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ABSTRÀCT

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 po!{er 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-

rnission, 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 I 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.
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A point to point dc link which includes 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-

caI assessment of the forced commutated inverter is exarnined

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 owR is investigated. The system used for these studies

is based on a dc link proposed to supply the town of Church-

ill in the northern part of the province of Manitoba from

Manitoba Hydro's NeIson 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-

cessfulÌy even during the ac system faults. The voltage at

the load bus-bar is controlled by the inverter itself, hence

eliminating a telecommunication Iink between the rectifier

and inverter terminals.

Finally, a forced commutated inverter for tapping energy

to a remote load from a dc Iine running through a rural area

is studied.
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Chapter I

INTRODUCTION

1.1 À BRIEF COMPARISON BETWEEN NÀTURÀL 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

ít off from the eonduetion 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. Às an alternative, the required reverse voltage

can be supplied in some other vtay (usually by capacitors

which are initiatly charged to proper voltage by means of an

auxiliary circuit), Lhe method being called "artificial" or
tforced" commutation.

A detailed analysis concerning the comparison of differ-
ent converter circuits t1] shows the superiority of the

l_



three phase bridge circuit also known as Graetz Bridge for

use ín HVDC power transmission. The schematic circuit of

the bridge is given in Fig.1.1 the valves being numbered ac-

cording to their firing seguence.

L= @

L o group

ld

ve
g roup

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. If the

ac source does not have any inductance, commutation occurs

instantly. Therefore, the rectangular pulses of alternating

Iine current are centered under the positive and negative

cycles of the line to neutral voltage (rig.1.2). For a

controlled bridge, the ignition of a valve can be delayed

for an angle dt called the delay angle. The valves are

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

e

Lbe
b

Tt

.l

T3

L ce c

Vd

T5

v d

,j
+

T4 T6
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each after 600. The delay angle is measured from the natu-

raI 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 ø = q between

the fundamental component of the current and the voltage

(fig.1.2-b). For natural or line commutation the delay an-

gle is restricted to the range 00 to 1800 , theoretically.

Às 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 d can be set

quite sma}l 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. AIso, 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 in rectifier volt-
age.

For inverter

rent lags the ac

operation, the fundamental component of cur-

voltage waveform by a Phase angle

ø =1800 a

3
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G"

lal

Ea

nE

V

^E.
t,V
^E"

k,

a) o,=go

b) o=30o

c) ot=60o

d) o=9Oo

e) ot=l20o

f) o=150o

I,2t Relation between
displacement for
converter [1].

wt

firing angle and phase
a naturally commutated

k-- cr

a

Ea

lal

ç

lal

lal

lal

lat

F Í gure

as it is seen from Fig.J..3 neglecting the overlap angle. It
is not possible to increase the delay angle close to 1800 or

beyond it, because the reverse voltage to turn-off the de-

vice should be present for certain period of time, Fêferred

to as deionization time or extinction angle, âcross the

va]ve. AIso, because of the impedance of the converter

transformer and the ac system, the transfer of current from

4
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eo eb

q11

ge

lq

-ve group

wt

+Vê $roUp

wt

It¡ndqrnentql

Figure 1.3:

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, ô,

should be greater than the turn-off time of the valve (about

100-200 u.s typically ) . Thus the maximum deì.ay angle at

which the bridge may be operated is given by the equation

d = 1800 - ô u

and the delay angle d can be increased only to 1350-L400 .

Since the fundamental current is lagging the ac source volt-

âgê, the inverter will consume reactive power. FOr a natu-

ralty commutated inverter the requirement of reactive power

reaehes values of 60 4 of the real poh'er depending upon the

Output voltage and ac current waveforms
(ovèrlap ignored)
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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

capac i tors .

ABSORB,
O/

SUPP
o

\

oo

PP
I

ba

Figure 1.4:

The range of operation for a converter is shown in

Fig.1.4. For the case of natural commutation, it is not

possíble to operate the inverter so that it consumes no re-

active power because of extinction angle Iimitation. How-

ever, in forced commutation, artificial devices are used to

maintain a reverse bias voltage across the out-going valve

Ranges of operation of a converter
a Natural commutation,
b - Forced commutation.
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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 unattainable 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 1800. Fig.1.5 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 0 , current starts lead-

ing the voltage. Since the reactive power consumption of

the inverter is eliminated, there is no need to have a

strong reactive povter source at the ac commutating busbar.

In fact, âs it is shown in Fig.1.4-b, ideally it might be

even possible to operate the converter in all four quad-

rants. By means of controlling Lhe reactive power consumed

,/ produced by the inverter, it is possible to control the

voltage very quickly at the commutating busbar of the in-

verter.
Ànother advantage of the forced commutation is that since

it produces íts own commutating voltâ9ê, 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

machínes.

7
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lat

ct

lat )ø

E8

E

a
ø

ø

ø

cl
lat

E a

c[

lal
0

ø

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

I.2 THE NEEÐ FOR FORCED COMMUTÀTION

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

t,he number of applications in which dc transmission might be

I



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 removíng the problems such

as inherent maintenance of synchronous and diesel machines.

Whether such rnethods of forced commutation are preferred

over the naturally commutated inverter or not depends on the

relative cost of the inverÈer to that of conventional means

of reactive volt-ampere generation on the ac inverter bus-

bar.

1.3 REOUIREMENTS OF FORCEÐ COMMUTÀTION 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 (s) should be possible.

Fast controL of c provides the control of real and re-

active power flows into the ac system as well as good

transient and fault performance.

9



Easy and fast system recovery is necessary for either a

fault in the ac system or for a dc }ine 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.

I.4 AN EXÀMINÀTION OF FORCED COMMUTÀTION 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 (F'ef), 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 H\fDC forced commutation schemes which

will be studied in detail are {2,3,41 :

i) Forced commutation in two steps,

ii) Forced commutation in one steP,

10



rt1)

iv)
v)

vi)

Series capacitor commutated inverter,

Dc chopper commutation,

Resonant commutation,

Artificial commutation through voltage injection.

l-.4.1 Forced Commutation in Two Steps

The configuration of this inverter is given in Fig.1.6.

In addition to the normal three-phase bridge configuration,

t.he circuit contains two auxiliary valves, a capacitor C and

a delta tertiary winding.

d

F Í gure 1.6: The configuration of the invert,er with forced
commutation in two stePs

In the case of a normal three-phase bridge,

commutates directly between the valves of one

valves 1, 3 and 5 in the positive group. But in

the current
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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 whil-e 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 valve in the bridge, even at a

Ieading power factor. The capacitor C and the auxiliary

valves have to work at a frequency of three times the funda-

mental freguency.

1.4.2 Forced Commutation in One SteB

The configuration of the inverter with forced commutation

in one step is given in Fig.!.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 600 .

Each valve conducts for 600 and commutation takes place

in one step. During an interval of 600 , 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 current 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 600 . Therefore the capacitor

works at three times the system frequency. Àt the end of

each 600 interval, the capacitor is charged in the correct

polarity in order to commutate the valves.

Figure I.7¿ The configuration of the inverÈer 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-

quence of the converter and therefore the operation of the

T4
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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.

Figure 1.8: The configuration of the series capacitor
commutated inverter

!.4.4 Forced Commutation with Dc Chopoer Circuit

The configuration of this scheme is given in Fig.1.9.

This scheme $ras proposed as a series tap t5,6] The cir-
cuit contaíns 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 círcuit is quite different than the

normal bridge operation. Since the dc current is defined by

c

Id

r-

\I z

.tY

L

\ T3 1

T4
?.

\ T6 ¿

14



the main rectifier and inverter, the tap power should be

controlled by the tap itself simply by shorting the tap sev-

eral tímes 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 is 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 provídes t,he nee essary 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 t 4 Ì

15



Figure 1.9: The configuration of dc chopper scheme

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.

I.4.6 ârtificial Commutation Throuoh Voltaqe Iniection

GiIsig and Freris 17l 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.

16



Figure 1.10 r The configuration of the resonant commutation
circuit

1.5 OUTLTNE q rHE THESTS

The previous researchers have examined the individual

circuits superficially 12,3,81. 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) Ànalysis 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, equÍdistant firing and no snubber cir-

cuits. Comparíson of the results of these studies indicate

the technical superiority of the series capacitor commuta-

tion cÍrcuit and therefore, further studies are based on

this scheme.

For subsequent studies, a digital electromagnetic tran-

sient,s program, MH'EMTDC, developed at Manitoba Hydro, is

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 tty-

dro's Bipole 1 System. It is shown that the forced commu-

tated inverter can operate successfully into a relatively

weak ac sy5tem and can even Supply reactive power to the ac

system using a delay angle beyond 1800. The valve stresses

are examined on the "Bipo1e I System" studies and compared

with the naturally commutated inverter using the thyristor

information of BiPoIe 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

18



of Churchí11 in northern Manitoba from the Manitoba Hydro's

NeIson River CoIlector 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

controtted by the inverter itself hence eliminating the need

for a fast telecommunication Iink between the rectifier and

inverter.
À 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.

Final}y, cgnclusions and recommendations are stated in

Chapter VI. The per unit system and system data used in

simulation studies are presentea as appendices at the end of

the thesis.
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Chapter I I

A COMPARTSON OF FORCED COMMUTATION SCHEMES FOR
HVDC TRANSMISSION

2.T INTRODUCTION

The first four forced commutation schemes which were in-

troduced in Chapter I are further investigated by using di-
gital analysis techniques. The Iast two schemes, namely the

resonant commutaiion and artifieial commutation'uhrough

voltage injection methods are not included ín further stud-

ies, because as point,ed out by the authors themselves, ei-
ther they are quite costly or not practical for HVÐC appli-

cat i ons .

The series capacitor commutation circuit has been previ-

ously studied using taplace 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 htork 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 h'ere superficially analysed

{.2,3,5,61 , theref ore 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 BÀCKGROUND

2 .2 .1 The Solut i on 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 113Ì . À}so the set of

differential or state equations is valid for both transient

and steady-state solutions.

The equations describing the system are arranged in the

form of

x(t) = {A}.x(t)+{B}.u(t)
y(t) = {c}.x(t)+{D}.u(t)

where

x : the vector of st,ate variables (capacitor voltages

and inductor currents),

u: the vector of input quantities (source voltages

and currents),
y : the vector of response quantities ( i.e. most

device voltages and currents),

À, B, C and D are matrices describing the system.
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The

Method

above differential equation is soLved using EuIer's

{14 } as

ax=Àx¡t+Bu^t
where

Âx is the change in x over ¡t then

Xnetd = xOld + Âx

Once the state variables are calculated, the second equation

(response equation) is used to calculate most of the device

voltages and currents which enables one to observe any quan-

t,ity in the circuit.
Between the overlap periods simple linear equations are

used to solve for the capacitor voltages and inductor cur-

rents, because of the assumption of the constant dc current.

Àt 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 t15Ì, sras 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 CAPÀCITOR FORCED COMMUTATION SCHEME

2.3,! !þ Circuit Diaqram and the Operation o:[ the Circuit

The circuit diagram and the firing sequence of the valves

are given in Fig.s 2.L and 2.2, respectively. Neglecting

the effect of the transformer impedance, we can assume the

commutations bet¡veen valves will be taking place almost in-

stantaneously. In steady state, the capacítor voltage wave-

form has a constant current charging for 2r/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 zeto

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 capàc.ítor voltage on the transf ormer voltage with re-

spect to ac v¡aveform enables the firing of the valves beyond

the närma1 operating region {8}.
The operation of the circuit is available in the litera-

ture and is only summarized here. Assuming that system is

operating in steady-state with valves T, and T2 in conduc-

tion, the following events take place :

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

polarity shown. Capacitor C5 has been charged to

the required voltage when Tó was conducting before

T2 took over.
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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 capacítor voltages that

essent iaIIy provide the commut,at ion voltage and so f i r ing

angles beyond 1800 are possible. In this case, the line-to-
Iine voltage subtracts from the sum of the capacitor voltag-

es to give the net commutation voltage.

2.3.2 Ranqe of Operation

The range of firing angle for which the steady state op-

eration is possible depends upon the ac supply voltage and

dc current va1ue. For a certain charging period, Èheoreti-

cally 2r/3 radians, âs the value of the capacitor becomes

smaIIer, 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 ang1e,

dmax . It is possible to choose the capacitor to allow com-

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

creased voltage stresses.

2.3.3 Proqram Results and Discussion

A program was developed in order to observe the tran-

sient, and steady state performance of the seri"" à.p""itor
commutated inverter. Although the program assumes the same

model as Reeve et al 18Ì used, the method of the solution

used for the basic program is different than the method they
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have used. Às it will be seen in the next sections, most of

the results are ín close agreement with the same steady

state solutions that Reeve obtained. The program used here

has the ability aLso to perform a transient solution given

any initial condítion, 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 starÈing 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 1800

after reaching steady staÈe. 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 aII of the results presented. ) In

order to make the studies universally applicable, a hybrid

per unit systen which considers the real power as invariant

on either side of the converter is used (Àppendix A). The

capacitors charge up to a voltage of 1.0 PU. As is seen

from the figure (rig.2.31, 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

f undamental f requency.

îíg.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. Às 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 r0.9 pu and unity dc current, P€âk 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 is 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 in units and capa-

citor switching can be introduced with the in-

creased cost of ac circuit breakers.

iii) If 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 is the capacitor voltage affecting the valve

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

Iimit the transient capacitor voltages.
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75 .90

harmonics

05 20

has a fixed harmonic content not dependent on the dc cur-

rent. It is the overlap angle which introduces the devia-

t,ion from the fixed percentage harmonic content of the

sguare waveform. It is shown that for the inverter opera-

tion with delay angle around 1800, the overlap angle is al-
most independent of the dc current t11]. Therefore ac cur-

rent harmonics are calculated for such a deiay angle at

unity po$¡er operation (f ig .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 Díaqram and Ooeration of the Circuit

The circuit diagram of the scheme is given in Fi9.2.7.

Main valves have exactly the same firing sequence as in nor-

mal bridge (fig.2.8). Assume valves 1 and 2 ate 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 direcÈion shown during the transfer

of current frorn valve 6 to valve 2. The capacitor voltage

applied across valve I 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 I¿ coming from

rf)

0 0

31



the negative group valve flows only through one of the

transformer windings, the capacitor and valve 7, therefore

chargíng the capacitor in the opposite direction. glhen the

capacitor C ís sufficiently charged, main valve 3 start,s to

take over current from valve 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 is accomplished. Unti] valve I 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 I until the current is

transferred from vaLve I to next main valve 4. The other

transfers between the other main valves in positíve and neg-

ative groups occur in a similar manner. The capacitor cur-

rent traveform consists predominantly of the third harmonic.

2.4.2 Proqram Results and Discussion

À 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 l2l is

based on a number of assumptions and is only valid for the

steady state operation of the circuit while the program de-

veloped here can handle transient analysis, as well as ac

faults and harmonic analysis. The modelling and solution

algorithns are similar to that of the series capacitor com-

mutated inverter. The steady state results obtained by the
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program are in agreement ytith 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

t
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correct polarity as it was described in the previous section

to handle the first commutation.

Figure 2.9 shows some typical vtaveforms for the two-step

forced commutated inverter working at a delay angle of 1800

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 faet that output de

voltage is measured at the converter side of the smoothing

reactor. Since the delay angle is about 1800, 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 f or delay angles less t,han l-100. Às 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 2200 at which natu-

ra1 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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versal is desired, the same precauLions that were stated for

the series capacitor scheme can be applied. Àgain 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-guadrant operation is not possible with this

schene.

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 sho$¡s

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

Iarger than those of series capacitor commutated scheme.

Fig.2.l2 shows the ac current harmonics as a percentage

of the fundamental current versus the dc current. The delay

angle is assumed to be 1800 . since the capacitor is con-

nected through the neutral of the inverter, triplen harmon-

ics are introduced untike normal six-pulse operation and se-

ries capacitor scheme. But with a ¡ connected primary

winding or with a Â connected tertiary winding, the triplen
harmonics wil} 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

br idge.

2.5 ONE-STEP FORCED COMMUTATION

2.5.I The Circuit Diaqram and Operation of the Circuit

The circuit diagram of the scheme is given in Fig.2.I3.
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 neutraIS. Two commutationS take place
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simultaneously in the positive and negative groups unlike

the six-pu1se operation (rig.2.I4). 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-

Iy. Therefore the state equation solution should be per-

formed. However after the completion of the commutation,

the constant dc current wíI1 be flowing through the capaci-

tor. Since the state equation solution is quite time con-

suming, a direct solution method is preferred to solve the

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

2.5.2 Prooram Results and Discussion

A program has been developed to study the transient and

steady staÈe behaviour of the one-step forced commutation

circuit. ModeIIing and solution algorithms vrere already

outlined for the previous schemes and hence will not be re-

peated here.

Fig.2.I5 shows some typical waveforms for the one-step

circuit working at a delay angle of 1800 in steady state.

Capacitor charges to peak voltages of about 1.5 pu during

the Iinear charging period which follows a short overJ-ap

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 f.3 pu, respectively. The output voltage is
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periodic with a period of 600 and its average value is neg-

ative since the inverter is working at d = 1800 .

Fig.2.16 shows peak forward and reverse vgltages across

the valves. Peak voltages are much higher than those of

4 4' 62 26' 6l

3' 5 5'l' 35' I
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Figures 2.I7 and 2.I8 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 1800 in steady state. Dc side harmonics are

at the same level as with natural commutation. Às 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 is 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 the series capacitor scheme, two compJ.eLe bridg-

es with associated converter transformers and controls are

requ i red .
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2.5 À FORCEp COMMUTÀTED SERTES TAP (Ðg CHOPPER SCI{EME)

Most of the HVDC installations are point to point systems

having a long transmission distance. Although in most cas-

êS, the dc }ine 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

Iack 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 commutatÍng voltage. À dc-ac machine

set can be used for such a purpose although it wiII certain-

ly have a low efficiency and high maintenance and operating

costs {16}. À forced commutated tap might overcome aII

those difficulties since it does not need any commutating
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n_o
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oo
00
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voltage and reactive power compensation from the ac system.

For a sma1l 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 Diaqram and Operation of the Circuit

The circuit diagram of the forced commutated series tap

is shown in Fig.2.!9 . Assume valves 1 and 2 are already

conducting and valve 3,is going to take over from valve l.

But before 3 takes over, a short circuit across the tap

should be applied. For this purpose, ât a ecrÈain delay an-

gte with reference to the point at which the phase voltage

e5 becomes greater than phase voltage êa, 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 600 to

24Oo theoretically (i.e. neglecting the effect of the over-

Iap 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

Lu and Lc on phases a and c. The duration of the overlap

wiII be Aepenaeit upon the dc current and the commutating

impedance. 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 poYrer required by the ac
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system. In order to complete the by-pass period, the auxil-

iary valves Tçr ârìd Tç2 are pulsed at the same Lime. Assum-

ing that the capacitor is charged with the polarity shown in

the figure during the operation of Tc, and Tso in the previ-

ous one sixth of a cycle, Tcr êrld Tcz turn-on. The transf er

of current from the by-passing bridge arm to auxiliary

valves t,akes place almost instantaneously since the induc-

tive impedance in the commutation loop is very small. (Ho

transformer impedance is involved in the commutation. The

only inductance in the commutating loop is the small di/dt
proteetion inductance.) At the same time, firing pulses are

also applied to incoming main valves 2 and 3. The dc cur-

rent ftowing 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 t{ere already pulsed. Because of the inductive impe-

dances in phases b and c, the transfer of current from the

auxiliary branch to main valves wiII also introduce an ov-

erlap period. After the completion of the commutation there

wilI be no current flowing through the capacitor and the

main valves will be conductíng constant dc current I¿ . The

similar operation witl take place for a commutation in the

negative group. But this time, capacitor is charged in the

opposite direction. Therefore auxiliary valves Tsr and Tçr

will be turning on when they are pulsed simultaneousLy.
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2.6.2 Proqram Results and Discussion

A program is developed to study the transient as weII as

steady state performance of the dc chopper scheme. For

starting the system up, the commutation capacitor should be

charged to appropriate voltage by some auxiliary supply. À

possible circuit configuration was proposed by Sood and

Bowles {5,6}.
Fig.2.2I shows some typical waveforms for the dc chopper

scheme working with a del-ay angle of 180 0 . with the given

parameters the commutation capacitor charges up to 3.5 pu in

both directions. It is assumed that the by-pass period

Iastb for about 100 . (This duration will be defined de-

pending upon the power requirement of the ac system. ) Às

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 .

Fíg.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 f.ot forced commutation are

almost equal to those of natural commutation for delay an-

gles less than 1100 . As the delay angle increases, peak

valve stresses increase.

Using the harmonics program, âc 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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tion. As seen from the figure, dc voltage harmonics are

very high since the voltage is chopped several times during

the cycIe. 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 is 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 l!21.
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2,7 CONCLUSTONS

Most of the forced commutation schemes require additional

auxiliary valves, of ful1 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 voltage 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,

aII schemes introduce higher voltage stresses across the

valve in forward and reverse directions.
The capacitor reactive povrer ratings of two-step and se-

ries capacitor commutated circuits for unity power factor

operaÈion are around the same order of reactive power as

that which is required for reactive power compensation in a

naÈurally commutated inverter. There is a reasonabLe saving

of the capacitor kvar rating with the one-step forced commu-

t,at i on scheme .

with atl 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 Èwo-step forced commutation schemes,

t,he 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 zeto 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. In order to eliminate the triplen harmon-

ics a delta connected tertiary winding is required. This

witl increase the transformer costs.

Harmonic distortion on the dc side is lowest with the

one-step forced commutation scheme. Àc 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 sixLh of the cycle.

Based on the above comparative s|udies 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 t17l and their results

and those in Section 2.4 are the same. Both schemes are
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technically feasible, the only difference being in the range

of operation of the delay ang1e, 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-guadrant operation was required and

therefore the series capacitor scheme was chosen for the

following studies.
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Chapter I I I

SIMULÀTION OF A FORCED COMMUTATED INVERTER ON
BIPOLE 1 SYSTEM

3.1 INTRODUCTTON

In this chapter a large scale point to point HVDC trans-

mission Iink 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 (sMroC) which includes distributed transmis-

sion Líne models, generalized bridge arrangement with

associated damping circuits, electrical machine models, poy¡-

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 used in the present studies t18].
As we11, the Electric Power Research Institute's multitermi-

nal dc system, has been modelled by others using Bonneville

Power AuthoriLy's electromagnetic transients program

(gp¡-eMrp) {19}, an industrial standard, and Institut de Re-

cherche d'Hydro Quebec's (rneQ) 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

aII 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 t,he 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 is covered at the end of the

chapter. The results of all studies completed on this sys-

tem are included in Reference 2I.

3.2 INVERSION INTO WEÀK 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 l22l ¡

',2
5.C.R. = F

where
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vLL= line to line ac volLage (kv)'

Pd = dc Power transmitted (t'tw),

Z = ãc system irnpedance 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. Iess 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

f requenc i es ,

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 }onger

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 irnpedance

(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 experíenced and low voltage stability ís 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. À synchronous condenser having its

transient reactance in parallel with the ac system decreases

the system impedance resulting in a higher S.C.R. ÀIthough

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 and synchronous condensers having a large ínertia

is the best alternative.

3,2.2 Solution þy 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 Iimit 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

cent,ral controller to coordinate the poYter 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 controÌ1er 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 Z. The desired alpha

order is passed to the valve group controllers for the pole

considered.

3.3.2 Constant Voltaqe Controller

In natural commutation, in order to keep the pol{er 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. ) aISo known as "cgnstant gamma

controln 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,

ií) Compare the measured voltage with the set value,

iii) 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.
If 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 povrer from the ac

system. As it is seen from Fig.3.1, the angle can be in-

creased even beyond 1800 , then the current will be more

Iagging the voltage, it wilI be leading the voltage phasor.

This means converter will be supplying reactive power to the

ac system. If the measured voltage is higher than the set

value, then reverse action should be taken.

The voltage controller has a select minímum 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 Iink.
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3.4 ÀPPLICÀTION EXAMPLE

In order to demonstrate that inversion into weak systems

is possible r{ithout 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 sinulator, known as Manitoba

Hydro's Electromagnetic Transients Program (MH el'{rpC) f 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. A1though, in reality two poles consist of

six valve groups in series usually working in twelve-pulse

operation, for simplicity and to save computation time, only
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one pole with one valve group is modelled. The fuII ratings

of the pole is used by scaling the three valve groups into a

single one. Therefore, the operation of the model ís stud-

íed 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

receivíng end ac system of 1.5 pu at a phase angle of 700

The value of the commutating capacitor was chosen as 0.9 pu

on the hybrid per unit s.ystem (appendix A) which is the min-

imum val-ue which witl give complete four quadrant operation

under steady state conditions for rated dc current. As

shown in Fig. 2.4, the range of operati.on of the delay angle

becomes limited for lower values of dc current but as the

delay angle can still approach 1900 for a dc current of 0.3

pu it is not a significant constraint.

3.5 RESULTS

This systen 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. Thís 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 voltage 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 line faults are

studied on a 1.5 pu S.C.R. ac system at the receiving end.

Fig.3.4 shows naveforms 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 (rig.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 commutatíng 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 Line side of the smoothing reactor at 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 Ievel. In

order to clear the line, the rectifier is forced retarded.

After the current ís extinguished, the system is started

again. Some of the waveforms are given in Fi9.3.6. 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 po$ter flowing into the

ac system that raises the ac bus-bar voltage. Fig.3.5-c

shows the reactive povrer to the ac system from the commutat-

ing bus-bar.

3.6 COMPARTSON g VÀLVE STRESSES

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

les are performed on two simil-ar systems :

Bipo1e 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

180 . Rated power is being transmítted.

i)
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11, 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 L.0 pu for thís section.

The inverter is supplying the rated porùer and con-

trolling the ac system voltage.

3.6.1 Voltaqe Stresses

The waveforms related to the valve stresses for naÈurally

comrnutated 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 E 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 is effective only at a

certain operating point. (ttre valve stresses and their ef-

fects on cost will be discussed further in the economic

anatysis section.) It can be concluded that, forced commu-

tation increases the number of thyristors in each bridge

arm, although it elirninates the requirement of reactive pow-

er support aL the ac bus-bar.
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If 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 t,hat snubber circuits are provided across each thyris-

tor in the model and therefore the dV/dt stresses are only

indicative for both cases. Às dv/dt is very small in both

cases changes to the snubber circuits should not be re-

qui red.

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.

'/TIRI¡s = : I¿
/3

But the rate of change of current in forced commutation is

greater than that in natural commutation (fi9.3.7-d and

Fig.3.8-d). Even over the range for which a naturally com-

mutated inverter Ís able to operate, the rate of change of

current is increased with forced commutation. The ratio of

maximum ðí/dl in forced and natural commutation is about two

to one, but again the value of dí/dt is weII within the rat-

ings for power thyristors.
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3.7 AN APPROACH FOR AN ECONOMICAL ASSESSMENT OF "EIP9E L
w.Eu"

In general, the considerations to estÍmate the cost of a

transmission system are terminal and line costs including

Iosses, power transmission capability, reliability, avail-
ability and control dynamics. The inverter, eiLher conven-

tional or forced commutated, might have quite a large influ-
ence on many of the above listed items.

In the preceding sections of t,his chapter, the perf orm-

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.
oIn 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 1231.

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 Lhat 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 wiII 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=f450kv'
Id = 1800 A'

Pd = 1620 lfvil'

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 ASEÀ'

BBC Brown, Boveri g Cie ÀG and Toshiba of Japan for which

results have been compiLed and presented in Table 3.1 along

with those from a paper Ll-7lr and a recent dissertation l24l

f rom West Germany. As can be seen f rom the table, f.ot 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 vtere given

or due to a wide range of installation costs. Hence, the

size of the plants are given in the table as weII as $/nw

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 calcul-ations f or NeIson River Bípole 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 porrer, 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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The studies presented in Chapter II and preceding sec-

tions show that only the ratings of the converter transform-

er and bridge valves will be affected by the forced commuÈa-

tion compared to natural commutation. The extra cost of

commutating capacitors, resulting in savings on complete

etimination of synchronous condensers, wiIl be examined and

di scussed.

3.7.1 Converter Transformers

If the forced commutated inverter is designed to operate

at unity poi{er tactor (i.e. neither consuming nor producing

reactive power), there could be reasonable savings on the

converter transformer DÍVA ratings. Bipole 1 converter

transf ormers are rated at 340 l'fi/A each. For f orced commuta-

tion, the transformer ratings would be only 270. lq\fA for uni-

ty power factor operation. Based on the analysis given in

Ref. 24 this would result in a cost savings of 16.8 Z for

the converter transformer. For quick reactive power modula-

tion in the ac system, a power factor of 0.89 leading or

Iagging is required (i.e. each transformer being able to

transfer 140 Mvars in either directions). Transformers with

a raÈing of 300 MVÀ still result in a saving of 10 Z.

Also for operation near unity power factor, a reduction

in insulation level of about 10-15 t at the secondary

(valve) side of the converter transformers wiIl result.

This arises from the fact that a power factor near unity re-

quires a lower ideal no-load direct voltage, Vdo.
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3.7 .2 Valves

ÀIthough the number of valves used 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 aboul 2.3 times greater than that of natural commuta-

Lion. 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. ÀIthough the insulation level of the extra thyristors

will be higher than those of the naturally commutated in-

verter, âS an approximation the cost increase will be almost

Iinear and simply 2.3 times more. Of course, if the range

of the delay angle is limited to say less than 2000, or the

permissible range of Id 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 stight,Iy higher which
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might result in larger dirldt 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 I Z

of the total povrer transmitted {.231. The valves together

with the damping circuit contribute one third of these loss-

es which might increase slightly with forced commutation due

to higher val.ve stresses.

3.7 .3 Commulatinq 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 commut,a-

tion. As was shown in detail in Reference 2!, the ltVÀ rat-
ing of the series capacitors is almost equal to the reactíve

power reguired by the naturally commutated inverter which is

usually supplied by the synchronous condensers. The lfVA

rating of the capacitors for the "forced commutated Bipote I
Scheme" is about 966 Mvars per pole. (rt should be remem-

bered that the forced commut,ated inverter has the capability
of supplying about 450 Mvars into the ac system l2]-l. ) the

unit cost of series capacitors varies over quite a large

range depending upon the supplier. The unit cost per kvar

is $3.5 US by Kimbark (1971 $), $5.0 by ÀSEA (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 htas the figure used for series

compensation of 500 kV ac Iines. Considering a moderate

rate of $15.0, the relative cost of capacitors would be

around 23 Z of the total cost of the above mentioned natu-

rally commutated inverter station. (rhe total cost of the

naturally commutated inverter station is calculated using a

g/kw per terminal figure of $78.2 126].)

3.7.4 Svnchronous Condensers

In Section 3.2.I, the difficulties and problems which

might be caused by a naturally commutated inverter 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 Í22r27|. It has been also shown in previous sec-

tions that the forced commutated inverter can successfully

operate and safely recover from anticípated 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 ì,fVA f or

the Bipole 1 System. Hence, three synchronous condensers

with ratings of about 160 l{N/À (similar to those already used

in Bipole 1 at Dorsey +160 Mvars, -80 Mvars, *'d' = 19 Z on

its own base) should be added to the system. Each would cost

about $10.5 miÌlion (fg83 S) 128Ì which is about 25 Z of the

above mentioned conventional system. Consideration must

aLso be given to the maintenance and repair expenses of
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these rot,ating machines, which are quite high compared with

static equipment.

3.7 .5 General

As can be concluded from Tab1e 3.1 and the above discus-

sion, the total cost of a forced comnutated inverter appears

to be 60 I 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. Àlso, ilâintenance, reliability and improvements

in performance are in favour of the forced commutated sys-

tems [17].
The valve expenses constitute a large portion of the

forced commutation expenditures. Certainly, the cost of dc

equipment has escalated significantly Less than that ac

equipment over the past decade Í23,291 . 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 stiII 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 1800 which is not attai-
nable with natural commutation. The unity power factor oper-

ation eliminates the reactive power requirement (usualÌy

about 60 I of the real power) at the ac bus-bar supplied

conventionally by synchronous condensers or static VÀR sup-

plies. It has been demonstrated that it is even possible to

supply reactive povrer from the forced commutated inverter

into the ac system though the total MVA rating of series

commutating capacitors is nearly equal to MVA rat,ing 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 povrer will be transfer-

red by the converter transformer. This reduces the MVA rat-

ing of the transformer by about 15-20 %.

The forced commutated inverLer 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 wiIl result in increased valve

stresses though the operating range is increased.

For application such as Bipole I of Nelson River HVDC

System feeding into a 1.5 pu S.C.R. âc system, the estimated

cost of using a forced commutated inverter is 28 t more as

compared to a naturally commutated inverter.
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Chapter IV

DC TRANSMISSION TO REMOTE LOADS

4.1 INTRODUCTION

In previous chapters it has been shown that a forced com-

nutated inverter could be used to meet the reactive power

requirement at the converter terminars. This investigation
is a further technicar appraisat involving a two terminal
transmission scheme to a remote road 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, âc

and dc side faults and speed of response to voLtage and fre-
quency controls. The results are covered in a paper {30}

and complete resuLts of this study are included in a techni-
caI report t 31 l .

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 desirabilit,y of connecting these loads

to the ac system increases. One such remote load is 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-

iII is a small town which has a present electric load less

than 6 megawatts. Currently the load is supplÍed by 9 diesel
electric aenerating 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. Àt-
though the load is not large enough for such a connection,

the economics of supplying the load from the central elec-
trical system rather than by diesel electric aenerators were

studied and possible alternatives are revíewed at Manitoba

Hydro from time to time. Recently, because of the increase

in the diesel fuel oil costs, central system connection al-
ternatíves look quite promising 1321.

Neither the transmission distance nor the povrer 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 stiIl be an alternative.
Some of the existing constraints which tend to favour dc

transmission are :
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i)

rr)

111,

iv)

v)

The transmission line construcLion costs for a mo-

nopolar Iine at relatively low voltage are cheaper

than a three-phase line because the tower construc-

tion is much simpler in dc.

The transmission line losses are less in a monopo-

Iar or bipolar scbeme than in 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 transrnìssion Iine length of 260

kilometers. Àn ac line should be terminated out-

side Èhe dc co]lector system at Radisson with a

transmission length of 310 kilomeÈers because of

some potential problems such as unacceptable volt-
age oscillations, unacceptable frequency 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 povrer compensation,

because the line is quite long. This would further

increase the construct,ion costs of the line.
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vi) The capacity of the transmission system can be in-

creased in stages as the load grovrs.

For a naturally commutated inverter, êD 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 night 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.

UnIike the naturally commutated inverter which uses the

ac line to line voltage to commutate from one thyristor
valve to the next, the forced commutated inverter uses 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. AISo with forced commuta-

tion, operation of a bridge in aII four quadrants 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 suit,ed for inverting into
nay not have adequate voltage support.

an ac system which

4.3 MODELLING AND STMULATION

The Manitoba Hydro electromagnetic transients progran

EMTÐC ¡18Ì is used to model and simulate the systems. The

monopoi.ar transmission Iine is simulated by a distributed
transmission line model with frequency dependency included

to ensure representative damping of Iine transients.
Normal llth, 13th and high pass (Up) ac harmonic filters

(f,C) as well as Sth and 7th f ilters 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
ínclude 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 (nC) 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 (c 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 if the converter is forced
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to commutate Ínto a dead load or provide the only source of

ac system frequency control. At the rectifier, the firing
contror is derived from a conventionar phase locked oscirra-
tor to control dc current as is normal with most HVDC recti-
fier applications.

4.4 POSSIBLE SYSTEM CONFIGURÀTIONS

Three basic system configurations wiIl be discussed; each

consists of a dedicated controlled rectifier at Henday, the

sending end and a monopolar 75 kV dc transmission line to
ChurchiII. AII systems operate in steady-state in essen-

tially the same way. The main differences in Lhe systems

are the vray 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 simuration will be presented for each

configuration.

4.4.1 Svstem !
The first configuration, System A, is shown in Fig.4.I

where all the system data are given in Àppendix C. The re-
ceiving end system consists of a singre 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 1800 . The rectifier current order signal is noï,

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 novr 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.

Àt 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 (tfre
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.

Hence 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, c, is now irrele-
vant, being dependent on the poyrer factor of the load and

91



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.

À 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 link must be

maintained between the terminals of the system in order to
control the ac voltage of the load.

Once started the inverter is 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 Iight 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 t'o switch the commutating capaci-

tors under Iight load conditions.
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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

measurement,s arose, because the switch Sr is modelled by a

very small resistance when it, is shorted. This value 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 poyrer produced by the ac

shunt filters is supplying a part of the reactive power re-

quirement of the load. The rest is being supplied by the

inverter. Às is seen from Fig.4.2-d, the ac volt,age at the

conmutating bus-bar is quite closely controlled even at the

moment of the isolation of the diesel units.

4.4.2 Svstem B

The second configuration, System B, is 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. Àlso the charging
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nill 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. !{hen a suffi-
cient voltage builds up across capacitors, the shorting
switches may be opened and the ac volt,age is then allowed to
build up. A detailed discussion of this starting method is
gÍven in Reference 10.

There are some disadvantages of the application of this
circuit :

i ) The shorting switches are an extra cost for the

systen. Àlthough 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.

i i i ) 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 load and

the dc link is the only povrer supply to the ac sys-

tem.

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

Ioads. At Lower loads, the current flowing in the
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dc line wiII be quite 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
commutat i on .

This system does eliminate the diesel generators from the

system. Once started this system behaves as System A with
the inherent requirements of a fast communication Iink to
the rectifier to control the ac system voltage, and a mini-
mum current timit 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 (fi9.4.3-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 syst,em data at the receiving end has been modi-

fied for this system (Àppendix 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

eliurinating the need for a reliable fast communication link
and operation from no load to full load is possible.

4.4.3. f 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 (¡) degrees. This angle is the difference in
the firing angle delays of the two bridges but as the firing
angle, cr, is no longer important only the delay angle ¿ 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 ô.

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 valve

groups may be required to operate with delay angles c beyond

L800 . This system eliminates the need for a fast communi-

cation link Lo 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 200 each commu-

tation so that very rapid control of voltage may be

achieved.

It
<- I

Id
TOT

Ir

I

I TOT<- I

ob

ot

Figure 4.5: Forced commutated bridges and phasor
relat ionship

Àt the forced commutated inverter, the firing control is
derived from an independent clock producing exact ac fre-
quency. 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 .roit"ge provided there is sufficient current

in the dc line. Current order at the rectifier is increased

if in the steady state, Â approaches zero and becomes less

V
I

ì

aa
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than desired level (typically 150 ). Conversely, if ín the

steady stat,e, a increases beyond 450 , the rectifier is or-
dered to reduce the dc current. À may exceed these levels

of 15 and 45 degrees transiently, or when allowable dc cur-
rent is limited at maximum or minimum valueb. System loss

optimization may also add constraints on the norrnal operat-

ing range of À.

A
max

A

vac A
desi red
(pu )

V

A

ac
measured

(pu )

Figure 4.6t 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 Â . If the system is run at
an operating point resulting in delay angle difference ¡ of

around 300, the 5th and 7th ac current harmonics and 6th dc

voltage harmonic will be minimized. As well the dc line

max

mln

S

+

+
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losses will be minimized while sÈiII 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 Â. The logic sat-

isfies the equation:
tm

TI oold . cos (
A,

.cos( u 
)

2
) I

0neb!

where

Ioold

I onew

Âm

^d

: present current order (pu),

: resultant current order (pu),

! measured delay angle dÍfference

: desired delay angle difference

(degree),

(degree).

The new current order Ion.,v is to be transmitted to the rec-

tifier end. This inforrnation 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 ^ on ac current harmonics,

the Sth and 7th harmonic filters are disconnected from t,he

system. Figure 4.7-a and b present the ac voltage wave-

forms, the inverter operating at deltas of 750 and 300, re-

spectively. The results of a Fourier analysis performed on

these waveforms are presented in Table 4.1 and Tab1e 4.2 .
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Â = 300.

The non-characteristic harmonics occur because of the reso-

Iution of the time step in the numerical calculations.

In a conventional point to point system, the dc fault
current is deionized by applying a forced retard which is

activat,ed by tine prot,ection at the rectifier end. For sim-

plicity, the forced retard has not been implemented with the

controls. The voltage dependent current Iimiter 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 À = 750

Harmonic number Harmon ic di stort i on (pu )
1
2
3
4
5
5
7
I
9

10
11
T2
13
14
15
16
T7
18
19
20
2I

0
0
0
0

+0
0

+0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

7736
0 019
0060
0024
287].

.0052

.07 46

.0027

.0023

.0022

.0024

.0025

.00s8

.0020

.0022

.0021

.0045

.0021

.0066

.0022

.0023

4.4.4 Results of Svstem Ç Simulation Studies

A good test for any poyrer 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 end of the dc link is also important as far as the

operation and reliability of the system is concerned.

4.4.4.I Start-up

Fig.4.8 demonstrates a one second portion of the sinula-
tion which utilizes the above described start-up procedure

and dynamic controller actions. Às is seen from the fig-
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ÎABLE 4.2

Ac current harmonics for operation at Â =

Harmonic number Harmon ic distortion (ru)

30 0

I
2
3
4
5
6
7
I
9

10
t1
l2
13
t4
15
16
l7
18
19
20
2t

0
0
0
0

+0
0

+0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

.9396

.0062

.0048

.0039

.0452

.0038

.0408

.0015

.0014

.0012

.0048

.0017

.0028

.0022

.0018

.0017

.0029

.00f7

.0061

.0016

.0020

ures, from the initialization of the system to steady-state

takes about 700 ßs, 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 200

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 I Z occurs due

to the sluggishness of the constant voltage controller. In

the steady state, there is no distortíon or spikes on the ac

voltage waveform due to adequate filtering. Some spikes
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dur i ng

be due

the start-up (at time t=0.2-0,3

to pre-charging of the ac shunt

s) exist, which may

f i lters.

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 zeÍo.

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 (rig.4.9-b). The drop on the ac bus-bar voltage

is sensed by the constant voltage controller and therefore 
^

is decreased. Assuming the fault is cleared at time t=I.L5

s, the system voltage easily recovers and reaches steady-

state in about half a second after the faulL occurred.

4.4.4.3 Dc Line Faults

À 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

Iine. 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

angIe, 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 Iimiter (VÐCr,), af ter a detection delay of

12 ñs, and the current order is set to its fault leveÌ At

Èhe inverter the VDCL resets the delta angle to 1800 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 initiated. The same start up procedure as de-

""tibed 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 I.25 MW double squirrel-cage motor is
direct-on-line started [35,36J. (ftre data for the induction

motor are given in Àppendix D.) With reference to Fig.

4.11, the system is in steady state supplying 23.75 MW at
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0.8 power factor lagging when t,he 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 ¡ to maintain the voltage

close to rated vaLue during start up. It should be noted

that during this time the inverter is supplyíng 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 À. The stud-

ies also indicated that the motor can successfully recover

after the clearance of a dc line fault {311.

4.4.4.5 Operation at a Desired 
^

As seen from Fig.4.8, the current order is set constant

at 1.3 pu resulting in a higher ¡ value of about 750. Re-

ferring to Fí9.4.I2, the system was in steady state at 0.0

s. Àt this time the current order controller is activated

and Â approaches its set value of 300 while maintaining the

ac voltage at the commutating busbar within acceptable Iim-

its. (rtre 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 stiIl main-

taining the constant total powers (rig,4.Lzl.
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4.5 À BRIEF ECONOMICAL ÀNALYSIS 9g CHURCHItt SYSTEM

It is very difficult to achieve accurate cost comparisons

between ac and dc transmÍssion where a new technique is be-

ing proposed and the power levet is only 5 3 of the smallest

installed HVDC system. Nevertheless several factors tend to

indicate that the proposed scheme may be economically feasi-

ble.
At this poîter level ac line costs become significant. A

voltage level of L38 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

reliabílty 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 nBipole 1 System" was presented. The same assumptions

and methodology stated there apply also for the following

brief economical analysis for the ChurchiII System. The

system data and basic assumptions are !

- v¿ = 75 kv'

rd = 333 A'

Pd = 25 MI^l,

2 Bridge per pole, twelve-pulse operation,
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rnverter connected to 7.2 kv three phase network,
Severe environmental conditions,
All eguipment except converter varves, contror, protec-
tion equipment and auxiriaries are rocated outside,

- Ground return mode.

À conventional dc alternative with the above ratings and
specifications to suppry the town of churchirr has been re-
viewed at Manitoba Hydro and a survey has been recentJ.y con-
ducted by BBC Brown, Boveri & Cie AG {37}. Àccording to
this proposal, the estimated cost of the convert,er terminals
at both ends is shown below 3

- Equipment 3

Henday Converter SLation $ 4,200,000
Churchill Converter Station S 4,230,000
7 .2 kV, I t{VÀ
synchronous condenser $ 450,000

- Installation !

s 1,590, 000

The work not incr.uded with the above figures are : arl
equipment on the rine side of 230 kv breaker in Henday and
7.2 kv breakers in churchilr, service transformer and swit-
chgear, compressed air system, dc line, ground electrode
line' sea erectrode aL churchill, telecommunicaÈion equip-
ment' supervisory contror, 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

ÀlLhough 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 savi¡gS, as ex-

plained in "Bipole 1 System" cost analysis, are expected on

the converter transformer lf¿A 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 expenses for a naturally commutated inverter

are given as 50 t of the total cost. The percentage appears

quite 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 1231. For a forced com-
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TABLE 4.3

Estimated cost comparison for the ChurchiII System

Equi pment
(t ) BBC

HMT

F. C.

Mai n Val ves

Commutati on CaPac'i tors

Transformer

Smoothi ng reactor

Ac F'il ters

Synchronous condensers

Ac Swi tchyard

DC Swi tchYard

Control & Protection

Auxi I i ary equi Pment

Total

0. 130

0. 050

0. 040

0. 326

0.050

0. 050

0. 140

0. 040

0. 500 I .150

0.110

0.130

0. 050

0.040

0. 050

0.050

0. 140

0.040

+75 kV
333 A
25 Ml,l

'1983

1 .326 I .760

Ratings considered +75 kV
333 A
25 Ml^l

Year considered l9B3

$/kt^l per termi nal 140.7

(l ) no installation cost included.
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mutated alternative, the fixed factor of 2.3 would again be

used for the valve expenses compared to natural commutation.

4.5.3 Commutatinq Capacitors

The lfVA rating of each capacitor used in the Churchill
System is 6.1 MVA for the reliable and successful operation

described before. Hence the total MVÀ rating of six capaci-

tors would be 36.6 ld\¡À. Using the g/kvar f igure supplied by

Manitoba Hydro for the equipment on1y, the total capacitor

expenses will be 13 t more on the total inverter station
costs.

4.5.4 Svnchronous Condensers

Onì.y one synchronous condenser ís recommended in Ref.37

for the ChurchiII System. Presuming all the existing diesel
generators will be taken out of service when the load is
connected to the central system, the ChurchilI ac system

consists only of passive components. The recommended synch-

ronous condenser may be sufficient to run the system at a

Iower dc power to be transn¡itted, i.e. to supply the exist-
ing load varying from 1.25 Mt{ to 6 M9l. 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 x'j of 20-30 g on its ov¡n base, êt least
3 of those synchronous condensers are needed for the satis-
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factory operation of the naturally commutaLed scheme.

the total cost of synchronous condensers would be

32.5 t of the station cost.

Then

about

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 Sth 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 Z more than

the natural commutation alternative referred to the inverter

station onIy. 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 I more. A natural commutation sys-

tem requires a fast communication Iink to the rectifier end

in order to control the receiving end system voltage. À1so,

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 (epnf ) that pulse nidth modulated (pwt"t) invert-
ers used to convert the dc power produced by fuel cells into
ac power are under prototype construction {38}. For Lhe

converter rating of 10 Mt{ and life of 20 years with nominal

maintenance and repair, the cost is projected as US$

60'70/kw (fggz S). (rnis selling price assumes production

quantities of 150 units a year.) It is expected that the

price night drop to about 950/kw by the end of the decade,

if the advances in electronics continue.

A 13.5 kV, 3.2 Mw pilot po¡rer system with a forced commu-

tated inverter, called na 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 load from no

Ioad to full load while maintaining the voltage and frequen-

cy within acceptable Iimits even for major load variations.
The system easily survives ac side fault.s 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-

mi ss i on syst,em.

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-

il1, 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

À 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 load requiring real and reac-

tive povrer can easily be supplied. The tap itself is capa-

ble of responding quickly to changes of load without a com-

munication Iink to the main converter terminals. The tap is

able to recover easily from all anticipated faults and dis-

turbances taking pLace in its own system as weII as at the

main converter terminals.

This chapter discusses the basic operating node of the

tap, the line and converter models and the ac system load

model at the tap. The simulation results wiII be concerned

with the interactions between the main inverter and the

forced commutated tap during start-up, ôC 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 possibifities 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 ovrn 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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difficulÈ and may even require temporary blocking of the

whole sysyem. It has been shown the major disadvantages of

the operation of parallel connected dc stations are ¡45Ì :

i) A dc side fault affects the entire system. Loss of

a dc line might result in the loss of the whole

power transmission capabitity within the system.

(rn order to compensate such a situation, redundant

lines can be added to the system at a certain

cost. )

ii) A commutation failure at any inverter results in
excessive current drawn from the other terminals.

iii) To achieve povter reversal at one terminal , a me-

chanical switching arrangenent is required since

the valves can conduct current in only one direc-

tíon (unidirectional feature).
iv) If 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 paraIlel connected multitermi-

nal systems wi I1 be l imi ted to only un idi rect ional povter

flow schemes without reversing switches across the bridge.

Further developments of dc circuit breakers and the paraIIeI

connection of bridges might significantly enhance the versa-

tility and flexibility of paralIeI connected systems 1471.
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ParaIIel mult,iterminal dc transmission has the advantage

of minimizing losses by operating at maximum Iine voLts.

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 eguipment, or if forced commutation is used, needing

no ac system supporting equipment at all.
Converter bridges are usually connected in series in 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 l42l . The dc current wiII 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 operatÍon 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 wiII be less sensitive to system

faults.
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I NVERTER RECTIFIER

Figure 5.1: The series multiterminal dc system

À dc-ac nachine set in series with the dc rine has been

proposed by Bowles, Nakra and Turner for such a tap ¡16Ì .

The maintenance and repair of the rotating machinery must be

considered when designing such a scheme.

5.3 À PARÀLLEL TAP

In the literature, it has been shown many times that the
conventional point to point control strategies could be used

successfurry for paralrer murtiterminar dc systerns

140,46,19,201.

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 vortage control (vc)

mode, hence rowering the vortage profile of the whole sys-
tem. Às a consequence, the converter which was primarily

-a
a
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controlling the voltage has to switch to CC mode. If such a

disturbance t,akes place at a rectifier, the mode shifts will
proceed in a straight forward way. Such a case is reported

Ín ¡461 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 Iarge 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} h'ithout the re-
guirement of fast Lelecommunications. 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. (fnis is the same

system studied by Institut de Recherche d'Hydro Quebec

(rnEQ) as part of an ongoing project sponsored by the EIec-

tric Power Research Institute (EPRI).) First of all, the

system at the small paral}e1 inverter tap location is 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 ís ramped down to 90 4 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

(280). (One of the rectifiers at the sending end was as-

signed to control the voltage.) as seen from the figure,
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the mode shifts took place as expected almost instantaneous-

Iy. The tap inverter has switched to VC mode operating with

a margin angle of 180, 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. Ievel of the tap ac system to be 3.0 pu (fi9.5.3).
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 norma}ly 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 relativety weak

ac systems, even very minor perturbations in ac volts may

Iead to avalanche voltage collapse and drastic conLrol meas-

ures such as blocking or forced retard and restart of the

entire dc system.

This then is a major disadvantage 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 GENERÀL DESCRIPTION OF THE PROPOSED SYSTEM

À simplified diagram of the proposed system is shown in

Fig.5.4 . (The converter symbol used for main converters

indicates that the station includes all the necessary equip-

ment f or an Hrr¡DC Èerminal. ) 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 located half way along the line and is, for
example, to supply the railway system adjacent to the dc

line with a por{er capability of 5 MW I32l .

The loads at Churchill and the railway system are sup-

plied from a dedicated rectifier at Henday which uses 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 símplicity 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
terminars. The rectifier is equipped with a const,ant cur-
rent controller and the delay angle is adjusted to keep the

current order at 1.2 pu at rated load. The Ínverter end is
equipped with a constant extinction angle controller (gamma

control) and minimum extinction angle is set at lg0 At
the forced commutated tap, the firing control is derived
from an independent crock producing exact ac frequency. A

proportionar and integrar controrrer achieves good ac volt-
age contror. The difference in firing angle order to the
two valve groups (¡) is utilized to control ac voLts provid-
ed there is sufficient current flowing in the line.

The current order is defined depending upon the road re-
guirenents at the main inverter onry. The tap system would

have no controÌ on the current order. since the commutation

capacitors are basicarly charged by the line current, âs the
current becomes higher more commutating voltage wilr be de-
veloped. But at low line currents, the tap might suffer
from lack of sufficient commutating vortage. For this rea-
son, the capacitors shourd 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 ¡ between

00 and 1800 depending upon the load requirements of its own

system and the current flowing through the líne. If the de-
lay angle a is maintained at around 300, the ac harmonics
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wiII be less in the tap ac system. For this purpose, the

converter transformers should be designed with a large range

of tap changers, ôs dc current I¿ 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 Svstem

The start-up of the system is very simple and fast, and

takes place wíth 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 Â= 1800 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 is 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 E=0.2

s the delay angle 
^ 

may be moved ín a number of steps to its
operating value set by the ac bus voltage controller
(rig.5.5-c). As the delay angle becomes snal.Ier more cur-

rent is injected into the tap, and hence the }oad 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 voltage control, Â can be changed quickly

by about 200 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 Svstem Faults gUE the Main Inverter

Near faults which might reduce the voltage drast,ically 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 ac voltage due to a fault will
reduce the dc vort,age across the maín inverter. This will
cause the dc current to rise temporarily. The tap system

shourd 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 cycre solid ac system faurts at the

main inverter system, respectively. The peak overvoltage at
the tap ac system as a result of such faults is about l.Zz
PU. No commutation failure or other disturbance occurred at
the tap.

5.5.3 Ac Svstem Faults at the Tap

Figures 5.8 and 5.9 show the effect of three-phase-to-
ground and single-phase-to-ground 3 cycre sorid ac faurts
taking place at the tap system. These faults are not ex-
pected to cause a disturbance at the rnain ínverter terminaL

because of the low power level of the tap. The tap system

itself recovers in about 150 ms following the ac system

faults. overvortages during the recovery of the system are

within reasonable limits.

5.5.4 S Line Fault

À 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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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 mult'iter-

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 Blockinq and De-blockinq 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 convent'ional 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-

Iected accordingly, reducing the current order to a fault
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level (say 0.3 pu) wilr result in the commutation capacitors
not acquiring sufficient vortage to provide the commuta'

tions. For the forced commutated tap the minimum dc current
level is about 0.5 pu. Reduction of this minÍmum rever re-
sults in increased valve stresses and therefore a compromise

between varve stresses and minimum line losses must be rnade

for any particular system.

The system was operating in steady state when the main

inverter is brocked at t=l.1 s with reference to Fig.5.11 .

The tap system settles in less than 200 ms. Àt t=1.3 s, the

main Ínverter is de-btocked. 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 CONCLUSTONS

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 successfur-
ly under transient and st,eady state conditions without the

need of rotating machines or other means of reactive poyrer

support. Start up and operation of the system are simple

and reliable even without a communication link to the remote

tap system.

However it shourd 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 rine losses and
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increased var reguirements at the inverter termínals, 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 reinforcement. I f the inverters are forced

commutated, although the current flowing through the Iine 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 yras not as sensitive to ac side disturbances as

vras 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 wíth costs of voltage support equipment and compen-

sation for paralIel inverter taps feeding into weak ac sys-

tems.
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Chapter VI

CONCLUSTONS AND RECOMMENDÀTIONS

6.1 CONCTUSIONS

The main aim of this thesis has been to investigate the

technicar 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 in a point
to point dc rink and a series tap system, successfur control
techniques were deveroped. ÀIso an approach for the econom-

ical assessment of the forced commutated terminal ¡¡as com-

pleted.

The major concrusions are now stated in itemized form.

The main conclusions in comparing the various schemes for
forced commutation are ¡

i ) À 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)

rtr)

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 fuJ.Iy

rated bridge in addition to the normal bridge. The

dc chopper scheme uses a ninimum of two auxiliary
vaLves. In the series capacitor commutated scheme,

the number of valves is exactly the same as in the

normaL three phase bridge.

AI1 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 quíte 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

feedi ng

i)

rr)

1r1)

iv)

v)

vi)

rent which charges the commutating capac itors.
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 sysÈem

a weak ac network concluded that !

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 guickly 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 level of the converter

t,ransformer and close ac system.

The cost of a forced commutated inverter is slight-
Iy more compared to a naturally commutated invert-
er. The increased cost is 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 in the cost of dc equipment may make

forced commutation more attractive in the future.

The

means

i)

rr)

conclusions in supplying a remote dead ac system by

of a forced commutated inverter are :

It has been shown that employing two forced commu-

tated six-pulse bridges in series, it is possible

to supply a dead system h'ithout 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 rnajor load variations.

Start up and operation of the above mentioned sys-

Lem is simple and reliable h'ithout a fast communi-

cation Iink between the terminals of the transmis-

sion system.
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iii) The network voltage can be quickly regulated by

means of ¡ when two six-pulse bridges in series are

used to feed a dead sYstem.

iv) Line losses and harmonic stresses can be reduced by

usíng a telephone comnunication link to the recti-
fier end.

v) It has been demonstrated that the dynamic loads

supplied from the forced commutated inverter can

easily be started-up and can successfully work fol-
Iowing the clearance of a dc line fault.

vi) 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 povter from a dc line

concluded the following points :

i) Forced commutation could be successfully utilized
to improve the implementation of the series multi-

terminal systems.

i i ) I t t{as shown that the series inverter tap with

forced commutation is not as sensitive t.o ac side

disturbances as h'as 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 losses of series
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tapped dc systems, particularly when

made with costs of voltage support

compensation for parallel inverter

into weak ac systems.

comparr.son 1s

equipment and

taps feeding

6.2 RECOMMENDÀTTONS

In order to gain further expertise in 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 such 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 is by no

means conclusive until exact costs can be established. The

commutating capacitor, valve stresses, hinimum current lev-

€1, and Iine 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 ment,ioned items

can be optimized.
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Appendix À

PER UNTT 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. In case of a con-

verter, it is the real power whích is invariant since the

converter itself does not consume any real power :

Pda = Pua

where

Pd. = real Povrer on dc side,

Pua = real povrer 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 voltage are

around 1.0 pu. The ratío between ac current to dc current

can be derived as below.

Pdc = Vd I¿

Pac = õt* I,o cos ø

where

vd: Average dc voltage

Dc currentard
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Ett : Line-to-line rms volts on ac side

I ¡ o ! Rms value of the fundamental component of ac

current with no overlap

cosø:powerfactor

The average dc voltage VO is defined as

Pd=VdIdcosc
where

vo= 4 r*
Then

3-E E tt Id coscr = 'ãn* I , o cosø

Neglecting the effect of the overlap angle whích is usually
guite smalI, the displacement factor cos ø is approximately

equal to cos d. Therefore

rro=+ Id

TI
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Àppendix B

SYSTEM DATA USED FOR SIMULATION OF ''BIPOLE 1
SYSTEMN

A) RECTIFIER END

' Ac System

= 1.85 mH

Fi I ters :

5th harmonic filter
R=3.0CI L=0.1228
7th harmonic filter
R=4.0CI L=0.1228
I lth harmonic filter
R=2.0CI L=0.0304
l3th harmonic filter
R=2.0f¿ L=0.0304
high pass filter
R = 42.0 f¿ L = 0.0029

Transformer data:
VLL = 138 kV on primary side
VLL = 134 kV on secondary (va1ve)

tt'lVA rating = 341 MVA per phase.

Ac busbar vo'ltage VLL = 138 kV

L = l.72nHI

Dc System

Rated dc vol tage V¿¡ = 463 kV

Rated dc current ldc = .1800 
A

L R = 0.933 CI

C = 2.29 pF

C = l.'1685 ¡rF

C=l.92pF

C = 1.374 uF

C=5.5uF

H

H

H

H

H

side
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Fi I ters :

6th harmonic filter
R=20CI L=0.388H
l2th harmonic filter
R=25fì L=0.233H
Smoothing reactors = 0.55 H each.

Surge capac'itor = 0.5 uF

Valve damping circuit
R = 1460 Q C = 0.0867 uF per bridge arm.

C = 0.505 uF

C = 0.2uF

B) INVERTER END

Ac S.ystem

Ac busbar voltage
Lr=0.12211 H Lz=0.0856H R=59.3 ç¿

Fi I ters:
Aìthough minimum cost filters L are designed for the inverter end,

one set of Bipole 1 filters are used as a more pessimistic case.

5th harmonjc filter
R=4.0 Q L=0.168H C=l.67uF
7th harmonic filter
R=5.0 fl L=0.168H C=0.852uF
l,lthlrharmonic fi I ter
R=2.0 CI L=0.0444H C=l.3luF
I 3th harmonjc fi I ter
R=2.5 lì L=0.0444 H C=0.938uF
high pass filter
R=48.0CI L=0.00407H C=4.04uF

Transformer data:
VLL = 230 kV on prim side
VLL = 327 kU on secondary (va'lve) side
$ = 266.5 MVA per phase.

Series Capacitor Data:

C = 16.22 ttF per phase.
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Dc System

Dc voltage V¿i = 450 kV nominal

Dc current I¿ = 1800 A

Fi I ters :

6th harmonic filter
R = 20.0 f¿ L = 0.391 H

l2th harmonic filter
R=25.0Q L=0.242H
Smoothing reactors = 0.55 H each.

Surge capacitor = 0.5 uF

C=0.5uF

C = 0.202 vF

Valve damping circuit
R = 4380.0 CI C = 0.0289 pF per bridge arm.

c) Dc LrNE DATA

Line length = 556 miles
Line consists of 2 bundles. The total self-res'istance on one path

is nearly 14.2 A. The self inductance is about 0.1624 x l0-2 H,

self capacitance of one path is 0.01564 uF.
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Appendix C

SYSTEM DATA USED FOR STMULATION OF CHURCHILL
SYSTEM

A) RECTIFIER END

. Ac System

Ac busbar vol tage VLL = 230 kV

Ld" = 0.01948 H

Fi I ters
Sth harmonic filter
R=39.14 L=0.675H
high pass filter
R=.l34 CI L=0.0049H

Transformer data

VLL = 230 kV on Primary side

VLL = 70.3 kV on secondary (va1ve) side.

MVA rating S = 31.6 MVA total.

C = 0.417 pF

C = l0 uF

Dc System

Rated dc voltage V¿¡ = 82.2 kV

Rated dc current ldc = 0.333 kA.

6th harmonic filter
R=20CI L=0.388H C=0.505 uF

l2th harmonic filter
R=25fi L=0.244H C=0.2 uF

Smoothing reactors: 0.085 H each

Surge capacitor = 0.5 UF

Valve damping circuit
R = 730 CI C = 0.1734 pF per bridge arm
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B) INVERTER END

Ac System

Ac busbar voltage VLL = 7.2 kU

Fi I ters
5th harmonic

R=0.05CI L=l.16mH
7th harmonic filter
R = 0.0595 f¿ L = 0.961 mH

I I th harmoni c fi I ter
R = 0.07215 A L = 0.7565 mH

l3th harmonic filter
R=0.07834 L=0.695mH
high pass filter
R=5.054 L=0.606mH

Converter transformer data:
VLL = 7.2 kU on primary side
VLL = 55.5 kV of the secondary (valve) side
S = 27.3 MVA total

Series capacitor data:
C = 17.8 uF in each phase

Ld" =
0.4t4-ffi-

C=242vF

C = 149.4 uF

C = 76.8 uF

C = 59.91 uF

C = 40.1 uF

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.

Assumi ng

S3RSE = 31.25 MVA

Then the base impedance

z6nsr = ffi, = +5)'= r.656 CI

Z = Zg¡59 x X6 pu = 1.656 x 0.25 = 0.414 CI

Xd" = iÌ,JLd"
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The Load:

The load is supplied through a distributing transformer which has l0%
impedance on its own base.

Z = ZgRSfxZpu

= 1.656 x 0.1 = 0.1656 0

= 0.439 mH

The load is modelled in different ways dependìng upon the purpose

i) A series R and L branch (Fig. C.1-a).
ii) A paraìÌel R and L (Fig. C.l-b).
iii) A paralìel R and L with S% motor load (Fig. C.1-c).

7.2 l0o ku 7 .2 l0o kl/ 7.2 oo k\/

t-Ltr - 0. I 656ãtr

0.439 mH

1.2387 a

2.47 nH

0.439 mH

68. 5
mH

0.439 mH

C=0.5uF

.55 t4W

.9 pf1 .94 2.1
I
0
IÕ

ùú ngagg j

a) b) c)

Figure c.1: various Load Representations at churchill

Dc System

Dc voltage V¿i = 75 kV

Dc current 16 = 0.333 kA

6th harmonic filter
R=20f¿ L=0.391 H

l2th harmonic filter
R = 25 CI L = 0.242 H

Smoothing reactors = 0.085 H each

Surge capacitor: 0.5 uF

Valve damping circuit

C = 0.202 pt

C = 0.3456 uF per bridge arm.
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c) Dc LrNE DATA

666.6 MCM ACSR 75 kV Monopolar line
Dc resistance of line R6ç = 0.1.35 A/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 ratìng fon each bridge = 12.5 Ml^J

Assuming unity power factor operation:

12.5 Ml{ = 3ÆrELt Id cos q = 3ÐrELt x 0.333 x 1.0

Then,

ELL = 27,77 kV on the secondary side,
ELL = 7.2 kU on the primary side (as in Systems A and B).

Transformer Data:

ELL = 7.2 kU on prìm side
ELL = 27.77 kV on sec side

S
_ 27.3 MVA _ ,^= T = 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 I -2 = 0..| pu.

Series Ca citor Data:

Xq = 0.9 pu

VgRSf = 27.77 kU

IgRSf = 0.333 kA

ZgAsr = l##= 83.31 CI

Xc = 0.9 x 83.31 fì = 74.98

(base impedance of the hybrid system)

25 Ml,l--T
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^1¡=-" 377 x 74.98 = 35.4 uF



Other dc and ac filters remained unchanged. Also snubber circujt
parameters are updated accordingly.

169



Appendix D

INDUCTION MOTOR ÐATÀ

considering that churchill load consists of also grain eìevators,
small induction motors in houses as well as the passive heating and

lighting type of ldad, s% of the total ratedi;load is represented by
induction motor load. The performance of start-up and steady-state
operation is observed with such a comb.ined load.

The load mach'ine data is as follows:
V = 2.309 kV line to neutral.
I = 0.lll kA per unit
S = 0.6 MVA per un'it
No. of units = 2.?2
Xa = 0.0908 pu

Xmd = 5.032 pu

Xkf = 0.1451 pu

Xkd = 0.0 pu

Xf = 0.0539pu

Xmq = 5.032 pu

Xkqf = 0.1451 pu

Xkq = 0.0 pu

Xqf = 0.0539 pu

Ra = 0.0ì,463pu

Rf = 0.0102 pu

Rqf = 0.0102 pu

Rkd = 0.04446 pu

Rkq = 0.04446 pu

H = 0.7 s

us = 377 radls
o = .l.0 

(damping)
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Linear saturation curve chäracteristic is assumed.

The rated load of the machines

PtORn = .l.55 MW 0.9 pf lagging

QlOnn = 0.75 Mvars

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

Tmech=kxo¡2

For a quick start-upo the inertja of the machjne is kept smaller than
its rated value and afterwards it is adjusted.
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