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ABSTRACT

Previous researchers have analysed the forced commutated
inverters applicable for HVDC transmission and have conclud-
ed that it can be used to meet the reactive power at the in-
verter terminals. This investigation is a further technical
appraisal involving dc links with forced commutated invert-
ers.

Four forced commutation schemes suitable for HVDC trans-
mission, namely Forced Commutation in Two Steps, Forced Com-
mutation in One Step, Series Capacitor Commutated Inverter,
and Forced Commutation with Dc Chopper Circuit, are investi-
gated. It is assumed that they invert into a strong ac sys-
tem. The description and modelling of each circuit includ-
ing the related result are presented. Inserting the
capacitors in series between the transformer secondary and
the valve group known as "Series Capacitor Commutation Cir-
cuit" is considered the most promising of all the other cir-
cuits applicable to HVDC projects as a result of the above
studies and by various authors. Therefore further studies
are basically focused on the series capacitor scheme. For
this purpose, a digital electromagnetic transients program,
EMTDC, which was developed at Manitoba Hydro is used to ob-
serve the performance and operation of the circuit more pre-

cisely.



A point to point dc 1link which 1includes a forced
commutated inverter at the receiving end is studied. The
system is based on Manitoba Hydro's Bipole 1 System. It is
shown that the forced commutated inverter can successfully
operate into an extremely weak ac system and can even supply
reactive power to the receiving end ac system. The economi-
cal assessment of the forced commutated inverter is examined
on a comparison basis with existing HVDC systems.

Next, the performance of the series capacitor commutated
inverter supplying a remote load which has no generation of
its own is investigated. The system used for these studies
is based on a dc link proposed to supply the town of Church-
i1l in the northern part of the province of Manitoba from
Manitoba Hydro's Nelson River Collector System having a ded-
icated rectifier. Various configurations are given for dif-
ferent procedures of starting the system up and controlling
the ac voltage.' It is demonstrated that the inverter which
consists of two six-pulse bridges in series can work suc-
cessfully even during the ac system faults. The voltage at
the load bus-bar is controlled by the inverter itself, hence
eliminating a telecommunication link between the rectifier
and inverter terminals.

Finally, a forced commutated inverter for tapping energy
to a remote load from a dc line running through a rural area

is studied.
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Chapter I
INTRODUCTION

1.1 A BRIEF COMPARISON BETWEEN NATURAL AND FORCED

COMMUTATION

A semiconductor valve is a device which requires the cur-
rent through it to be brought to zero and a reverse voltage
applied across it for certain period time in order to turn
it off from the conduction state. When reverse voltage is
applied across the valve, it cannot conduct in the reverse
direction. Instead, the voltage across the valve becomes
negative. This voltage must remain negative long enough for
adequate.deionization. Once the valve is deionized, the
valve remains blocked even if it is forward biased until a
gate pulse is applied. The transfer of current from one
valve into another, called commutation, is usually provided
by the ac line voltage itself in case of‘a conventional HVDC
converter. As an alternative, the required reverse voltage
can be supplied in some other way (usually by capacitors
which are initially charged to proper voltage by means of an
auxiliary circuit), the method being called "artificial" or
"forced" commutation.

A detailed analysis concerning the comparison of differ-

ent converter circuits {1} shows the superiority of the



three phase bridge circuit also known as Graetz Bridge for
use in HVDC power transmission. The schematic circuit of
the bridge is given in Fig.l.l the valves being numbered ac-

cording to their firing sequence.

L=o
fYY\._:_
o AT 1 A3 )
eO a iq I | 3 5| ;roup
e Lb | l
Le .
__rmk

Ta ZFTG Z%TZ\L group
| v +

Figure 1.1: Schematic diagram of the three phase bridge
circuit

For a diode bridge the in-coming valve will turn on as
soon as the voltage across it is slightly positive. I1f the
ac source does not have any inductance, commutation occurs
instantly. Therefore, the rectangular pulses of alternating
line current are centered under the positive and negative
cycles of the line to neutral voltage (Fig.l.2). For a
controlled bridge, the 1ignition of a valve can be delayed
for an angle a, called the delay angle. The valves are

triggered according to their sequence i.e. i=1,2,3,4,5,6



each after 60°. The delay angle is measured from the natu-
ral commutation point at which the forward voltage just
starts to appear across the incoming valve. Therefore, the
ignition delay creates a phase shift of angle ¢ = a between
the fundamental component of - the current and the voltage
(Fig.1l.2-b). For natural or line commutation the delay an-
gle is restricted to the range 0° to 180° , theoretically.
As a result, the converter, as either rectifier or inverter
draws reactive power from the ac system. The rectifier is
considered to be taking lagging current from the ac system
and the inverter is considered either taking lagging current
or supplying leading current to the ac system.

For rectifier operation, the delay angle a can be set
quite small and the system can be operated close to unity
power factor, thus consuming less reactive power since there
is no danger of voltage reversal before completing the com-
mutation. But if a number of thyristors are used in series
to construct a bridge arm, it may not be possible to reduce
the delay angle less than 5 degrees in order to ensure all
the thyristors in the arm are forward biased. Also, it is
always recommended to keep the delay angle around 10 to 20
degrees for a compromise of keeping the power factor high
and having a margin for quick increases 1in rectifier volt-
age.

For inverter operation, the fundamental component of cur-
rent lags the ac voltage waveform by a phase angle

¢ = 180° - «
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Figure 1.2: Relation between firing angle and phase
displacement for a naturally commutated
converter {1}.

as it is seen from Fig.l.3 neglecting the overlap angle. It
is not possible to increase the delay angle close to 180° or
beyond it, because the reverse voltage to turn-off the de-
vice should be present for certain period of time, referred
to as deionization time or extinction angle, across the
valve. Also, because of the impedance of the converter

transformer and the ac system, the transfer of current from
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Figure 1.3: Output voltage and ac current waveforms
(overlap ignored)

the phase of the out-going valve into the phase of the in-
coming valve takes some time called overlap duration, denot-
ed by angle u. The overlap duration is about 20 to 25 de-
grees for typical full load values depending upon the commu-
tating reactance and the delay angle. Deionization time, &,
should be greater than the turn-off time of the valve (about
100-200 ps typically). Thus the maximum delay angle at
which the bridge may be operated is given by the equation
@ = 180° - § - u

and the delay angle a can be increased only to 135°-140° .
Since the fundamental current is lagging the ac source volt-
age, the inverter will consume reactive power. For a natu-
rally commutated inverter the requirement of reactive power

reaches values of 60 % of the real power depending upon the



exctinction angle at which the system is operating. The re-
active power required by the inverter must be supplied by
the ac commutating busbar of the inverter from generators
working in the ac system, synchronous condensers or static

capacitors.

a b

Figure 1.4: Ranges of operation of a converter
a - Natural commutation,
b - Forced commutation.

The range of operation for a converter is shown in
Fig.l.4. For the case of natural commutation, it is not
possible to operate the inverter so that it consumes no re-
active power because of extinction angle limitation. How-
ever, in forced commutation, artificial devices are used to

maintain a reverse bias voltage across the out-going valve



even after the line voltage is reversed. The voltage rever-
sal point across the device is shifted beyond the natural
commutation instant. This gives the possibility of increas-
ing the firing angle to angles which are wunattainable in
natural commutation. There is even the possibility of sup-
plying reactive power into the ac system by operating the
inverter at a delay angle beyond 180°. Fig.l.5 shows the
phase displacement between voltage and current phasors of a
forced commutated converter. As seen from the figure as the
delay angle becomes greater than 180°, current starts lead-
ing the voltage. Since the reactive power consumption of
the inverter 1is eliminated, there is no need to have a
strong reactive power source at the ac commutating busbar.
In fact, as it is shown in Fig.l.4-b, ideally it might be
even possible to operate the converter in all four quad-
rants. By means of controlling the reactive power consumed
/ produced by the inverter, it is possible to control the
voltage very quickly at the commutating busbar of the in-
verter,

Another advantage of the forced commutation is that since
it produces its own commutating voltage, there is no need
for an existing ac source at the receiving end system.
Hence inversion can take place successfully even into dead
systems; that is, systems without any generation or rotating

machines,
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Figure 1.5: Relation between firing angle and phase
displacement for a forced commutated converter

1.2 THE NEED FOR FORCED COMMUTATION

The supplying of reactive power into the naturally commu-
tated inverter requires a relatively strong ac system for
successful commutations. For a forced commutated inverter,
the reactive power requirement is supplied by the inverter
itself, thus there is no need for a strong system. The in-

troduction of a forced commutated inverter might increase

the number of applications in which dc transmission might be



superior to ac transmission. With a forced commutated in-
verter, it is possible to invert into weak and even dead ac
systems. A solid state, self contained tap on an HVDC line
may operate successfully, hence removing the problems such
as inherent maintenance of synchronous and diesel machines.
Whether such methods of forced commutation are preferred
over the naturally commutated inverter or not depends on the
relative cost of the inverter to that of conventional means
of reactive volt-ampere generation on the ac inverter bus-

bar.

1.3 REQUIREMENTS OF FORCED COMMUTATION SCHEME

Irrespective of the scheme which might be selected as the
forced commutation circuit, there are a number of require-
ments which should be met in order to operate the converter
successfully. These requirements can be classified as :

- High reliability : It is very important to have a reli-
able system especially supplying a weak or dead load
which has no back-up source.

- Minimal stresses on components : The voltage stresses
across the converter equipment and current stresses
through them should be minimized in order to reduce the
cost of the converter station.

- Quick change of firing angle (a) should be possible.
Fast control of a provides the control of real and re-
active power flows into the ac system as well as good

transient and fault performance.
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- Easy and fast system recovery is necessary for either a
fault in the ac system or for a dc line fault.

- Wide range of operation : The converter should be able
to operate over a wide range of power and current with-
out the risk of commutation failure.

- Quick, easy and reliable start-up procedure especially

for operation into a weak or dead load.

1.4 AN EXAMINATION OF FORCED COMMUTATION SCHEMES

There are many ways of forced commutation in the area of
low power with quite sophisticated design and control, but
these inverters are designed to provide a wide range of fre-
quency. HVDC inverters do not have to satisfy this require-
ment, but they must operate reliably at much higher voltage
and current levels. There are number new developments in
. thyristor design, such as gate-turn-off (GTO) thyristors and
power field effect transistors (FET), but their ratings are
not yet applicable to HVDC valves and also they require so-
phisticated and high power gate pulse arrangements. There-
fore the forced commutation schemes for the high power and
low power area are different, and hence only schemes using
standard thyristor valve arrangements will be considered.
Some of the proposed HVDC forced commutation schemes which
will be studied in detail are {2,3,4} :

i) Forced commutation in two steps,

ii) Forced commutation in one step,
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iii) Series capacitor commutated inverter,

iv) Dc chopper commutation,

v) Resonant commutation,

vi) Artificial commutation through voltage injection.

.

1.4.1 Forced Commutation in Two Steps

The configuration of this inverter is given in Fig.l.6.
In addition to the normal three-phase bridge configuration,
the circuit contains two auxiliary valves, a capacitor C and

a delta tertiary winding.

& L &L A

C
+- — T — v

T8 T4 ? T6 %TZ

Figure 1.6: The configuration of the inverter with forced
commutation in two steps

In the case of a normal three-phase bridge, the current
commutates directly between the valves of one group, 1i.e.

valves 1, 3 and 5 in the positive group. But in the circuit
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given, commutation takes place to an auxiliary valve which
is at much more positive voltage than the in-coming valve of
the bridge. The voltage across the auxiliary valve while it
is conducting is so arranged as to change its direction thus
making possible the commutation of the current from the aux-
iliary valve to the next wvalve in the bridge, even at a
leading power factor. The capacitor C and the auxiliary
valves have to work at a frequency of three times the funda-

mental frequency.

1.4.2 Forced Commutation in One Step

The configuration of the inverter with forced commutation
in one step is given in Fig.l.7. The converter consists of
two three-phase bridges connected by the capacitor between
the transformer neutrals. The transformer has two star con-
nected secondaries in phase opposition, i.e. phase voltages
of each bridge are displaced by 60° .

Each valve conducts for 60° and commutation takes place
in one step. During an interval of 60° , the current enters
through one of the valves on the top left and leaves the in-
verter through one of the valves on the bottom right. The
commutation in positive and negative groups takes place si-
multaneously. After commutation, the cufrent enters one of
the valves on top right and leaves through one of the valves.

on the bottom left.
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Current flows through the capacitor continuously only
changing its direction every 60° . Therefore the capacitor
works at three times the system frequency. At the end of
each 60° interval, the capacitor 1is charged in the correct

polarity in order to commutate the valves.

T e
Te ZkTé T ZkTs Zsz

" R

c
: [}m ¢ ‘}
fﬂ T3 ATs T, ?Ta %Ts

Figure 1.7: The configuration of the inverter with forced
commutation in one step

1.4.3 The Series Capacitor Commutated Inverter

This method is the simplest of the available methods of
forced commutation. The configuration of the inverter is as
shown in Fig.1.8. The capacitors can also be connected in
the transformer neutral. The arrangement and the firing se-

guence of the converter and therefore the operation of the

_13_



circuit are exactly the same as the conventional three-phase
bridge. The circuit requires no auxiliary valves. There-
fore the capacitors may even be added to an existing plant
provided that the valves are able to withstand the extra

voltage stresses.
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Figure 1.8: The configuration of the series capacitor
commutated inverter

1.4.4 Forced Commutation with Dc Chopper Circuit

The configuration of this scheme is given in Fig.l1l.8.
This scheme was proposed as a series tap {5,6} . The cir-
cuit contains four auxiliary valves with the same ratings as
in main valves and a capacitor C in addition to the normal
three-phase bridge arrangement.

The operation of the circuit 1is quite different than the

normal bridge operation. Since the dc current is defined by



the main rectifier and inverter, the tap power should be
controlled by the tap itself simply by shorting the tap sev-
eral times in a cycle. In case of a normal three phase
bridge operation, the current commutates directly between
the valves of one group. But in the dc chopper circuit, be-
fore the current 1is transfered to the next valve, the tap
should be by-passed in order to control the power injected
into the ac-system. By-passing action can be performed by
the main valves themselves in a cyclic order. The necessary
commutation voltage to by-pass the tap is supplied by the ac
system. The capacitor C provides the necessary commutation
voltage to turn-on the auxiliary valves at the end of the
by-pass period and to transfer the current to the in-coming
main valves from the auxiliary valves. The capacitor C and
the auxiliary valves work at a frequency of three times the

fundamental ac system frequency.

1.4.5 Resonant Commutation

In this method, a particular harmonic voltage with a
suitable phase-angle is superimposed on the fundamental
phase voltage such that it might be possible to provide ex-
tra commutation voltage during the commutation and delay the
zero crossing of the voltage across the out-going valve,
therefore enabling the inverter to work around unity power

factor {4} .
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Figure 1.9: The configuration of dc chopper scheme

As it is seen on Fig,.1.10, a resonant circuit is placed
on each line in order to take advantage of the harmonics on
the line current and generate the required harmonic voltage

to be superimposed on the fundamental wave.

1.4.6 Artificial Commutation Through Voltage Injection

Gilsig and Freris {7} have proposed a circuit in which
voltage pulses are injected into the source to control the
voltage during commutation. But as was pointed out by the

authors, this circuit has no practical value.
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Figure 1.10: The configuration of the resonant commutation
circuit

1.5 OUTLINE OF THE THESIS
The previous researchers have examined the individual
circuits superficially {2,3,8}. For the purpose of compari-
son, detailed computer models for steady-state and transient
studies of the first four schemes introduced in this chapter
were developed. The following analyses are performed for
each circuit :
i) Effect of three-phase-to-ground and single-phase-
to-ground faults on the converter operation,
ii) Analysis of ac side current and dc side voltage
harmonics,
iii) Determination of the maximum permissible rate of

change of delay angle.
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The description and modelling of each circuit including
the related results are presented in the next chapter. The
studies start with assumptions such as a strong ac system,
smooth dc current, equidistant firing and no snubber cir-
cuits. Comparison of the results of these studies indicate
the technical superiority of the series capacitor commuta-
tion circuit and therefore, further studies are based on
this scheme.

For subsequent studies, a digital electromagnetic tran-
sients program, MH-EMTDC, developed at Manitoba Hydro, 1is
used to observe the performance and operation of the series
capacitor scheme in a number of realistic applications.

The studies presented in Chapter III cover a point to
point dc link which includes a forced commutated inverter at
the receiving end. The studies are based on Manitoba Hy-
dro's Bipole 1 System. It is shown that the forced commu-
tated inverter can operate successfully into a relatively
weak ac system and can even Supply reactive power to the ac
system using a delay angle beyond 180°. The valve stresses
are examined on the "Bipole 1 System" studies and compared
with the naturally commutated inverter using the thyristor
information of Bipole 2.

Chapter IV describes the performance of the series capa-
citor commutated inverter supplying a remote load which has
no generation of its own. The system used for these studies

is based on a dc link which is proposed to supply the town
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of Churchill in northern Manitoba from the Manitoba Hydro's
Nelson River Collector System having a dedicated rectifier,
Various configurations are given for different procedures of
starting the system. It is demonstrated that an inverter
consisting of two six-pulse bridges in series, can start-up
and operate reliably. The voltage at the load bus-bar is
controlled by the inverter itself hence eliminating the need
for a fast telecommunication link between the rectifier and
inverter.

A forced commutated inverter for tapping energy to a re-
mote load from a dc line running through a rural area is
studied and simulation results are presented in Chapter V
focusing on the interaction between the main inverter and
the tap systems.

Finally, conclusions and recommendations are stated in
Chapter VI, The per unit system and system data used in
simulation studies are presented as appendices at the end of

the thesis.
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Chapter 1II

A COMPARISON OF FORCED COMMUTATION SCHEMES FOR
HVDC TRANSMISSION

2.1 INTRODUCTION

The first four forced commutation schemes which were in-
troduced in Chapter I are further investigated by using di-
gital analysis techniqgues. The last two schemes, namely the
resonant commutation and artificial commutation through
voltage injection methods are not included in further stud-
ies, because as pointed out by the authors themselves, ei-
ther they are quite costly or not practical for HVDC appli-
cations.

The series capacitor commutation circuit has been previ-
ously studied wusing Laplace Transform Method for steady-
state analysis {8} and the state variable method for inves-
tigations of harmonics, faults and the rate of change of
delay angle {9,10,11}%. The present research has expanded
the previous work to include valve stresses, rate of change
of valve voltage and currents, available turn-off time of
valves and overlap duration all as a function of delay an-
gle. The selection of the commutation capacitor for various

range of operation was also determined.
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The other three schemes were superficially analysed
{2,3,5,63, therefore the research presented here included
all of the above studies for comparison purposes. This
chapter summarises the pertinent results of the studies for
each scheme. The results of all of the comparison studies

are included in a technical report {12}.

2.2 THE THEORETICAL BACKGROUND
2.2.1 The Solution Method

The state variable approach is used to formulate the sys-
tem during the overlap periods. The number of differential
equations which will be solved to obtain the response of the
circuit is minimum with this method {13} . Also the set of
differential or state equations is wvalid for both transient
and steady-state solutions.

The equations describing the system are érranged in the
form of

x(t) {A}.x(t)+{B3.u(t)

y(t) {Cy.x(t)+{D}.u(t)
where
x : the vector of state variables (capacitor voltages
and inductor currents),
u : the vector of input guantities (source voltages
and currents),
y : the vector of response quantities ( i.e. most

device voltages and currents),

A, B, C and D are matrices describing the system.

...21_



The above differential equation is solved using Euler's

Method {14} as
AX = A X At + B u at

where

AX is the change in x over at then

Xnew = ¥old * &X

Once the state variables are calculated, the second equation
(response equation) 1is used to calculate most of the device
voltages and currents which enables one to observe any quan-
tity in the circuit.

Between the overlap periods simple linear egquations are
used to solve for the capacitor voltages and inductor cur-
rents, because of the assumption of the constant dc current.
At the beginning of each overlap period the initial vector
of state variables is reset, hence eliminating the possibil-
ity of numerical error accumulation.

The validity of this method was confirmed by the duplica-
tion of the steady-state results of the previous research-
ers. A higher order numerical solution technique, Gear's
Algorithm {15}, was also used to verify the accuracy of Eu-
ler's Method. | |

For the purpose of this chapter only, the commutation ca-
pacitors are assumed to be <charged with the appropriate
voltage and polarity to handle the first commutation. No
attempt has been made to investigate the start-up of the in-

verter,
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2.3 THE SERIES CAPACITOR FORCED COMMUTATION SCHEME
2.3.1 The Circuit Diagram and the Operation of the Circuit

The circuit diagram and the firing sequence of the valves
are given in Fig.s 2.1 and 2.2, respectively. Neglecting
the effect of the transformer impedance, we can assume the
commutations between valves will be taking place almost in-
stantaneously. In steady state, the capacitor voltage wave-
form has a constant current charging for 2+/3 radians, a
constant voltage period for /3 radians when the related
phase is not conducting, and another constant current charg-
ing in the opposite direction for 2«/3 radians. Therefore
the capacitor voltage has a trapezoidal waveform with zero
average value. The commutating voltage consists of two com-
ponents, namely, transformer voltage and capacitor voltage.
The phase shift which is supplied by the superposition of
the capétitor voltage on the transformer voltage with re-
spect to ac waveform enables the firing of the valves beyond
the normal operating region {81}.

The operation of the circuit is available in the litera-
turé and is only summarized here. Assuming that system is
operating in steady-state with valves T, and T, in conduc-
tion, gﬁe following events take place>:

i) The capacitors in phases a and c¢ charge with the

polarity shown. Capacitor C, has been charged to
the required voltage when T, was conducting before

T, took over.
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Figure 2.1: Circuit diagram of the series capacitor scheme
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Figure 2.2: Firing sequence of the valves for series

ii)

iii)

capacitor scheme

¢

When T, is fired to take over from T, , the voltag-
es on capacitors C, and C, are of the correct po-
larity for commutation.

After the commutation is completed, T, and T, con-
duct, with the voltage of Cj decreasing and of C.

increasing with the constant current flowing
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through them. Thus the capacitors are charged to
the voltages necessary for the next commutation.

It is to be noted that it is the capacitor voltages that
essentially provide the commutation voltage and so firing
angles beyond 180° are possible. 1In this case, the line-to-
line voltage subtracts from the sum of the capacitor voltag-

es to give the net commutation voltage.

2.3.2 Range of QOperation

The range of firing angle for which the steady state op-
eration is possible depends upon the ac supply voltage and
dc current value. For a certain charging period, theoreti-
cally 2«/3 radians, as the value of the capacitor becomes
smaller, the voltage accumulated across it between commuta-
tions becomes larger. The choice of capacitor relative to
the rating of the system determines the maximum delay angle,
oy o It is possible to choose the capacitor to allow com-

plete four guadrant operation but this is at the cost of in-

creased voltage stresses.

2.3.3 Program Results and Discussion

A program was developed in order to observe the tran-
sient, and steady state performance of the series éapacitor
commutated inverter. Although the program assumes the same
model as Reeve et al {8} used, the method of the solution

used for the basic program is different than the method they
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have used. As it will be seen in the next sections, most of
the results are in close agreement with the same steédy
state solutions that Reeve obtained. The program used here
has the ability also to perform a transient solution given
any initial condition, fault studies and harmonic analysis.

In order to start either a transient or a steady state
operation, the capacitors connected in series with phases a
and b should have the appropriate charges as described in
previous section to handle the first commutation. To charge
the capacitors for starting the system up or for recovery
from a failure, the dc line itself can be used. For a point
to point system, different ways of starting the system will
be described in later chapters.

Fig.2.3 shows some typical waveforms for the series capa-
citor commutated inverter working with a delay angle of 180°
after reaching steady state. The overlap angle is about 0.3
ms (about 7 electrical degrees) for the parameters given in
the figure. (Unless otherwise it is stated, the same set of
parameters is used for all of the results presented.) In
order to make the studies universally applicable,‘ a hybrid
per unit system which considers the real power as invariant
on either side of the converter is used (Appendix A). The
capacitors charge up to a voltage of 1.0 pu. As 1is seen
from the figure (Fig.2.3), the maximum forward and reverse
voltage across the valve which extinguishes at t = 0.0 s of

the waveform are 2.3 pu and 1.7 pu, respectively. Since the
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output dc voltage is measured at the converter side of the
smoothing reactor, it consists of ripples at six times the
fundamental frequency.

Fig.2.4 shows both peak forward and reverse valve voltag-
es at different values of the dc current for forced commuta-
tion and for natural commutation. As it is seen from the
figure, peak forward and reverse voltages for the natural
commuation with different values of dc current are equal.
The peak voltage stresses increase as the dc current is in-
creased since the capacitor voltages charge to greater volt-
age levels in forced commutation. For the impedance of the
capacitor equal to 0.9 pu and unity dc current, peak forward
and reverse voltages are quite reduced for the operation of
the delay angle in the third quadrant. In order to reduce
valve stresses when controlled power reversing 1is desired,
different operating procedures can be employed such as {8} :

i) The converter can be blocked temporarily and de-
blocked in the rectifier region,

ii) The capacitors can be installed 1in units and capa-
citor switching can be introduced with the in-
creased cost of ac circuit breakers.

iii) 1If the four quadrant operation is possible, the
transition can be made by increasing the delay an-
gle into the rectifier range of operation,

Since it 1is the capacitor voltage affecting the valve

stresses, it might be possible to control the delay angle to

limit the transient capacitor voltages.
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Using the harmonics program, ac side current and dc side
voltage harmonics are studied for the steady state opera-
tion. The dc output voltage 1is affected by the voltages
across the series capacitors. Therefore in order to observe
the effects of the capacitor voltage on the dc voltage har-
monics, the dc current which charges the capacitors is var-
ied over a range of operation. Fig.2.5 shows the dc voltage
harmonics for the six-pulse operation of the inverter. Dc
side harmonics are higher than that of normal bridge opera-
tion.

The current harmonics for both natural and forced commu-
tated inverters are mainly dependent upon the overlap angle.

The ac current waveform is approximately a square wave which
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has a fixed harmonic content not dependent on the dc cur-
rent. It is the overlap angle which introduces the devia-
tion from the fixed percentage harmonic content of the
square waveform. It is shown that for the inverter opera-
tion with delay angle around 180°, the overlap angle is al-
most independent of the dc current {1ll}. Therefore ac cur-
rent harmonics are calculated for such a deiay angle at
unity power operation (Fig.2.6). Ac current harmonics are
almost at the same level with the naturally commutated in-

verter.
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2.4 TWO-STEP FORCED COMMUTATION SCHEME

2.4.1 The Circuit Diagram and Operation of the Circuit

The circuit diagram of the scheme is given 1in Fig.2.7.
Main valves have exactly the same firing seguence as in nor-
mal bridge (Fig.2.8). Assume valves 1 and 2 are conducting
and 3 is going to take over from valve 1, then instead of
firing valve 3 directly, valve 7 is pulsed first. The capa-
citor is charged in the direction shown during the transfer
of current from valve 6 to valve 2. The capacitor voltage
appliéd across valve 1 and the transformer winding turns
valve 1 off assuming the charge is sufficiently large.
Hence, the current in the positive group is transferred from

valve 1 to valve 7. Then the load current I4 coming from
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the negative group valve flows only through one of the
transformer windings, the capacitor and valve 7, therefore
charging the capacitor in the opposite direction. When the
capacitor C is sufficiently charged, main valve 3 starts to
take over current from wvalve 7. Since the capacitor is
charged in the opposite direction, it reverse biases valve
7, and therefore the transfer of current from valve 7 to
valve 3 1is accomplished. Until valve 8 is fired, the capa-
citor voltage remains unchanged. Then again the current
passes through only one of the transformer windings, the ca-
pacitor and the auxiliary valve 8 wuntil the current is
transferred from valve 8 to next main valve 4. The other
transfers between the other main valves in positive and neg-
ative groups occur in a similar manner. The capacitor cur-

rent waveform consists predominantly of the third harmonic.

2.4.2 Program Results and Discussion

A program is developed to observe the transient as well
as the steady state performance of the two-step forced com-
mutated inverter. Analysis performed by Busemann {2} is
based on a number of assumptions and is only valid for the
steady state operation of the circuit while the program de-
velopea here can handle transient analysis, as well as ac
faults and harmonic analysis. The modelling and solution
algorithms are similar to that of the series capacitor com-

mutated inverter. The steady state results obtained by the

_32_



Figure 2.7: Circuit diagram of the two-step forced

commutation circuit

k—— 120° ——]

7 7 7 7

k 360° 4

Figure 2.8: Firing sequence of main and auxiliary valves
for two-step forced commutated scheme

program are in agreement with those obtained by Busemann.
In order to start-up the inverter, the capacitor connected
between the neutral of the converter transformer and the

auxiliary valves should have appropriate voltage with the
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correct polarity as it was described in the previous éection
to handle the first commutation.

Figure 2.9 shows some typical waveforms for the two-step
forced commutated inverter working at a delay angle of 180°
after reaching the steady-state. The first overlap angle is
about 4-5 electrical degrees for the parameters given in the
figure. The capacitor charges up to 1.5 pu in both direc-
tions. As seen in Figure 2.9, the maximum forward and re-
verse voltages across the valve which extinguishes at t =
0.0 s of the waveforms are about 2.0 pu. The output voltage
has some ripples. This is due to the fact that output dc
voltage is measured at the converter side of the smoothing
reactor. Since the delay angle is about 180°, the average
value of the output has a negative value.

Fig.2.10 shows peak forward and reverse voltages across
the main valve over the range of operation along with that
for natural commutation. As seen from the figure, peak
voltages in forced commutation are almost equal to those of
natural commutation for delay angles less than 110°, As the
delay angle increases, the stresses across the main valves
in the forced commutated scheme increase. The maximum valve
stress occurs at a delay angle of about 220° at which natu-
ral commutation is not possible. It is obvious that as the
dc current increases the valve stresses will be further in-
creased as in the series capacitor commutated scheme. In

order to reduce the valve stresses when controlled power re-
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Figure 2.10: Peak valve voltages

versal is desired, the same precautions that were stated for
the series capacitor scheme can be applied. Again it is the
capacitor voltage which contributes to the valve stresses.
Comparison of this scheme with the series capacitor scheme
indicates that although the main valve stresses are less,
two additional valves of full voltage rating and reduced
current rating and associated controls are required. Com-
plete four-quadrant operation is not possible with this
scheme.

Using the harmonics program, ac side current and dc side
voltage harmonics are studied for the steady state opera-
tion. The dc output voltage is affected by the voltage

across the capacitor. Therefore to observe the effect of
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the capacitor voltage on the dc voltage harmonics, dc cur-
rent which charges the capacitor is varied. Fig.2.11 shows
the dc voltage harmonics as a percentage of the average
voltage for the range of current at which forced commutation
is possible. Dc side harmonics are much higher than in the
normal three phase bridge operation, and are comparatively
larger than those of series capacitor commutated scheme.
Fig.2.12 shows the ac current harmonics as a percentage
of the fundamental current versus the dc current. The delay
angle is assumed to be 180° . Since the capacitor is con-
nected through the neutral of the inverter, triplen harmon-
ics are introduced unlike normal six-pulse operation and se-
ries capacitor scheme. But with a a connected primary
winding or with a a connected tertiary winding, the triplen
harmonics will be prevented from entering the ac system and
they will just circulate within the a windings. The other
harmonics are equivalent to those of a normal six-pulse

bridge.

2.5 ONE-STEP FORCED COMMUTATION
2.5.1 The Circuit Diagram and Operation of the Circuit

The circuit diagram of the scheme is given in Fig.2.13.
The operation of this circuit is different than the normal
six-pulse bridge operation. The converter consists of two
bridges which are connected by the capacitor C between the

converter transformer neutrals. Two commutations take place
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Ac current harmonics

Figure 2.12
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simultaneously in the positive and negative groups unlike
the six~pulse operation (Fig.2.14). Therefore the direction
of the current through the capacitor changes once every
one-sixth of a cycle. During the commutation, the current
in the commutating loops, hence the voltage of the capacitor
connected in between the two bridges is changing nonlinear-
ly. Therefore the state equation solution should be per-
formed. However after the completion of the commutation,
the constant dc current will be flowing through the capaci-
tor. Since the state equation solution is quite time con-
suming, a direct solution method 1is preferred to solve the

circuit for the rest of the one sixth of a cycle.

2.5.2 Program Results and Discussion

A program has been developed to study the transient and
steady state behaviour of the one-step forced commutation
circuit. Modelling and solution algorithms were already
outlined for the previous schemes and hence will not be re-
peated here.

Fig.2.15 shows some typical waveforms for the one—step
circuit working at a delay angle of 180° in steady state.
Capacitor charges to peak voltages of about 1.5 pu during
the linear charging period which follows a short overlap
period (about 7-8 degrees). The maximum forward and reverse
voltages across the valve which extinguishes at t = 0 s are

about 3.0 and 1.3 pu, respectively. The output voltage is
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Figuré>2.l3: Circuit diagram of one-step forced commutation

circuit
k= 60—
6 6' 2 2! 4 4' 6
5' 7 A 3 3! 5 5'
) 3e0° >

Figure 2.14: Firing sequence of valves in one-step forced
commutation scheme

periodic with a period of 60° and its average value is neg-
ative since the inverter is working at a = 180° .
Fig.2.16 shows peak forward and reverse voltages across

the valves. Peak voltages are much higher than those of
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natural commutated inverters for delay angles less than
145°, As the delay angle increases, peak voltages decrease

to some extent.
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Figure 2.16: Peak valve voltages

Figures 2.17 and 2.18 show dc voltage and ac current har-
monics, respectively as a percentage of the fundamental ver-
sus the dc current assuming the inverter is working with a
delay angle of 180° in steady state. Dc side harmonics are
at the same level as with natural commutation. As expected
triplen harmonics existed on the ac side unlike the normal
bridge operation due to connection between the transformer
neutrals. Other than that, harmonic distortions are at rea-

sonable levels compared with the normal bridge operation.
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To eliminate the triplen harmonics, either a delta connected
primary or a delta tertiary winding 1is needed in the con-
verter transformer. Although the voltage stresses and cur-
rent rating of the valves in this scheme are reduced when
compared to fhe series capacitor scheme, two complete bridg-

es with associated converter transformers and controls are

required.
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2.6 A FORCED COMMUTATED SERIES TAP (DC CHOPPER SCHEME)

e . W —————————— T ——————  GNESO—— —— S ——————————  TSa————————————

Most of the HVDC installations are point to point systems
having a long transmission distance. Although in most cas-
es, the dc line travels in rural areas and small towns, it
might be difficult to tap the line using a naturally commu-
tated inverter for those small communities because of the
lack of a strong ac system to supply the commutating volt-
age. It might be possible to use the dc line itself as the
source to develop the commutating voltage. A dc-ac machine
set can be used for such a purpose although it will certain-
ly have a low efficiency and high maintenance and operating
costs {161}. A forced commutated tap might overcome all

those difficulties since it does not need any commutating
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voltage and reactive power compensation from the ac system.
For a small tap power rating, a series tap might be more ec-
onomical than a parallel tap because of the cost of dc cir-

cuit breakers.

2.6.1 The Circuit Diagram and Operation of the Circuit

The circuit diagram of the forced commutated series tap
is shown in Fig.2.19 . Assume valves 1 and 2 are already
conducting and valve 3,is going to take over from valve 1.
But before 3 takes over, a short circuit across the tap
should be applied. For this purpose, at a certain delay an-
gle with reference to the point at which the phase voltage
e, becomes greater than phase voltage e,, i.e. when incoming
valve 3 is forward biased, valve 4 is fired. To turn-on
valve 4, it should be already forward biased. This condi-
tion is satisfied in the range of delay angle from 60° to
240° theoretically (i.e. neglecting the effect of the over-
lap due to transformer reactance). The firing sequence of
the main and auxiliary valves are given in Fig.2.20 . The
transfer of current from valve 2 to valve 4 cannot take
place instantaneously because of the transformer impedances
L, and L. on phases a and c. The duration of the overlap
will be dependeﬁt upon the dc current and the commutating
impedancé. When the overlap period is completed, valves 1
and 4 will be short cicuiting the bridge for a certain peri-

od of time depending upon the real power required by the ac
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system. In order to complete the by-pass period, the auxil-
iary valves Tc, and T, are pulsed at the same time. Assum-
ing that the capacitor is charged with the polarity shown in
the figure during the operation of T¢, and Tc. in the previ-
ous one sixth of a cycle, T¢, and T¢; turn-on. The transfer
of current from the by-passing bridge arm to auxiliary
valves takes place almost instantaneously since the induc-
tive impedance in the commutation loop is very small. (No
transformer impedance is involved 1in the commutation. The
only inductance in the commutating loop is the small di/dt
protection inductance.) At the same time, firing pulses are
also applied to incoming main valves 2 and 3. The dc cur-
rent flowing through the auxiliary valves charges the capa-
citor C. Hence the capacitor voltage reverses its polarity.
When the capacitor voltage reaches a certain level, the in-
coming valves will be forward biased, and will turn-on since
they were already pulsed. Because of the inductive impe-
dances in phases b and c, the transfer of current from the
auxiliary branch to main valves will also introduce an ov-
erlap period. vAfter the completion of the commutation there
will be no current flowing through the capacitor and the
main valves will be conducting constant dc current I4 . The
similar operation will take place for a commutation in the
negative group. But this time, capacitor is charged in the
opposite direction. Therefore auxiliary valves T¢; and Tc.

will be turning on when they are pulsed simultaneously.
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Figure 2.19: Circuit diagram of the dc chopper scheme
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Figure 2.20: Firing sequence of main and auxiliary valves

for dc chopper scheme
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2.6.2 Program Results and Discussion

A program is developed to study the transient as well as
steady state performance of the dc chopper scheme. For
starting the syétem up, the commutation capacitor should be
charged to appropriate voltage by some auxiliary supply. A
possible circuit configuration was proposed by Sood and
Bowles {5,6}. |

Fig.2.21 shows some typical waveforms for the dc éhopper
scheme working with a delay angle of 180° . With the given
parameters the commutation capacitor charges up to 3.5 pu in
both directions. It is assumed that the by-pass period
lasts for about 10° . (This duration will be defined de-
pending upon the power requirement of the ac system.) As
seen from the figure the output voltage is =zero during the
by-passing periods. The peak forward voltage across the
valves is about 4.0 pu .

Fig.2.22 shows the peak forward and reverse voltages
across the main valve over the range of operation. As seen
from the figure, peak voltages for forced commutation are
almost equal to those of natural commutation for delay an-
gles less than 110° ., As the delay angle increases, peak
valve stresses increase.

Using the harmonics program, ac side current and dc side
voltage harmonics are studied assuming the inverter is work-
ing in steady state. Figs.2.23 and 2.24 show dc voltage and

ac current harmonics, respectively over the range of opera-
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Figure 2.22: Peak valve voltages

tion. As seen from the figure, dc voltage harmonics are
very high since the voltage 1is chopped several times during
the cycle. Ac side current harmonics are higher than those
of a normal bridge and are almost independent of delay angle
but vary considerably with the short circuit period. Since
the output voltage 1is zero during the by-pass periods, dc
voltage harmonics are also dependent on the by-pass period.
As the by-pass period becomes larger, all dc side voltage

and the predominant ac side current harmonics increase {12}.
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2.7 CONCLUSIONS

Most of the forced commutation schemes require additional
auxiliary valves, of full voltage rating, to connect the ca-
pacitor across the out-going valves to provide the commuta-
tion voltage. The two-step forced commutation circuit uses
two additional valves; the one-step circuit uses a second
bridge of full wvoltage rating in addition to the normal
bridge. The dc chopper scheme uses a minimum of two auxil-
iary valves. In the series capacitor commutation scheme,
the number of valves is exactly the same as in the normal
three phase bridge. Around unity power factor operation,
all schemes introduce higher voltage stresses across the
valve in forward and reverse directions.

The capacitor reactive power ratings of two-step and se-
ries capacitor commutated circuits for unity power factor
operation are around the same order of reactive power as
that which is required for reactive power compensation in a
naturally commutated inverter. There is a reasonable saving
of the capacitor kvar rating with the one-step forced commu-
tation scheme.

With all forced commutation schemes, the utilization of
the converter transformer is improved, since the inverter
can easily be designed to operate at unity or close to unity
power factor in the steady state.

With one-step and two-step forced commutation schemes,

the secondary side of the converter transformer must be con-
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nected in wye for the commutation capacitor connection,
This might result in a restriction for the twelve-pulse op-
eration as it is the practice to connect the primary side of
the transformer in wye with a grounded neutral in order to
eliminate zero sequence currents and for insulation stress-
es.

Triplen harmonics arise with one-step and two-step forced
commutation schemes because of the arrangement of the commu-
tation capacitor. 1In order to eliminate the triplen harmon-
ics a delta connected tertiary winding is required. This
will increase the transformer costs.

Harmonic distortion on the dc side is lowest with the
one-step forced commutation scheme. Ac side harmonics with
one-step, two-step and series capacitor schemes are at the
same level with those of natural commutation. Both ac side
and dc side harmonics are higher with the dc chopper scheme.

Minimum current level is always a restriction with forced
commutated schemes since the dc current charges the capaci-
tors. It becomes a more important restriction with the
two-step scheme since the capacitor is charged only during a
small portion of the one sixth of the cycle. '

Based on the above comparative studies the series capaci-
tor commutated inverter was chosen as technically superior
to the other forced commutated schemes. The two-step scheme
has been chosen by Joetten and Michel {17} and their results

and those 1in Section 2.4 are the same. Both schemes are
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technically feasiﬁle, the only difference being in the range
of operation of the delay angle, the extra number of valves
and overall more complexity of the controls in the case of
two-step circuit. For the applications discussed in this
thesis complete four-quadrant operation was required and
therefore the series capacitor scheme was chosen for the

following studies.
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Chapter III

SIMULATION OF A FORCED COMMUTATED INVERTER ON
BIPOLE 1 SYSTEM

3.1 INTRODUCTION

In this chapter a large scale point to point HVDC trans-
mission link and terminal ac systems have been simulated us-
ing a complete power system model. These original simula-
tion studies were performed to determine the operation of a
forced commutated inverter in an actual system. These stud-
ies are conducted on Manitoba Hydro's electromagnetic tran-
sients program (EMTDC) which includes distributed transmis-
sion 1line models, generalized bridge arrangement with
associated damping circuits, electrical machine models, pow-
er system components and metering and control devices.

The validity of this simulation program has been con-
firmed by field and laboratory tests of the various models
including all components wused in the present studies {18}.
As well, the Electric Power Research Institute's multitermi-
nal dc system, has been modelled by others using Bonneville
Power Authority's electromagnetic transients program
(BPA-EMTP) {19}, an industrial standard, and Institut de Re-
cherche d'Hydro Quebec's (IREQ) physical simulator {20}.

These studies have been duplicated using EMTDC for the study
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of parallel taps discussed in Chapter 5. The results using
all three power system simulators were found to be compara-
ble.

This chapter using Manitoba Hydro's Bipole 1 System as a
reference, introduces the difficulties of inverting into a
weak system from the system point of view and how the diffi-
culties can easily be handled if a forced commutated invert-
er is used. The chapter includes a brief description of the
model of the voltage controller, followed by the results of
start-up and various ac and dc side fault studies. The ef-
fect of forced commutation on valve stresses and the cost
comparison of the terminal 1is covered at the end of the
chapter. The results of all studies completed on this sys-

tem are included in Reference 21.

3.2 INVERSION INTO WEAK AC SYSTEMS

3.2.1 Difficulties with Natural Commutation

The impedance of the ac system observed from the dc side
varies with the frequency. But the impedance at fundamental
frequency in per unit based on the dc rating, referred to as
short circuit ratio (S.C.R.), has an important meaning since
it gives the strength and capability of the ac system as far
as the reactive power consumption of the converter is con-
cerned. S.C.R. can be written as {22} :

2
N

S.C.R. Py Z

where

_56_



= line to line ac voltage (kV),

g
—
=

oo

p dc power transmitted (MW),

S
L}

ac system impedance at fundamental frequency at
the commutating bus-bar (ohms).

An S.C.R. greater than 4.0 pu represents a strong ac sys-
tem while an S.C.R. 1less than 2.5 pu represents a weak sys-
tem. The problems which might arise with such a weak system
when supplied by dc power can be outlined as :

i) Continuous instability problems at middle or low

frequencies,

ii) Ac voltage might fluctuate greatly during ac or dc

faults,

iii) Peak transient overvoltages might arise following

any disturbance such as start-up or a fault,

iv) Recovery time after any disturbance might be longer

than that of a strong system.

Even a strong system cannot solve all these problems.
Voltage changes, and low frequency stability problems are
independent of control type. It is the ac system impedance
(magnitude and phase angle) at fundamental frequency which
has a major effect on the operation of the converter.

In weak systems large voltage changes on the ac bus-bar
are experienced and low Qoltage stability is not possible.
In order to compensate the effects which originate from the
size of the ac system, reactive power can be supplied by

means of ac shunt capacitors, synchronous condensers or
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static compensators. A synchronous condenser having its
transient reactance in parallel with the ac system decreases
the system impedance resulting in a higher S.C.R. Although
static condensers, i.e. switched capacitor banks, are quite
cheap and almost maintenance free, they have a slow control
response to middle frequency stability and make no contribu-
tion to the short circuit level of the system. Static var
systems are much faster but again make no contribution to
the S.C.C. of the system. For disturbances, a hybrid system
of static aﬁd synchronous condensers having a large inertia

is the best alternative.

3.2.2 Solution by Forced Commutation

Forced commutation is quite attractive, especially when
inverting into weak systems, because it enables the convert-
er to operate in ranges which are not permitted by means of
natural commutation. Thus it is possible for the inverter
to rapidly control the amount of real and reactive power
supplied to the system to damp out ac system instabilities
and limit overvoltages during faults. The requirement for

external reactive power compensation is eliminated.
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3.3 CONTROLS
3.3.1 Current Controller

Since the dynamic load effects will not be considered, a
central controller to coordinate the power to be transmitted
is not incorporated with the controls. The current order is
defined as 1.0 pu.

The current is controlled by the rectifier employing a
conventional conStant current (C.C.) controller. Measured
dc current is fed back and compared with the input current
order. The resultant current error is passed through a pro-
portional plus integral controller to produce the desired
ignition delay angle or alpha order.

The inverter end is also equipped with a similar current
controller having a current margin 10 %. The desired alpha
order is passed to the valve group controllers for the pole

considered,

3.3.2 Constant Voltage Controller

In natural commutation, in order to keep the power factor
of the converter as high as possible, but also to prevent
the possibility of commutation failure the "constant extinc-
tion angle control"™ ( C.E.A.) also known as "constant gamma
control"™ is employed at the inverter end. However in forced
commutation there is no such danger of commutation failure
provided that the capacitor voltages which are contributing

to the commutation voltage are adequate. Since the inverter
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can control VAR flow as well as power flow independently in
all four quadrants of operation, the voltage at the commu-
tating bus-bar can be controlled.

To accomplish this control action, a controller is de-
signed and it is observed that it functions successfully.
The operation can be outlined as follows :

i) Measure the rms voltage on the commutating bus-bar,

ii) Compare the measured voltage with the set value,

1ii) The error signal after being scaled goes into a

high gain amplifier. The output of the amplifier
defines the alpha order which is fed into the valve
group controller.

1f the measured voltage is lower than the set value, the
delay angle of the valve group is delayed further. This in-
creases the phase displacement between voltage and current
phasors, hence consuming less reactive power from the ac
system. As it is seen from Fig.3.1, the angle can be in-
creased even beyond 180° , then the current will be more
lagging the voltage, it will be leading the voltage phasor.
This means converter will be supplying reactive power to the
ac system. 1f the measured voltage 1is higher than the set
value, then reverse action should be taken.

The voltage controller has a select minimum circuit.
Hence, the above described constant voltage control action
will be effective to define the alpha order only if a suffi-

cient amount of current is flowing through the link.
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Figure 3.1: Block diagram of constant voltage controller

3.4 APPLICATION EXAMPLE

In order to demonstrate that inversion into weak systems
is possible without reactive power support by forced commu-
tation, a point to point HVDC system consisting of a forced
commutated inverter is studied. The simulation of the system
is performed on a digital dc simulator, known as Manitoba
Hydro's Electromagnetic Transients Program (MH EMTDC) {18}.

A single pole model of Manitoba Hydro's Bipole 1 system
is selected as the test system. The single line diagram of
the circuit is given in Fig.3.2 with the system data listed
in Appendix B. Although, 1in reality two poles consist of
six valve groups 1in series usually working 1in twelve-pulse

operation, for simplicity and to save computation time, only
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one pole with one valve group is modelled. The full ratings
of the pole is used by scaling the three valve groups into a
single one. Therefore, the operation of the model is stud-
ied only in six-pulse operation although these results may
be extended to twelve-pulse operation.

To eliminate any control problems which might originate
because of the size of the system, the rectifier end ac sys-
tem is designed as a strong system. The forced commutated
inverter is employed at the inverter end of the system. The
parameters listed in Appendix B are based on S.C.R. for the
receiving end ac system of 1.5 pu at a phase angle of 70° .
The value of the commutating capacitor was chosen as 0.9 pu
on the hybrid per unit system (Appendix A) which is the min-
imum value which will give complete four guadrant operation
under steady state conditions for rated dc current. As
shown in Fig. 2.4, the range of operation of the delay angle
becomes limited for lower values of dc current but as the
delay angle can still approach 190° for a dc current of 0.3

pu it is not a significant constraint.

3.5 RESULTS

This system is studied for start-up, ac and dc side
faults and the valve stresses. Fig.3.3 shows various wave-
forms during the start-up of the system. As seen in
Fig.3.3-a, although there is some distortion on the voltage

waveform during starting because of transient disturbances,
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they disappear when the system stabilizes. Fig.3.3-c shows
the reactive power supplied into the ac system from the con-
verter. This reactive power is nearly equal to the reactive
power generated by the ac shunt filters which indicates the
inverter is working near unity power factor. As seen from
Fig.3.3-d the ac line. to line wvoltage at the commutating
bus-bar is kept at its rated value by means of the constant
voltage controller.

Single and three phase ac system and dc 1line faults are
studied on a 1.5 pu S.C.R. ac system at the receiving end.
Fig.3.4 shows waveforms of a 3 cycle (50 ms) three phase to
ground ac fault at the receiving end system. As shown in
Fig.3.4-a, once the fault is sensed the current order is re-
duced to its fault level, and after clearance is ramped back
up at a prescibed rate. The alpha order of the valve group
is kept at the fault level during the fault and afterwards
the clamp is removed (Fig.3.4-b). As seen in Fig.3.4-c the
system settles back to steady state in about 0.5 s.

Waveforms for a single phase to ground ac fault at the
receiving end system are presented in Fig.3.5. The fault is
assumed to be some distance from the inverter, therefore the
voltage on the commutating bus-bar does not completely col-
lapse. Fig.3.5-a shows the faulty phase during and after the
fault. As is seen from the figures, the system settles in
about 0.5 s after the fault occurs. During the fault, the
measured rms ac voltage does not collapse, but oscillates

and stabilizes after about 0.5 s .
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A dc line fault is more severe than the ac faults. A
fault on the 1line side of the smoothing reactor bat the in-
verter end is studied which is the most.severe dc fault for
a forced commutated inverter. When the fault is detected,
the inverter end alpha order is set to its fault level. 1In
order to clear the line, the rectifier is forced retarded.
After the current is extinguished, the system 1is started
again. Some of the waveforms are given in Fig.3.6. The ac
voltage shows an increase as is seen in Fig.3.6-d during the
dc fault. This is due to the fact that before the fault oc-
curred, the inverter was operating at such a delay angle
that it was drawing the whole reactive power produced by the
ac filters. When the fault occurred since the inverter valve
group is blocked, it is this reactive power flowing into the
ac system that raises the ac bus-bar voltage. Fig.3.6-c
shows the reactive power to the ac system from the commutat-

ing bus-bar.

3.6 COMPARISON OF VALVE STRESSES

In order to compare the stresses on the valves, the stud-

ies are performed on two similar systems :

i) Bipole 1 system with a naturally commutated invert-
er at the receiving end. The S.C.R. of the ac sys-
tem being 3.0 pu which is the weakest system into
which inversion can take place successfully. The
inverter was under C.E.A., control with a gamma of

18 , Rated power is being transmitted.
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ii) The above described system with a forced commutat-
ed inverter which includes 0.9 pu commutation capa-
citors between the secondary of the transformer and
the valve group. The S.C.R. of the ac receiving
system has been reduced to 1.0 pu for this section.
The inverter is supplying the rated power and con-

trolling the ac system voltage.

3.6.1 Voltage Stresses

The waveforms related to the valve stresses for naturally
commutated and forced commutated inverters are given in
Fig.3.7 and Fig.3.8, respectively. The ratio of forward to
reverse voltage peak values between natural and forced com-
mutated systems could be used to define the valve stresses.,

Referring to Fig.3.7-a and Fig.3.8-a, the peak forward
voltage across the valve is 60 % more in the forced commu-
tated case. The peak reverse voltages are less than the
peak forward voltages in both cases. It should be remem-
bered that the percentage given here 1is effective only at a
certain operating point. (The valve stresses and their ef-
fects on cost will be discussed further in the economic
analysis section.) It can be concluded that, forced commu-
tation increases the number of thyristors in each bridge
arm, although it eliminates the requirement of reactive pow-

er support at the ac bus-bar.
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1f Fig.3.7-b and Fig.3.8-b are examined, it is possible
to conclude also that forced commutation increases the dv/dt
(rate of change of voltage across the valve) by a ratio of
2.0 both in forward and reverse directions. It should be
noted that snubber circuits are provided across each thyris-
tor in the model and therefore the dV/dt stresses are only
indicative for both cases. As dv/dt is very small in both
cases changes to the snubber circuits should not be re-

guired.

3.6.2 Current Stresses

For the forced commutated inverter studied in this the-
sis, the rms current through the valve and transformer wind-
ings will be the same as the current in natural commutated

inverter because the dc current is the same in both cases.

IpMs = Iq

Y2
Fs
But the rate of change of current in forced commutation is
greater than that in natural commutation (Fig.3.7-d and
Fig.3.8-4d). Even over the range for which a naturally com-
mutated inverter is able to operate, the rate of change of
current is increased with forced commutation. The ratio of
maximum di/dt in forced and natural commutation is about two

to one, but again the value of di/dt is well within the rat-

ings for power thyristors.
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3.7 AN APPROACH FOR AN ECONOMICAL ASSESSMENT OF "BIPOLE 1
SYSTEM"

In general, the considerations to estimate the cost of a
transmission system are terminal and line costs including
losses, power transmission capability, reliability, avail-
ability and control dynamics. The inverter, either conven-
tional or forced commutated, might have quite a large influ-
ence on many of the above listed items.

In the preceding sections of this chapter, the perform-
ance of a forced commutated inverter has been simulated. As
concluded, forced commutation is technically feasible espe-
cially when inverting into extremely weak ac systems. Cer-
tainly, before such a scheme could be considered, a fully
detailed economical analysis should be performed. As a re-
sult of such an assessment, it would be possible to deter-
mine the complete feasibility of the forced commutation ap-
plication compared with a conventional scheme. However,
such a study would certainly need the complete and detailed
design of the particular project.

The following estimate, with its inherent shortcomings,
is included to provide an initial starting point for more
appropriate economical analyses and to indicate that such a
new technology deserves further detailed studies by manufac-
turers and utilities.

"In attempting to identify the costs associated with
HVDC, one finds little published data. Further, what one

does find is usually so heavily encumbered by qualifiers as
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to be of questionable value." state Long and Lasseter {23}.
This analysis is conducted on a comparison basis with the
existing naturally commutated schemes. Because, it is very
difficult to perform an independent cost analysis for such a
new technology, only relative costs of that equipment which
has a different rating, such as valves, or which is a re-
quirement of the forced'commutation, such as commutation ca-
pacitors, will be evaluated. Research expenses, special
problems which might arise during the development stages
will not be considered. Similarly, the cost of switch yards
(ac and dc sides), signal processing, control, protection
and telecommunication will be estimated from the existing
HVDC systems.

For comparison with naturally commutated HVDC® systems,
the size and parameters of an existing dc link are used.
Both the naturally and forced commutated inverters are based
on a model for which the following data and basic assump-

tions apply :

- Vd = % 450 kV,
- Id = 1800 A,
- Pd = 1620 MW,

- 3 bridges per pole, six-pulse operation,
- Inverter connected to 230 kV three phase network,
- Thyristor valves are air insulated and water cooled,

installed indoors.
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To obtain an estimate of the equipment costs involved in
a naturally commutated inverter, some personal correspon-
dence has been conducted with different HVDC manufacturers.
Response has been received from three of them, namely ASEA,
BBC Brown, Boveri & Cie AG and Toshiba of Japan for which
results have been compiled and presented in Table 3.1 along
with those from a paper {17} and a recent dissertation {24}
from West Germany. As can be seen from the table, for cer-
tain items on the list there is a large range of percentages
from one source to the other. This could be due to the dif-
ferent size of the projects for which the figures were given
or due to a wide range of installation costs. Hence, the
size of the plants are given in the table as well as $/kW
figures indicated by some of the manufacturers. The final
two columns show the author's estimate for natural and
forced commutation schemes, respectively. The breakdown for
natural commutation has been derived as a result of numerous
contacts and calculations for Nelson River Bipolé 1 and Bi-
pole 2 Systems at Manitoba Hydro and other breakdowns men-
tioned above. Although synchronous condensers are almost a
standard part of a naturally commutated inverter station,
required to support the ac commutation voltage and to supply
the reactive power, their size and rating will change from
system to system and for different design criteria. Hence
the percentage cost for synchronous condensers has not been

included in the breakdown.
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TABLE 3.1

Estimated cost comparison for "Bipole 1 System"
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The studies presented in Chapter 1II and preceding sec-
tions show that only the ratings of the converter transform-
er and bridge valves will be affected by the forced commuta-
tion compared to natural commutation. The extra cost of
commutating capacitors, resulting in savings on complete
elimination of synchronous condensers, will be examined and

discussed.

3.7.1 Converter Transformers

I1f the forced commutated inverter 1is designed to operate
at unity power factor (i.e. neither consuming nor producing
reactive power), there could be reasonable savings on the
converter transformer MVA ratings. Bipole 1 converter
transformers are rated at 340 MVA each. For forced commuta-
tion, the transformer ratings would be only 27Q Mva for uni-
ty power factor operation. Based on the analysis given in
Ref. 24 this would result in a cost savings of 16.8 % for
the converter transformer. For quick reactive power modula-
tion in the ac system, a power factor of 0.89 leading or
lagging is required (i.e. each transformer being able to
transfer 140 Mvars in either directions). Transformers with
a rating of 300 MVA still result in a saving of 10 %.

Also for operation near unity power factor, a reduction
in insulation level of about 10-15 % at the secondary
(valve) side of the converter transformers will result.
This arises from the fact that a power factor near unity re-

gquires a lower ideal no-load direct voltage, Vd,.
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3.7.2 Valves

Although the number of valves wused in the series capaci-
tor commutation scheme is exactly the same as the conven-
tional bridge, the valves are subject to higher stresses in
both the forward and reverse directions. Referring to
Fig.2.4 in Chapter II, the extra stresses in both directions
over the entire range of operation with forced commutation
are about 2.3 times greater than that of natural commuta-
tion. In order to increase the voltage capability of the
valves, the number of thyristors in each bridge arm is to be
increased by the given ratio compared to natural commuta-
tion. Although the insulation level of the extra thyristors
will be higher than those of the naturally commutated in-
verter, as an approximation the cost increase will be almost
linear and simply 2.3 times more. Of course, if the range
of the delay angle is limited to say less than 200°, or the
permissible range of Iy is limited, then the valve stresses
could be considerably reduced.

The overlap duration is shorter than that of natural com-
mutation with the contribution of capacitor voltages to com-
mutating voltage depending upon the delay angle. Hence the
available time for de-ionization of the valves is even long-
er with forced commutation. Therefore in all valves, thy-
ristors for network duty can be used. However, as a conse-
quence of shorter overlap durations, the rate of change of

current through the valves would be slightly higher which
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might result in larger di/dt protection inductances in se-
ries with the thyristors.

With the water cooled thyristor valve technology, the to-
tal losses of the inverter station is reduced to about 1 %
of the total power transmitted {23}%. The valves together
with the damping circuit contribute one third of these loss-
es which might increase slightly with forced commutation due

to higher valve stresses.

3.7.3 Commutating Capacitors

The series commutation capacitors and their associated
protection on the secondary side of the converter transform-
ers are the other extra cost introduced by forced commuta-
tion. As was shown in detail in Reference 21, the MVA rat-
ing of the series capacitors is almost equal to the reactive
povwer required by the naturally commutated inverter which is
usually supplied by the synchronous condensers. The MVA
rating of the capacitors for the "forced commutated Bipole 1
Scheme" is about 966 Mvars per pole. (It should be remem-
bered that the forced commutated inverter has the capability
of supplying about 450 Mvars into the ac system {21}.) The
unit cost of series capacitors varies over qQuite a large
range depending upon the supplier. The unit cost per kvar
is $3.5 US by Kimbark (1971 §), $5.0 by ASEA (1983 $) and
$20.1 (installed) by Manitoba Hydro (1980 $, the equipment

is only $11.0). The unit cost given by Manitoba Hydro could
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be slightly high, since this was the figure used for series
compensation of 500 kV ac lines. Considering a moderate
rate of $15.0, the relative cost of capacitors would be
around 23 % of the total cost of the above mentioned natu-
rally commutated inverter station. (The total cost of the
naturally commutated inverter station is calculated using a

$/kW per terminal figure of $78.2 {26}.)

3.7.4 Synchronous Condensers

In Section 3.2.1, the difficulties and problems which
might be caused by a naturally commutated ihverter supplying
a weak ac system were described. For an acceptable and re-
liable operation, an S.C.R. of about 3.0 pu is usually re-
commended {22,27}. It has been also shown in previous sec-
tions that the forced commutated inverter can successfully
operate and safely recover from anticipated faults on an ex-
tremely weak system having an S.C.R. of 1.0 pu to 1.5 pu.
In order to increase the system strength to 3.0 pu the addi-
tional short circuit capacity (S.C.C.) is about 2430 MVA for
the Bipole 1 System. Hence, three synchronous condensers
with ratings of about 160 MVA (similar to those already used
in Bipole 1 at Dorsey +160 Mvars, -80 Mvars, xh‘ = 19 % on
its own base) should be added to the system. Each would cost
about $10.5 million (1983 $) {28} which is about 25 % of the
above mentioned conventional system. Consideration must

also be given to the maintenance and repair expenses of
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these rotating machines, which are guite high compared with

static equipment.

3.7.5 General

As can be concluded from Table 3.1 and the above discus-
sion, the total cost of a forced commutated inverter appears
to be 60 % more compared with the cost of a naturally commu-
tated inverter, But it should be remembered that the natu-
ral commutation estimate excludes the cost of synchronous
condensers. Also, maintenance, reliability and improvements
in performance are in favour of the forced commutated sys-
tems {173%. "

The valve expenses constitute a large portion of the
forced commutation expenditures. Certainly, the cost of dc
equipment has escalated significantly 1less than that ac
equipment over the past decade {23,29}. This might have the
same tendency to continue in the future hence favouring
forced commutation. However, the improvements in the design
of converter stations, such as reducing the commutation re-
actance as planned by some manufacturers, might still be in

favour of conventional schemes.
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3.8 CONCLUSIONS

The inverter is able to operate into the ac system at a
delay angle close to or even beyond 180° which is not attai-
nable with natural commutation. The unity power factor oper-
ation eliminates the reactive power requirement (usually
about 60 % of the real power) at the ac bus-bar supplied
conventionally by synchronous condensers or static VAR sup-
plies. It has been demonstrated that it is even possible to
supply reactive power from the forced commutated inverter
into the ac system though the total MVA rating of series
commutating capacitors is nearly equal to MVA rating of the
shunt ac capacitors for operation at the same power factor.
When the forced commutated inverter is designed to operate
at unity power factor, only the real power will be transfer-
red by the converter transformer. This reduces the MVA rat-
ing of the transformer by about 15-20 %.

The forced commutated inverter is found to be immune to
ac side faults at the inverter ac bus-bar. The system can
quickly recover from dc line faults provided that the fault
is not permanent.

The forced commutated inverter introduces extra stresses
on the valves. But the additional cost of the inverter due
to higher valve stresses and the series commutation capaci-
tors may well be compensated by the elimination of synchro-
nous machines required for a natural or line commutated in-

verter.
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The range of permitted firing angle cannot be increased
beyond a certain angle for a given capacitor value and dc
current. It is possible to increase the operating range by
a reduction in the value of the series commutation capaci-
tors. As the value of the capacitor decreases, the voltage
which builds up across the capacitors will be higher for a
given dc current. But this will result in increased valve
stresses though the operating range is increased.

For application such as Bipole 1 of Nelson River HVDC
System feeding into a 1.5 pu S.C.R. ac system, the estimated
cost of using a forced commutated inverter is 28 % more as

compared to a naturally commutated inverter.
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Chapter 1V

DC TRANSMISSION TO REMOTE LOADS

4,1 INTRODUCTION

In previous chapters it has been shown that a forced com-
mutated inverter could be used to meet the reactive power
requirement at the converter terminals. This investigation
is a further technical appraisal involving a two terminal
transmission scheme to a remote load with little or no ac
generation at the load. Several possible inverter configu-
rations are discussed.

An electromagnetic transients program is used to model
the system and simulate various aspects such as start-up, ac
and dc side faults and speed of response to voltage and fre-
guency controls, The results are covered in a paper {30}
and complete results of this study are included in a techni-
cal report {31i.

The results indicate that such a scheme is indeed techni-
cally feasible and may be quite attractive from both an eco-

nomic and a reliability point of view.
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4.2 WHY FORCED COMMUTATION FOR CHURCHILL ?

There are many remote loads far from the ac network in
Manitoba currently being supplied by diesel generation. As
the loads grow, the desirability of connecting these loads
to the ac system increases. One such remote load 1is the
town of Churchill, a projected 25 MW load located on Hudson
Bay 260 km north-east of Henday, the northern terminal of
the Nelson River Bipole 2 HVDC transmission system. Church-
i1l is a small town which has a present electric load less
than 6 megawatts. Currently the load is supplied by 9 diesel
electric generating units assigned to Churchill. The total
capabilty of generators is about 12-13 MW. To supply the
growing load from the central electric system, the required
transmission line length is about 260-310 kilometers., Al-
though the load 1is not large enough for such a connection,
the economics of supplying the load from the central elec-
trical system rather than by diesel electric generators were
studied and possible alternatives are reviewed at Manitoba
Hydro from time to time. Recently, because of the increase
in the diesel fuel oil costs, central system connection al-
ternatives look quite promising {32j}.

Neither the transmission distance nor the power to be
transmitted can be regarded as advantageous for dc transmis-
sion. Because of the nature of the load and the following
reasons, dc transmission might still be an alternative.
Some of the existing constraints which tend to favour dc

transmission are
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i)

i)

iii)

iv)

v)

The transmission line construction costs for a mo-
nopolar line at relatively 1low voltage are cheaper
than a three-phase line because the tower construc-
tion is much simpler in dc.

The transmission line losses are 1less in a monopo-
lar or bipolar scheme than 1in a three phase ac
line. The losses will be even less in the case of
a monopolar system with ground/sea return.

The rectifier station can be constructed in the
collector system at Henday and use the existing dc
collector system including the filters and earth
electrode with a transmission 1line length of 260
kilometers. An ac line should be terminated out-
side the dc collector system at Radisson with a
transmission length of 310 kilometers because of
some potential problems such as unacceptable volt-
age oscillations, unacceptable freqguency variations
and complex resonances of the filters in the dc
collector system at Henday.

An ac line must operate at a higher voltage level
than that of a dc line for the same conductor size.
Therefore, considerable savings can be achieved us-
ing a lower voltage with a dc transmission line.

An ac line might need reactive power compensation,
because the line is quite long. This would further

increase the construction costs of the line.

_87_



vi) The capacity of the transmission system can be in-

creased in stages as the load grows.

For a naturally commutated inverter, an alternating volt-
age source is required at the load end in order to commutate
the valves. There is no such a source at the Churchill site
except the diesel generating units. It might be possible to
utilize the existing diesel generators as synchronous con-
densers and to provide the commutating voltage. This would
require uncoupling the generator from the engine in order to
save fuel. But this is not possible because all the genera-
tors are the single bearing type with the bearing at the
outboard end {33}. The engine supports the opposite end of
the rotor by the coupling. Running the engines to generate
reactive power would not be beneficial because of fuel and
maintenance costs, manning the plants and carbonning up the
engines.

Unlike the naturally commutated inverter which wuses the
ac line to line voltage to commutate from one thyristor
valve to the next, the forced commutated inverter wuses a
supplementary voltage source, usually by charging capaci-
tors, to commutate the thyristor valves. Consequently the
presence of an ac system voltage is no longer required to
ensure successful commutation. Also with forced commuta-
tion, operation of a bridge in all four qguadrants is possi-
ble and hence reactive as well as real power may be supplied

to the load. The forced commutated inverter therefore seems
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particularly suited for inverting into an ac system which

may not have adequate voltage support.

4.3 MODELLING AND SIMULATION

The Manitoba Hydro electromagnetic transients program
EMTDC {18} is used to model and simulate the systems. The
monopolar transmission 1line is simulated by a distributed
transmission line model with frequency dependency included
to ensure representative damping of line transients.

Normal 11th, 13th and high pass (HP) ac harmonic filters
(LC) as well as 5th and 7th filters were connected to the
remote load commutation bus. A conventional rectifier feeds
the monopolar line and forced commutated inverter. A simple
passive load with inductive and resistive components is rep-
resented at the inverter commutating bus with the option to
include an induction motor for dynamic load effects. The
induction motor is modelled using the conventional two axis
representation. Each valve is individually modelled with an
equivalent resistor - capacitor (RC) valve damping circuit.
For each valve group, valve firing is simulated with resis-
tor switching controlled by timing pulses which are phase
adjusted relative to an oscillator by the ordered firing an-
gle (a order). The oscillator may be phase locked to the ac
system voltage on the commutating bus for ~naturally commu-
tated converters. Alternatively, the oscillator is cont-

rolled from an independent clock 1if the converter is forced
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to commutate into a dead load or provide the only source of
ac system freguency control. At the rectifier, the firing
control is derived from a conventional phase locked oscilla-
tor to control dc current as is normal with most HVDC recti-

fier applications.

4.4 POSSIBLE SYSTEM CONFIGURATIONS

Three basic system configurations will be discussed; each
consists of a dedicated controlled rectifier at Henday, the
sending end and a monopolar 75 kV dc transmission 1line to
Churchill. All systems operate in steady-state in essen-
tially the same way. The main differences in the systems
are the way in which the system is started and the method of
controlling the receiving end ac voltage.

Each system configuration will be described briefly and
some results of the simulation will be presented for each

configuration.

4.4.1 System A

The first configuration, System A, is shown in Fig.4.1
where all the system data are given in Appendix C. The re-
ceiving end system consists of a single six-pulse series ca-
'pacitor commutated inverter, a load consisting of R and L
elements and the existing diesel generators.

The start-up procedure begins with the diesel generators

supplying the load and the inverter by-pass switch closed.
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The rectifier is de-blocked and the dc current is increased
to 0.3 pu using a current controller at the rectifier, Now
the inverter is deblocked and the by-pass switch opened. A
pole controller similar to that at the rectifier is used at
the inverter with a current margin setting of 0.1 pu. At
this point, the commutating voltage on the capacitors is
small and hence the firing angle cannot be advanced much be-
yond 180° ., The rectifier current order signal is now
ramped up to its nominal value of 1.0 pu and the load is now
supplied by the inverter with the diesel generators on no
load. The diesels may now be switched off and the inverter
is the sole supply to the load. This start-up sequence re-
guires less than one second to complete.

At the time that the diesel generators are switched off
several modifications need to be made to the controls.
Firstly, there is no longer an ac system reference voltage,
however weak, from which the phase lock loop control (the
delay angle control to maintain constant ac bus-bar voltage)
may take signal. The valves now must be fired in sequence
from an independent clock working at 60 Hz. Secondly, the
inverter is behaving as a current source injecting an ac
current proportional to the dc line current into the load.
ﬁence the ac system voltage at the load is dependent on the
magnitude of the load impedance and the ac current injected
into the load. The value of firing angle, «, is now irrele-

vant, being dependent on the power factor of the load and
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the overlap angle of the inverter. The receiving end ac
system voltage must now be controlled by the dc current con-
troller at the rectifier end.

A constant voltage controller at the rectifier end takes
over the control, and by changing the delay angle at the
rectifier, it modifies the internal voltage, hence the dc
voltage and current flowing in the line, therefore keeping
the voltage at the inverter side ac bus-bar constant. The
constant voltage controller at the rectifier end must re-
ceive its input from the inverter end with a communication
link. This is one of the major disadvantages of this con-
figuration as a reliable fast communication 1link must be
maintained between the terminals of the system 1in order to
control the ac voltage of the load.

Once started the inverter 1is virtually immune from ac
side faults but dc side faults require blocking of the con-
verters and repeat of the start-up procedure, including the
start up of the diesel generators. This, of course is an-
other major disadvantage of this system, The last major
disadvantage of this system occurs at very light loads. The
current injected into the load must be very small and as the
commutating capacitors are charged by this current, they do
not receive sufficient charge to overcome the ac system
voltage and a commutation failure will occur. The only so-
lution to this problem is to switch the commutating capaci-

tors under light load conditions.

...92._



AA

Ylel WI9

T 11

Je
M 0ge

%

WP

wa3sAs 403091102
Jp J43ALY UOS|BN

{1

auL| Op painqLAISLP
Jae|odouow AY G/

aatssed

Y19 uizi

111

i
1

[

— |

peo|

wa1sAs
210Wau

LLEud4ny)

B

saojedauab asaig

link for Systems

ission

Complete model of transm

A and B

Figure 4.1:

93 -



The simulation results related with the above described
start-up procedure are shown in Fig.4.2. The switch S, is
opened at current zero crossings. The oscillations in power
measurements arose, because the switch S, is modelled by a
very small resistance when it 1is shorted. This wvalue is
very small in the impedance matrix compared to other compo-
nents connected to that particular bus-bar. As it is seen
from Fig.4.2-b, the complete load power is supplied by the
inverter at t=0.5 s. The reactive power produced by the ac
shunt filters is supplying a part of the reactive power re-
quirement of the 1load. The rest is being supplied by the
inverter. As is seen from Fig.4.2-d, the ac voltage at the
commutating bus-bar is quite closely controlled even at the

moment of the isolation of the diesel units.

4,4,2 System B

The second configuration, System B, 1is similar to System
A except the diesel generators are not present. For a dc
line fault, the inverter should be shut down and re-started.
The forced commutated inverter should be able to start-up
itself for a reliable operation without the support of die-
sel generators.

To start the system with one valve group only, the capa-
citors should be pre-charged using the dc current flowing in
the dc line. The capacitors cannot be charged through the

load, because the load has an inductance. Also the charging
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will be dependent upon the time constant of the load. For
this reason, to achieve start-up of this system the ac sys-
tem must be shorted. This allows the dc current to build up
to a minimum operating level while ensuring adequate commu-
tating voltages on commutating capacitors. When a suffi-
cient voltage builds up across capacitors, the shorting
switches may be opened and the ac voltage is then allowed to
build up. A detailed discussion of this starting method is
given in Reference 10.

There are some disadvantages of the application of this

circuit : |

i) The shorting switches are an extra cost for the
system. Although the switches are opened at current
zero crossing, circuit breakers with suitable rat-
ings must be installed between the phases.

ii) The times of opening the shorting switches are very
critical. During the short period of time (2.777
ms) the switch should be opened succesfully. This
might require sophisticated circuit breakers.

iii) When the secondary side of the transformer is
shorted, the load cannot be supplied, but it should
be remembered that it is already a dead 1load and
the dc link is the only power supply to the aé sys-
tem.

iv) It might not be possible to run the system at low

loads. At lower loads, the current flowing in the

_96_



‘dc line will be guite small. Since the voltage
across the capacitor depends directly upon the mag-
nitude of dc current, when the current is very low,
the capacitor voltage might be insufficient for
commutation.

This system does eliminate the diesel generators from the
system. Once started this system behaves as System A with
the inherent requireménts of a fast communication 1link to
the rectifier to control the ac system voltage, and a mini-
mum current limit before the commutation capacitors must be
changed. Start up following a dc line fault can be achieved
faster since only the shorting switches on the ac commutat-
ing bus need to be closed.

Fig.4.3 shows the start-up of the system. The ac busbar
voltage at the inverter end is controlled by the rectifier
end (Fig.4.3-b). The overvoltage which appears at the mo-
ment of removing the shorting switches in the ac system is

acceptable (Fig.4.3-c).

4,4.3 System C

The third configuration, System C, shown in Fig.4.4 em-
ploys two six-pulse bridges in series at the receiving end.
Some of the system data at the receiving end has been ﬁodi—
fied for this system (Appendix C). This system configura-
tion alleviates the major disadvantages of the previous

schemes. Diesel generators or shorting switches are not re-
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quired. The ac system voltage is controlled at the inverter
eliminating the need for a reliable fast communication link

and operation from no load to full load is possible.

4.4.3.1 Controls

The controls are straight forward; the top bridge is
pulsed at the fixed 60 Hz clock frequency and the lower
bridge is pulsed at the same frequency only delayed by an
angle delta (aA) degrees. This angle is the difference in
the firing angle delays of the two bridges but as the firing
angle, «, is no longer important only the delay angle a will
be discussed. The current injected into the load from the
ac bus is the vector sum of the currents from the two bridg-
es and hence the load voltage may be controlled at the in-
verter end by controlling a.

Fig.4.5 shows the arrangement of two forced commutated
bridges in series and the phasor relationship of currents
through the top and bottom converter transformers with re-
spect to commutating bus-bar voltage. Bowles suggests that
a combination of forced and natural commutated bridges could
be used to control the ac voltage {34}, but this would se-
verely restrict the operation of the inverter. To effi-
ciently supply reactive power to the system both wvalve
groups may be required to operate with delay angles a beyond
180° . This system eliminates the need for a fast communi-

cation link to the rectifier and also allows minimum current
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to flow in the bridges even for the no load condition. It
will be shown that a may be changed by about 20° each commu-

tation so that very rapid control of voltage may be

achieved.

l
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Figure 4.5: Forced commutated bridges and phasor
relationship

At the forced commutated inverter, the firing control is
derived from an independent clock producing exact ac fre-
guency. Good ac voltage control is achieved through the
controller shown in Fig.4.6 . The difference in firing an-
gle order (a) to the two inverter valve groups is utilized
to control ac voitage provided there is sufficient current
in the dc line. Current order at the rectifier is increased

if in the steady state, A approaches zero and becomes less
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than desired level (typically 15°). Conversely, 1if in the
steady state, a increases beyond 45° , the rectifier is or-
dered to reduce the dc current. A may exceed these levels
of 15 and 45 degrees transiently, or when allowable dc cur-
rent is limited at maximum or minimum values. System loss
optimization may also add constraints on the normal operat-

ing range of a.

—

Vac
desired

(pu)

Vac —
measured
(pu)

Figure 4.6: Block diagram of constant voltage controller at
the inverter end

As an option, it could be possible to adjust the current
order such that the forced commutated inverter operates at a
certain delay angle difference a . If the system is run at
an operating point resulting in delay angle difference a of
around 30°, the 5th and 7th ac current harmonics and 6th dc

voltage harmonic will be minimized. As well the dc line
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losses will be minimized while still providing an adequate
control margin on the ac system voltage during load increas-
es.

A simple control logic has been implemented to define the
current order depending upon the value of a. The logic sat-

isfies the equation :

by :
Io1d .cos(—z—) = I en +COS( ” )

I,0]d ¢ Present current order (pu),

Ionew ¢ resultant current order (pu),

measured delay angle difference (degree),

desired delay angle difference (degree).

>4
o
..

The new current order I,.., is to be transmitted to the rec-
tifier end. This information could be sent even by a voice
telephone link. In the event of a failure of the communica-
tion link the current order would be set at the upper limit
and A would control the Voltage at the inverter. (The oper-
ation of the system with this controller will be demonstrat-
ed in the results section.)

In order to show the effect of a on ac current harmonics,
the 5th and 7th harmonic filters are disconnected from the
system. Figure 4.7-a and b present the ac voltage wave-
forms, the inverter operating at deltas of 75° and 30°, re-
spectively. The results of a Fourier analysis performed on

these waveforms are presented in Table 4.1 and Table 4.2 .
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a - A 75°,
b - a 30°,

The non-characteristic harmonics occur because of the reso-
lution of the time step in the numerical calculations.

In a conventional point fo point system, the dc fault
current is deionized by applying a forced retard which is
activated by line protection at the rectifier end. For sim-
plicity, the forced retard has not been implemented with the
controls. The voltage dependent current limiter with a very
low fault current order level has been assigned to clear the

dc line fault,
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TABLE 4.1

Ac current harmonics for operation at a = 75°

Harmonic number Harmonic distortion (pu)
1 0.7736
2 0.0019
3 0.0060
4 0.0024
5 «0,2871
6 0.0052
7 «+0.0746
8 0.0027
9 0.0023

10 0.0022
11 0.0024
12 0.0025
13 0.0058
14 0.0020
15 0.0022
16 0.0021
17 0.0045
18 0.0021
19 0.0066
20 0.0022

21 0.0023

4.4.4 Results of System C Simulation Studies

A good test for any power system simulation is to observe
the performance of the system during the start-up and steady
state. The recovery from ac and dc side faults at the re-
ceiving énd of the dc link is also important as far as the

operation and reliability of the system is concerned.

4,4.4.1 Start-up
Fig.4.8 demonstrates a one second portion of the simula-
tion which wutilizes the above described start-up procedure

and dynamic controller actions. As is seen from the fig-

- 105 -



TABLE 4.2

Ac current harmonics for operation at a = 30°

Harmonic number Harmonic distortion (pu)
1 0.9396
2 0.0062
3 0.0048
4 0.0039
5 =»0.0452
6 0.0038
7 -»0,0408
8 0.0016
9 0.0014

10 0.0012
11 0.0048
12 0.0017
13 0.0028
14 0.0022
15 0.0018
16 0.0017
17 0.0029
18 0.0017
19 0.0061
20 0.0016
21 - 0.0020

ures, from the initialization of the system to steady-state
takes about 700 ms, by which time, the inverter end ac volt-
age stabilizes to its set value. At time t=0.2 s when the ac
system is energized, A is changed quite quickly (about 20°
per commutation) without causing difficulty. The ac voltage
is building up slowly because the dc current is increasing
slowly during this time. At time t=0.45 s, the ac voltage
reaches its rated value and an overvoltage of 8 % occurs due
to the sluggishness of the constant voltage controller. In
the steady state, there is no distortion or spikes on the ac

voltage waveform due to adeqguate filtering. Some spikes
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during the start-up (at time t=0.2-0.3 s) exist, which may

be due to pre-charging of the ac shunt filters.

4.4.4.2 Ac Faults

After the system reaches steady state operation a three-
phase fault near the commutating bus-bar is applied. The
fault occurs at t=1.1 s and lasts for 3 cycles (50 ms).
Fig.4.9-a shows one of the the faulted phases. During the
fault, voltages on all of the phases collapse to near zero.
When the fault starts, dc current increases transiently
since the dc voltage at the inverter end has also collapsed,
but it is controlled by the rectifier end constant current
controller (Fig.4.9-Db). The drop on the ac bus-bar voltage
is sensed by the constant voltage controller and therefore a
is decreased. Assuming the fault is cleared at time t=1.15
s, the system voltage easily recovers and reaches steady~-

state in about half a second after the fault occurred.

4,4.4.3 Dc Line Faults

A dc line fault is a very severe fault for a forced com-
mutated inverter which is supplying a dead ac system. It is
the dc current which charges the line capacitors in order to
provide the necessary commutating voltage. Once a dc line
fault occurs, the system should be blocked and re-started
after an adequate de-ionization time for the fault.

Fig.4.10 shows the system performance in case of a low impe-
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dance line-to-ground fault at the inverter end of the dc
line. The fault is assumed to take place at time t=1.1 s.
At this time the system was operating normally. The short
circuit causes a complete collapse of the voltage at the in-
verter side and as a result dc current increases. To limit
the current, the rectifier responds and increases its delay
angle, therefore decreasing the dc voltage at the rectifier
end. The fault, resulting in an absolute collapse of the
voltage at the inverter end, activates the rectifier voltage
dependent current limiter (VDCL), after a detection delay of
12 ms, and the current order is set to its fault level . At
the inverter the VDCL resets the delta angle to 180° in or-
der to start up the system when the fault is cleared. As-
suming the fault is cleared after 50 ms, this is sensed by
the voltage dependent current limiter and the start up pro-
cedure is 1initiated. The same start up procedure as de-
scribed before applies here, and the system recovers to its
pre-fault operating point in about 0.8 s after the fault

took place.

4.4.4.4 Start-up of an Induction Motor

In order to illustrate the performance of the system dur-
ing dynamic changes a 1.25 MW double squirrel-cage motor is
direct-on-line started {35,36}. (The data for the induction
motor are given in Appendix D.) With reference to Fig.

4,11, the system 1is in steady state supplying 23.75 MW at
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0.8 power féctor lagging when the motor is started at 0.8
seconds. The inertia of the motor is set low in order to
reduce the starting time. The load voltage drops to 5.6 kV
resulting in a rapid change in s to maintain the voltage
close to rated value during start up. It should be noted
that during this time the inverter is supplying about 12
Mvars to the motor alone, The motor reaches rated speed in
about 0.2 s at which time there is a slight overvoltage and
the system quickly settles with a new value of a. The stud-
ies also indicated that the motor can successfully recover

after the clearance of a dc line fault {31}.

4,4,4.5 Operation at a Desired a

As seen from Fig.4.8, the current order is set constant
at 1.3 pu resulting in a higher a value of about 75°. Re-
ferring to Fig.4.12, the system was in steady state at 0.0
S. At this time the current order controller is activated
and a» approaches its set value of 30° while maintaining the
ac voltage at the commutating busbar within acceptable lim-
its. (The current order controller makes decisions once
every half a second in order to allow sufficient time for
the dc current to settle.)

Since the individual delay angles of upper and lower
bridges are changing as A moves, real and reactive powers
supplied by these groups are also changing but still main-

taining the constant total powers (Fig.4.12).
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4.5 A BRIEF ECONOMICAL ANALYSIS OF CHURCHILL SYSTEM

It is very difficult to achieve accurate cost comparisons
between ac and dc transmission where a new technigue is be-
ing proposed and the power level is only 5 % of the smallest
installed HVDC system. Nevertheless several factors tend to
indicate that the proposed scheme may be economically feasi-
ble.

At this power level ac line costs become significant. A
voltage level of 138 kV is required for a single circuit un-
compensated line of 310 km. Three conductors of at least
336.4 MCM must be used. The towers would be guyed and an
expensive river crossing over the Nelson River is required.
This can be compared to a simpler guyed single wooden pole
tower carrying two 400 MCM conductors at a voltage level of
75 kv for 260 km. The use of two conductors increases the
reliabilty as one conductor may break or fault and transmis-
sion can continue on the other.

In Section 3.7, an approach for an economical assessment
on "Bipole 1 System" was presented. The same assumptions
and methodology stated there apply also for the following
brief economical analysis for the Churchill System. The

system data and basic assumptions are :

- vy = 75 kv,
- Id = 333 A,
- Pd = 25 MW,

2 Bridge per pole, twelve-pulse operation,

- 116 -



- Inverter connected to 7.2 kV three phase network,

- Severe environmental conditions,

- All eguipment except converter valves, control, protec-

tion equipment and auxiliaries are located outside,

= Ground return mode.

A conventional dc alternative with the above ratings and
specifications to supply the town of Churchill has been re-
viewed at Manitoba Hydro and a survey has been recently con-
ducted by BBC Brown, Boveri & Cie AG {37:. According to
this proposal, the estimated cost of the converter terminals
at both ends is shown below :

- Equipment :

Henday Converter Station § 4,200,000
Churchill Converter Station $ 4,230,000
7.2 kv, 8 Mva :
synchronous condenser S 460,000
- Installation :
$ 1,590,000

The work not included with the above figures are : all
equipment on the 1line side of 230 kV breaker in Henday and
7.2 kV breakers in Churchill, service transformer and swit-
chgear, compressed air system, dc line, ground electrode
line, sea electrode at Churchill, telecommunication equip-
ment, supervisory control, station groundings, spare trans-
formers or any other spare equipment, test equipment, ca-

bling.
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The breakdown of the above described costs has been ob-
tained from Mr. K.W. Kanngiesser of Brown Boveri by personal
correspondence. This cost breakdown along with an estimated
breakdown for the forced commutated alternative are present-
ed in Table 4.3 .

The relative costs of the equipment affected by forced

commutation for this project will be discussed next.

4,5,.1 Converter Transformers

Although two separate transformers at the inverter end
are shown on the single line diagram in Fig.4.4, a single
transformer unit with three windings on it could be utilized
in order to reduce the expenses. Similar savings, as ex-
plained in "Bipole 1 System" cost analysis, are expected on
the converter transformer MVA rating and secondary side in-
sulation level. But their effects on the cost analysis

would be only marginal on such a small project.

4.5,2 Valves

The valve expehses for a naturally commutated inverter
are given as 50 % of the total cost. The percentage appears
guite high compared to that listed in Table 3.1 . This might
be due to auxiliary equipment involved in valve cooling etc.
Usually an accepted rule of thumb is that one third of the
cost of the terminal is for the converter valves and about

one quarter is for the transformer {23}. For a forced com-
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TABLE 4.3

Estimated cost comparison for the Churchill System

Equipment(1) BBC ETE;
Main Valves 0.500 1.150
Commutation Capacitors - 0.110
Transformer 0.130 0.130
Smoothing reactor 0.050 0.050
Ac Filters 0.040 0.040
Synchronous condensers 0.326 -
Ac Switchyard 0.050 0.050
D¢ Switchyard 0.050 0.050
Control & protection 0.140 0.140
Auxiliary equipment 0.040 0.040
Total 1.326 1.760
Ratings considered +75 kV +75 kV

» 333 A 333 A

25 MW 25 MW

Year considered 1983 1983
$/kW per terminal 140.7

(1) no installation cost incliuded.

- 119 -



mutated alternative, the fixed factor of 2.3 would again be

used for the valve expenses compared to natural commutation.

4,5.3 Commutating Capacitors
The MVA rating of each capacitor used in the Churchill

System is 6.1 MVA for the reliable and successful operation
described before. Hence the total MVA rating of six capaci-
tors would be 36.6 MVA., Using the $/kvar figure supplied by
Manitoba Hydro for the equipment only,v the total capacitor
expenses will be 13 % more on the total inverter station

costs.

4.5.4 Synchronous Condensers

Only one synchronous condenser is recommended in Ref.37
for the Churchill System. Presuming all the existing diesel
generators will be taken out of service when the 1load is
connected to the central system, the Churchill ac system
consists only of passive components. The recommended synch-
ronous condenser may be sufficient to run the system at a
lower dc power to be transmitted, i.e. to supply the exist-
ing load varying from 1.25 MW to 6 MW. To run the system at
the proposed load of 25 MW, the S.C.R. at Churchill has to
be increased to a value around 3.0 pu. Technical data for
the proposed synchronous condenser has not been supplied by
BBC. Assuming an xk{ of 20-30 % on its own base, at least

3 of those synchronous condensers are needed for the satis-
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factory operation of the naturally commutated scheme. Then
the total cost of synchronous condensers would be about

32.6 %¥ of the station cost.

4.5.5 Ac Filters

For the natural commutation alternative, the system is
designed for twelve-pulse operation. For the forced commu-
tated alternative, although there are two valve groups in
series, the operation is still six-pulse. Hence, this re-
sults in extra expenses of 5th and 7th filtering on the ac
side. But in the cost analysis, this marginal cost has been

ignored.

4,5.6 General

As can be concluded from Table 4.3, the proposed forced
commutated inverter alternative - costs about 33 % more than
the natural commutation alternative referred to the inverter
station only. Considering the total cost of the project in-
cluding the dc line, the cost of the forced commutated in-
verter would be only 4.6 % more. A natural commutation sys-
tem requires a fast communication 1link to the rectifier end
in order to control the receiving end system voltage. Also,
maintenance and reliability of the sychronous condensers
should be considered with such a system.

It is hazardous to attempt to extrapolate the cost of

HVDC systems over several orders of power to the size of the
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proposed system. Probably the cost of a similarly sized
variable frequency synchronous motor drive would give a bet-
ter cost estimate. It is reported by Electric Research Pow-
er Institute (EPRI) that pulse width modulated (PWM) invert-
ers used to convert the dc power produced by fuel cells into
ac power are under prototype construction {38}. For the
converter rating of 10 MW and 1life of 20 years with nominal
maintenance and repair, the cost 1is projected as USS
60-70/kw (1982 3). (This selling price assumes productioh
guantities of 150 wunits a year.) It is expected that the
price might drop to about $50/kW by the end of the decade,
if the advances in electronics continue.

A 13.5 kv, 3.2 MW pilot power system with a forced commu-
tated inverter, called "a voltage converter" by its authors,

is already under construction in Soviet Union {39}.

4.6 CONCLUSIONS

Results of the simulation studies have indicated that a
forced commutated inverter can successfully supply a remote
load without the need of rotating machines or reactive power
support.

The scheme proposed can invert into such a 1load from no
load to full load while maintaining the voltage and frequen-
cy within acceptable limits even for major load variations,
The system easily survives ac side faults at the inverter

and can quickly recover from dc line faults. Start-up and
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operation of the system is'simple and reliable, without a
fast communication link between the terminals of the trans-
mission system,

The results of simulation studies have indicated that the
induction motor operating at the receiving end ac system can
easily be started up and can successfully work during and
even after the clearance of a dc line fault.

For this particular system, that is the supply of Church-
111, Manitoba, the dc transmission alternative with forced
commutation appears to be feasible from an economical stand-
point as well as from a technical standpoint. Reliability
and maintenance considerations also favour the forced commu-

tation scheme.
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Chapter V

A FORCED COMMUTATED INVERTER AS A TAP ON A DC
LINE

5.1 INTRODUCTION

A forced commutated inverter used for tapping energy to a
remote load from a dc line running through a rural area is
presented and a study conducted on Manitoba Hydro's electo-
magnetic transients program is described.

It is shown that a passive 1load requiring real and reac-
tive power can easily be supplied. The tap itself is capa-
ble of responding quickly to changes of load without a com-
munication link to the main converter terminals. The tap is
able to recover easily from all anticipated faults and dis-
turbances takﬁng place in its own system as well as at the
main converter terminals.

This chapter discusses the basic operating mode of the
tap, the line and converter models and the ac system load
model at the tap. The simulation results will be concerned
with the interactions between the main inverter and the
forced commutated tap during start-up, ac and dc faults and

commutation failures taking place in both systems.
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5.2 A GENERAL VIEW OF TAPPING POWER

To date most of HVDC transmission lines commissioned have
been designed and operated to transfer power between two
points, sending end and receiving end, probably due to cost
of multiterminal systems. For a point to point system, it
is possible to clear a fault on the line or in the convert-
ers by means of delay angle action to block the dc current
temporarily. The lack of an economically feasible dc cir-
cuit breaker is still a drawback to the tapping or network-
ing of dc systems. For a multiterminal system dc line fault
protection requires good control features to bring the fault
current to zero for arc extinction or to a level where a dc
circuit breaker would be effective.

However, it is possible to tap the dc line provided that
the control strategies of the tap and the main converter
stations are considered together. The methods of doing this
can be classified in two groups :

i) The parallel tapped inverter,

ii) The series tapped inverter.

The possibilities and advantages of these methods have
been discussed in literature {40-46} especially in relation
with the multiterminal operation. For a small tap to a weak
ac system, the parallel arrangement suffers a disadvantage
in that the tap is very sensitive to its own ac system
faults. The disturbances on its own ac system might result

in commutation failures and recovery of the system might be
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difficult and may even require temporary blocking of the

whole sysyem. 1t has been shown the major disadvantages of

the operation of parallel connected dc stations are {45} :

i)

ii)

iii)

iv)

A dc side fault affects the entire system. Loss of
a dc line might result in the 1loss of the whole
power transmission capability within the system.
(In order to compensate such a situation, redundant
lines can be added to the system at a certain
cost.)

A commutation failure at any inverter results in
excessive current drawn from the other terminals,
To achieve power reversal at one terminal, a me-
chanical switching arrangement 1is required since
the valves can conduct current in only one direc-
tion (unidirectional feature).

1f a single converter bridge at any terminal is to
be blocked due to some disturbance, then the entire
system.should be operated at a lower voltage unless
that particular terminal is completely disconnect-

ed.

It might be concluded that parallel connected multitermi-

nal systems will be 1limited to only unidirectional power

flow schemes without reversing switches across the bridge.

Further developments of dc circuit breakers and the parallel

connection of bridges might significantly enhance the versa-

tility and flexibility of parallel connected systems {47}.
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Parallel multiterminal dc transmission has the advantage
of minimizing 1losses by operating at maximum line wvolts.
Series tapped schemes suffer the disadvantage of operating
with high line losses because of circulating current opera-
tion at less than maximum line volts.

The temptation to use a parallel inverter tap to minimize
losses must be evaluated against the cost to strengthen the
ac system to provide satisfactory performance. The other
option is to examine the series tap with its savings in ac
support equipment, or if forced commutation is used, needing
no ac system supporting equipment at all.

Converter bridges are usually connected 1in series 1in a
conventional HVDC terminal station. Therefore even a point
to point system consists of more than one valve group all
connected in series. The same idea could be extended for a
multiterminal system {42} . The dc current will be flowing
in the same direction through the main rectifier and invert-
er as well as the tap (Fig.5.1). By means of adjusting the
delay angle high speed power reversal at any station is pos-
sible with no mechanical switching operation. Hence, both
rectifier and inverter operation of each terminal could be
achieved. Valve groups, even stations, could be taken into
or out.of service without effecting the rest of the system
and the entire system will be 1less sensitive to system

faults.

- 127 -



TAP

INVERTER

ZS RECTIFIER

!

Figure 5.1: The series multiterminal dc system

A dc-ac machine set in series with the dc 1line has been
proposed by Bowles, Nakra and Turner for such a tap {163 .
The maintenance and repair of the rotating machinery must be

considered when designing such a scheme.

5.3 A PARALLEL TAP

In the literature, it has been shown many times that the
conventional point to point control strategies could be used
successfully for parallel multiterminal dc systems
{40,46,19,203.

It is a well known fact that if the ac voltage at one of
the converters in current control (CC) mode is reduced sig-
nificantly, this converter will go to voltage control (VC)
mode, hence lowering the voltage profile of the whole sys-

tem, As a consequence, the converter which was primarily
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controlling the voltage has to switch to CC mode. If such a
disturbance takes place at a rectifier, the mode shifts will
proceed in a straight forward way. Such a case is reported
in {46} and studied by the author. However if such a volt-
age dip occurs at a tap inverter station of relatively small
rating, the inverter has to go to VC mode (constant extinc-
tion angle (C.E.A.) control mode for an inverter), otherwise
it will be subject to large transient currents rejected from
the larger inverter station(s).

Two different and new type of controls have been intro-
duced by Nozari {48} and Sakurai et al {49} without the re-
guirement of fast telecommunications. But, both of these
studies have assumed infinitely strong ac systems.

The above mentioned disturbance on the test system given
in References 19 and 20 has been studied. (This is the same
system studied by 1Institut de Recherche d'Hydro Quebec
(IREQ) as part of an ongoing project sponsored by the Elec-
tric Power Research Institute (EPRI).) First of all, the
system at the small parallel inverter tap location 1is de-
signed with a strong ac system (short circuit ratio (S.C.R.)
= 5,0 pu). In reference to Fig. 5.2, the ac voltage at the
tap system is ramped down to 90 % of its nominal value with-
in 100 ms starting at t=0.05.s. Prior to the fault, the tap
inverter was working in CC mode, hence with a larger gamma
(28°). (One of the rectifiers at the sending end was as-

signed to control the voltage.) As seen from the figure,

- 129 -



100.

25.

VOLTAGE (KV)
0

1
%

-100.

]
H

15.

ANGLE (DEGREES)

'200.

R

o
“0.00 0.13 0.26 0.39 0.52

0.00 0.13 0.26 0.39 0.5

TIME (S

TIME (SECONDS)
b

ECONDS)

a

Figure 5.2:

0.95

0.80

CURRENT (KR)
0.65

0.50

0.00 0.13 0.26 0.39 0.52
TIME (SECONDS)

C

Fault at the tap ac system (S.C.R.=5.0 pu)

a - Voltage waveform at the tap inverter,

b

- Gamma, ¢ - Measured dc current.

- 130 -




the mode shifts took place as expected almost instantaneous-
ly. The tap inverter has switched to VC mode operating with
a margin angle of 18°, hence controlling the current inject-
ed into the ac system quickly. (No adjustment of current
settings has been required at any of the converter sta-
tions.)

The same case has been repeated after adjusting the
S.C.R. level of the tap ac system to be 3.0 pu (Fig.5.3).
As seen from the figure, the tap system suffered from commu-
tation failures. This may need control action such as
blocking, forced retard, or reduced current order to enable
recovery. It would normally be expected that such a slow
rate of reduction of ac volts at the inverter would not cre-
ate any cause for concern. But what is evident is that for
small parallel inverter taps feeding into a relatively weak
ac systems, even very minor perturbations in ac volts may
lead to avalanche voltage collapse and drastic control meas-
ures such as blocking or forced retard and restart of the
entire dc system.

This then is a major disédvantage of the small parallel
inverter tap. When weak ac systems are the case, the use of

series taps must be seriously considered.
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5.4 GENERAL DESCRIPTION OF THE PROPOSED SYSTEM

A simplified diagram of the proposed system 1is shown in
Fig.5.4 . (The converter symbol used for main converters
indicates that the station includes all the necessary equip-
ment for an HVDC terminal.) The system consists of a con-
ventional point to point scheme and a forced commutated tap
inserted in series with the dc line. The proposed point to
point system is supplying the remote load of Churchill. The
series tap is 1located half way along the line and is, for
example, to supply the railway system adjacent to the dc
line with a power capability of S MW {323.

The loads at Churchill and the railway system are sup-
plied from a dedicated rectifier at Henday which wuses the
existing dc collector system including the filters and earth
electrode. A monopolar dc line with a voltage rating of 75
kV runs between the main converters. The main rectifier and
inverter stations are conventional naturally commutated con-
verters with strong ac systems and are represented by only
one six-pulse valve group each for simplicity of the stud-
ies. The tap is a series capacitor commutated inverter and
employs two six-pulse bridges in series with the dc line;
the operation being in six-pulse.

The ac system load at the tap is assumed to consist of
only resistive and inductive elements. No rotating machin-
ery is needed to support the reactive power to the converter

(i.e. =zero short circuit ratio system) . Conventional dc
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controllers are employed at the main rectifier and inverter
terminals. The rectifier is equipped with a constant cur-
rent controller and the delay angle is adjusted to keep the
current order at 1.2 pu at rated load. The inverter end is
equipped with a constant extinction angle controller (gamma
control) and minimum extinction angle is set at 18° . At
the forced commutated tap, the firing control is derived
from an independent clock producing exact ac frequency. A
proportional and integral controller achieves good ac volt-
age control. The difference in firing angle order to the
two valve groups (a) is utilized to control ac volts provid-
ed there is sufficient current flowing in the line.

The current order is defined depending upon the load re-
quirements at the main inverter only. The tap system would
have no control on the current order. Since the commutation
capacitors are basically charged by the line current, as the
current becomes higher more commutating voltage will be de-
veloped. But at 1low line currents, the tap might suffer
from lack of sufficient commutating voltage. For this rea-
son, the capacitors should be selected to develop adequate
commutation voltage even at the minimum current level (usu-
ally around 0.3 pu).

The tap system might operate at any delay angle a between
0° and 180° depending upon the 1load requirements of its own
system and the current flowing through the line. If the de-

lay angle » is maintained at around 30°, the ac harmonics
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will be less in the tap ac system. For this purpose, the
converter transformers should be designed with a large range
of tap changers, as dc current 1I4 is not under the control

of the tapped inverter.

5.5 SIMULATION OF THE SYSTEM AND RESULTS

Again the performance of the system during the transient
and steady state operation is observed. The recovery from
various kind of faults at the receiving ends of the dc link
are also important as far as the operation and reliability
of the system is concerned. The results related to start-
up, ac and dc side faults, commutation failures at the re-

ceiving end system and the effects of blocking and deblock-

ing the main inverter on the tap system are presented.

5.5.1 Start-up of the System

The start-up of the system is very simple and fast, and
takes place with the load on. At the beginning, the main
converters are blocked and by-passed as in conventional
point to point systems. The valve groups at the tap system
are deblocked and operated at a delay angle of a= 180° be-
fore the main rectifier and inverter valve groups are de-
blocked. This effectively by-passes the tap on the dc side.
When the rectifier 1is deblocked since the tap and main in-
verters are already by-passed, the dc current will rapidly

rise to the value set by the pole controller at the rectifi-
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er. During this period, the dc current is circulating
through the inverter by-pass switch and the tap from one
bridge to the other, fully charging the commutating capaci-
tors, but injecting no current into the ac system load.

Once the line is energized (at t=0.05 s with reference to
Fig.5.5), the inverter is de-blocked and the system works as
in normal point to point system. The normal power transfer
takes place between the main converter terminals. At t=0.2
s the delay angle a may be moved in a number of steps to its
operating value set by the ac bus voltage controller
(Fig.5.5-c). As the delay angle becomes smaller more cur-
rent is injected into the tap, and hence the load voltage
and power transfer increases to the rated value. The system
is now in steady state and operates as described earlier.

. The start-up of the entire system takes about 0.4 s. By
that time, the tap end ac voltage stabilizes to its set val-
ue. For transient volfage control, A can be changed quickly
by about 20° per commutation, without causing commutation
failure. The tapped dc line with only one receiving station

presents no problems during this start-up procedure.

5.5.2 Ac System Faults at the Main Inverter

Near faults which might reduce the voltage drastically on
the commutating busbar of the main inverter ac system are
studied to observe their effects on the tap system. Usually

these kind of faults result in commutation failures at the
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converter., The reduction of aé voltage due to a fault will
reduce the dc voltage across the main inverter. This will
cause the dc current to rise temporarily. The tap system
should be able to respond to such changes. Figures 5.6 and
5.7 show the system response to three-phase-to-ground and
single-phase-to-ground 3 cycle solid ac system faults at the
main inverter system, respectively. The peak overvoltage at
the.tap ac system as a result of such faults 1is about 1.22
pu. No commutation failure or other disturbance occurred at

the tap.

5.5.3 Ac System Faults at the Tap

Figures 5.8 and 5.9 show the effect of three-phase-to-
ground and single-phase-to-ground 3 cycle solid ac faults
taking place at the tap system. These faults are not ex-
pected to cause a disturbance at the main inverter terminal
because of the low power level of the tap. The tap system
itself recovers in about 150 ms foliowing the ac system
faults. Overvoltages during the recovery of the system are

within reasonable limits.

5.5.4 Dc Line Fault

A dc line fault is a very severe fault for a forced com-
mutated tap which is supplying a dead ac system. Because dc
current is the source which charges the commutating capaci-

tors, thereby providing the commutation voltage.
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Various waveforms during a three phase ac fault
at the main inverter

a - Voltage waveform bus at the tap,

b - Delay angle difference, a,

¢ - Measured ac rms voltage (1-1) at the tap
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Various waveforms during a single phase ac
fault at the main inverter

a - Voltage waveform at the tap,

b - Delay angle difference, a,

¢ - Measured ac rms voltage (1-1) at the tap
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Once the fault is detected, the rectifier is forced-re-
tarded to clear the fault. It is blocked and restarted af-
ter an adequate de-ionization time for the fault. The com-
plete start-up procedure is to be applied for the multiter-
minal system. Since the situation is quite similar with the
start-up study shown above no waveforms are presented here.
The total duration of the disturbance at the receiving end
ac systems is usually less than one second provided that the

fault is not permanent.

5.5.5 Commutation Failure at Main Inverter

Some studies are performed to observe the effects of a
commutation failure at the main inverter on the tap system.
Figure 5.10 shows some waveforms during a 2 cycle commuta-

tion failure at the main inverter.

5.5.6 Blocking and De-blocking the Main Inverter

It might be necessary to block and by-pass the main in-
verter either temporarily or even permanently due to a
fault. In such a situation, the tap-system should still be
able to receive the desired power. In a conventional point
to point system, when the inverter is blocked, the current
order is usually reduced to a fault level in order to reduce
the reactive power requirements at the rectifier. But in
the above described system, unless the capacitors are se-

lected accordingly, reducing the current order to a fault
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level (say 0.3 pu) will result in the commutation capacitors
not acquiring sufficient voltage to provide the commuta-
tions, For the forced commutated tap the minimum dc current
level is about 0.5 pu. Reduction of this minimum level re-
sults in increased valve stresses and therefore a compromise
between valve stresses and minimum 1line losses must be made
for any particular system.

The system was operating in steady state when the main
inverter is blocked at t=1.1 s with reference to Fig.5.11 .
The tap system settles in less than 200 ms. At t=1.3bs, the
main inverter is de-blocked. This time tap system settles
in about 0.4 s. Again the voltage swings on the tapped sys-

tem are within reasonable limits.

5.6 CONCLUSIONS

The results of the studies have shown that the concept of
the series tap using a forced commutated inverter is techni-
cally feasible. Such a system could be operated successful-
ly under transient and steady state conditions without the
need of rotating machines or other means of reactive power
support. Start up and operation of the system are simple
and reliable even without a communication link to the remote
tap system.

However it should be also mentioned that one drawback of
series systems in general is that the system needs to be run

at a high current level resulting in higher line losses and
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increased var requirements at the inverter terminals, even
if one of the inverters is supplying a partial load. There-
fore the series configuration can be restricted to short
distance connections such as a ring system around an urban
area for system reinforce&ent. If the inverters are forced
commutated, although the current flowing through the line is
high, the reactive power required by the inverters will be
supplied by the inverters. Hence the forced commutation
could be successfully utilized to improve the implementation
of series schemes.

It was shown that the series inverter tap with forced
commutation was not as sensitive to ac side disturbances as
was the multiterminal system with a small parallel tap.
This must be considered along with assessing the higher
valve group costs of forced commutation and extra line loss-
es of series tapped dc systems, particularly when comparison
is made with costs of voltage support equipment and compen-
sation for parallel inverter taps feeding into weak ac sys-

tems.,
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Chapter VI
CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCLUSIONS

The main aim of this thesis has been to investigate the
technical feasibility of forced commutation applicable to
HVDC transmission. Several forced commutation schemes each
having certain merits and demerits have been studied. For
the operation of the forced commutated inverter 1in a point
to point dc link and a series tap system, successful control
techniques were developed. Also an approach for the econom-
ical assessment of the forced commutated terminal was com-
pleted.

The major conclusions are now stated in itemized form.
The main conclusions in comparing the various schemes for
forced commutation are :

i) A forced commutated inverter has several advantag-
es. Since the auxiliary devices (mostly pre-charged
capacitors) provide the entire commutation voltage,
the commutation can be almost independent of ac
source voltage. Hence, the inclusion of auxiliary
devices improves the ability to feed into weak,

even dead ac systems.
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ii)

iii)

iv)

v)

vi)

vii)

The overlap angle is smaller than that for natural
commutation; this introduces higher rates of change
of current during the commutations.

Most of the forced commutation schemes require ad-
ditional valves of full rating, called auxiliary
valves, to apply the voltage across the commutating
capacitor across the out-going valves. The two-
step forced commutation circuit uses two additional
valves. The one-step circuit uses a second fully
rated bridge in addition to the normal bridge. The
dc chopper scheme wuses a minimum of two auxiliary
valves. 1In the series capacitor commutated scheme,
the number of valves is exactly the same as in the
normal three phase bridge.

All schemes introduce higher voltage stresses
across the valve in forward and reverse directions
operating around the unity power factor.

Harmonic distortions on the dc side are lowest with
the one step forced commutation scheme,

Ac side harmonics with one-step, two-step and se-
ries capacitor schemes are at the same level as
those of natural commutation. Both ac side and dc
side harmonics are quite high with the dc chopper
scheme.

Minimum current level is always a restriction with

forced commutated schemes since it is the dc cur-
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The

rent which charges the commutating capacitors.
This becomes an important restriction with the
two-step scheme since the capacitor is charged only

during a small portion of one sixth of the cycle.

studies of a two terminal dc transmission system

feeding a weak ac network concluded that :

i)

ii)

iii)

iv)

v)

vi)

Forced commutated inverters show significant advan-
tages compared to natural commutated inverters es-
pecially in case of supplying weak ac networks.
Forced commutated inverters require no reactive
power, therefore the use of synchronous condensers
is eliminated.

Quick control of real and reactive power by means
of delay angle can provide fast damping out of
voltage fluctuations.

The forced commutated inverter is immune to the ac
side faults at the inverter ac bus-bar. The system
can quickly recover from the dc line faults provid-
ed that the fault is not permanent.

The range of permitted firing angle cannot be in-
creased beyond a certain angle for a given capaci-
tor value and the dc current.

A forced commutated inverter operating near the
unity power factor does not result in a dynamic ov-
ervoltage at the ac system when the valve groups

are blocked. There is a possibility that this
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vii)

viii)

might reduce the insulation levél of the converter
transformer and close ac system.

The cost of a forced commutated inverter'is slight-
ly more compared to a naturally commutated invert-
er. The increased cost 1is due to higher valve
stresses and commutation capacitors. But forced
commutation brings the advantage of substitution of
static components instead of synchronous conden-
sers.

Since the valve expenses constitute the large por-
tion of the forced commutation costs, the lower es-
calation 1in the cost of dc equipment may make

forced commutation more attractive in the future.

The conclusions in supplying a remote dead ac system by

means of a forced commutated inverter are :

i)

ii)

It has been shown that employing two forced commu-
tated six-pulse bridges in series, it is possible
to supply a dead system without the need of rotat-
ing machines. The inverter can invert into such a
load from no load to full load while maintaining
the voltage and frequency within acceptable limits
even for major load variations.

Start up and operation of the above mentioned sys-
tem is simple and reliable without a fast communi-
cation link between the terminals of the transmis-

sion system.
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iii)

iv)

v)

vi)

The network voltage can be quickly regulated by
means of a when two six-pulse bridges in series are
used to feed a dead system.

Line losses and harmonic stresses can be reduced by
using a telephone communication 1link to the recti-
fier end.

It has been demonstrated that the dynamic loads
supplied from the forced commutated inverter can
easily be started-up and can successfully work fol-
lowing the clearance of a dc line fault.

The proposed forced commutated alternative costs
more than the natural commutation alternative re-
ferring to the inverter station only. However, re-
liability and maintenance considerations favour the

forced commutation scheme.

The studies related with tapping power from a dc line

concluded the following points :

i)

ii)

Forced commutation could be successfully utilized
to improve the implementation of the series multi-
terminal systems.

It was shown that the series inverter tap with
forced commutation is not as sensitive to ac side
disturbances as was the multiterminal system with a
small parallel tap. This must be considered along
with assessing the higher valve group costs of

forced commutation and extra 1line losses of series
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tapped dc systems, particularly when comparison is
made with costs of voltage support equipment and
compensation for parallel inverter taps feeding

into weak ac systems.

6.2 RECOMMENDATIONS

In order to gain further expertise 1in the area of forced
commutation, a prototype low power system could be built and
tested with microprocessor-based controls and protection
features. The studies presented in this thesis could be re-
peated on suéh a test system,

The control and protection of the forced commutation
schemes are to be further improved and optimized.

Economical analysis presented in this thesis 1is by no
means conclusive until exact costs can be established. The
commutating capacitor, valve stresses, minimum current lev-
el, and line losses are the major items affecting the capi-
tal and operating costs of the system. Depending upon firm
prices and system design criteria, the above mentioned items

can be optimized.
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Appendix A
PER UNIT SYSTEM

Using per unit systems in power‘system studies is quite
advantageous since it is possible to express quantities such
as voltage, current and impedance in a more meaningful way.
In the selection of the per unit base values for a trans-
former, the constancy of the complex power on either side
gives the basic equation to be satisfied. 1In case of a con-
verter, it is the real power which is invariant since the
converter itself does not consume any real power :

Pd = P

Cc ac
where
Pic = real power on dc side,
Poo = real power on ac side

Thus dc line current and ac line to line voltage are cho-
sen as the base quantities. Because under normal operating
conditions the dc current and ac line to line wvoltage are
around 1.0 pu. The ratio between ac current to dc current
can be derived as below,

Pdc = Vd Id
Py = /3‘15:LL I,, cos ¢

V4 ¢ Average dc voltage

Id ¢ Dc current

- 160 -



ELL : Line-to-line rms volts on ac side
I, Rms value of the fundamental component of ac
current with no overlap

cos ¢ : power factor

The average dc voltage Vy is defined as
Pd = Vd Id cCOoSs «

where

Then

p ELL Id cosa = JB—ELL IIO cosg

Neglecting the effect of the overlap angle which is usually
quite small, the displacement factor cos ¢ is approximately

equal to cos a. Therefore
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Appendix B

SYSTEM DATA USED FOR SIMULATION OF "BIPOLE 1
SYSTEM"

A) RECTIFIER END

Ac System
Ac busbar voltage V;; = 138 kV

L = 1.72 mH L, = 1.85 mH R

0.933 @

Filters:
5th harmonic filter
R=3.00 L
7th harmonic filter
R=4.00Q L
11th harmonic filter
R=2.0¢ L
13th harmonic filter
R=2.00 L
high pass filter
R=42.09

Transformer data:
VL = 138 kV on primary side
ViL = 134 kV on secondary (valve) side
MVA rating = 341 MVA per phase.

0.1228 H C=2.29 yF

I
fl

0.1228 H C=1.1685 uF

0.0304 H

[qp]
1)

1.92 uF

i

0.0304 H C=1.374 uF

0.0029 H

(gp]
i

5.5 uF

—
il

1"

Dc_System
Rated dc voltage Vdr = 463 kV
Rated dc current Ig4c = 1800 A
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Filters:
6th harmonic filter

R=20Q L =0.388H C = 0.505 pF
12th harmonic filter
R=25Q L =0.233H C =0.2 uyF

Smoothing reactors = 0.55 H each.
Surge capacitor = 0.5 uF
Valve damping circuit
R = 1460 Q C = 0.0867 uF per bridge arm.

INVERTER END

Ac System
Ac busbar voltage

L; = 0.12211 H L, = 0.0856 H R=259.3 @
Filters:
Although minimum cost filters 1 are designed for the inverter end,
one set of Bipole 1 filters are used as a more pessimistic case.

5th harmonic filter

R=4.0 Q L=0.168H C=1.67 uF

7th harmonic filter

"R=5.0 @ L =20.168 H C = 0.852 pF
T1thiiharmonic filter

R=2.0 @ L = 0.0444 H C=1.31uF

13th harmonic filter

R=25 @ L = 0.0444 H C = 0.938 uF
high pass filter

R=148.0Q L = 0.00407 H C=14.04 uF

Transformer data:
VLL = 230 kV on prim side
VL = 327 kV on secondary (valve) side
S = 266.5 MVA per phase.
Series Capacitor Data:
C = 16.22 yuF per phase.
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C)

Dc_System
Dc voltage Vg4 = 450 kV nominal

Dc current I4 = 1800 A

Filters:
6th harmonic filter
R=20.0¢0 L=0.39T H C=0.5yF
12th harmonic filter
R=25.090 L=20.242 H C = 0.202 pF
Smoothing reactors = 0.55 H each.
Surge capacitor = 0.5 uF
Valve damping circuit
R = 4380.0 C = 0.0289 uF per bridge arm.

DC LINE DATA

Line length = 556 miles
Line consists of 2 bundles. The total self-resistance on one path
is nearly 14.2 Q. The self inductance is about 0.1624 x 10°2 H,
self capacitance of one path is 0.01564 uF.
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A)

Appendix C

SYSTEM DATA USED FOR SIMULATION OF CHURCHILL

SYSTEM

RECTIFIER END

Ac System
Ac busbar voltage Vi = 230 kV

Lg" = 0.01948 H

Filters
5th harmonic filter
R=39.1Q L =0.675H
high pass filter
R=134 @ L = 0.0049 H

Transformer data

VLL = 230 kV on primary side
VLL = 70.3 kV on secondary (valve) side.
MVA rating S = 31.6 MVA total.
Dc_System _
Rated dc voltage Vgr = 82.2 KV
Rated dc current Iq. = 0.333 KA.
6th harmonic filter
R=200Q L = 0.388 H
12th harmonic filter
R=25¢Q L =0.244 H

Smoothing reactors: 0.085 H each
Surge capacitor = 0.5 uF
Valve damping circuit

R=1730% C = 0.1734 uF per bridge arm
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B) INVERTER END

Ac System
Ac busbar voltage V|| = 7.2 kV

Filters
5th harmonic
R=10.05¢Q L
7th harmonic filter
R = 0.0595 Q L
11th harmonic filter
R =0.07215 Q L
13th harmonic filter
R =0.0783 Q@ L
high pass filter
R= 5,059 L
Converter transformer data:
Vi = 7.2 kV on primary side
= 55.5 kV of the secondary (valve) side
S = 27.3 MVA total
Series capacitor data:
C = 17.8 uF in each phase

1.16 mH C = 242 uF

0.961 mH ¢

149.4 uF

0.7565 mH C =76.8uF

0.695 mH C = 59.91 uF

0.606 mH

[qp]
[H]

40.1 uF

<<
—
—
i

Diesel Generator data:
The diesel generator is modelled in a way that they are coupled to
the system by a sub-transient reactance of 25% of its own base.

Assuming
SBASE = 31.25 MVA
Then the base impedance

. _ Vpasg®. (4.15)%.
ZgASE = §§ﬁ§§ = A5t = 1.656 0

Z = ZgpsE X Xd Pu = 1.656 x 0.25 = 0.414 Q

n — 3 ] ) 1 0'414 -
Xq" = JWLd_ Lg" = 375 " 1.0981 mH
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The Load:
The Toad is supplied through a distributing transformer which has 10%
impedance on its own base.

yA ZBpSE X Z pu

1.656 x 0.1 = 0.1656

0.1656 _
LtY‘ = —2—1?6—0—-— = 0.439 mH

The load is modelled in different ways depending upon the purpose

i) A series R and L branch (Fig. C.1-a).
ii) A parallel R and L (Fig. C.1-b).
ii1) A parallel R and L with 5% motor load (Fig. C.1-c).

7.2 |00 kv 7.2 ][00 kv

0 i

50.439 mH

7.2
1.2387 @ 7.7 1.55 MW
1.94 @ 68.5 2.15 mH 0.9 pf
2.47 mH mH Q lagging

0.439 mH 0.439 mH

a) b) c)

Figure C.1: Various Load Representations at Churchill

Dc System
Dc voltage Vg5 = 75 kV
Dc current Iy = 0.333 kA

6th harmonic filter

R=20¢ L=0.391H C=0.5yF
12th harmonic filter
R=250Q L =0.242 H C = 0.202 yF
Smoothing reactors = 0.085 H each
Surge capacitor: 0.5 pF
Valve damping circuit
R = 3450 C = 0.3456 pF per bridge arm.
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C) DC LINE DATA
666.6 MCM ACSR 75 kV Monopolar line
Dc resistance of line R4c = 0.135 Q/mile

Modifications for System C

For System C, some of the dc and ac equipment is modified. The major
modifications of the system data are as follows:

The active pwoer rating for each bridge = Z§§Mﬂ = 12.5 MW

Assuming unity power factor operation:
12.5 M4 = -3—‘/2:1;5—L-L Id cos ¢ = 3‘/2;5 x 0.333 x 1.0

Then,
ELL = 27.77 kV on the secondary side,
ELL = 7.2 kV on the primary side (as in Systems A and B).

Transformer Data:

ELp = 7.2 kV on prim side

EpL = 27.77 kV on sec side
S = ZZ;%_ﬂ!A = 13.66 MVA total per each transformer
S = 4.55 MVA per phase

Energizing current = 0.2% of rated primary current.
pu leakage impedance from side 1-2 = 0.1 pu.

Series Capacitor Data:

XC = 0.9 pu

VBaSE = 27.77 kV

IBASE = 0.333 kA

IBASE = %Zé%%—%%-= 83.31 Q (base impedance of the hybrid system)
- - - 1 -

XC = 0.9 x 83.31 & = 74.98 C-~= m = 35.4 uF
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Other dc and ac filters remained unchanged. Also snubber circuit
parameters are updated accordingly.
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Appendix D
INDUCTION MOTOR DATA

Considering that Churchill load consists of also grain elevators,
small induction motors in houses as well as the passive heating and
Tighting type of 1o0ad, 5% of the total rated:load is represented by
induction motor load. The performance of start-up and steady-state
operation is observed with such a combined load.

The Toad machine data is as follows:
V = 2.309 kV Tine to neutral.
I =0.111 kA per unit
S = 0.6 MVA per unit
No. of units = 2.22

Xa = 0.0908 pu
Xmd = 5.032 pu
Xkf = 0.1451 pu
Xkd = 0.0 pu

X¢ = 0.0539 pu
Xmg = 5.032 pu
Xkqf = 0.1451 pu
qu = 0.0 pu

Xqf = 0.0539 pu
Ra = 0.01463pu

Rf = 0.0102 pu

Rqf = 0.0102 pu
Rkg = 0.04446 pu
Rkq = 0.04446 pu
H=0.7 s

wo = 377.rad/s

o = 1.0 (damping)
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Linear saturation curve characteristic is assumed.
The rated load of the machines

PLoap = 1.55 MW 0.9 pf lagging
Q oap = 0.75 Mvars

The mechanical load on the machines is represented by a fan type of
load i.e.

Tmech =Kk X (D'Y\’z

For a quick start-up, the inertia of the machine is kept smaller than
its rated value and afterwards it is adjusted.
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