"SHORT CIRCUIT RATIO = 3.09
TERMINAL NUMRER: 2. TYPE 2
DATA A.C., RUSRAR VAOLTAGES
. DHASE ® . : PHASEY
ORDER MAGNITUDE (XV) PHASE (DG) MAFNITUDE {KY) PHASE
1 220.348000 Ze50 228454u0C3  =115.00
CONT2IL ANSLE {DR)Y = 12,07
SWORT CI2CUIT RATIO = 3.89
TERMINAL NUMBER 1
DEC-.CURQENT CONSTANT TERM 2a000GG
ODsCo CURRENT HARMINICS
ORDER MAGNITUDE (Ka) p4aSe
2 «0Gl2E3 -3.679
[} W013653 135.45
12 (CN37454 =iG.C3
18 s dU2T94 25749
24 0use2y lhe 30
30 OR0RLD ~13.00
TERMINAL NUMBER 2
Dels CURRENT CIONSTANT TERM 2400030
DeCoe CTHURRENT HARMENICS
QRDER MAGNITUDE (x4} P4aSE
2 oIS 243495
4 «200943 =7c+43
b W LRATT 243.22
8 « 220311 135,738
19 sotlBo 135,31
12 «DJ38620 =32.91
14 «000117 57+£8
15 S COC135 34,12
ld I 3T5Z -
20 «JGOL108 -3G. 57
22 0TI =34 £
2‘? 05‘31]_.':_17 2‘?3.1")
20 CuussZ . =-51.11
Table F.4

Unbalanced fundamental veltage (inverter side)

PH4A5ER
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ST RUBERE By ryel
oC PHASE R PHASEY PHASER .
ORDER MAGNITUDE (KV) PHASE (DG) MAGNITUDE (KV) PHASE (DG) MAGNITUDE (KV) PHASE

1 ° 230,940000 0  228.640000 -118.00 230.940000  -120.00
CONTRAL ANGLE (DG) = 15.00 :
SHORT CIRCUIT RATIO = 3,00

TERMINAL NUMBER: 2 TYPE 2
ORDER MAGNITUDE KV) PHASE (DG) HAGNITUDE (KV)} PHASE (DG) MAGNITUDE [(KV) PHASE
1 230.,940000 2,00 228.640000 =11l6,.00 230,940000 122.00
CONTROL ANGLE (DG) = 18.00
SHORT CIRCUIT RATIO =  3.00 e
TERMINAL NUMBER 1
D.C. CURRENT CONSTANT TERM 2.00000
D.C. CURRENT HARMONICS
ORDER MAGNITUDE (KA) PHASE (DEG)
2 ,008097 108,06
4 .001080 49,94
6 013574 165417
8 .000332 554,32
10 000200 -55,87
14 000138 -71.97
16 000163 146,80
18 002779 256.50
20 + 000128 159,41
22 . 000118 44,92
24 + 000501 163,23
30 2000642 -14,78
TERMINAL NUMBER 2
D+Cs CURRENT CONSTANT TERM 2.00000
DeCe CURRENT HARMONWICS
CRDER MAGNITUDE (KA) ' PHASE (DEG)
2 007331 253,50
4 000945 —30,.68
& 019774 249,21
8 000310 186415
10 .000186 184,55
12 003439 -52.90
14 .000115 65,97
16 .0200135 33,64
20 +000109 -61.15
22 » 000106 -65,35
24 «001G90 243,08
30 . 000561 -50.B6

Table F.5

Unbalanced fundamental a.c. voltage (rectifier and inverter side)
s.c.r. =3

(GG

(DG
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TERMINAL NUMBER:

VOLTAGE HARMONICS-BUSSAR SIDE

AJCe.

PHASE Y °HASE B
HASE (DG) MAGNITUDE (KV) PHASE (DG) MAGNITUDE (KV] PHASE (DG)

PHASE R
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ORDER MAGNITUDE (KV
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Table F.5 (cont)




TERMINAL NUMBER: 1 TYPE 1
DATA AJC. BUS3AR VOLTAGES
PHASE R PHASEY
ORDER MAGNITUDE (KV) PHASE (DG) MAGNITUDE (KV) PHASE
1 230.7540000 0 230.,940000 =120.00
2 24300000 o 2.+304Q600 120.00
. CONTRDOL ANGLE (DG) = 15,00
SHORT CIRCUIT RATID = 3.00
TERMINAL NUMBER: 2 TYPE 2
DATA A.C. BUSBAR VOLTAGES
PHASE R PHASEY
ORDER MAGNITUDE (KV) PHASE (DG) MAGNITUDE (KV) PHASE
1 230.940000 2+00 230.940000 =118.00
CONTROL ANGLE (DG) = 18,00
SHART CTRCUIT RATIO = 1.00
TERMINAL NUMBER 1
DeCs CURRENT CONSTANT TERM 2.00000
DeC. CURRENT HARMONICS
ORDER MAGNITUDE (KA}
3 «006035
6 « 019673
12 0003735
15 +000178
1a .002788
21 + 000162
24 «000915
30 « 000637
TERMINAL NUMBER 2
DeCe CURRENT CONSTANT TERM 2.00000
,DeCos CURRENT HARMDNICS
ORDER MAGNITUDE (KA)
3 +000391
6 + 019355
i~ T ERT.T
18 +002996
26 :001006
30 + 000616

Table F.56
2nd harmonic
=3

distortion (neg seq,

S.C.rI'»

PH
(DG) MAGNITUDE
230.,940000
+ 300000
PH
(DG) MAGMITUDE
2304950000
PHASE (DEG)
-46e08
165. 39
218.11
-10.,08
43.54
237.07
"73-70
164, 44
~13.29

PHASE (DEG)
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1%4)}. Rectifier side

ASE
(KV
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) PHASE (082
120.C0
240.00

B .

} PHASE (DG
122.00
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TERMINAL NUMBER:

AsCe VOLTAGE HARMONICS=BUSBAR SIDE

E Y
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RN e AR
DATA A4l b pHA%‘;F 5:_ pHASEV pUASE‘_: i
ORDER MAGNITUDE (KV) PHASE (D5) MAGNITUNE (KV) PHASE (DG) MAGNITUDE (KV) PHASE
.3 1 35.940000  ~12C.00 230.340020 125.00
% 233.3883%8 a 231308500 240,00 2.308002 128,02
CONTROL ANGLE (DG) = 15.00
SHORT CIRCUIT RATIO = 3,00
DERAINAE M9GR5ER Souracks™ 2 : '
»Ce BUSIAS ASETR PHASEY PYASER .
ORDER MAGNITUDE (KV) PHASE (DG) MAGNITUDE (KV) BHASE. (DG) MAGNITUDE (KV) PYASE
1 230,940000 2.00 2304940000  ~118,00 230,%40C00 122.00
CONTROL AMGLE (DG) = 18.00 ’ ’ .
"SHORT CIRCUIT _RATIO = 3,00 _—
TERMINAL NUMBER 1.
D.C. CURRENT CONSTANT TERM 2.00000
DeCe CURRENT HARMONICS
ORDER MAGNITUDE (KA) PHASE (CEG)
1 .004373 250,74
5 +00062E 2Lk, 7H
b 0198720 165,45
7 «J00416 707.71
11 .000155 117.52
12 +0G3735 -9.97
13 .000078 126,85
17 000104 —20.11
18 002787 257,08
19 .506102 —L0.E4
23 000082 245,61
24 .000916 166,43
25 «0Q0082 ~ 316,71
23 « 206051 122.77
30 4000633 __ _ _ . -13.19
TERMINAL NUMAER 2
DeCe CURRENT CONSTANT TERH 2.00000
DeCe CURRENT HARMANICS
DROER MAGMITUSE (KA) PHAZE (DEG)
1 .019556 19.71
5 +00C166 -45,03
& + 021305 251.¢1
7 .00G161 1A7.78
11 * «000050 219.11
12 sQuZces =00,352
13 +00Q00055 R7,.,78
17 . 000G 34 102.73
13 002559 =79,52
19 LG0G033 -43,75
24 L0G1473 284 .65
25 «OCL032 219,43
29 «J00023 —-—2h,G2
30 20003586 252.72
Table F.7

2nd harmonic distortion (pos seq, |%), rectifier side

s.C.r. = 3
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Table F.8

2nd harmonic distortion, (pos seq, 1%)
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Table F.8 (cont)



