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PREFACE

While the concept of high voltage direct current
transmission is very old, it is énly recently that the
technigue has been applied in practice.

Until the introduction of extra high voltage long
lines power transmission by alternating current was more
adequate. Rapid growth of electric power consumption and
large and complex interconnectéd load areas have demanded a
corresponding increase in stability and reliability of the
whole system. This necessitated transmission of power in
large blocks over long distances by means of extra high
voltage overhead transmission lines; underground and/ox
underwater cables; stable aﬁd reliable tie lines between
systems; etc. Transmission of power under these conditions
might be found to be more economical and stable by means of
direct current. A d.c. tie line usually is also attractive
not only from reliability and stability point of view but
because it allows the interconnection of two or more a.c.
systems which may be running at different frequencies.

This thesis concerns itself with the design and

operating aspects of an inverter terminal station which is
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necessary in any high voltage direct current transmission
scheme to convert the d.c. transmitted power back into a.c.
at the end of d.c. transmission line.
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ABSTRACT

The layout of an H,V.D.C. inverter
station is analysed using high voltage multi-
anode mercury arc valves., Various converting
equipment is compared. The design and operating
aspects of the pertinent equipment in the

inverter station are studied,
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CHAPTER I

GENERAL CONSIDERATIONS

1.1 INTRODUCTION:

Transmission of energy from one place to another may
be carried out in the form of coal, o0il or gas by means of rail,
boat, roadway or pipeline; or, alternatively, as electricity by
transmission line utilizing either alternating current or direct
current techniques.

Direct current trzansmission is one of several forms
of energy transportation. Electrical engineers have always
acknowledged the fact that d.c. offers fundamental economic
and technical advantages for the transmission of electric power
over long distances. Nevertheless, alternating current has been
used predominantly for the generation, transmission and utilization
of électric energy since the early days of electric power invention.
The reasons for this lie in the advantages ag¢c. offers in generation,
distribution and use of‘power. Also a.c. can be easily transformed
from one voltage to another and easily rectified locally when d.c.
is needed. Thus there is no doubt that power stations, most
motors and a majority of consumer appliances should be built for

alternating current. The advantage of d.c. is realised mainly in
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point to point transmission of power with a.c. to d.c. and d.c.
to a.c. conversion at the two ends. Tapping of d.c. power at
the present stage of development is also under extensive
invesﬁigation and a break-through even in this application does
not appear too far. 1,2

Recent developments in control techniques for the

conversion at high voltages from a.c. to d.c. and d.c. to a.c.

has made possible the practical application of high voltage

direct current transmission (in short H.V.D.C.T.).

As an introduction this chapter describes the prospects
and places of application of H.V.D.C. technique. In chapter II
the single line diagram and layout of the inverter station is.
developed. Subsequent chapters, III to VI, deal with major
equipment in detail. Chapter VII describes tﬁe control and

protection schemes of the station.

1.2 STATEMENT OF THE PROBLEM:

This thesis deals with the general desién and operating
aspects of a high voltage direct current inverter station rated
at + 450 RV D.C., 1800 amps., 1620 MW, connected to a 230 RV
A.C., 3-phase, 60 Hz bus. Reference to rectification is made

only where necessary.



1.3 CHOICE OF H,V.,D,C, TRANSMISSION:

The choice of d.c. transmission depends on its
economical and/or technical advantages. Some aspects of the

consideration of d.c. compared with a.c. for the same power

transfer capability are mentioned here briefly. 3,4,5,6,7

i) Overhead H.V.D.C. Transmission:

Inherently for a d.c. transmission line only one or

two conductors are required; for an a.c. line three ¢onductors

are necessary. Furthermore, for a given power transfer capability
the weight of conduétor is less for d.c. than a.c. This reduced
conductor weight and the use of fewer conductors permits
simplified tower design and narrower right of way. Hence d.c.
transmission line cost is less per unit length than corresponding
a.c. line.

As égainst this, d.c. terminal stations are more
expensive than a.c. stations. It follows that d.c. offers a

cost advantage only when the line exceeds a certain length. The

break-even distance varies with local conditions. At present
this distance is generally about 500 miles.

Also, there is no stability limitation with d.c.

transmission. This advantage increases with the length of
transmission line. A.c.lines are sensitive and their stability

decreases with increase in lengthj




ii) Underground and Underwater D.C. Cable Transmission:

Direct current transmission becomes particularly
attractive when underground or underwater cable is used. The
absence of a charging current, the reduced dielectric stress
and féwef conductors make d.c. cables cheaper than corresponding
a.c., cables. This cost difference is enhanced in the case of
underwater cables where it becomes impractical to install
compensating reactors fbr a.c. cables,

Transmission of power by d.c. cables as compared with
a.c. cables becomes more economical at over 20-- 30 miles.

Continuous expansion of metropolitan areas with
corresponding growth in concentrated loads is demanding the
transmission of large amounts of power to these centres by means
of cables, as overhead lines become impractical. In such cases
transfer of power by d.c. cables may becomé a very economical
and practical solution. Other possible applications may be
d.c. underwater cable to a distant island and acktoss lakes,
rivers etc.

iii) Earth Return:

Farth is an excellent return conductor for direct
current. The direct ground current following the path of least
resistance, penetrates into the goodfconducting interior of the

earth, leaving noticeable effects on the ground surface only in

the vicinity of the earth electrode.




Earth could be used as a permanent conductor in a
mono-polar line design or as a spare conductor in a bi-polar
line design. 1In a bi-polar line design, the mid-point is
connected to earth at both terminals. Should one pole be
taken out of service for any reason, the other pole will
continue to carry at least its half of the total power by
using earth as a return conductor. A bi-polar d.c. line
with earth return is, therefore, equivalent to a double-circuit
a.c. line from the viewpoint of reliability.

iv) Overvoltages:

Overvoltages in d.c. transmission lines due to
switching surges are relatively lower than in the comparable a.c.
transmission lines.

v) 1Insulation Level:

A d.c. transmission line can operate at higher voltages
than a.c. for a given insulation level.
vi) Non-synchronous Tie Lines:

Two large electrical systems with an é.c. tie must
run in synchronism. If a d.c. link is used, it acts like a
fluid coupling between two mechanical systems, and power can
flow in either direction with both the systems operating inde—

pendently at different frequencies and voltages. With an a.c.

tie line stability and control problems might be more complex




as compared to the d.c. interconnection.

vii) Fault Capacity:
Whenever two a.c. systems are interconnected by an

a.c. link, the total short circuit capacity is increased and

the a.c. link is also a contributing factor to it. With a
d.c. link power is fully controlled and thus power in excess
of the station rating will not be supplied to the fault. Thus
a d.c. link in itself does not increase the short circuit
capacity of the two interconnected systems.

viii) Power Flow Control:

The control of power flow in a d.c. line is very
fast and accurate by means of grid control. This is advantageous
not only under fault conditions but opens up new possibilities
for improved operating procedures.

ix) Reversal of Power:

The direction of d.c. power flow can be reversed with

a fast control system which gives the system high reliability
and stability.
x) Matching Capacity With Demand:

—_— — — —— — e — — — —

A d.c. terminal station normally consists of many

converters connected in series on the d.c. side. These converters
could be added in steps to raise the d.c. line voltage and

hence the power capacity. In this way the investment rate



can closely follow the growth of load in the system. In an
a.c. system since the major first cost is the line itself,

this matching of capacity with demand is less pronounced.

— o — T b — O ot v it Gt T v — — o——

With the availibility of economical and reliable d.c.
transmission, the design engineers should consider the overall
concept of generation and transmission of power. It might be
possible to generate power at frequencies other than 50 Hz or
60 Hz more economically and transmit it by non-synchronous
d.c. line to the load centres.

From this evaluation it can be concluded that d.c.
transmission has bright prospects. Already several d.c.
schemes have been built in different parts of the world, many
are in progress, and more are proposed. A list of these d.c.

schemes is given in appendix I.




CHAPTER II

SINGLE LINE DIAGRAM AND VARIOUS
STATION LAYOUTS

2.1 INTRODUCTION:

The first step in the design of an electrical station
is the development of the single line circuit diagram. This
diagram contains the essential information and is prepared
to give a complete, clear and comprehensive picture of the
electrical connections and apparatus involved. It does not
necessarily give the relative physical locations of the equip-
ment in the station, but conveys full information on electrical
aspects of the station at a glance.

Before studying the single line circuit diagram of
an inverter station, the overall performance of d.c. power
transmission, is considered.

A complete H.V.D.C. scheme typically consists of a
"sending end station" linked by a d.c. transmission line to a
"receiving end station". The conversion units at both the
stations (mercury arc or thyristor valves) are connected in
three-phase bridge circuits. These are also known as "valve
groups". At the sending end, the units are phased to operate as

"rectifier" and at the receiving end as "inverter". A simple



arrangement is shown in FIG. 2.1.

The a.c. power generated at the rectifier end is
applied to the rectifier bridge in the manner shown in FIG. 2.1.
The rectifier units act simply as switches to turn the power on
and off at appropriate times in order to produce a unidirectional
current. The d.c. transmission line (overhead line or under-
ground cable) transmits this power to the inverter station
where the units commutate to invert the direct current back to

alternating current.

2.2 SINGLE LINE CIRCUIT DIAGRAM:

The single line diagram of the inverter station
ig shown in DWG. 2A*. All the major equipment used is
shown. 8,9,10,11

It can be seen from this diagram that the inverter
station is divided into two major sections:
1. d.c. Section;
2. a.c. Section;
The d.c. section is the core of an inverter station and it is
this section which makes an inverter station appear so

different from the familiar a.c. terminal stations. The a.c.

section is very much similar to the conventional a.c. stations

* See large drawing in back pocket of thesis.
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with the exception.of a.c. harmonic filters, damping equip-

ment and synchronous condensers.

2.2.1 Brief Description of Major Equipment:

Each equipment will be dealt with in detail in later
chapters. Here it is desired to give only a short description
of the equipment involved stating their purpose and general

performance..

i) vValve Group and Auxiliaries:

These include the following equipment:
a) Valves:
vValves (item 1, DWG. 2A) are considered as the
"heart" of d.c. transmission and are responsible for the
inversion of electrical power from direct to alternating
voltage in an inverter station.
In the single line diagram three valve groups, each

of 150 KV, 1800 amps. rating are connected in series per

pole in order to achieve a bi-polar terminal rating of
+ 450 KV d.c., 1800 amps., 1620 MW.

b) By-Pass Valve and By-Pass Switch:

By-pass valves (item 2, DWG. 2A) are necessary only
when mercury arc valves are used and not with thyristors.
One by-pass valve is connected across the d.c. terminals of

each bridge and is operated only during the time when the



bridge is blocked momentarily because of any fault.

For sustained faults or during valve maintenance
periods the by—pasé switch (item b, DWG. 2A) is closed.

The main and by-pass valves are isolated from the system.

By-pass switches are required with both mercury-arc
and thyristor wvalves.

c) Valve Grid Control Equipment:

For proper control of firing of each valve it is
necessary to have adequate valve grid control equipment.

Each valve-group is provided with a fir ing control equipment.
d) Damping Equipment:

During normal operation of valves sudden voltage and
current changes take place due to commutafion. These trigger
extra voltage oscillations and current surges in the converter
transformer windings and other associated equipment. Special
equipment is needed to limit these oscillations and surges.

Voltage oscillations are suppressed by installing
"damping circuits" (item 3, DWG. 2A). Current surges are
suppressed by installing "anode reactors" (item 4, DWG. 23) .

e) Cathode Reactor:

cathode reactors (item 5, DWG. 2A) are installed to

suppress radio noise and corona discharges from the conductors

caused by current surges arising out of commutation.

12




ii)  Converter Transformer:

Each valve group is connected to one three-phase or
three single-phase converter transformers (item 6, DWG. 2A).

The primary windings of these transformers (windings
connected to a.c. bus) afe usually connected in grounded
star. The secondary windings (windings connected across valve -
group) are connected alternately in star and delta to achieve
twelve-pulse opération. Converter transformers in inverter
stations are normally provided with tertiary windings also.
These windings are used for the connection of "synchronous
condensers" (item 9, DWG. 2A). Tertiary windings are generally
connected in delta to suppress transformer third harmonic
voltages.

iii) A.C. Harmonic Filters:

Because of switching action (commutation) of valves
the current wave shape of the a.c. side of the bridge is not
sinusoidal. It consists of short discontinuous pulses and,
due to the damping effect of the d.c. line reactor, has a
rather flat top in the gonducting region. Thus the shape of
the pulsating output current approximates to a re¢tangular wave.
17,18

This wave shape can be resolved, by Fourier series analysis

into a fundamental (60 Hz) component and harmonics, given by:

13
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Hye= Pn+1... oo cen (2.1)
where, P = number of pulses (6, 12, etc.)
n = an integer (1, 2, 3, etc.)

Any bridge alone provides six-pulse output. There- iif
fore, from equation (2.1), the a.c. wave shape can be analysed
into current harmonics of the order 6n + l. With twelve-pulse
operation 5th, 7th, 17th, 19th, 29th ... etc. harmonics are‘
confined from entering into the a.c. system and only 1llth, 13th,
23rd, 25th .-+ etc. harmonics would enter. Nevertheless, on
occassions when one bridge is out of service, say, for maintenance,
all six-pulse harmonic currents would flow into the system.

A.c. harmonic filters (item 7, DWG. 2A) are
provided to by=pass these harmonics from flowing into the
a.c. system. Otherwise they may become harmful under resonance
conditions.

The resultant impedance of a.c. harmonic filters is
"capacitive" at fundamental power frequency, thus these filters

also serve as a source of reactive power supply.

iv) D.C. Harmonic Filters:

— — — —— — — Co— — ———— —

Valve switching action also generates voltage

harmonics which would appear in the d.c. line. These are

usually known as "d.c. harmonics” and are given by: 17,18
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Hge = 1np ... .o oo eee . (2.2)
where, P = number of pulses (6, 12,..., etc.)
n = an integer (1, 2, 3,..., etc.)

For six-pulse operation d.c. harmonics would be of
the order of 6, 12, 18, 24, ..., etc. Of these the 6th,

18th, ..., etc, harmonics would be confined with twelve-pulse

operation. Hence only 12th, 24th, ..., etc. harmonics would.
be present.
D.c. harmonic filters (item 8, DWG. 2A) are installed

to short circuit these harmonics.

The above a.c. and d.c. harmonics are generally
referred to as "theoretical", "classical" or "characteristic®
harmonics of the classical converter theory.

V)  Synchronous Condenser and Static Capacitors:

——— | — — — — | S— —— | Goiat o — T — o —

The current in an inverter bridge leads its voltage

partly due to the process of commutation and partly due to the
grid control. The bridge, therefore, absorbs reactive power

during its operation¥*.

Any additional reactive power required by the bridge

* In a rectifier bridge voltage leads current and reactive

power is consumed during this operation also.



can be supplied by synchronous condensers (item 9, DWG. 2A)
and/or static capacitors.

It is desirable to have the short circuit level of
_the a.c. bus about 3 to 6 times the d.c. transmitted power.
This is to minimize the inverter station a.c. bus voltage
fluctuations due to corresponding.variations.in a.c. system
voltages and hence to improve commutation. Thus synchronous
condensers installed at the inverter station contribute to
this short circuit level (MVA) of the a.c. bus.

There is no single answer as to the required rating
of synchroﬁous condensers and static capacitors installation.
Accordingly, each case has to be considered separately.

A smoothing reactor is installed at both ends of the
d.c. transmission line for various purposes.

The reactor serves to smooth out the ripples in the
direct voltage output from the converters. It acts as a damper
and provides electrical inertia. This limits violent changes
in currents and voltages due to switching operations and
eliminates, almost completely, discontinuities in direct
current during normal operating cohditions.

The damping characteristic of the reactor is useful
in limiting the rate of change of current and voltage during

certain faults, such as valve and d.c. line faults. This

16




enables the control and protective circuits to distinguish

between the two types of faults and act accordingly. The

- smoothing reactor also limits the line discharge currents

through the by-pass valve.

In some applications only line smoothing reactors
have been used to suppress d.c. harmonics. Examples are:
Benmore - Haywards H.V.D.C. transmission scheme, New Zealand
and Pacific H.V.D.C. intertie, U.S.A,.ll

A d.c. line smoothing reactor is placed in series
with the d.c. line (item 10, DWG. 2A). The reactor must,
therefore, be designed to carry full line current at all
times. It should also withstand the most severe electrical and
mechanical stresses due to d.c. harmonics and line current
surges and the windings must be insulated for full line to
earth voltage.

vii) A.C. Circuit Breaker:

These breakers follow conventional a.c. designs and
layouts except that they should be properly designed for
harmonic currents arising out of valve switching.

These are installed at the a.c. bus on the primary
side of the converter transformers.

The purpose of lightning arresters or surge diverters

is to limit the surge voltage that may be applied to the

17
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apparatus they protect and by-pass the surge to ground. They

must withstand the rated power voltage for which they are designed.

The arresters are connected across d.c. and a.c. lines, valve

groups, converter transformers and other major equipment for
their respective protection.

ix) Disconnecting and Isolating Switches:

These switches are required both in a.c. and d.c.

sections of the inverter station. Their purpose is to isolate

and/or ground any desired piece of equipment or section under
predetermined conditions such as faults, maintenance, etc.
X)  Auxiliary Equipment:

Various equipment such as voltage-dividers, current
transductors and current and voltage transformers, etc. are
incorporated for metering, control, reléying, protection and
operating purposes of all associated equipment in the station.

" This completes the brief description of major

equipment in an inverter station. Consideration will now be

given to the economical layout of these equipment.

2.3 FACTORS AFFECTING STATION LAYOUT:

Most d.c. inverter stations follow the same basic

pattern. Nevertheless every layout has to be decided on its

19,20,21,22

own merits. Any layout is governed by the

following main factors:
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i) Physical:
a. Available land and location.

b. Cost of land.

c. Condition of land.
d. Cost of building construction.
e. Climate of area.

ii) Electrical:

a. Rating'of station.

b. Insulation levels of equipment.

c. Impulse withstand level and creepage distance required.
d. Permissible radio interference levels of equipment.

e. Type of equipment available.

All the above factors vary a great deal from one
location to the other and for two similar locations the two
layouts may still be quite different from each other because

of possible different electrical ratings of the stations.

2.4 DEVELOPMENT OF INVERTER STATION LAYOUT:

Inverter terminal station layouts may be of three

1. Completely indoor.
2. Completely outdoor.
3. Mixed, i.e. a combination of indoor and outdoor equipment.

A completely indoor station would be most expensive
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because, in general, building costs exceed by far the cost
of open land.
The necessity of a completely indoor station layout
would arise in areas where:
1. the stations are to be located in an already builtup
area, such as a metropolitan city:;
or
2. where the climatic conditions are such that they force
indoor equipment installations, such as reas of heavy
precipitation or pollution.
A completely outdoor station is neither possible
nor desirable when considering mercury arc valves. With
thyristors the layout may be completely dutdoors as the
thyristor units immersed in o0il can be completely encapsulated
and installed outdoors. For mercury arc valves the surrounding
air has to be relatively clean and within certain temperature
limits to protect sensitive valve parts such as the voltage
divider, insulating surfaces, etc. and to ensure proper operation.
These considerations make it economical to house the
valves and their auxiliary equipment in a building whereas other
major equipment such as transformers, disconnects, breakers, etc.

can be arranged outdoors.
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2.5 ALTERNATIVE ARRANGEMENTS OF EQUIPMENT:

The major equipment in any inverter station may be
. . 23
arranged in four possible ways:

i) Narrow Base Layout;

ii) Compact Layout;

iii) Parallel or Back to Back Layout;
iv) Straight Layout.

i) Narrow Base Layout: (FIG. 2.2)

In narrow base layout the valves are arranged in two
levels and the converter transformers are placed on a third
level below the valves. Other equipment may be installed on
top of the building. Such a layout requires minimum land area
and maximum building volume and so is very expensive.

Besides being expensive, this layout offers less
easy access to the valves and other equipment for service and
maintenance. On the other hand the building can be completely
screened thus greatly reducing radio wave emission and making
it suitable for urban locations.

ii) Compact Layout: (FIG. 2.3)

In this type of layout the valves are arranged in

parallel or back-to-back on both sides of the transport aisle.
The converter transformers are enclosed separately adjacent to
the valve building. A.c. circuit breakers may also be installed

indoors. All other equipment can be installed on the top of
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the building.

This layout has similar applications as the narrow
base alyout. However compact layout requires more land area
than the narrow base layout (about 35-45%) whereas the
building volume isvreduced by about 50-60%. So compact layout
is slightly less expensive.' Also due to the parallel arrangement
of valves,Athe compact layout offers comparatively easy access
to the valves and other equipment for service and maintenance.
iii) Parallel or Back to Back Layout: (FIG. 2.4)

This layout is similar to the compact layout in so
far as the arrangement of the valves is concerned. Other
major equipment is arranged outside on two sides of the building.
No equipment is installed on top of the valwe building.

Parallel layout utilizes the smallest building volume

as can be seen from the curves on FIG. 2.6. On the other hand,

24

since the switchyard has to be arranged on both sides of the valve

building, an adequate interconnection of the two sides of the
switchyard is necessary. The total land area is, therefore,
larger than any other layout.

This layout is considered suitable for terminals
of large ratings when land is available at low cost. An
additional advantage is when a bi-polar scheme is used since
valve group platforms of equal voltage level can be arranged
opposite to each other simplifying the construction of the

building.
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iv)  Straight Layout: (FIG. 2.5)
This is the most simple layout and so far all
the existing d.c. terminal stations constructed are of this
type with the exception of the Celilo-Sylmar converter stations
of the Pacific H.V.D.C. intertie, which are parallel type.
The main feature of a straight layout is the arrangement of
all the valves in a row on one level alongside a transport
aisle. Other equipment is installed outdoors in a siwtchyard.
The straight layout provides a clear and easy arrange-
ment for installation and maintenance of all equipment.
Refefring to FIGS. 2.6 and 2.7 this layout is competive from
the point of view of building voiume but requires considerable

land area. It is the most economical layout where plain

ground is available at low cost.

The above four converter station arrangements
considered allow for a wide degree of variation in area and
building requirements. The land area requirements vary approx-
imately from 1 to 10 between "narrow base" and "parallel" layout,
and the building volume requirements from 2 to 1 for the
. 23
corresponding layouts.

A.c. filters have a great and prominent influence on

the design and layout of any inverter station. The land area

required for these filters is considerable and hence is shown

26
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separately in FIG. 2.8.

The total land area actually required for all equip-
ment and building, including a.c. filters, in an inverter station
is, therefore, the summation of areas obtained from corresponding
curves on FIGS. 2.7 and 2.8 for any given voltage rating and
the building volume can be obtained from FIG. 2.6.

Table (II-1l) is prepared from these curves and gives
a comparison of ground area and building volume requirements
for different types of station layouts for a bi-polar,

+ 450 KVDC, inverter station with valve group ratings of 150 KV,
1800 amps.

The curves of FIGS. 2.6, 2.7 and 2.8 give the areas
and volumes that are actually occupiéd by d.c. converter station
equipment and building. These do not include areas and volumes
required for terminations of a.c. lines, access roads, parking,
staff, and visitors buildings, etc. These requirements vary
greatly from case to case. A utility making an investigation
of an H.V.D.C. installation is in the best position to make
estimates from these additional areas tailored to its require-

ments.

2.6 DETERMINATION OF A SUITABLE LAYOUT:
As stated before every layout has to be decided

entirely on its own environments and the factors affecting the
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Table (II-1)
Comparison of land area and building volume requirements for different types of
layout of same rating (+ 450 KV D.C.)

Required Land Area

Type of 8witchyard A.C. Filters & Total Building Volume

Layout Ft. Capacitors Ft.2 Ft2 Million Ft3
Narrow .

Base 40,000 71,000 111,000 4.3
Compact 85, 000 71,000 156,000 2.8
Parallel 480,000 96, 000 576,000 1.8
Straight 370,000 96, 000 466, 000 1.95
Notes: 1) Switchyard area includes - building, converter transformer banks,

d.c. line and electrode line equip-
ment a.c. switchyard (bus bar only,
not including A.C. termination).

2) Building volume includes - Valve hall, transport aisle, Valve

servicing and preparation rooms,
Relay and Control rooms, offices,
etc.
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layout for the particular site concerned. Nevertheless, the

straight layout offers many attractions as compared to other

layouts.

1. D.c. terminal stations are usually built for the
transmission of large blocks of power over long distances.
Thus for safety and economic reasons they should be located
away from populated areas where abundant land is available
at a much lower cost. The narrow or the compact layout
would be quite uneconomical in such locations.

2. In a straight layout, the switchyard is simple
and neat and offe:s straight, uncomplicated and very
economical bus work. The switchyard of the parallel layout is
complicated and expensive.

3. Although the building volume required for a straight
layoutvis slightly more (about 8-10%) than for the parallel

layout, it is offset by smaller (about 20-25%) overall land

area required.
4. In North America (U.S.A. and Canada) large areas of
flat land are not scarce and a straight layout would prove

the most practical and economical in the majority of cases.

Based on the above reasons it has been decided to
consider a straight layout for the purposes of this thesis.

One such layout is shown in DWG. 2B.*

* See large drawing in the back pocket of thesis.

33
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2.7 BASIC IMPULSE LEVEL, CLEARANCE AND CREEPAGE DISTANCE:

When considering the layout of an a.c. electrical
station it is necessary to arrive at an economical and
electrically acceptable value of basic impulse levels (BIL)
of all equipment and clearances and creepage distances required
for the desired rated voltages. Same is true for H.V.D.C.
terminal station. BIL is defined as: 24

"Basic impulse insulation levels are reference levels
expressed in impulse crest voltage with a standard wave not
longer than 1.5 x 40 micro-second wave. Apparatus insulation
as demonstrated by suitable tests shall be equal to or greater
than the basic impulse insulation level.®"

As clearances are related to impulse withstand levels
it follows that the choice of these levels is a principal
factor influencing the design of layout of the station. The
objective, therefore,iis to determine the lowest values consistent
with security of operation and consistent with good engineering
practice.

Establishment of the impulse level for an equipment is
guite involved. ' Extensive work has been done and experience
gained by research engineers over a period of several years.

The BIL value of an equipment is principally governed by the
type and properties of protective equipment, lightning arresters

and sparkgap settings. In the case of d.c. there is no established
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universally adopted standard as yet and extensive investigation
is being done at the moment by different concerns including
Teshmont Consultants Ltd., Winnipeg. The philosophy for
establishing basic impulse levels for H.V.D.C. equipment may'
be stated as follows:

For any particular voltage level and circuit arrange-
ment, the maximum dynamic overvoltage that can be generated
within the system is calculated. This overvoltage is then
taken as the lowest voltage against which the lightning arrester
must reseal. From the lightning arrester manufacturer's data
an arrester can be selected to meet this reseal voltage.
Furthermore the maximum withstand voltage that can occur in
the station is calculated from which a BIL is selécted for the
equipment from the standard table.

In FIG. 2.9 the curves show the I.E.C. recommended
values of system voltage vs. impulse withstand level and the
curve on FIG. 2.10 gives the criterion for determining clearances
that have generally been adopted by I.E.C. for d.c. terminal
stations. The values of BIL and clearances determined from
these curves for a particular voltage would be subjept to the
following conditions:

1. The values determined may be varied by 20-30% to

arrive at a standard value of BIL and/or clearance.
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2. The values refer to an altitude of less than 3300
ft. (1000 meter) and take into account the most unfavour-
able conditions which may result from atmospheric pressure
variations, temperature and moisture.

3. Above 3300 ft. and up to 10,000 ft. clearances
should be increased by 1.25% for approximately every 330 ft.

4. In the case of outdoor installations the clearances
may be slightly increased (typically up to 1.4%)

5. When the configurations of line and earthed parts
are exceptionally unfavourable, it may be desirable to
check the distance by a direct impulse test on a model
structure incorporating the elements involved.

6. For insulating switches the insulation level should
be increased by about 15-20% from those determined from the

curves.

Basic Impulse Levels for 150 KV, 1800 amps. valve

groups considered here are determined from the curve of

FIG. 2.9 and are tabulated in table II-2 below.
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Group No. Rated Direct Voltage BIL
(RV) (RV)
1 _ 150 750
2 300 | 1050
3 450 1425
Neutral ' 0 150
81
Table II-2

Recommended Values of BIL for Different Rated Voltages

Creepage distance is thé'total length along the
surface of the insulator through which a spark has to creep,
due to overvoltages, in order to cause a flashover.

For indoor installations, creepage distances present
no problems and standard a.c. substation insulators may be used.
However for outdoors the subject of creepage distance is rather
complicated. Flashover voltage of a poliuted insulator is
proportional to the creepage distances, provided there is
adequate clearance between live parts at different potentials.
It can happen that on a, say, 550 KV BIL insulator there is
insufficient creepage and one has to use a 750 KV BIL insulator.

The minimum creepage distance depends on climatic

conditions, location of station, and system operating conditions.

Typical minimum creepage values for a fairly clean place can

be taken as below:
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For Indoor Installations = 1 to 1.8 cm/K.V.P.%*
For Outdoor Installations = 2.3 cm/K.V.P.

For a pelluted area such as industrial or sea coast,
the minimum creepage distance for outdoor installations could
increase up to about 4.0 cm/K.V.P.

These values are based on laboratory and field tests
and on experience from installations in operation.20

FIG. 2.11 gives the wérking voltages and corresponding
impulse voltage values of different items of equipment in an
inverter terminal station obtained from curves 6n FIG. 2.9

for the d.c. section, and from the NEMA standard for the a.c.

section.

* P = Peak
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CHAPTER IIT

CONVERTING EQUIPMENT

3.1 INTRODUCTION:

Conversion of electrical power can be carried out by
means of a special switching arrangement such as the "Transverter
System" developed in England in the early 1920's or the "Swedish
Glesum System" developed in Sweden in the early 1930's. 25 Such
switching systems, although they might work quite satisfactorily
under steady state conditions, cannot operate fast enough to
respond to the rather frequent transient phenomena taking place
in the connected a.c. system during faults of sudden variations
of loads,

The only suitable electric switching devices, which
can be made to respond to a.c. system transients and load
variations are:

l. mercury arc valves; or
2. diodes and/or thyristors.

These devices have the inherent characteristic of
facilitating conduction of current during the period when anode
is at higher potential (positive) with respect to its cathode.

The current could only be interrupted when the anode is at zero

~42 -
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or lower potential (negative) with respect to its cathode.

3.2 JUSTIFICATION OF MERCURY ARC VALVES:

Due to the development of thyristors, the converter

industry at the present time is going through a major revolution.
In the majority of applications which require uncontrolled
rectifieation, silicon and germanium diodes have already almost

completely replaced mercury arc valves. In power inversion

applications and grid controlled rectifications the mercury
arc valves are still holding their leading position. However,
in these fields also, thyristors have made progress and it is

16,26 that the day is not too far when most of the

argued
applications involving rectification and inversion will employ
thyristors.

At present considerable research is being carried out
in the devel®dpment of thyristors for H.,V.D.C. applications%6’27'28’29

As a result the design engineer today has the choice between

thyristors and mercury arc valves.

3.2.1 Comparison of Mercury Arc Valves with Thyristor Valves:

a) According to some manufacturers, thyristors are more
expensive to manufacture at the present time than the mercury
arc valves of equivalent ratings. It is claimed:31

"If a converter station using thyristor valve equivalents




c)

was built and successfully tested tomorrow, it would be quite

uneconomic compared with one using mercury arc valves. The

forward voltage drop across the thyristors would be too high

and the thyristors themselves too costly."

b) Another investigation 29 shows that an H.V.D.C.

terminal station with thyristors would be about 25% cheaper

than with mercury arc valves. The main features in favour

of thyristors are claimed to be:

1. Thyristors can be of outdoor type thus reducing

building costs (refer to Chapter II, Section 2.4) .

2, No arc-backs present and no by-pass valve required

with thyristors (Chapter II, Section 2.2.1.Db).

3. Thyristors can operate at much smaller angle of

deionization (5-10°) as compared to mercury arc valves

(15—180), thus resulting in reduced reactive power

consumption.

4. Thyristors do not require any warm up time.

5. Maintenance cost is lower on thyristors and they do

not deteriorate in service.

At present thyristors are rated about 2 to 4 KV each.

Thus in H.V.D.C, applications a large number of modules must

be connected in series. All the thyristors have to be fired

simultaneously and require uniform voltage distribution. This

necessitates very accurate voltage dividers and complex
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firing circuitry. 32

4d) In recent years there have been several H.V.D.C.
systems installed. They all have been based upon multi-anode
high voltage mercury arc valve technology, including the

14,15 There is

Nelson River - Winnipeg Transmission scheme.
no commercial operating experience available at the present
with thyristors used in H.V.D.C., schemes.

é) Grid controlled multi-anode mercury arc valves for
bridge ratings up to 1800 amps., 150 KV (270 MW) are commercially
available and such valves for operation at 200 KV are being
developed by the English Electric Co. and-ASEA.12 In addition
the English Electric Co. has also built a high power thyristor
valve using 144 thyristors in series with a stack bridge
rating approaching 100 KV, 450 amps;; General Electric Co.
has.built a 200 KV, 2000 amps. thyristor valve 16; and
HVDCT - Working Group (AEG, BBC, Siemens) in Europe has built
experimental thyristor valves using ﬁp to 180 thyristors in

series with bridge ratings of 100 KV, 1200 amps. 27

Thus it can be safely stated that future installations

will utilize thyristor techniques,
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3.2.2 Comparison of Mercury Arc Multi-Anode Valve with

Single-Anode Valve:

Until now all H,V.D.C. installations used the

multi-anode mercury arc valves. But now a single-anode,

single-grid mercury arc valve is being developed. The
C.E.G.B. and General Electric Co. of England are developing
such a valve {type E3l75).30 This valve is claimed to be

capable of an output of about 70 KV, 1000 amps. A bridge

using 18 such valves with 3 in series per leg would be
capable of about 200 KV, 1000 amps. output. This valve is
expected to have following advantages:

1. Lower cost per KW,

2. Smaller size per KW,

3. Suitable for outdoor installations (hence reduced

building cost).
It is therefore considered very strongly that

single-anode, single-grid type valves may also be available

in future H.V.D.C. applications.
For the purposes of this thesis the multi-anode

high voltage mercury arc valve has been chosen and from here

on only this type of valve is considered.

The symbol used for mercury arc valve is as below:




/ Anode

Control
grid

~ T Cathode

In this thesis, for the sake of simplicity in
illustrations the symbol shown below has also been used to

represent high voltage multi-anode mercury arc valve.

Cathode

3.3 MERCURY ARC VALVE:¥*

Mercury arc valves and their auxiliaries represent
about 30% of the total cost of the terminal equipment of an
HV.,D.C, transmission link.

Before considering the design of the inverter station

* The terms "Valve", "H.,V,D.C. Valve" or "Mercury-arc valve"
will be used elsewhere for "High Voltage Multi-Anode Mercury

Arc Valve" unless otherwise specified.
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it is desirable to appreciate the research work that has gone

10,15,25,34,36,37

into valve development. The basic parts of

a modern valve are mentioned below:

3.4 MAJOR CONSTITUENT PARTS OF A VALVE:

Today's valve consists of five major parts:
1. Anode Assembly;
2. Voltage Divider:
3. Current Divider;
4, Vacuum Tank and Mercury Pool Cathode;
5. Auxiliary Equipment.

The anode assembly consists of an anode, a series of
grids called "grading electrodes" inserted between the anode
and cathode, the control grid and the porcelain tube supporting
the anode.

The anode assembly is mounted on top pf the stainless
steel vacuum tank. The mercury pool cathode is contained in
the bottom of the vacuum tank. The assembly is mounted within
a steel chasis which is generally supported on wheels. The
chasis also contains fans, heaters and the vécuum system
equipment.

FIG. 3.1 illustrates the ﬁain parts of a valve based
on an ASEA design and FIG. 3.2 shows the circuit arrangement

for the current divider in a six anode valve (1800 amps., 150 KV).
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3.5 ARRANGEMENT OF VALVE PARTS:

Two different arrangements of a complete six anode
valve are shown in FIG. 3.3 and 3.4. In FIG. 3.3 all six

anode assemblies are arranged in one line, whereas FIG., 3.4

has two parallel rows of anode assemblies with three anode

assemblies in each row.

Arrangement of all anodes in one line presents several
disadvantages, some of which are given below:

a) A narrow and long tank and a very long voltage divider
assembly is more difficult and expensive to manufacture than
a shorter and wider one.

b) Cooling arraﬁgements in a narrow valve would be less
efficient and more expensive.

c) More valve withdrawl space is needed with long wvalves
resulting in wider ai=mles and consequently bigger and more
expensive valve buildings.

d) Transportation of a narrow and long valve is more

difficult.

These reasons speak well in favour of parallel

arrangement of anodes as shown in FIG. 3.4. Both ASEA valve

bd

JVKA6 used in the Pacific intertie and the proposed Englisgh

13,14,15
Electric valve ARBJ6 for the Nelson River - Winnipeg scheme !

are based on this design. A photograph of a typical High Voltage
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mercury arc valve is shown in FIG. 3.5.

3.6 OPERATION OF VALVE:

The mercury pool cathode is the source of electrons

and mercury vapour. The cathode is excited by means of ignition
electrodes which are the source of excitation current creating

the cathode spot.

The valve is held 4n the off position, i.e., blocked

by mainteining its control grid at a negative voltage (about 300 V)
with respect to its cathode. In order to fire the valve a
positive pulse is superimposed on the control grid, which begins
to attract the electrons. These electrons now pass into the field
of the anode and the Hrading electrodes. On their way the
electrons collide with neutral atoms of mercury vapour producing
positive mercury ions. These positive ions are attracted towards
the cathode. The presence of the positive iqns neutralizes the

electron space charge, which results in the low arc voltage drop.

The valve now starts conducting. Once conduction starts, the
control grid loses its control and the valve can only be blocked

by beinging the anode voltage to zero or negative thus reducing

its arc current to zero. Time must be &llowed to deionise the
valve before the control grid can become effective in preventing

conduction of wvalve.
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A TYPICAL HIGH VOLTAGE MULTI ANODE
MERCURY ARC VALVE {4




3.7 THREE PHASE H,V.D.C. MERCURY ARC BRIDGE (VALVE GROUP):

In H.V.D.C. transmission three phase bridge connection
has been accepted as the best connection for conversion of
\ 17,26,38 .. ) )
electrical power, This is mainly because the bridge
connection provides the best utilization factor for the trans-

25 Also, for the same output voltage,

former, as high as 95%.
the maximum valve voltage is half that corresponding to other
valve arrangements such as "double star" or "six-phase half wave"
connections, and the valve current is double. This is advan-
tageousvfrom the point of view of valve rating and design.

FIG. 3.6 shows a typical bridge in its simplest form,
connected as inverter. The circuit involves the series operation
of two three—éhase hélf wave bridges, 180° out of phase. The
top three valves (namely 4, 6 & 2) operate as one half and the
bottom three (namely 1, 3 & 5) operate as the other half.
Together they provide an output which is twice that of each half.

For the operation of the bridge it is necessary that
the valves must be fired in a predetermined sequence and that
the firing of valves must be controlled and timed accurately.*

One of the valves is fired every 60° and keeps conducting

during roughly one third of a cycle (approximately 1200).

56

* Firing sequence tables for rectifier and inverter bridges

are given in appendix II.
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Thus two valves conduct simultaneéously in series (for 120°) .
During the remaining part of the cycle, the valve is first
exposed to high inverse voltage and then to high positive
voltage until the time when the arc is released by the control
grid. The propostion between the time of inverse voltage and
the time of positive blocking voltage depends upon the degree
of phase retardation by grid control. In rectifier operation
the inverse-voltage éeriod'is dominant, while in inverter
operation the blocking voltage period is dominant. (FIG. 3.7)

The by-pass valve is similar to the main valves in
construction and aesign, the only diffefence being that ik is
capable of carrying full 1ihe current usually for 30 to 60
seconds continuously.

Reference to Chapter II, section 2.2.b, the by-pass
valve serves to by-pass the main valves of the bridge. During
normal operation, this valve stays blocked. Due to any internal
disturbance such as, commutation failure, fire through, arc
back, arc quenching, etc., the main valves fail to operate.
During this time the bridge is blocked temporarily, the by-pass
valve unblocked and the direct current is transferred to the
by-pass valve. The flow of current is, therefore, uninterrupted.
As soon as the disturbance is cleared, the by-pass valve is blocked
and the main valves unblocked to take over normal operation.

Although H,V.D,.C., theory states that the temporary
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blocking-unblocking sequence can be accomplished in about 5
chcles (about 80 milliseconds), in actual practice this time
may be more than that. The control circuit gemerally goes
through a checking cycle to make sure that conditions for
unblocking are satisfactory. For this reason longer blocking-
unblocking time will be required.

The main reason for providing a by-pass vaave is
because the mercury arc valves cannot be designed to be éntérely
free from "arc-backs". The design of a mercury arc valve free
of arc-backs has not been realised yet. But if it is, the
elimination of the by-pass valve may be foreseen.

The theory of operation of a bridge has been dealt
with in detail in several papers and books. 12,17,18,38
DWG. BX‘is drawn to define and identify the terms used in

H.V.D.C. terminology and also for reference purposes. A list

of the symbols used in this thesis is given in appendix III.

3.8 DAMPING CIRCUITS, ANODE REACTOR AND CATHODE REACTOR:

At the instant a valve starts conducting the voltage
between its anode and cathode rapidly collapses to zero and the
forward anode current rises very steeply to its full value.

On the other hand, at the instant when a valve stops conducting

i See large drawing in back pocket of thesis.
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the anode current suddenly drops to zero value and the inverse
anode - cathode voltage (rectifier) or blocking voltage (inverter)
rises rapidly to its full value. This rate of sudden voltage

and current change depends on the angle of delay and overlap.

The greater the values of these angles the greater is the

sudden change. Methods bto limit these sudden changes are
discussed below:

i) Damping Circuits:

At the beginning and the end of commutation, the
high voltage step to which a valve is exposed creates high
frequency oscillations in circuits which are mainly comprised
of the leakage inductance of the converter transformers, and
stray capacitances of ﬁhe trahsformers, conductors and wall
bushings. These voltage oscillations may be in the range of
10-60 KHz and may cause a back fire or extinguish the

excitation arc. The recovery voltage across the valve may swing

to dangerous values and cause severe voltage stresses on the

valve (about 150-160% of normal value) making its operation
impossible. In order to reduce these voltage stresses to

reasonable values, say 110-120%, it is necessary that the

energy stored in the leakage reactances and stray capacitances
should be dissipated. This is done either in a long train of
oscillating waves or more quickly in the resistor of a

. ‘o . . . 9,25
resistance-capacitance damping circuit.
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17,39 the use of

Of several methods of damping,

series resistance-capacitance (R-C) damping circuits is the
most simple and practical for H.V.D.C. terminal stations.

These damping circuits can be connected either across each

valve or across the converter transformer windings or both.
Connection of one damping circuit across each valve results in
lower losses, about 15%, as compared to other arrangements

and is therefore most preferred.

With proper damping the voltage Wave forms in the
valves of a bridge are expected to be as shown in FIG. 3.7
and the electrical connections of these R-C circuits are shown
in DWG. 2A (back pocket). The resistors of the damping
circuits are connected in star and the common point is connected
to one of the d.c. terminals of the group. The other terminals
of the star connected resistors are connected to the bus on the

a.c. side of the group via damping capacitors. The entire R-C

damping circuit must be insulated from ground for the correspond-

ing group voltages. This can be achieved by supporting resistors
and capacitors on insulators.

Damping #nvolves dissipation of energy in the damping

resistors. This necessitates adequate cooling of these resistors.
These damping circuits can be installed outside the valve hall

and placed as close to the valves as practically possible.
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ii) Anode and Cathode Reactors:
At the instant of commutation, the collapse of

voltage between the anode and cathode causes current

oscillations with such a high amplitude in relation to the

rising main valve current that the resulting arc current may
pass through zero several times before the oscillation is
damped out.

The principal range of these current oscillation

frequencies is about 20~60 KHz due to converter transformer
self capacitance and capacitance of the transformer bushings;
and also in the range of 0.5-10 MHz due to capacitances of the
valve itself.
In FIG. 3.8 typical current waveforms in a valve are
shown. These are:
1. The fundamental frequency current wave (FIG. 3.8.a).

2. The damped medium frequency current oscillations, say

20-60 KHz, superimposed on the fundamental frequency

current wave (FIG. 3.8.b).
3. The high frequency component, say 0.5-10 MHz, current

oscillations superimposed on the fundamental frequency

current wave (FIG. 3.8.c).
These medium and high frequency oscillations do not
25
cause any inconvenience to other equipment, but they may

force the wvalve into reverse conduction which would cause the
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excitétion arc and hence the cathode spot to be extinguished
and the valve conduction interrupted. These sudden bursts of
valve current could cause radio noise and corona in the
vicinity of the converter station.

If an inductance (&node ¥eactor) is inserted in
series with the anode as close as possible to the anode, the
current oscillations can be effectively damped.lO This is
illustrated in DWG. 2A.

Anode reactors also contribute to some extent in
suppressing radio emission due to commutation. Nevertheless,
separate dampers such as cathode reactors are installed
specially to dampen radio frequency oscillations being
radiated through the bushings to the yard. These reactors are
inserted in series with the cathode of each valve (see DWG. 23).

A typical anode reactor 1is constructed of an air core
inductor éoil damped by parallel resistors mounted inside.
Normally the indﬁctor ig air cooled. Cathode reactors are
usually of the same design or, alternatively, could consist of
rihgs of magnetic material such as "ferrite" through which

cathode conductors pass.

3.9 METHODS OF VAIVE FIRING:

There are four types of firing systems available at

the present time. These are:
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l.v Constant & Control System;

2. Inverse Cosine Control System;

3. Constant Extinction Angle (¥ ) Control System;
4, Phase Locked Oscillator Control System,

The first three systems of controlling the firing
[} > [1] 40 2
pulses, or "conventional types of control systems", contain

six independent delay circuits per bridge, timed successively

from the a.c. line voltages. The control voltage is usually

obtained from an automatic negative feed back loop, proportional
to the actual d.c. line current and a reference signal.
Alternatively the controlled quantity may be power, or a.c.
system frequency. Thus the firing pulses are dependeﬁt directly
on a.c. line voltage and its distortion.

The fourth method, namely, phase locked oscillator 41
is based on the principle of generation of firing pulses at

highly accurate relative intervals of 600, independent of a.c.

waveform. A free running oscillator for each valve group is

locked in frequency to six times the fundamental a.c. frequency
and the relative phase can be shifted by a signal derived from

the current control loop. The oscillator drives a six way

ring counter which moves on one step per input pulse,
FIG. 3.9 illustrates the prinéiple of operation of
phase locked oscillator control system. This method was

developed in England by Mr. J. D. Ainsworth of English Electric
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Co. Ltd., and has been extensively tested successfully on an

H.V.D.C. simulator. 42

It has been accepted to be used in
Kingsnorth H,V.D.C. scheme and also in the Nelson River -
Winnipeg H.V.D.C. scheme.

The conventional control systems suffer from several
disadvantages and operational difficulties which have been
overcome by the phase locked oscillator control system. These
are:

a) In conventional control systems, since the firing
pulses depend directly on a.c. line voltage, any distortion

in the a.c. system is transmitted into the pulse control

system. This results in inaccuracy of the firing pulses

which, in turn, cause the generation of a.c. and d.c. abnormal

harmonics in addition to the theoretical harmonics. These
"abnormal harmonics" may be of the order of 1, 2, 3 etc.
on the d.c. side and 2, 3, 4 etc. on the a.c. side.

Such harmonics have been found in several H,V.D.C.

installations *3+%4.45,46

causing excessive interference and
have resulted in adding expensive special filters in addition
to the filters required for the attenuation of theoretical
harmonics.

b) On the‘a.c. side, these abnormal harmonics and small

amounts of other abnormal voltage harmonics present due to,

say, generators etc., will cause further irregularity of

68




firing pulses. These irregular pulses generate abnormal
current harmonics which magnify the original voltage
harmonics by flowing in the a.c. system impedance. This
repeated magnification can readily rise to a high value
resulting in harmonic instability.

c) The situation is made worse by the fact that firing
angle irregularity, in general, produces d.c. components in
the converter transformer secondary windings. This tends
to saturate the core, producing further harmonics and hence
further distortion from primary megnetising currents.

a) Another disadvantage of the conventional control
systems 1s their inability to operate a converter on a very
"weak"* a.c. system. Abnormal harmonic magnification becomes
excessive and may prevent stable operation of converters.

The harmonic instability can be improved by adding
a"control system filter" in the supply of a.c. voltages from
the main system to the control system. Theoretically this
method should provide sufficient attenuation, but in actual
practice has resulted in several disadvantages of its‘own.

The filter has a phase error which varies with system

69

* The term "weak" a.c. system means a system whose short
circuit capacity is less than, say 3 times the d.c.

transfer capability.




frequency, and it cannot attenuate negative-sequence fundamental
voltages. The effect of these is also to cause irregular firing-
pulses, resulting in the generétion of more abnormal harmonics

by the converter. 1In addition, the filter ignores the presence
of harmonics on the a.c. system voltages, whereas the valves
respond to the actual voltage reaching them, including harmonics,
and hence repeated commutation failure in the inverter may

occur. The control system filter also does not prevent trans-
former saturation.

The phase-locked oscillator control system is primarily
designed to prevent harmonic instability. Since the pulse
timing is not directly dependent on a.c. line voltage, it can
be adjusted to fire the valves very accurately every 60° and
is not affected by the disturbances in the a.c. system. This
practically eliminates the generation of abnofmal harmonics
and harmonic instability.

Because of this design feature, the phase-locked
oscillator is credited with several other advantages, some of
which are:

a) The method is more economical as additional filters
fof the attenuation of abnormal harmonics are not required.
b) Due to the absence of irregularity of firing pulses,
the converter transformer saturation effect is also very

small.

70
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c) Since no harmonic instability is expected with this
system, the need for a control systém filter with its
associated disadvantages is also eliminated. This further
reduces the cost.

d) With this method of firing the operation of converters

on "weak" a.c. systems is possible without harmonic instability.

Thus it is concluded that the phase locked oscillator
control system offers the most economical and effective method

of firing.

3.0 BUILDING AND VALVE HALL:

The building for an H.V.D.C. terminal station includes
valves (valve-hall), their auxiliaries, rooms for cleaning,
degassing, preparing, etc. and offices for operating personnel.

To suppress sadio wave emissions from the valves, the
valve hall is completely shrouded in a coppet wire mesh cage
forming a screen all around. The screen is generally built
within the walls, roof and floor of the hall and grounded.

A typical arrangement of a valve and its auxiliaries

is shown in FIG. 3.10, and the layout of a complete valve group
in a valve hall with its d.c. and a.c. bus arrangement can be

. 20,47
seen in FIG,., 3.11.

The valves are to be insulated from ground for their
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corresponding voltages and therefore, should be installed on
platforms supported on insulators. Suggested clearances are
given in table III-1. |

It is desirable to keep the floor height of the
transport aisle and valve platforms at the same level through-
out so that the valves can be easily moved on rails from
service rooms to their platforms in the valve-hall and vice

versa. This is achieved by making the floors of 300 KV valves

lower than the floors of 150 KV valves and the floors of 450 KV
valves still lower than those of 300 KV valves. Supporting
insulators of appropriate heights are used to keep all valve
platforms at uniform height. A cross-section of the va¥ve-hall
is shown in FIG,., 3.12 giving respective clearances to ground.

Other equipment and facilities included inside the
building are:

i) Air Conditioning and Ventilating Equipment Room:

— — — e et e ™ s e et i e m— e et — — — m— g p—

These contain equipment for the control ofrtemperature
of valve halls and air ventilation.
ii) ZIransport Aisle:

The transport aisle is equipped with rails as a
means of transporting valves between valve;hall and the service

rooms. This aisle can also serve as a walkway for personnel -

and operators in the station.
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Dimension

150 KV D.C.
(750 KV BIL)

300 KV D.C.
(1050 KV BIL)

450 RV D.C.
(1425 KV BIL)

A 5¢* - 5" 7' - 8" 10' - 3"
B 6 - 1" 8! - 4" 10* - 11"
c 45' - Q" 53¢ - O" 57 - 0"

Buggested clearance and dimensions for valve

halls. Dimension A is obtained from curve on

FIG. 2.10 in Chapter II.

Dimensions refer to FIG.

3.10.
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iii) Pressure Rooms:

These contain the pipes and tunnels etc. for air
ventilation in the valve halls. Water cooling equipment for
the valves may also be installed in these rooms.

iv) Valve Service Rooms:

These are necessary for cleaning, assembly and
degassing of the valves. After degassing the valves are put
in the preparation room where they are kept ready to go in
service at any instant.

v) Control Room:
A control room is required for the equipment for

control, relaying, protection and indication of the system.

vi) Offices, Stores & Workshops:

_— e e e e e e e — — e

Offices for the staff, operators and other personnel

are necessary. Proper stores and workshops are required for

storage, repair and maintenance of equipment.
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CHAPTER IV

LIGHTNING ARRESTERS, DISCONNECTS
AND
MEASURING EQUIPMENT

4.1 OVERVOLTAGES IN THE INVERTER STATION:

As in a.c. transmission, overvoltages of short
durations also arise in a d.c. system both due to normal, as
well as, abnormal operation of valves. Overvoltages generated
during normal operation of valves have been discussed in
chapter III, section 3.8. Here voltage transients only due
to abnormal operations are discussed.

Overvoltages in a d.c. station can be divided into
two classes.48
i) External Overvoltages;

ii) Internal Overvoltages.

These overvoltages are generated in both d.c. and
a.c. systems and affect all equipment in the station.

External overvoltages are caused by lightning
strokes on the overhead lines, outdoor equipment, and switching
surges in the a.c. section which may enter the d.c. eguipment.
ii) Internal Overvoltages:

These are the result of various operating conditions
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of the d.c. transmission system such as inverter, and rectifier
faults, blocking and unblocking operations, starting and

interrupting the d.c. transmission etc.

4.2 OVERVOLTAGES IN D.C. SECTION:

The d.c. section of the inverter station is subjected
to overvoltages due to fdllowing:

a) If the voltage on one group, in series with other

groups, suddenly collapses due to, say, commutation failure,
fire-through, back-fire or blocking and unblocking operations,
the other healthy groups are subjected to overvoltages
determined by the stray capacitances and the system voltage
at the instant of collapse. The magnitude of these over-
voltages may be in the order of about 1.5 to 1.7 times the
normal no load voltage V.

b) Other valve group faults, such as arc-quenching,

cause overvoltages across the faulty valve itself, anode

reactor and converter transformer secondary windings.
c) Lightning strokes and switching surges result in

overvoltages on the d.c. line and other d.c. equipment in

the station.

4.3 OVERVOLTAGES IN A.C, SECTION:

Overvoltages arising in the a.c. section of the inverter



station are transmitted into the d.c. section through

converter transformers and associated valve damping equipment.

Beside switching operations, other sources of overvoltages

in the a.c. section are:

a) | The sudden collapse of a.c. system voltage connected
to the inverter station results in a dynamic overvoltage
on the d.c. side. The magnitude of this voltage is
iinfluenced by the choice of synchronous condenser. A value
of about 1.3 to 1.5 times Vg may be safely assumed for the
magnitude of dynamic overvoltages.

b) A.c. harmonic filters produce overvoltages at the
time of switching with a longer wave-front (about one
millisecond) which are normally not present in a pure a.c.

system.

The exact magnitude of the overvoltage transmitted

into the d.c. section of the inverter station depends on the

actual converter transformer design, its connection i.e. wye-wye

or delta-wye, time in the cycle at which the overvoltage
occurred, the phase which is affected and the system voltage

at the instant.

4.4 PROTECTION AGAINST OVERVOLTAGES:

The insulation of the line and all other egquipment
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in the inverter station should be designed to withstand
voltage transients encountered by them. An economical
protection level is as low as possible and steps must be

taken to protect the equipment from damage from these surges.
Various methods are adopted for protection against overvoltages

depending on the location and type of equipment. Ground wires,
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rod-gaps, lightning arresters, surge capacitors, isolating switches

and voltage and current measuring devices are used to achieve
proper protection and render the station reasonably economical.
In practical cases a compromise has to be found between

financial and technical considerations.

i) Overhead Lines Protection:

D.c. overhead lines can be best protected against
lightning strokes by running an earthwire on top of the towers.
In the case of long lines it may be necessary to connect a
surge capacitor just before the line termination. By providing
an overhead ground wire and surge capacitor the effect of
lightning storkes on line and other equipmént in the station
is reduced.

ii)  Station Bus and Equipment Protection:

Two types. of protective devices are most suitable

for the protection of terminal equipment against overvoltages.
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Protective Rod-Gaps:
These are simple and very economical, but have a
long time lag for short duration impulses. For this reason

it is difficult to select suitable settings for proper

protection. Rod-gaps are also not very accurate. 1In actual
service, considerable variation of sparkover voltage can
occur due to slight differences in dimensions and shape of

rods and also due to weather conditions, which also makes

the setting of gaps difficult.
Lightning Arrestors:
These provide most effective protection against

surges, both on the d.c. and the a.c. sides of the inverter
station.

On the a.c. side the lightning arrester operates as
a spark gap with a precise firing voltage, connected in
series with non-linear resistors which tend to hold the

line voltage near its original level while follow current .

flows. At a current zero, the arc is extinguished and the
arresters reseal.

The absence of current zero on the d.c. side makes the

process of extinguishing the arc difficult. A lightning
arrester has to be designed specially for d.c. applications
say, by providing a diverter that will reseal at reasonable

current, or a protection arrangement to blow out, extend or

reduce the arc current to zero when the arresters fire.



4.5 LOCATIONS OF LIGHTNING ARRESTERS:

DWG. 4A* shows the possible optimum locations49,30
where lightning arresters may be connected. These are:
i) D.C._Line Lightning Arresters:

These arresters are installed for the protection of
eduipment connected to the d.c. line terminals (item 1,

DWG. 4A). Lightning and switching surges on transmission
lines may travel into the terminal station and cause damage.
D.C. line arresters by-pass these surges to earth.

ii)  D.C._Line Smoothing Reactor Lightning Arresters:

These are connected across the smoothing reactor
(item 2, DWG. 4A).and are designed to protect the reactor from
overvoltages.

These arresters are connected across the by-pass
valve just outside the valve hall (item 3, DWG. 4A). The
purpose of these arresters is to protect by-pass valves and
also main vlaves of the group from overvoitages on the a.c.
system and valve faults. These arresters also protect the

by-pass valves from sudden overvoltages due to d.c. line

reactor arrester operations.

* See large drawing in back pocket of thesis.
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In a d.c. terminal station both a.c. and d.c. surges
are impressed on connections between the a.c. side of the valve

groups and the secondary windings of the converter transformers.

Overvoltages on one phase create unbalancing among the three
phases. A set of arresters connected in delta across the
three phases (item 4, DWG. 4A) acts to correct the unbalancing
by equally distributing the surges in all three phases.

v) Valve Winding Arresters - Line to Ground:

These arresters (item 5, DWG. 4A) are required for
the protection of secondary windings of.converter transformers
and associated equipment from surges originiating on a.c. side
of the station. They are connected close to the secondary
windings of converter transformers.

vi) Electrode Line Lightning Arrester:

e —— G . — —— o — ——— s Dt v von  wo—— e

Under normal conditions no current flows intthe elect-

rode line. If one pole is blocked the current in the other

pole will flow into the electrode line. An arrester (item 6,
DWG. 4A) installed on this line protects it from overvoltages

caused by blocking of one pole and also lightning surges.

vii) A.C._ System Lightning Arresters:
These arresters are installed to protect converter

transformers from lightning strokes and switching surges on

the a.c. system and are connected on the primary side of the
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transformers (item 7, DWG. 4A).

4.6 LOCATIONS OF A.C. DISCONNECTS AND D.C. ISOLATORS:

DWG. 4A also shows locations of a.c. and d.c. switches

together with their desirable BIL ratings.
All the switches are to be motor operated with
remote, local as well as local hand operation facilities.

These are:

i) D.C._Line Isolator and Grounding Switches: (item a, DWG. 4A)
These switches are installed for the isolation of the

d.c. line for maintenance and under faults. These are not

load breaking switches. The direct current must drop to

zero before they can be operated. Each d.c. line switch is

mechanically and electrically interlocked with its grounding

switch so that when the line switch is opened its grounding

switch is closed simultaneously to ground the line and vice

versa.

The line switch must have a continuous current rating
of at least 1800 amps. A rating of 2160 amps (120% of

1800 amps.) may be given for safety reasons. The grounding switch

is not needed to have a continuous rating of 2160 amps but must be
able to carry this current for at least a few milli-seconds.

ii) By-Pass Switches_(b), Valve Group d.c._Isolators_(c).

— M, ST S M S e Vi eV = —_—t et M e MmN e Ve

— — — — o Py et e — e



86

Disconnecting Switches (e): (all items refer to DWG. 4A)
These switches are for the isolation and grounding

of the corresponding valve groups. Under normal operating

conditions switches (c) and (e) stay closed while switches

(b), (h) and (d) are open.
Referring to chapter II, section 2.2.l1l.b, permanent
blocking of a valve group is achieved by closing the by-pass

switch (b) which takes over current from the by-pass valve.

Now the valve group d.c. isolators (c) are opened. The group
is also isolated from the a.c. side by opening the a.c.
disconnects (e) and effectively grounded by closing grounding
switches (d) and (h). The a.c. disconnects (e) are interlocked
with the a.c. grounding switches (d).

The by-pass switches (b), valve group d.c. isolators
(c) and a.c. disconnecting switches (e) should have a
continuous rating of 2160 amps. Other switches namely, valve

group grounding switches (d) can be.designed to carry full

load current for a very short time only, say a few milli-seconds.

iii) Electrode Line and Ground Switches:

The purpose and function of these switches (item £,

DWG. 4A) are similar to the d.c. line and ground switches.

(item a, DWG. 43).



4.7 VOLTAGE AND CURRENT MEASURING EQUIPMENT :

In the a.c. section of the inverter station the
desired voltages and currents are measured by conventional
alternating voltage and current transformers at suitable
locations, such as, C.T.!'s in transformer and circuit
breaker bushings and P.T.'s on the a.c. bus.

In the d.c. section it is not possible to use such
voltage and current transformers, instead voltage dividers
and current transductors are used.

i) Voltage Divider:

The direct voltage is measured by means of high
resistance voltage dividers. Each divider must be insulated
for the basic impulse level of the section to which it is
connected and must be capable of withstanding full line voltage
to ground continuously. The tap-off voltage is a small fraction
of the total voltage drop across the full length of the
divider. This voltage can be amplified and applied to a
voltmeter, calibrated in terms of actual line voltage, or used
for control and protection circuits.

ii) Direct Current Transformers: (Transductor)

Thesmagnitude of direct current is measured by means
of direct current transformers known as "transductors". A

transductor provides an output which is instantaneously and

continuously proportional to the primary current. Several forms
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of transductors are available.

51,52




CHAPTER V

REACTIVE POWER REQUIREMENT AND
HARMONIC FILTERS

5.1 INTRODUCTION:

While designing a.c. terminal stations little

attention is paid to the question of harmonics, since

harmonic levels in a.c. power networks are generally found

to be acceptably low. However, in the case of an H.V.D.C.
terminal station, harmonics cannot be ignored. The operation
of inverter, and rectifier, bridges is characterised by two
main features:

1. Consumption of reactive power;

2. Generation of a.c. and d.c. harmonics.

This chapter concerns itself with the reactive

power requirements and harmonic suppression methods in the

inverter station.

5.2 MAGNITUDE OF REACTIVE POWER:

1718,53,54

Various methods are available to deter-

mine the amount of reactive power required for the operation
of bridges. One typical illustration is given below

For inverter operation:l7'54

-89
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Power factor (p.f.)
Cos # = 1/2 (cos & + cos P )* ... (5.1)
Considering a typical case, when

& = 15°

¥ = 20°

P

From equation (5.1),

¥+ & = 35°

1l

p.f. 0.8925 ... cen cen (5.2)

The reactive power consumed per unit of the active power is

given by:
reactive power = VI sin g
active power VI cos @
= tan @ (5.3)

So, for the above value of p.f.;
Reactive power consumed
= 50.55% of active power.

The value of advance angle P Idepends on load, P

increasing with load. From equations (5.1) and (5.3) it can be
seen that reactive power consumed as a percentage of active power
(i.e. a.c. load) increases with increase of load. This suggests

5
that every attempt should be made to keep ﬂ minimum. 5 The

¢urve on FIG. 5.1 illustrates the change in reactive power

eonsumption by a bridge with load.

* For definitions of various symbois refer to appendix III.
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Even with an angle of advance automatically main-
tained at the minimum for safe commutation, in actual practice

the reactive power consumption of valves may be as much as

54,55

50 - 60% of the real power output. Therefore, for a

bridge of, say, 270 MW output the reactive power consumed
could be 135 MVAR to 162 MVAR,

The design engineer is confronted with the question

of providing ways and means of the required reactive power

for valves.

5.3 SOURCES OF REACTIVE POWER:

The sources of reactive power may be as follows:
1. A.C. harmonic filters;
2. Reactive power available from the connected
a.c. system;

3. Additional static capacitors;

4, Synchronous condenser.

The sources of reactive power in the a.c. system
may be:

1. Long transmission lines;

2. Synchronous generators; and
3. Capacitor banks for voltage correction.
A large a.c. system is generally capable of supplying

enough reactive power. If the system cannot supply total
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reactive power required by the bridges, it becomes necessary
to install synchronous condensers, additional shunt capacitors
or a.c. harmonic filters of a larger "size".*

Filters of large sizes are not suitable since the

amount of reactive power consumed by the valves increases
with the power transmitted. There will, therefore, be an
excess of MVAR at light loads.

Additional capacitors have the advantage over large

size a.c. filters as they can be easily switched off under light
load conditions when reactive power requirements are less.

The synchronous condenser is a better source of
reactive power from the point of View of MVAR control. It
provides stepless control throughout the entire output range,
improves stability and a.c. system voltage conﬁrol. In a
weak a.c. system the synchronous condenser by virtue of its
inexrtia, provides the a.c. source which enables the d.c link

5,46

. . 4
to ride through a.c. system disturbances.. Synchronous

condenser also occupies less space and is designed for outdoor
installation. As stated before (in chapter II); the synchronous

condenser helps to increase the a.c. bus short circuit level.

* "Size of filter" -~ It is the amount of reactive power
which a harmonic filter can supply at fundamental

frequency under normal system conditions.
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As against these, the condenser is noisy, more expensive than
capacitors and suffers from higher losses (about 1.5 - 2,0%)
and more maintenance cost. Losses in capacitors are about

0.2 -~ 0,25%.

In most cases the reactive power source consists of
a.c. filters, synchronous condenser, static capacitors or a

combination of all. Usually the prime purpose of synchronous

condenser 1s to increase the short circuit level of the inverter

a.c. bus,

5.4 SYNCHRONQOUS CONDENSER:

FIG. 5.2 illustrates the connection of a synchronous
condenser to the tertiary windings of the converter transformer.
For physical location of the condenser refer to DWG. 2B in the
back pocket. Economy dictates that the synchronous condenser

10,57

must be of lower voltage ratings, say, 10 - 20 KvV.

Converter transformer tertiary windings are most suitable for

synchronous condenser connections.
The synchronous condenser is connected to the converter

transformer by means of a circuit breaker and line isolating

switch. The breaker and the switch are required for the
proteétion and isolation of the condenser.

A compléte synchronous condenser assembly is normally
equipped with stator and rotor windings, main and pilot exciters,

starting generator, automatic voltage regulator and voltage
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To 230 XK.V. A.C. Bus

/\

Primary
YA 230 K.V

A

Tertiary
12 R.v.

O

Secondary J R
136 K.V. b . b _@
N— g ) S

12 K.v.
- i — _ Circuit
Breaker ——*

*—
&

.9
_>
1}

To Valve Group

&
&
N

*ﬁé%_

Synchronous Condenser

12 R.v., 100 Mmva

900 R.P.M., 20% X"g,

60 Hz, 8 Poles —

FIG. 5.2

CONNECTION OF SYNCHRONOUS CONDENSER




matching and synchronising equipment. Adequate cooling
arrangements must also be provided. The condenser should be
installed as close to the converter transformers as practically

possible.

5.4.1 Characteristic and Rating of Synchronous Condenser:

The synchronous condenser must be designed to with-
stand continuously, under normal and abnormal conditions, the

harmonic currents resulting from six-pulse operation of the

associated group. Typical parameters of the condenser may be:56
Synchronous reactance (Xg) ~ 1.6 puu.
Transient reactance, X'y £ 0.3 p.u.
Sub~transient reactance, X'"g =~ 0.2 p.u.
Stator leakage reactance, Xq X 0.2 p.u.

R

Inertia factor, (H) 1.5-2 KW sec/KVA

Frequency = 60 Hz
Speed = 900 r.p.m.
Number of poies = 8

Reactive power supplied by a.c. filters is about
20 - 30% of total MW output of the inverter station at full
load. The remaining MVARcould be supplied by the synchronous
condensers. The rating of the synchronous condenser in the

inverter station may be determined as:
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Assuming:

Therefore:

Total d.c. power transfer
Approximate reactive power
consumption at full load
Available short-circuit
capacity at inverter

a.c. bus

Desired short-circuit

capacity

Synchronous condenser

should provide (5000-2000)
Rated MVA output of
synchronous condenser

(X"g = 0.2)

Required balance of reactive
power

Available reactive power
from a.c. filters

(20 to 30% of 1620)

R
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1620 Mw
60% of 1620 MW
(970 MVAR)

2000 MVA

3 x d.c. power
transfer
3 x 1600
5000 MVA

3000 MvA

(3000) (0.2) Mmva

600 MVA

970 - 600 MVAR

370 MVAR

324 to 486 MVAR

If one synchronous condenser is connected per valve group,

then each condenser is expected to provide about 100 MVA for

inverter consumption.



5.5 MAGNITUDE OF HARMONICS:

i) A.C. Harmonics:

— e @ e T T e — —

The magnitude of the fundamental component I  of

a.c. output current is given by 17,18
I, = 0.78 I4 ... (5.3)
where, Id = d.c. line current

= 1800 amps.

Also, the magnitude of the harmonic current Hy, at ¥ = 0

and o = 0 is giwven by:

I
H = S cee .o .. (5.4)
ac = _
where, n = order of harmonics (5,7,11,13,etc.)

The curve on FIG, 5.3 is plotted to show the magnitude of
theoretieal a.c. harmonic current as a percentage of Is. (See
appendix IVa)

ii) D.C. Harmonics:

e e oy et i ot ity

The magnitude of the d.c. harmonics is given by:l7'18
Hye YQ_J_EL__ (5.5)
(n? - 1)
where, Vo = No load d.c. voltage;
n = Order of harmonics, (6,12,18 etc.)

The curve of FIG. 5.4 is plotted to show the magnitude
of theoretical d.c. harmonics as a percentage of Vge (See

appendix IVb).
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To appreciate the necessity of harmonic suppression
the effect of these harmonics on the system and various equip-

ment are considered.

" 5.6 EFFECTS OF HARMONICS: 17,18,58,59

a) D.C. line harmonics cause interference due to electro-
magnetic or electro-static coupling with communication circuits, R

such as telephone, telegraph and electric train signal circuits,

if they fall in close vicinity of the d.c. power line.

b) On the d.c. as well as the a.c. side of inverter station
a short line behaves as an electrically long line at high
harmonic frequencies. Harmonics may cauée nodes and antinodes,
with very high voltages at nodes where the line behaves as if
open circuited and very high currents at antinodes where the
line behaves as if short-circuited.

c) A, C. harmonics cause additional losses in the rotor

windings of induction and synchronous motors.

d) On the a.c. side, inductien motors in parallel with
power factor correcting capacitor banks may form parallel

resonating circuits and result in excessive losses.

e) A. C. harmonics cause poor working of fluorescent
lamps, errors in instrument readdngs, interference with
protective equipmént, disturbance to ripple control systems

operating at audio frequencies in distribution networks, and
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additional power losses in the network.
£) In the a.c. system wherewer resonance occurs, very
high voltages will appear which could cause serious damages

to connected equipment;
From above it is understandable that suppression of
harmonics to harmless levels is a desired feature of the design

of the inverter station.

5.7 METHODS OF CONTROLLING HARMONICS:

Harmonic filters are most suited for the control of
a.c. and d.cﬁ harmonics. These filters must be designed and
connected for adequate suppression of harmonics at minimum
cost.

Harmonic suppression can also be achieved by several
other methods. These methods are:
i) Installing capacitor banks on the inverter station a.c. bus;
ii) Improved methods of valve firing;
iii) Increasing the number of pulses;

Various merits and demerits of these methods are:
i) Installing Capacitor_ Banks:

Sometimes shunt capacitor banks are installed for

power factor eorrection purposes on the a.c. side. Such

banks can, in principle, be used to attenuate a.c. harmonics
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(and also to supply reactive power). However, this method
is not economically suitable for harmonic suppression as it
is very expensive to reduce the leakage reactance of capacitors

sufficiently to be effective for adequate harmonic suppression.

ii) Improved Methods of Valve Firing:

By improved methods of valve firing, such as the phase

docked oscillator system, the generation of abnormal harmonics

could either be eliminated completely or reduced to a harmless

low level. (Refer to chapter III, section 3.9).

For interference from abnormal harmonics one may
followithe "wait and see” policy. After the completion of
the inverter station, if interference from abnormal harmonics
is objectionable, proper steps may then be takep to rectify

the same.

— e e et s e i ey vt e v aaap ot oeva o

With twelve-pulse operation of bridges the number

of harmonics present in the a.c. system and d.c line are

reduced (refer to chapter II, section 2.2.1, article iii and iv).

In the same way 24-pulse operation can be achieved

if four bridges were operated together with the secondary

windings of their converter transformers shifted in phase
o
by 15 . Most of the harmonics can be suppressed and the only

harmonics present would be:

a.c. harmonics: 23rd, 25th, 47th, 49th, etc.




d.c. harmonics: 24th, 48th, etc.

Theoretically it is quite possible to operate the
bridges in such a way that no harmonics can enter the system.
This, however, has practical limitations and economic objections,
as explained below.

a) To increase the pulse numbers to more than twelve,
it becomes necessary to provide phase shifting transformers.
These additional transformers increase the cost of the station.

b) For 24-pulse operation four bridges have to operate
together; for 48-pulse operation eight bridges have to operate
together; and so on. Therefore, in order to suppress all
harmonics, the number of bridges to operate togéther will
have to be 4, 8, 16, etc. This not only increases the cost
of the station considerably but also presents serious outage
problems in case of emergency.

c) Due to constant research and development, valves of
higher ratings are expected to be available, which would
increase the tendency of building terminal station of
higher ratings with less number of bridges. It is very
hard to visualise a terminal station with 16 or 32 bridges,

as the stations with so many bridges would be impractical.

From above it can be safely concluded that the most

practical and economical way is to operate bridges in

104
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twelve-pulse and use harmonic filters to suppress these

harmonics.

5.8 LOCATION. OF HARMONIC FILTERS:

A, C, filters may be located at three possible
places (FIG. 5.5). These locations are:

1. Secondary side of converter transformer;
2. Tertiary side of converter transformer;
3. Primary side of converter transformer,

Connection of filters on the secondary side of the
transformer is not practical. Such a filter essentially
shunts the transformer windings and the total commutating
reactance of the valve is reduéed.

The value of commutating reactance is detrimental
for the valve operation. Commutating reactance is the

summation of reactances of converter transformer, system

reactance and the anode reactors of wvalves, of which the

former is the most predominant. For successful operation,
the valves require a particular minimum commutating reactance.

54
A value of about 12% is considered safe. With harmonic

filters on the secondary side of the converter transformer,
this reactance drops too low, lower than the minimum safe
value. As a result the valves would be subjected to excessive

rate of change of current (%%J at the time of commutation, i.e.,
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higher voltage stresses, and increased arc-back fredquency.
Filters connected to the tertiary windings of the
transformer would be economical, since they can be of low

voltage rating. However, this connection also suffers from

several disadvantages. The commutating reactance would be
reduced from the total transformer reactance to about the
reactance of the secondary side only. Further there would

be a possibility of 5th harmonic filters resonating with

the 3rd harmonic transformer reactance. If the filters are
connected to the tertiary windings of the transformer, the
transformer reactance on the secondary side should be specially
increased. Such filters are used én the British end of the
Cross-Channel H, V., D.,C. scheme.60 Abnormally high transformer
reactance means higher transformer cost.

Too high commutating reactance should also be avoided
since it causes larger overlap angle resulting in a higher voltage

loss, increased VAR consumption and higher stresses on the valves.

The desirable condition is to maintain the commutating reactance
slightly above the minimum safe valve, say 16%.

If self~tuming filters are installed on the a.c.

side of the transformers, the total commutating reactance would
be the transformer reactance only., If the filters are not
self-tuned then the a.c. system short circuit reactance (Xg)

should be added to transformer reactance. Thus with self-tuning
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filters any change in the a.c. system reactance would not
change the equivalent commutating reactance provided that the
tuning range is adequately large. Although the filters on the

transformer primary side must be insulated for the high a.c.

bus voltage, the transformer cost is not increased.
FProm above the connection of a.c. filters on the a.c.
side of the converter transformer is considered most suitable

and has been adopted in this thesis (FIG. 5.5c).

The choice of locating d.c. filters is simple. Two
possible locations are shown in FIG, 5.6. Filters located
between the line smoothing reactor and the bridge (FIG. 5.6a)
would be large and expensive since they would be directly
subjected to d.c. ripples and other transients due to
commutation. For these reasons these filters are installed on

the line side of smoothing reactor (FIG. 5.6b).

5.9 DESIGN, CONNECTION AND RATING OF HARMONIC FILTERS:

There are two types of filters suitable for H.V.D.C.

applications. These are 58,61,62

1. High - @ tuned filters; and

2, Damped high-pass filters.

Ideally filter arms tuned to every harmonic should

be installed to suppress each harmonic individually. However,
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for economical reasons and because of numerous uncertainties
about the behaviour of system elements, and the generation of
harmonics by generators, transformers, industrial rectifiers,
and corona affects of lines, etc., it is difficult to calculate
exactly the circulation of harmonics in a network. Nevertheles
it is the lower order of harmonics which, because of their
amplitude, cause most distortion of the system waveform.
Harmonics of higher orders, say, above 25th are of smaller
magnitudes and do not cause any appreciable disturbance. 53,58
Therefore, it is practical to install filters tuned only to
major harmonics, such as 5th, 7th, 1llth, and 13th, etc. a.c.
harmoncis and 6th, 1l2th and 18th, etc. d.c. harmonics and
one set each of high-pass filters on the a.c. as well as the
d.c. side for respective higher order harmonics suppression.
These filters could be connected in shunt, series, or in a
combination of both.

In order to consider design and rating aspects of

these filters let us consider a.c. and d.c. filters separately.

5.9.1 A.C. Harmonic Filters:

An a.c. filter connected in shunt is particularly
effective for the harmonic for which it is tuned if the a.c.
system impedance is high at that frequency.

Series connected filters are not used because they
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suffer from the disadvantage of increasing the commutating
reactance and have a low induetive impedance at low frequencies,
Also no reactive power can be supplied by these filters. Series
filters are also expensive since all the component parts have to
be designed for full line insulation and current ratings. A
combination of series and shunt filters appears attractive in
that they can reduce harmonics entering the a.c. system, whether
the a.c. system impedance is high or low at a particular harmonic
frequency. But this combination would also be expensive because
of the series connected filters. For these reasons shunt filters
are found most suitable.

Out of a wide choice of types of filter circuits

18,58 single tuned filters and high-~pass filters

available,
of the types shown in FIG., 5.7 are most simple and economical.
The tuned filters (for 5th, 7th, llth and}lBth harmonics) have
a high Q which eould lie between 50 - 100 33,58 depending on
the steepness to which the individual arms are tuned. These
consist of series connected inductor and capacitor components
with damping resistors. The high-pass filters are designed

to offer a low impedance at high frequencies (17th and above)
and are not sharply tuned to any particular frequency. These
filters, therefore, can be of lower Q. These cénsist of

capacitors connected in series with damping resistors in

paratlel with the inductors.
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Capacitors are the most expensive part of the filters.
The filter capacitors generally consist of many relatively
small units connecked in series and parallel combination and

have to be insulated for the a.c. bus voltage and mounted on

iﬁsulators. The voltage, position and space available dictates
the arrangement of the capacitor banks of the filters. One end

of the damping resistors is grounded and the inductors are connected

between the capacitor banks and the resistors. For self-tuning

filters the reactance of reactors is varied automatically.
FIG,., 5.8 shows the connection of a.c. filters to the
a.c. bus. The arms of each filﬁer are connected in star with
‘neutral grounded. With this arrangement, harmonics of all
phases are suppressed and also the total cost of insulating
filter components is reduced.
Two sets of a.c. filters, one for each pole, are

installed and connected as per FIG. 5.8. The single line

diagram (DWG. 2A) shows arrangement of both the sets. The

current in any filter arm consists largely of the harmonic
current from the inverter at the resonant frequency, plus some

current at fundamental frequency. Referring to section

5.4.1, these filters should be of such "size" that their
MVAR rating at fundamental frequency approximates 20 - 30%
of rated real power (370 MVAR). This suggests that each

set of the filters may have a size of approximately 200 MVAR.
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5.9.2 D,C, Harmonic Filters:

The application of d.c harmonic filters is mainly
governed by the type and length of the d.c. line. A d.c. line

may be of two types:

1. Underground or underwater cables;
2. Overhead transmission lines.
Let us consider an overhead transmission line, say,

600 miles long. Assuming a single conductor parallel to

earth with zero earth resistivity, and assuming no flux within

the conductor, the velocity of propagation of electromagnetic

waves would be: 63,64
Velocity = A :F
= 186,000 miles/second
where, A = wave length
f = frequency
= 60 Hz.
Therefore, A = 3,100 miles.

Now considering the d.c. harmonics on the line,

for Bth harmonic,

A = 3100 =~ 517 miles

6

for 12th harmonic,
A = 3100 = 258 miles
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for 18th harmonic,

A = 3100 = 172 miles

and éo on.

Thus a 600 mile long d.c. transmission line becomes
electrically approﬁiﬁately 1.16, 2.33 and 3.5 wave lengths long
for 6th, 12th and 18th harmonics respectively and would have
corresponding lengths of only 129.25, 64.5 and 43.00 miles
representing a quarter wave length., These harmonic voltages
would be superimposed on the rated d.c. line voltage and
would result in nodes and antinodes on the line. Because of
these, the insulation level of the line would have to be
increased resulting in longer insulator strings, higher towers
and longer crossarms.

If a transmission line is less than one quarter wave
length long at the highest harmonic frequency, d.c. harmonic
filters will not be required, But for longer lines these
harmonics must be suppressed by installing properly designed
harmonic filters. D. C. cables are usually of very short
lengths, and the smoothing effect of the d.c. line reactor is
generally adequate for higher order harmonics. Even if the
d.c. cable is long, the resonant frequency between the line
reactor and cable capacitance would be relatively low, of the
order of fundamental frequenéy, and there would be considerable

attenuation of the major harmonics. In general, therefore,
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with cables, no further filtering would be needed.
D, C. harmonic filters may also be connected in
series or, alternatively, in shunt. The series arrangement'is

not very useful because the line smoothing reactor is normally

a high impedance compared to the transmission line. Also
series filters will be expensive as all the component parts
will have to be designed for line insulation. Shunt filters

are more suitable and are quite practical.

The design of d.c. filters is similar to a.c. filters.
A typical d.c. filter is shown in FIG, 5.9. The only difference
from an a.c. filter is that there is a capacitor C' in parallel
with the inductor and resistor units. This arrangement has the
advantage that it acts like a lightning surge absorber, reducing
the amplitude and steepness of surges. It also reduces, by
voltage division, the surges reaching the smoothing reactor.80

FIG, 5.10 shows the connection of d.c.filters to the

line. Tuned filters with high Q are required for 6th, and 12th

harmonics whereas a high-pass filter is connected for higher
order harmonics. As in the case of a.c. filters, two sets of

d.c. filters are installed, one for each pole. The connection

of the filters of both poles is shown in the single line diagram

(DWG. 23).



118

Cl

FIG. 5.9

TUNED D.C. HARMONIC FILTER 80

12th 6th

High-Pass

FIG. 5.10
80

CONNECTION OF D.C. HARMONIC FILTERS
TO D.C. LINE




CHAPTER VI

CONVERTER TRANSFORMER & A.C, CIRCUIT BREAKER

6.1 CONVERTER TRANSFORMERS:

The equipment discussed so far pertains to the d.c.
section of the inverter station, with the exception of the a.c.
filters and disconnects. Converter transformers serve as
liaison between d.c. and a.c. sections of the station. The
arrangement of two transformer bank windings for twelve-pulse
performance is shown schematically in FIG. 6.1.

Converter transformers for H,V.D.C. applications
operate under voltage stresses different from normal a.c.
applications. The stresses appearing across the transformer
insulation could vary from pure d.c. to a combination of d.c.
and a.c. voltages. 65

Forces due to the alternating current act outwards
away ffom the core creating pulling forces on the copper and
supporting braces. As against this, forces due to the direct
current have compressing effects towards the centre of the
core. These two kinds of opposing forces, therefore,

create twisting effects on the transformer windings, their

supporting braces and spacers, which may ultimately loosen
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the whole assembly and the windingé might fall down to the
bottom of the tank.
Due to the presence of these forces special care has

to be taken in the construction of converter transformers.

Their windings must be adequately braced and have sufficient

supports and spacers so that they could withstand these forces

and also forces due to harmonics and short circuit impulses. 66

6.2 RATING OF CONVERTER TRANSFORMER:

The converter transformers must be capable of trans-
forming the pulsating a.c. input to their secondary windings
from the associated valve group to the full rated voltage of
the a.c. bus. They also have to carry full load current at
all times.

Typical MVA and nominal voltage ratings of a three-

phase converter transformer bank for each bridge connection at

the inverter station may be as given below. (See appendix V

for calculations).

Capacity = 345 MVA
Secondary Voltage Rating = 136 RV
Primary Voltagé Rating = 230 RV (+ 10%)
Tertiary Voltage Rating = 12 Kv

Frequency = 60 Hz



BIL rating for the above voltages as obtained from

NEMA standard would be:

Voltage
Transformer winding Rating BIL
(KV) (KV)
Primary 230 1050
Secondary 136 650
Tertiary 12 110
Table VI-1

Rated Voltage and Corresponding BIL Ratings of
Converter Transformer

A transformer having the above ratings would be

fairly large in size. Therefore,

to facilitate ease in

manufacture, shipment and installation, these transformers

should be built separately in single-phase units. After

shipment and installation in the fiéld, three transformers

will have to be connected to form a three

quired for bridge operations. Each of the

phase bank as re-

single-phase units

in the three-phase bank arrangement would contain tertiary

windings placed inside its tank.

All the

transformers to be

equipped with conventional auxiliaries for their proper

operation and protection.

A single-phase unit of the bank of the above ratings
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is expected to have an approximate height of 35'-0" and a

ground area of about 300 square feet.

6.2.1 Tap Changer Mechanism:

The primary windings of converter transformers are
equipped with an automatic fast acting on-load tap changer

mechanism. Tap changers may be connected to secondary windings

also. 1In order to achieve smooth variation in voltage it is

desirable to keep the tap change steps as small as possible.
The high and low limits of the tap changer mechanism depend
on the particular station requirements. A typical regulating
range may be taken as + 10% in 20 setps of 1% each. For
such a range the voltage regulation would be%*:

-10% Nominal +10%

207 RV 230 Rv 253 RV

and the tap changer would have 21 positions including one neutral

position.

The tap changer mechanism must have some operating
delay to keep it from operating during transient disturbances.

Also an interlocking is advantageous to prevent the tap changer

* On load tap changer range in:
1. Cross—channel ... ces P + 15%

2. Nelson River .o .o e - 7%, + 25%
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from moving to the neutral tap due to loss of power to the

tap changer controls.

6.3 A.C. CIRCUIT BREAKER:

The other major equipment included in the a.c. section
of the inverter station is the a.c. circuit breaker.
The prime purpose of the a.c. breaker is to protect

and isolate the a.c. bus section under abnormal or fault

conditions. The a.c. breakers in the inverter station are
also interlocked with the associated valve groups. Whenever

a permanent blocking of a bridge is called for, its associated
a.c. breakers are tripped to isolate the whole section. For
example, supposing the + 450 KV bridge is blocked permanently.
At this instant the breakers 1 and 2 (DWG. 2A) would also be
tripped in order to completely isolate the affected section

without interrupting the power supply.

The arrangement of breakers in the a.c. bus and their
connections to converter transformers is shown in the single line
diagram (DWG. 2A). One and one third (1-1/3) breakers per

element have been selected. This arrangement is very economical

and the power supply is not interrupted if the corresponding

breakers are tripped due to an a.c. bus fault or bridge blocking.
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6.3.1 Characteristics and Rating of Circuit Breaker:

The circuit breakers must be designed to carry
continuously full load current at rated voltage and frequency

under all conditions, electrical and otherwise, prevailing at

the station. They must also be capable of interrupting and
quenching the short circuit current in the shortest possible
time.

Single phase, high speed, outdoor type, air-blast

or oil-less type a.c, breakers have been developed 67,68

for the application of high voltages, say, 60-725 KV. These
breakers are designed to have an interrupting time of as fast
as two cycles.

The breakers also incorporate a fast reclosing
mechanism. These reclosures may be set for one or more (1-5)
operations, as desired, before permanent tripping. 1In the
case of tripping due to bridge blocking, no reclosure operation

would be required,

Typical ratings of the breaker for the inverter
station may be:

continuous voltage rating = 230 KV,
(three-phase, 60 Hz.)

continuous current rating = 2000 A
interrupting capacity = 5000 MVA

BIL

1050 Mva
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A single phase breaker of the above rating is expected to have
physical dimensions in the neighbourhood of, say, 15'-0" high,

11*-0" long and 2'-0" wide.




CHAPTER VII

OPERATION, CONTROL & PROTECTION OF
INVERTER STATION

7.1 BASIC CONTROL SCHEME:

Power flow in a d.c. transmission depends primarily

on its controls which can be easily adjusted to almost any

69,70,71

requirement.
In an H.V.D.C. transmission scheme the basic require-
ment is to control continuously the transmitted current I to

obtain the desired power.

Ig = Yar -~ Vai ... .. (7.1)
R
where, Vgr = direct voltage at rectifier station;
Vgi = direct voltage at inverter station;
R = resistance of d.c. transmission line.

The voltages Vg, and Vai have to be continuously
controlled for correct operation. If Vdr is too small or Vg;

too large, no current can flow. On the other hand if Var is

too large or Vg; too small, Iy may become too large.
FIG. 7.1 shows a simplified block diagram of a general
control scheme. This is basically a closed loop current control

in which the direct voltage at the inverter station is kept
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constant at a high value and the desired power is obtained by
varying the transmitted current at the rectifier station which
in turn is varied by the timing at which the grids allow the

valves to conduct. 1In this control system the inverter station

has commutation margin control also, known as "constant
extinction angle control". 72,73 The inverter determines

operating voltage and the rectifier operating current.

The control scheme is designed for:

7.1.1 Steady State Operation or When Rectifier is in Control:

7.1.2 Abnormal Operation or When Inverter is in Control.

7.1.1 Steady State Operation or When Rectifier is in Control:

In steady state operation:
a) Voltage Vgi is kept at its highest possible design
value by following operations:

1. Commutation margin angle ¥ is kept constant, and to

minimize the reactive power consumption, it is kept at
its minimum safe value, say,¥, =~ 15° or 18°. By doing
this the highest direct voltage Vgqi Mmax. is obtained for

existing value of Ig-

2. The inverter transformer tap changer is operated in
such a way as to keep Vgi at the rated value.
b) Ig is controlled by the rectifier delay angle £ and

hence Vdr'to obtain the desired power. This is normal
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"Rectifier control" which follows the line C-A-H-E in
PIG. 7.2.
The rectifier transformer tap-changer is controlled

to keep the rectifier delay angle « and therefore the voltage

"M" (FIG. 7.2) within preset limits (K = 59 - 150), This
also keeps the stresses down in the valve and the rectifier
reactive power consumption to the minimum. The greater the

value of M, i.e., of , the higher the rectifier reactive power

consumption and electrical stresses on the valve. The optimum
value of M is 10°© - 159, M is necessary for rectifier operation
in order to avoid frequent inverter control due to any small

variation of a.c. system voltages.

7.1.2 Abnormal Operation or When Inverter is in Control:

tap changers, a situation might arise where:

Due to the slow action of converter transformer

Vdr max. == Vai Mmax.

so that, Ig —> 0

and the transmission of power might be interrupted.

The above situation'may arise under two conditions:

The voltages in the two a.c. systems, a.c. system
before rectification and a.c. system after inversion, might

become such that Vgr < Vgi.



b) One bridge on the rectifier end is blocked
reducing Vdgr max.

To prevent the interruption of power transmission,
the inverter station is also provided with a current regulator.
This regulator is set to a Value slightly lower than the current
setting of the rectifier end. The difference, called current
margin Iy, is generally 10%-20% of Ig (FIG. 7.2).

Referring to the rectifier and inverter voltage-current
characteristic curves of FIG. 7.2% point 'A* represents normal
operating conditions under "steady state" control. If Vg,
falls below Vg;, i.e., the voltage change is greater than M,
the current Ig and hence the transmitted power would have become
zero. However at this instant the inverter control system
comes into action and reduces the inverter voltage Vgi below
Vgi max. by increasing the advance angle @ . The control is
now taken over by the inverter and 'B*' becomes the new
operating point. Now the control takes place along the line
b~-B-F. Although the power transmitted at the point B is less
than A, it is not interrupted. This reduction of power may
result in the reference current Io being increased in an
attempt to restore the original power and the operating point 'B’
may move to the right to point H. Within a few seconds tap-
changers get time to operate and help to restore normal operation

to point A.
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For the transmission of a certain amount of power,
the required reference Ip can be preset in both the stations

and the transmission will continue as shown in FIG. 7.2.

7.2 H.V.D.C. TRANSMISSION CONTROL SCHEME:

A complete control scheme for H.V.D.C. transmission
may be divided into three major sections.
7.2.1 Master Controller or Power Flow Control Circuits;
7.2.2 Pole Control Circuits;
7.2.3 Valve Group Control Circuits.

FIG. 7.3 shows a block diagram of these controls.

7.2.1 Master Controllers or Power Flow Control Circuits:
Master control equipment incorporates circuits whose
output is either the current order Io or power order Po, Or

frequency order £, , depending upon the type of control used.

Thus master control can be achieved in three ways:
i) Constant Current Control:
ii) Constant Power Control:

iii) Constant Frequency Control.

i) Constant Current Control:
FIG. 7.4 shows the basic arrangement for this scheme.

Here the direct current I4, and the order current I, are

applied to the controlling circuit. Ip is varied by the master
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controller according to the power requirement so that the
required amount of current and hence power is transmitted at
all times.

If any change in power is required at the receiving
end the signal is sent to the rectifier station by means of
the communication channel to vary I, accordingly. This order
is then sent to the pole controls to increase or decrease the

power fleow by changing the angle o .

ii) Constant Power Control:

In this control system, in addition to the direct
current Ig, the direct voltage Vg is also obtained by means
of a voltage divider. The basic circuit is shown in FIG. 7.5.
Now the power order P, is varied which sends commands to the
pole controls to change transmitted power.
iii) Constant_ Frequency Control:

This system is similar to the constant power control
except that the direct power Py and orxder power P, are expressed
in terms of the frequency of the receiving a.c. system. Power

flow is controlled, not by means of any change in current or

power, but by a change of the receiving end frequency.

One set of Master controller equipment is required
for a complete bi-polar H.V.D.C. transmission scheme (Item "a"

FIG. 7.3). This equipment can be installed at either station.
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Sometimes a combination of two or all methods is
also used, such as for the Sardinia-Italian mainland scheme
which has constant current and constant frequency types of

controls.

As stated earlier, for efficient operation, master
controller equipment relys on a modern and reliable communication
system e.g., microwave, pilot wire or short wave radio etc.

A microwave communication system is most efficient and reliable.

If the power setting is to be altered, this has to
take place in such a way that an increase of the setting must
alwéys be made first at the rectifier station; whereas if the
decrease of power is desired it should be made first at the
inverter station. If this sequence is not followed, the margin
would be lost. The proper timing between the power settings is
also controlledsby the telecommunication system, which is set

to order the right operating sequence when a power order change

is given from one station.

7.2.2 Pole Control Circuits:

These include circuits for the control of each pole of

the d.c. station. One set of such circuits per pole at each
station is required (Item "b", FIG. 7.3).
Pole control equipment also incorporates protective

circuits. The functions of the control circuits are to control



the closed loop current, compounding of voltage, converter

transformer tap-changer mechanism, d.c. line current, current

margin setting, rectifier and inverter voltage settings,
reversal of power flow direction, etc. These are described
below:

a) The current order I, fed from the master controller
is compared with Id and in the case of inverter, also with
I,- The difference between these signals is amplified and
the output is fed to valve control circuits to control firing
of the phaselocked oscillator.

b) The values of Vgr and Vai differ because of line drop.
For the transformer tap-changer control it is necessary to
obtain a voltage signal referred to a common point on the line.
This reference could be either at the rectifier end or at the
mid-point of the line. Generally transmission line mid-point
voltage regulation is preferred. The advantage of such
regulation is that the line voltage drops are shared equally
between both the terminal stations. Inverter transformer
tap-changer mechanisms are controlled so as to keep the
voltage of this point at the highest safe limit.

Q) Pole control circuits control the transmitted current
Ig within the prescribed limits. The minimum and maxiﬁum
values of this current are those between which the valve

- groups can be operated satisfactorily. These limits usually
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are between 10% and 110%.o0of the rated current.

d) Pole controls also control the current margin setting

I, at the inverter end for the inverter control operation

m
whenever rectifier control is lost.

e) Pole controls keep thé inverter voltage lower than
rectifier voltage by an amount M (FIG. 7.2). This is achieved

by controlling the rectifier transformer tap-changer

mechanism (Section 7.1.1 c).

£) Reversal of power flow is also controlled by pole
controls. This is achieved by shifting the inverter to
rectifier operation and vice versa. FIG. 7.6 shows this
process
Supposing that station A is operating as rectifier and
station B as inverter. The load characteristics for this
set up are shown in solid lines and "P" is the normal operating
point. In order to reverse the power flow d.c. pole controls

operate to make the following changes:

1. A signal is sent to both the stations, which sets
current margin in station A and resets it from

station B.

2. Minimum delay angle & setting is changed from station A
to station B.
3. Tap-changer control of station A is changed to regulate

the transmission line mid-point voltage and that of B to
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keep o at a safe minimum.

4. Indicating circuits are changed accordingly.
5. D.C. line protection is changed to suit the corresponding
operation.

After performing the above operations the load
characteristics are changed as shown by dotted lines in
FIG. 7.6 and R becomes the new operating point. Station B now

operates as a rectifier as station A as an inverter.

The protective relays in the pole control scheme are
incorporated for:

a) If the d.c. line voltage falls below the preset value,
say, about 60% of normal voltage, the protective relays
operate to block the rectifier pole and inverter pole control
takes over. 1If this condition persists for a longer period,
say, about a minute, the permanent blocking signal is sent to
the inverter station and both corresponding poles are blocked.

b) Differential protection is provided to compare the
d.c. incoming and outgoing currents at both ends. If the
difference increases beyond a certain preset value, the valve
groups are blocked. 1In case of a persistent or greater
difference it is necessary to block both the poles.

c) It is necessary to provide relays to detect whether

due to different combinations of bridge or pole blocking the
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rating of a.c. harmonic filters is not exceeded. If such a
condition occurs and persists, pole control relays operate
to isolate the filters and, if necessary, shut down the whole

station.

7.2.3 Valve Group Control Circuits:

These include circuits for the control and protection
of each valve group of inverter and rectifier stations. One
set each of this eQuipment is required for every valve group
(item "d" in FIG. 7.3).

The output from the d.c. pole control amplifier is
used to control the firing of the valves. The voltage
control oscillator is located in the control room and the
signal is sent from the ring counter to each valve where it
energizes the meon lights located near the foot of the valve
supporting plaﬁform at earth potential. These light pulses are
transferred to the top of valve by means of light guides. At
the top of the light guides the photo cells detect the beams
and convert them into potentials. These aré then amplified
and applied to the pulse transformers supplying firing circuit
for grid pulse generator. The grid pulse generator generates
pulses of required magnitude which are applied to the wvalve

control grid to raise or lower its potential to + 300V or
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-300V with respect to the valve cathode.

7.3 FAULTS AND PROTECTION:

Inverter station faults may be divided into three
major groups:
7.3.1 Inverter Faults:
7.3.2 D.C. Line Faults:
7.3.3 A.C. System Faults.

D.C. protection schemes should be very fast.
Conventional a.c. relays are slow and are not suitable for
d.c. protection. For this reason d.c. protective circuits
are all electronic relays which react very quickly and send prot-
ective signals for prompt action.

7.3.1 Inverter Faults:

In an a.c. system the circuit breaker is the basis of
protection because of current zero twice ewvery cycle. Since
there is no current zero in the case of d.c., practical sizes
of d.c. circuit breakers are not yet possible. However, the
absence of a d.c. breaker is somewhat mitigated by fast acting
grid control, especially in point to point transmission. The
valve grid control has faster speed of operation and provides
greater protection than can be achieved with circuit breakers.
Even if d.c. breakers become available, it may not be advantageous

to abandon grid control in their favour, except perhaps for
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tapping purposes.
Inverter faults are characterised by departure from
normal conducting periods. Either a valve fails to conduct

when it is normally supposed to do so or, alternatively, it

conducts outside its normal pulse-controlled _period.l6'l7'7l'74'75
These faults are:
-1) Commutation Failures:

ii) Arc Quenching:

iii) Arc-through or Fire-through; and
iv) Back-fire or Arc-back.
i) Commutation Failure:

When a valve fails to commutate (i.e. misfire) at
its normal conducting time, the fault is called commutation
failure.

Commutation failure causes a short circuit on the

d.c. side of the valve group. Thus during commutation failure,

direct current exceeds alternating current on the valve side of

the transformer.
All kinds of commutation failures, viz. single comm-

utation failure (s.c.f.), double-successive commutation failure

(d.s.c.f.), and double-not-successive commutation failure
(d.n.s.c.f.), usually correct themselves in the next cycle;
no action on the part of protective circuits is necessary and the

receiving a.c. system is not disturbed. If the fault persists



and repeats itself, then it becomes necessary to block the bridge

temporarily. (refer to chapter III, section 3.7). If the fault
still persists, then the bridge is blocked permanently and

its associated a.c. breakers tripped, thus shutting the faulty
bridge down completely.

The protective circuit for commutation failure is
shown in FIG. 7.7. Here the direct current Ig and the
alternating current I (rectified) are applied to a current
level detector circuit. wWhen Ig exceeds I,, a blocking signal
is sent to the valve group control equipment to block the
bridge. A delay circuit is introduced to delay the blocking
signal and give a chance to the faulty valve(s) to recover
itself. For a persistent fault the signal circuit sends a

permanent blocking signal and its a.c. breakers are tripped.

The bridge is completely isolated and locked out. It will now be

necessary for the operating personnel to detect and correct the
fault before putting it back into service.
ii) Arc-guenching: (inability to pick-up cbmmutation)

If the fi?ing arc of a valve is extinguished it is
called arc-quenching. Arc-quenching results in commutation
'failure and therefore the same protective circuits (FIG. 7.7)
and methods are used to protect the equipment from this fault.
iii) Arc-through or Fire-through: (valve fires prematurely -

— i — — — e m——r B — . — p— gt iy

inability of valve grid to control)
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When a valve fires in the forward direction, during
its non-conducting period, the fault is called arc-through or
fire-through. The repercussions are similar to that of
commutation failure and in this case also commutation protection
circuits (FIG. 7.7) come in action and protect the equipment.
iv) Back-fire or Arc-back:

During the normal non-conducting period, a valve may
conduct incorrectly in the reverse direction, from cathode to
anode. This condition is called back-fire or arc-back. This
type of fault in an inverter is very rare. This is so because
during inverter operation, the anode voltage is negative with
respect to its cathode only for a relatively very short period
and the voltage is too small to cause back-fire. But sometimes,
under inverter operation, when its angle may be large, back-
fire might occur. Back-fire results in the short-circuit of
two transformer phase windings on the valve side (secondary
windings). The reverse current in the back-fired valve comes
to its peék when the transformer secondary phase to phase voltage
comes to zero, before which the faulty valve would have de-ionized
in the case of normal operation. Therefore when the reverse
current in the faulty valve comes to zero, the event extends to
commutation failure. Thus the fesult of an inverter back-fire
is that alternating current exceeds direct current for one part

of the cycle and direct current exceeds alternating current for the



other part of the cycle. The bridge should be blocked immed-

iately.

FIG. 7.7 also shows the protective circuit for the
faults resulting in back-fire. The scheme has a current level
detector circuit which compares Ig and I, Whenever I, exceeds
I, @ blocking signal is immediately sent to the valve group
control equipment, and the bridge is blocked temporarily.

For a persistent fault, permanent blocking is achieved and the
associated a.c. circuit breakers tripped.

In the inverter fault detection scheme it is also
desirable to determine, as fast as possible, the faulty valve.
In order to achieve this the current level detector circuits
include digital logic circuits 7©:77 which determine the
catagory of fault, the valve involved and the region in the
cycle where the fault occurred and send indicating and protective

signals.

7.3.2 D.C. Line Faults:

D.C. line faults can occur due to the following
reasons:
In overhead lines:
1. Broken line conductors;
2. Broken or contaminated insulators;

3. Falling tree branches across the conductors:
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4. Icing on the insulators;

5. Overvoltages on the line.
In undefground or underwater cables:

1. Insulation failure;

2. Accidental slicing, etc.

D.c. line faults, say, line to ground faults,

result in the collapse of transmitting voltage. The current
from the rectifier tends to rise and the current into the
inverter tends to fall. One of the methods that could be
employed at the inverter station is to reverse its voltage
polarity by advancing the angle f to more than 90°. The
inverter now starts conducting as the rectifier and forces its
current I3j through the fault in the opposite direction into the
line (FIG. 7.8). On the other hand the rectifier increases its
angle & to maintain its current I3y into the line. I3, also
flows into the fault but in a direction opposite to Igi. The
current through the fault, therefore, will consist of a
discharge transient current from Ehe line, as the line capacitance
discharges through the failt at the instant of fault, and the
differenece between currents Igr and I4;. After the time for

transients (a few milli-seconds) the fault current If is given by:
Ig = Ip = Ig, - Igi eee ... (7.1)

A fault on the d.c. line, therefore, does not give rise
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to any dangerous overcurrents, but in order to avoid
transmission interruption as far as possible, it is essential
that the fault be cleared rapidly. The d.c. line fault
current is a "d.c. arc" and it cannot be extinguished by

itself.78'79

To clear the fault it is necessary to reduce the
fault current to zero for a time sufficient to deionize the arc
in the fault and then resume transmission with minimum delay.
As has been said before, the line fault results in
collapse of line voltage. On the other hand inverter faults

and inverter blocking also appear as a d.c. short ciurcuit and

loss of line voltage when viewed from the rectifier end. Thus

it is necessary to distinguish between the line and the inverter

faults. Here the d.c. line smoothing reactors installed at
both ends of the line play an important role. The blocking of
the inverter valves and firing of their by-pass valve

appears as a fault beyond the two smoothing reactors, whereas
the line fault is beyond only one reactor. This means that due
to only one smoothing reactor, the rate of change of voltage
dv/dt due to a line fault will be higher than due to the faults

at the inverter station. So discrimination can be achieved by
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careful detection by dv/dt and prohibiting the line fault detecting

circuits from acting for inverter faults.

FIG. 7.9 shows a d.c. line protection scheme in block

diagram form. As soon as the line fault is detected by the level
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detector the signal circuit sends a command to the corresponding
pole controls to block both rectifier and inverter poles. After
the arc is extinguished the poles are unblocked and, if the
fault is of temporary nature, normal transmission is resumed.

If the fault persists, the cycle repeats a few times, depending
on the setting of the delay circuit. after which a signal is
sent to the pole controls to block the poles permanently and
the corresponding a<sc. breakers are tripped both at inverter

and rectifier stations and locked out. Total time for clearing
a d.c. line fault, say, line to ground fault, from the instant
of detecting the fault to the clearing time is approximately
300-500 milli-seconds?’> depending upon the fault and protection
circuit settings and the restoring sequence.

It is good design practice to provide spare lines or
lines with higher capacities té ensure continuity of power
supply. 1In such cases it is not necessary to lockout poles
completely. Instead a switching arrangement may be provided to

switch the poles to a spare line.

7.3.3. A.C. System Faults:

Alternating voltage fluctuations on the a.c. side
would cause corresponding direct voltage fluctuations but, due
to constant current regulation, these fluctuations are taken care

of automatically by changing the current order I, to the
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inverter and rectifier power flow controls. Thus provided
the current limits do not change beyond the preset values

(both minimum and maximum), the d.c. power transmission is not
affected. The alternating voltage fluctuations might even
drive the pole controls to inverter control operation, but
still the d.c. power tramsmission is not interrupted and
transformer tap changers operate, in time, to resume normal
operation (rectifier control).

FIG. 7.10 shows in block diagram, the protection
scheme from a.c. bus disturbances. When alternating current
increases beyond the set value, becuase of, say, an a.c. bus
fault at the inverter station, the over-current protection

circuit sends a signal to trip the corresponding breakers and

isolate the faulty bus. All other sections would not be affected

and transmission of power to healthy sections is uninterrupted.
Generally reclosing can be provided to take care of the
transient faults and disturbances. If the fault is permanent,
the breakers are tripped permanently and a fault alarm signal
comes on.

Under-current protection circuits are also provided

for similar reasons. These protect the affected equipment i€

the alternating current falls below the set value due to violent

voltage fluctuations.
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CHAPTER VIII

CONCLUSION

i) This thesis has presented a broad survy of the
design and operating aspects of a high voltage direct
~current inverter station.

Although only the inverter station was considered,
the design and operation of a rectifier terminal station
would be similar.

ii) In describing the behaviour of different equipment,
the theory of operation and formulae used are not included,
because these are easily accessible in various textbooks.

The emphasis is on the arrangement of the equipment and its
function in the station.

iii) The initial capital costs of H.V.D.C. terminal
stations are higher than comparable a.c. stations (same
rating). Indications are that refinement Qf engineering design
would bring the cost of d.c. stations more in line.

iv) Control and protection techniques of d.c. equipment
are more involved than those of the a.c. equipment. This
would be a rewarding area for further study.

V) An H.V.D.C. circuit breaker does not exist at the
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present time. With the development of such a breaker it
may be possible to design future d.c. stations with simpler
and more effective protectioﬁ and control schemes.
From this thesis it is seen that d.c. breakers are

not required for point to point d.c. transmission. A d.c.
breaker would be useful in more complex d.c. transmission
networks.
vi) Overhead transmission lines, underground and
underwater cables and earth and sea electrodes for H.V.D.C.
transmission are not covered in this thesis. These are major
fields of study by themselves.
vii) Telecommunication requirements for efficient control
of power flow and protection are also not covered. This may
be a subject for further study.
viii) Only multi-anode mercury arc valves are considered.
The technology of such valves is highly developed. Single
anode mercury arc valves and thyristors have not been studieq
in this thesis. These would be suitable subjects for other
theses.
ix) Some of the topics discussed.in this thesis could be
subjects of further research. Such as:

1. Development of Layouts of H.V.D.C. Terminal Stations.

2. Application of Harmonic Filters and Reactive Power

Requirement in an H.V.D.C. Terminal Station.
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Design Aspects of H.V.D.C. Valves.

Lightning Arrestors for High Voltage Direct Current
Applications.

Application of Damping Equipment in an H.V.D.C.

Terminal Station.
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