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The outlook for h,v. d.c. in the next decade is promising with
three schemes close t0 commissioning and four more plenned. The total
capacity of these seven new schemes will be over 12,CC0O IV,

Ever since the begimming of h.,v. d.c. ectivities the need to
anzlyse the different aspects of mixed a.c./d.c. pover systems has led to
many different méthods of representing d.c. converters znd éystems. A
classification of these methods is proposed and forms the basis for an
extensive discussion of these methods,

The interaction betieen d.c. converters and wesk a.c. systens
is considered and its effect on d.c. link power trancfer limit is studied.
" Converter characteristics are discusced and causes of possible power
oscillations zre explained, A method for co-ordinzating system transformer
and converter teps is developed. An operation chzrt for e simple d.c.
link is presented.

tn a.c./d.c. load flow prograz is developed vhich can accomrodate
both single and double pole d.c. links with full conventionzl controls and
has a comrrehensive teop chenger subroutine,  This progran vrovides the
initial conditions for the trensient analysis of z.c./d.c. systems., It
has elso been used to investizate the effect of thz slope of converter
characteristics, and a particular problem of non~convergence vhen zn a.c.
line outezze is sinmulated.

For the trensient anslysis of z.c./d.c., systems a method using
natrixz algebra is developed znd applied to a simple system. A transition
natrix method for solving the d.c. line equations and a recursive method

for representing d.c. link controls is described.



The particular problem of suddently isolzting a generator onto
a d,c, link is considered and two methods of control in order to limit
volfage and machine frequency excursions are studiéd.

lethods of digitel solution of differential equations using
ordinary programming langusge and digital enalog simulation languages
arce described, The advantages and disadvantages of these two approaches
are discussed, and an extensive discussion of the desirable features of

digital annlog simulation languages is presented.
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LIST OF SYMBOLS

The most commonly used symbols are defined below; those not

listed are explained in the text.

In general, upper case letters denote variables in practical

units, while lower case letters denote variables in per unit.

¥ain Symbols

A

B

ds

ST < =o' o) g¢]

<

s ky, n

Slope of converter characteristics

Number of bridges in a converter group or susceptance
Capacitance

E.M.F. or voltage

Machine inertia constant

Current

Current order of converter

Real power

Reactive power

Resistance

Voltage

Reactance

Impedance

Admittance

Synchronous machine direct axis short circuit time constant
Synchronous machine direct axis open circuit time constant
Syncrhonous machine quadrature axis open circuit time constant
Frequency

Transformer tap ratio

4
dt

Laplace transform. overator or slip
Time

Commutation angle



g .

o

Subscrigts

a

b

md
rng
kd
kq

£(or 1)

2

Supersecrints

Firing angle of conferter

Angle of advance of inverter
Extinction angle of inverter

Load angle of synchronous machine
Phase angle

Angular velocity in radians per second

Flux linkage

Phase a or armature

Phase b

Phase ¢ or commutation (e.g. x,)

Direct axis or d.c. converter or system
Quadrature axis

Field winding leakage

Direct axis mutual

Quadrature axis mutual

Damper winding on direct axis

Damper winding on quadrature axis

D.C. line

Positive sequence

Negative sequence

Zero sequence or minimum value (as in ab)
Rectfier _'

Inverter

Transient
Subtransient

Conjugate

11
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CHAPTER 1

INTRODUCTION

1.1 General survey of the place of h.v.d.c. in electric power transmission

modern type of mercury are valves was commissioned in Gotland in 195k.
this period the rating of mercury arc valves has incressed from 20 MW (Gotland)
to 270 MW (Nelson River) and the epplication of h.v.d.c. has become world-wide.

Table 1.1 gives &ll h.v.d.c. schemes in operation snd proposed for the futurc.

It is 15 years since the first commercial h.v.d.c. scheme using the

In

Fig. 1.1 is a histogram of the rating of the schemes and Fig. 1.2 is a plot

of the total installed capacity of h.v.d.c. schemes in the world.

information the following conclusions can be drawn:

(1)

(2)

(3)

(4)

Individual h.v.d.c. schemes are increasing in reting, the highest
(Ekibastaz USSR) being 300 times that of the Gotland scheme.

The elapsed time between the announcement of a projeét and its
commissioning is about 5 years for schemes of less than 1000 MW (e.g.
Kingsnorth, Nelson River Stage I), and more than 10 years for larger
schemes (e.g. Caborra Bassa, Ekibastaz). This is an indication of
the complexity of h.v.d.c. projects, bearing in mind that only 5 years
are usuelly required for the design andAconstruction of a modern

2000 MW power station.

High capzcity schemes (2000 MW and above) are usually installed in

larée countries like the U.S5.5.R. and Canada where there are cheap

pover sources remote from load centres, snd where the econcmic advantage

of high power long distance d.c. transmission are overwhelming.

Smaller schemes (1000 MW and below) were usually chosen because of
the technical merits of d.c., eg Sakuma (frequency changing), Kingsnorth.
(no increase in fault level). Others exploited both the econcmic
and technical advantages oi d.c. eg Cross-Channel and New Zealand

(submarine crossing).

From this



(5)
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In the decade 1960 - 1970 the rate of installation of h.v.d.c. schemes
was nearly one every other year. For the next decade 1970 - 1980
present infbrmation suggests that this rate of installation will be
roughly maintained.but the total capacity to be installed will be more
than double that of this decade. The outlook is therefore fairly
optimistic,.although there exists an element of speculqtion. This

aspect of h.v.d.c. will be discussed further in Section 1.3.
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‘
i

; .. 'Direct . Date of
Project Capﬁglty;Voltage leyance Da?e ?f . project !
kv f1les |commissioning announcement.
1 aenyG!
Operetional
Moscow-Kashira (USSR) 30 200 T2 1950
Gotland (Sweden) 20 100 1954
Gotland (Add tuyristor
bridge) 30 150 T2 1970
Cross-Channel (UK & +
France) : 160 -100 34 1961
Volgograd-Donbass +
(USSR) 750 =400 295 1964
New Zealand (New +
Zealand) 600 250 385 1965
Sukuma (Japan) 300 -125 0 1965
Konti-Skan (Sweden) 270 250 102 1965
Sardinia (Italy) 200 200 258 1967
Vancouver, Stage I
(Canada) 78 130 43 1968
Under construction
Vancouver, Stage II
(Canada) 312 260 43 1969
Pacific Intertie, +
Stage I (US) 1440 ;hoo 875 19707 1965
Kingsnorth (UK) 640 =266 ( 37,51 ) 1971 1965
2 poles
Nelson River, Stage I
(Canada) 810 +150, 570 1971 1965
-300
Planned
Vancouver, Stage III +
(Canada) 624 -260 43 ?
Nelson River, Stage +
II (Canada) 3240 -450 570 ?
Snettisham, Stage I
(us) Lo. 125 L5 1972 1968
Snettisham, Stage II +
(us) 80 -125 L5 ? 1968
Caborra Bassa, Stage I
(Mozembique & +
South Africa) 960 —266 900 197k 1968
Caborra Bassa, Stage II
(Mozambique & .
South Africa) 1440 -Lo0 900 1976 1968
Pacific Intertie, + '
Stage II (US) 2880 -400 8715 19777
Caborra Bassa, Stage III
(Mozarbique & S.A.) 1920 | 2533 900 1978 1968
 Bkibastuz (USSR) 6000 Z750 1800 1980 1969
New Brunswick (Canada) | 350 ? ? ? ’1969

Table 1.1 H.V.D.C. schemes in operation, under

c

(The total capacity at each stage is

onstruction and plannzd.

shown).
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The promising but speculative future of h.v.d.c. leads one to
associgte it with.the saying 'solution in search of a problem' which was
once used to describe the laser. In this connection it is perhaps
wvorthwhile to summarise the most likely applicetions of h.v.d.c. in the
future, these are
(1) Bulk power transmission over long distances
(2) Reinforcement of existing a.c. systems without raising fault level
(3) Undergrounding high voltage circuits where overhead lines are
objectionable

(4) Asynchronous link between two power systems

(5) Reinforcement of distribution systems from high voltage system to
bypass intermediate voltages

(6) Submarine crossing

Bulk power transmission over long distances will of course have
more scope in countries like the U.S.S.R. and Canada. In the U,S.S.R. the
load centre is essentially in the European part to the West and the cheap
power sources are in the Urals and Siberia fo the East separated by a
distance of over 1000 miles. A h.v.d.c. link in a East-West direction
therefore provides the extra advantage of different time zonmes. Even
the Cross-Channel link took advantage of the different peak times between
Englend and France before British Standard Time was introduced. In Canada,
however, natural resources in the form of hydro-electric power are abundant
in the North while the load centres are mainly in the South so that all
mejor transmission lines are in a North-South direction.
| In countries like Britain, where the high voltaée system is
closely interconnected the use of h.v.d.c. for reinforcement has special
eppeal when it is essentisl to keep the fault level down. However, it is
important to recognise that there are other means of limiting fault level,

., 6k . .
e.g. resonance links ', which can be more economicel.
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On the other hand h.v.d.c. will have a place in undergrounding high voltage
circuits in countries where amenity is held in high esteem, although again
the economics has to be competitive with alternative solutions such as
intermediate reactive compensation of high voltage underground cables.

H.V.D.C. links, because their operation is independenf of a.c.
system frequency, are eminently suitable as interties between systems not
under one centrel system control (e.g. Cross-Channel link) or between
systems of different frequencies (e.g. Sakuma frequency changer). Thus
there seems to be scope for d.c. interties between Canada,where there is
ebundant hydro-electric resources, and the U.S. The use of d.c. links as
frequency changers will, of course, apply only to countries with mixed
frequencies like Japan and perhaps Venezuela and is therefore limited.

The use of d.c. to reinforce distribution systems was.first
proposed by Brewer and Fraser 65 in 1966. The idea is that a high capacity
rectifier from the high voltage system can feed several smaller inverters
in series or in parallel at distribution voltage level thus bypassing
gseveral intermediate voltage levels. The economic case for this proposal
is, however, debatdble., In a‘'recent paper by Brewer and Kidd66, a 50%
reduction of the cost of the thyristor has to be assumed before & marginal
economic advantage can be obtained. Besides, the problems of harmonics at
distribution level end the need to dissipate the heat from the losses in
the inverter are some of the objections that have to be considered, even
cheap and reliable thyristor valves are available. Mercury arc valves of
single anode comstruction, sealed for oil immersion and arranged for outdoor

61 at the pright reting (30-90 MW) for use as distribution

mounting are availasble
inverters, but they are probably just as costly. A limitation of this
scheme is that it can only be introduced into distribution networks which are

secure and strong in order to obtain the required reactive power supply,

otherwise the need to provide for artificial commutation would add heavily

to the cost.
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For long submarine crossings d.c. links remain the only answer
since it would be very difficult to provide intermediate reactive
compensation, but the scope for this application seems limited.

To reduce fault levels on the high voltege system Knight68 has
suggested that the system may be segregated into two or more 'overlaid'
systems. In this way a higher load density can be sustained at the same
fault level, but the price to pay is a lowver security for the same capital
expenditure. The security can be improved, however, by connecting the
overlaid systems at points of high load density with zero distance d.c. links
or other short-circuit limiting coupling.

In recent years it has been suggested that nuclear power stations
can be built to such safety standards that they may be sited in or near big
cities and would thus relieve the need for bulk power transmission. Leaving
aside the probable objection by the public to live and work in close proximity
to a nuclear station there is still the requiremeﬁt of large source of cooling
water which would rule out many big cities. The more cogent argument against
nuclear stations near cities is the cost and complexity of their demolition
at the end of their useful life. Bainbridge69 estimated that the cost would
be a few per cent o fthe original stetion cost, and suggested that automatic
or remote-control equipment would be necessary. Therefore it is more likely
that nuclear power stations will continue to be built in less populated areas
near the sea or rivers, and bulk transmission will still be required. Whether
h.v.d.c. is chosen for this purpose or not will bé entirely determined on its
economic and technical merits.

1.2 Application of thyristors to h.v.d.c.

In recent years the application of thyristors to h.v.d.c. seems to
have aroused considerable interest in many manufacturers and research
establishments all over the world. This may be due to the lower capital cost
of thyristor research compared with the mercury arc valve. Despite the actual

operation of a thyristor valve in the Gotland scheme and the forthcoming
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English Electric trial thyristor valve for the Lydd Converter station, the

real advantages of thyristor valves over mercury arc valves have not really

been established. The usual advantages given for thyristors are:-

(1) freedom from érc backs

(2) smaller and therefore cheaper converter stations

(3) reduced filter requirements (thyristor valve built up from 12-pulse
groups tc reduce harmonics; and filters can be connected to secondary
of converter transformer)

(4) smaller converter trensformer required (reduced harmonics and reactive
pover)

Several recent papers, however, provided sufficient information to

10 stated that

cast doubt on the real volue of these advantages. Calverley
present day mercury arc valves are fairly free from arc backs and consequential
arc backs are practically eliminated; and in any case d.c. transmission scheme
using mercury arc valves can be designed to recover from arc back with
minimum disturbance. GavriloviCet al7l gave the sizes of a 200 kV 200 MW
converter station as follows:-

Mercury arc velve station 115 m x 162 m

Thyristor velve station (indoor) '115 mx 15k m

" " " (outdoor) 115 m x 132 m

Thus an indoor thyristor valve station is only marginally smaller then an
equivalent mercury arc valve station, and an outdoor thyristor station is only
about 20% smaller. The authors also stated that even allowing for savings
in converter building cost, damping circuits filters and converter trans-
formers, a thyristor station is still not competitive with mercury arc valve,
especially when the higher thyristor losses are included in the consideration.

Jones et al67

compared two designs using thyristors and mercury arc valves
respectively of a 90 MW converter station for distribution system application.

They showed that the mercury valve design is both cheaper and smaller.
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Using single anode mercury arc valves sealed for oil immersion and outdoor
mounting, one converter bridge can be made into a tank occupying 9' x 3.5' x 11!
high as against a comparable thyristor converter bridge which occupies

12" x T' x 10' high. They therefore concluded that there is little

prospect of thyristors being competitive with mercury arc valves for
reinforecing distribution systems, and added that a.c. methods based on the
resonance link appears to be more appropriate.

Ageinst this background of questionable advantages, the thyristor:
valve still faces considerable technical problems. A large number of
thyristors has to be connected in series and parallel in order to achieve the
required voltage and current rating (typically 20 - 80 kV 30 - 90 MV for
distribution reinforcement). The major problem is to ensure even voltage
and current distribution, and the correct firing of many thyristors in unison.
Over-voltage exceeding the transient voltage rating of the thyristor valve
would cause unrepairable damage. Moreover, each of the many thyristors
requires its own voltage divider and firing circuit and these must be as
reliable as the thyristors themselves in order to achieve an acceptable overall
reliability.

Veighing the uncertain benefits of the thyristor against its known
disadventages it seems safe to assume that mercury arc valves vwill remain
dominant in h.v.d.c. transmission.

1.3 Commercial aspects of h.v.d.c.

T2

Lane'“ has summed up the commercial hazards of h.v.d.c. as a
'tantalising situation in wbich projects are large but infrequent, engineering
demand intense but highly variable, competition is limited but international,
and the future is speculative but promising'. He pointed out that of all
the h.v.d.c. projects in operation or under construction hardly any two are
similar. Projects, as can be seen from Fig. 1.1, only occur at the rate of

one every other year in the decade 1960 - TO and - in the next, but

requirements differ and become more complicated with each succeeding scheme.
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This, he said, creates a situation which tests the nerve of the present
manufacturers and deters nevw competitors. A case in point which illustrates
the speculative and uncertain future of h.v.d.c. transmission is the U.S.

73

Pacific Intertie project. It was announced recently that Stage II of
this project is being delayed until at least 1977 due to a postponement of a
loan from Congress. Consequently the contract with ASEA and G.E. is being
terminated.

15 years after the Gotland scheme there are still only two
manufacturecrs of converter valves (both mercury arc and thyristor) in the
Western world, viz: ASEA and English Electrie. Commercial research into
valve construction and h.v.d.c. system behaviour and control are more
diversified and may be summarised as:-

Britain Central Electricity Generating Board

English Electric

Sweden ASEA
Germany 400 kV Forschungsgemeinshaft
U.s. Edison Electric Institute

General Electric

Bonneville Power Administration

Canada Canadian Westinghouse
Eydro Quebec

Jopan Electrotechnical Laboratory
Mitsubishi

While in the U.S.S.R. research and protection work on h.v.d.c. are in the
hands of severel institutes.
The new-camers in this group of commercial research establishments

Th that

are the Canadian Westinghouse and Hydro Quebec. It was reported
the former made the decision after a market survey suggested that there exists
in Canada a potential market of h.v.d.c. apparatus valued at $200 M in the

next 10 years and that an even bigger market may exist in the U.S.
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This is really intriguing since the parent Westinghouse Company in the

U.S. had closed down its h.v.d.c. esctivities 2 yearé ago. Hydro Quebec
enters into h.v.d.c. research in view of the pr0posed‘James Bay and otner
long distance bulk power transmission schemes. If the judgement of these twc
firms ere correct, then North America will see more h.v.d.c. projects before
long.

1.4 Relevance of interaction of h.v.d.c. 1link and weck a.c. systen

There are,in general, two different manners in which h.v.d.c.
transmission is applied to power systems. In the first place a d.c. link
can be used to bring power into an existing a.c. system that is strong with
plenty of internal generation. This approach is favoured by the Russians,

75

and in a recent paper they steted that the rating of any d.c. link from
pover stations in Centrel U.S.S.R. to the European part should be of the
order of 2 - 3% of the total receiving system capacity so that loss of a
d.c. link produces acceptably small disturbances. Since the total
generating capacity in the European part of the U.S.S.R. is estimated to be
about 100,000 MW doubling to more than 200,000 MW in 1980, the rating of
any d.c. link may. be of the order of 3000 - 6000 MW. System reinforcement
of this nature is apparently limited to thé U.S.S.R. where the load centres
already have abundant local generation end yet there are cheap power sources
to be exploited thousands of miles away.

A different situstion arises vhen d.c. transmission is used to
supply power to an area which is weak and has little internal generation so
that the rating of the d.c. link is comparesble to the receiving system
generating capacity, examples being the Kingsnorth and Nelson River projects.
In the former the receiving systems at Beddington and Willesden have little
generation near-by, and the ratio of short circuit fault level at these tvo
stations to the d.c. link rating (320 MW) is about 6 under minimum plant
condition. (This ratio will be lowered if there are circuits out on fault).
Studies on this scheme alreedy indicated voltage rises exceeding the

permissible 10% if the entire link (2 poles) is blocked under light load

condition, and would therefore require the link to be operated below rating



24

under such conditions. In the Helson River project, the d.c. link will
supply 810 MV in Stage I to southern Manitoba which has & totel generating
cepacity of only 1500 MW slthough there are interconnection to smuller systems

T6

to the east and west. Thus it is necessary, according to Scott’'~, to install
substantial synchronous condenser capacity to supply reactive power to the
valve, to maintain adequate short circuit fault level and to contain trensient
over-voltage arising from blocking of valve groups. Another feature arising
from the high proportion of supply from the d.c. link is the necessity to |
provide fast switching facilities (of the order of 750MSec ) for parallelling
healthy valve groups in case of d.c. line faults. Common between the tvwo
schemes is the provision of frequency control of d.c. link power. In the
Kingsnorth scheme frequency control is used to regulate machine frequency at
Kingsnorth in the isolated generator mode; at the receiving ends a rise of
frequency about a certain limit causes the link to be blocked. In the Nelson
River project frequency control alters the d.c. link power to help maintain
constant frequency at the receiving end.

Reinforcement of either & strong or weak a.c. system with d.c. has
many problems in cormon, but some of these are particularly acute when the
a&.c. system is weak. They have been mentioned sbove and can be summarised
agein as:-

(i) voltage instability
(ii) d.c. link power transfer limit
(i1ii) frequency control of direct current order
(iv) hermonic instability
The last problem has been considered by Ainsworthh3 who suggested & phase-
locked oscillator control system producing symmetricel three-phase converter

current even when the a.c. voltege is unbalanced or distorted. This thesis

considers the other problems listed.
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1.5 Isolated generator mode

In several h.v.d.c. schemes in operation or proposed the sending
end generators are isolated and asyncaronously connected to an a.c. system
by the d.c. link, examples are the Sardinia, Nelson River and Snettisham
projects. In the first of these, described by Cahen et 8121',Lthe frequency
of the sending end (Sardinia) is regulated by frequency-control of the d.c.
link power. On the other hand, frequency control of the Nelson River d.c.
link 76 will be relied upon to maintain the frequency of the receiving end.

The Kingsnorth scheme is not an isolated generator scheme like
those mentioned since the generators will be normally connected to the 400 kV
supergrid. Under certain fault or test conditions, however, one machine may
be isolated from the system and only connected to the d.c. link. Since this
condition can arise when this machine is supplying real and reactive pcwer
different from those demanded by the d.c. link, it may cause fluctustions in
speed and voltage of the machine. For this sudden isolated condition, this
thesis considers the effect of frequency control, and other methods of

controlling the d.c. link, in order to limit the disturbances.

1.6 Analysis of a.c./d.c. system in the transient state

The analysis of pure a.c. systems in the transient state is well
established with machines represented by voltages behind transient or
subtransient reactances and transmission system and loads represented as
impedances. For}the d.c. system the dynamic simulation by Hingorani et al3o
provides a most comprehensive representation of converter operation featuring
the individual firing of the valves. A combination of these representations
of a.c. and d.c. systems will produce the most rigorous method of analysing
mixed a.c./d.c. systems. Unfortunately the converter representation of
Hingorani is, although simple in principle, not often suitable due to the
considersble programming effort and computing time required. A compromise

is to use an approximate representation which neglects the individual valve

firings and treats the rectifier and inverter as d.c. motors and generators

whose e.m.f's are continuously controllable by means of the firing angle contro

By ado ting this approximation the representation of converters is greatly
simpliiied.
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The justification of using this epproximate representation is
discussed in Chapter 2 where all knowm methods of converter and d.c. system
representations are discussed and classified.

1.7 AC/DC load flow progrem

Before any transient analysis of a system can start it is necessary
to establish the initial conditions. In the case of a mixed a.c./d.c. system
the initial conditions of machine outputs, voltages and power flows are
obtained from a load flow program. One such program was developed and is
described in this thesis. This program has the following features:

(i) a tap changer routine which produces the required d.c. link voltage
and firing angle .
(ii) ability to simulate effect of current margin crossing
(iii) ability to simulate blocking of valve groups
(iv) single-pole or double-pole d.c. link

This program has alsc been used to investigate an interesting
problem of non-convergence for certain mixed a.c./d.c. systems. It was
noticed that for some a.c./d.c. systems which produce convergent load flow,
the removal of a line to simulate outage causes the voltage over the system
to oscillate and not converge. This is thought to be due to the voltage
sensitivity of the weak a.c. system to changes of reactive power and has
been overcome by adjusting the d.c. link power or current order.

1.8 Digital solution of differential equations - digital analog simuletion

Analysis of the dynamics of a system usually entails the solution
of a set of simultaneous differential equations. Before the advent of the
digital computer this was often accomplished by means of an analog computer.
As the use of the digital computer spreads, so the methods of numerical
integration using the ﬁell—known Runge-Kutta, predictor-corrector, or other
formulae to solve differential equations tend to replace the analog computer.

Although the digital computer is entirely satisfactory in this task,
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the ordinary scientific programming langueges such as FORTRAN or ALGOL are
not particularly suitable to deal with dynamic systems which are often
represented in the form of transfer functions and vhich the analog computer
is better equipped to tackle. It was not long, however, before special
programming languages were written which provided this special feature,

and allow the user to program directly from the block diagram of a dynanmic
system. These languages are a break-through in simplifying the use of the
digital computer fér dynamic analysis. Two of these, MIMIC and DSL/90, have
been used in the course of the work of this thesis. An appendix is included
to describe and discuss the methods of numerical integration, the advantages
and disadvantages of digital analog simulation. An improvised simulation

method developed by the asuthor is also presented.
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CHAPTER 2

METHODS OF REPRESENTATTON OF H.V.D.C. CONVERTERS AND SYSTEMS IN ANALYSIS

2.1 Intreduction

The enalyses of a.c./d.c. systems were often performed by
treating d.c. links as simple resistances or simple T-circults and converters
as equivalient current generators. Althcugh this method of representation 1is
widely used, other methods had been employed in the analyses of the many and
varied problems of h,v.d.c. As with the analyses of so many other problems
there i1s always the fundsmental choice between building a physical model and
developling a mathematical model. With few exceptions the pressnt trend
seems to favour the latter and digital computers are inevitably used to
implement the analyses. Tals i1s so with h.v.d.c. where simulators are still
few and far between,l’a’j’4 Although they are extremely useful in certain
specific applications, e.g. in developling and testing of control circuitis.
The concluslon 1s, therefore, that more analyses of h.v.d.c. prcblems will
be in the form of mathematical modelling, and the present chapter is
devoted to the review of the known methods of representing, mathematically,
d.c., links and converters. To facilitate discussion, a classification of
ell known methods is proposed as follows:

(1) Steady state representétions |
(a) es equivalent current generator
(b) as equivalent circuit
(2) Transient state representations

(a) for small signal analysis

(b) for large signal analysis

The steady state representations are essentially single phase
representations and are cormonly used in load flow and fault current
analyées. Application is simple in both balanced and unbalenced a.c.

systems, although an iterative process is necessary when the converter

terminal 1is not an infinite bus with {fixed voltage.
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The transient state representations are necessary in the studies
of a.c./d.c. system transient stability, a.c./d.c. system faults, valve
faults, and the response of control systems. These represéntations are
essentially three phase and can therefore deal with balanced and unbalanced
a.c. systems, but In some simplified situations ihese representations can
be implemented 1n.single pnase terms.

2.2 Steady~-state Representations

The basis of these representﬁtions is the steady-state
relationships between the alternating voltage and current at the converter
terminals, the direct voltage and current of the converter, and the firing
and commutation angles of the converter. Excellent expositions of these -

5 Calverley,6 and UhlmannT. By takihg

relationships can be found in Read,
only the fundamental components of alternating voltage and current at the
converter terminals, a converter can be represented either as an

equivalent current generstor or an equivalent circuit.

2.2.1 Eguivalent current generator representation in symmetrical
8eCe_system

Uhlmann8 was the first to propose this method of representation

of d.c. links and converters for use on a network analyser. Although the
direct voltage is freely related to the altefnating voltage through the
firing angle so that there is no fixed relationship between them, he argued,
such a fixed relationship, to a good approximation, exists between the
direct current Ig; end the magnitude of the fundamental component of the

alternating current Tpe viz:

fé )
|Tacl = T Ige (2.1)

for a 6-pulse converter group. The error in this approximation is greatest
for a firing angle of Oo, but it is not greater than 1-1.5%. On this basis
the converter can be represented as a current generétor with no mechanical
inertia and supplying current at the same frequency as the a.c. network
connected to it, i.e. a rectifier can be regarded as a motor and an inverter

as a generator with no inertia.



Uhlmann8 méde the distinction between Egy, the r.m.s. line
voltage at an imaginary feeding point of the a.c¢. network where the voltage
remalns sinusoidel even when supplying the converter, and E, the r.m.s.
velue of the fundamental vcltage waveform on the valve side of the converter
transformer which in general is non-sinusoidel. The displacement factor
(i.e; the ratio of active to apparent power of the fundamental voltage and
current) between the current Iac and the voltage E1 are related to the
direct voltage V3, by |

1 .
El COSp, = av2 Vde (2.2)

The value of cosp, must be less than a maximum (cosg:) max
corresponding to the minimum firing angle a0 of a rectifier or the minimum
extinction angle ¥o of an 1nvertep.v The value of (coswl) max is obtained

as follows:

Idc Eom
cosp,t + e, — =—
At xm Im E,
cosay Or COS¥, = =1 (2.3)
. v 6 Idc Eom 1 6 Idc Eomyg |°
I:l + 2 (n' €m I E ) sing,* + (ﬁ' €sm m B )
where Im = rated value of Idc

Eom = rated value of Eo

e = ImX
xm — 2Eom
X = phase reactance of a.c. network including the converter
transformer
and cosg,! = (cosyp, ) max (See Fig. 2.1)

Unhlmann in this paper showed that cosq,l1 depends substantially on
-the value of oy and Y, and is virtually independent of Ige and E, except
for small values of a, (or fo) and Idc. He also emphasised that the firing
angles and extinction angles are related to the sinusoidal voltage E,.

If the value of cosy, from Eq. 2.2 does not satisfy the condition

cosy, <(cosg, ) max (2.4)

the voltage E, must be increased by tapping up on the converter transformer;
if the tap limit is reached, the rectifier will lose current control to

the inverter,
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(b) Phasor diegram of converter voltage and current

o/

E, phase voltage at imeginary feeding peint
By " " "t converter terminal

Iy W current to converter

X commutating reactance

Figs 2.1 Converter voltaze & current
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9.10

Breuer et al applied Uhlmann's equation but did not take

advantage of the fact that cos<p11 is virtually independent of Idc' For each
value of I, and E, an iterative procedure was used to calculate cosg,* by
rearranging Eq. 2.3. This 1is no doubt a contributary factor to the high
computing time quoted (110 minutes on the IBEV 70§h computer to simulate

1.5 sec). A much greater simplification can be obtained by assuning the
voltage at the converter busbar to be sinusoidal by virtue of the reactive
compensation provided by the filters of compensators. This is then the
voltage Fo in Uhlmann's pasper and its value i3 knovn at each stage of the

load flow iteration. The voltage E is no longer required, and the power

factor of the converter referred to Eo can be obtalned by

. L )y
Ejeosp, = 32 Vg4, (2.4)
To determine the movement of converter transformer tap it is only

necessary to check the value of Vac agalnst

(Vac)max = 2%2 E, cos a - %% T30 ‘ {2.5)
vwhere a = % for rectifier and Xo for inverter. If-the 1imit of tap
position is reached the rectifier loses current control to the inverter.
In a later paper Breﬁer et al3 reported that such modifications had been
made, although the expected improvement in computing speed was not
mentioned.

Incidentally the programs written by Breuer et al treated the
converters as equivalent active and reasctive loads which are derived from
the equivalent altemating current Iac from Eq., 2.1 and power factor from

Eq. 2.2. Hingorani and Mountfordlt

retalned the equivalent current concept
and treated the converter as current injections at the converter nodes.
Their method is eminently suited to be incorporated into a.c. load flow
programs which use the nodal currents explicitly, e.é. the method of

Glimm and Stagglg, and was the method adopted in Chapter 4.



Gavriloviec and Taylor

35

13

used the same method to represent converters

in their analysis of the regulation characteristics of d.c. systems, In this

paper a useful per unit system was presented which simplifies the

conventional converter equations. This system requires two different base

systems for the a.c. and d.c. systems:

where

A.C. base gquantities

ECB

PcB

IvB

= KV (2.6)
= N.mvaT ' (2.7)
= N.mva®/v3 kVv (2.8)

D.C. base quantities

VdB
PaB
IdB
kVv

mvaT

system are

vinere

= 2%2 N.kvv | (2.9)

= N.mvaT (2.10)
n  nval

T332 kv (2.11)

= nominal voltage of valve winding of converter transformer
= rating of one converter transformer
= number of converter bridges

voltege and current equations expressed'in this per unit

Vd = ec COéG, - %Ixcid - (2.12)
1, & 14 (2.13)
iy = vaig ' (2.14)
ec
1
1q = (4,7 - 1,57 » (2.15)

V4 = average direct voltage across N bridges in p.u.

ig = direct current in p.u.

iy = fundamental component of alternating current of N bridges

in p.u.

ip,iq = active and reactive components of i, with respect to e,

in p.u.

e, = voltage behind commutating reactsnce in p.u.

mvaT

Xo = 5 Xeo

kvVv

commutating reactance in ohms/phase



2.2+,2 Equivalent current rgencrator reoresentation in asymmetrical
24Ce Systems B

Uhlmann's representation of converters has one limitation, 1i.e.
it is valid only when the a.c. system is symmetrical, although the
equivalent current generator concept itself can be extended to cater for
asymmetrical a.c. systems. Under this condition the voltage waveform at
the converter terminals is unbalanced with asymmetrical voltage cross-over
points. The unequal commuiating voltages therefore cause unbalanced
converter currents. The relations between voltage and current in this case
can be studied in three phase terms by using the three phase voltages and
currents, or in single phase terms by means of symmetrical components and
this was the approach used by Arrillega and Efthymiadisl4 in their study
on the performance of converters under unbalenced conditions. From an

ternating voltage with a specific degree of asymmetry in terms of
positive and negative sequence components the convérter currents in the
three phases are calculated and injected into a three phase representation
of the network, selternatively these three phase currents are transformed
into positive and negative  components and injected into the corresponding
sequence networks. Since converter transformers do not allow the flow of
zero sequence current this component of curreht is absent.

The calculations required are summérised by the following steps
as given in the paper:

(a) derive ideal voltage cross-~-over points

Eop sin Oep - Eqy sin ©

e.g. Cpy = tan Egp ¢os g - Lgy cos Bgy

for a star-star connected converter transformer

(b) Calculate the commutation-angle overlaps

-1 2X
e.8. w4 = COS (cosal:3 - %%Id) -a ., (2.17)

(c) calculaete limits of commutation currents

e.g. Ll =Q,51 ;
L = o +u ) .
2 51 51 ) (2.18)
Ls = %a + Cis - cla . g
4 =0’13 +C13 - C13 +u13 )

For the positive half of current in R phase
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(d) derive phase-current wave shapes
e.g. the R phase current in the star-star converter

transformer is

y cOS0;, = CcosSwt )
Between L, L, iSR " cosay, - ¢0S (a5, + Uy, ) Is ) .
)(2.19)
1 .
Between :[:2]:;:3 iSR = Id g
. m - _ Gosgyg = coswt - G a + Cpy :]Id
Between L L, igp l:l Goso,, = 605 (o +0y) g

(e) calculate the fundamental components of the current
wave shapes
e.g. the R phase current in éhe star-star converter
transformer is |

1SR = Y2 Isg sin (wt + gSR) : (2.20)

2 2
where v2 ISR =\’AR + BR
and  fiqp = tan -1 <§§> + G,

and A; and Bp are dependent variables of the direect current and

the{firing and commutation angles.

Fig. 2.2 illustrates the meaning of some of the principal symbols.

(f) for three phase solution inject the three phase currents
from the converter into a thrée rhase representation of the
network,

(g) for single phase solution transform the phase currents into
positive and negative sequence components and inject these
into the corresponding sequence networks.

(n) 4if the converter terminal voltage is not fixed and the
converter is supplied from an unbalanced a.c. voltage source
through an impedance then a process of 1teration is requirad
by repeating the above steps until a convergent value of
converter terminal voltage 1s reached. The process is
started by assuming the converter terminal voltage to be
balanced and calculate the converter current, which would

also be balanced, for use as theé first current injeetion.



Fig. 2.2 Valve voliage & current waveshapes

®.py Cgyy egp -_Secondary phase voltage
for star/star connection.
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Incidentally this paper did not consider the effect of converter

controls and the direct current setting, while firing angle and extinction

angle wers regarded as fixed.

2.,2,3 ZEgquivalent circuit revresentation in symmetrical a.c. systems

The idea of representing a converter as an equivalent circuit is

in faet an extension of the equivalent current generator concept, since an

equivalent impedance or admittance can be readily found from the phasor
relationship between converter voltage and current as shown in Fig. 2.3.

A possible equivalent impedance may be derived as follows for a 6-pulse

three-phase converter:
For a rectifier

vy = 22 v, |Cosa - Z 14

. V6
TR

cos g = % [cosg + cos (g + u)]

where Vg,Ig = direct voltage and current
VL,
X

G »u,

alternating voltage and current

commutating reactance

rectifier firing and commutation angle

il

# = phase angle between V; and I,

Equivalent impedance of rectifier is:-

v
— e
Z = 7
= ‘/%X:L}VJI . €Xp ("ng)
2
zn-—l v, |cosa, ~Vg
\'
or = 12 . 1 = . o (-38,)

3 5 coSq, + oS (a, + u, )

'Similarly, the equivalent impedance of an inverter is:-

N2V, cosay, - V4
i
2 v,
or = Il 1 Yd.exp (-if;)

>3 c0Sg, + €OS (g + Uz) Iy

(2.21)
(2.22)

(2.23)

(2.24)

(2.25)

(2.26)

(2.27)
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Fig. 2.4 shows the equivalent circuit of the rectifier and
inverter as obtained above. It is important to note that both Z1 and Z,
sre non-linear functions of the terminal a.c. and d.c, voltage =a2nd
current, as well as the firing angles. If these equivalent impedances
are used to represent a d.c. link in an a.c./d.c. load flow program, their
values must be calculated for each iteration of the voltage.

For load flow analysis the equivalent admittance Y = I/E can be
used vhere Y must be calculated every time E is iterated. This
representation is useful therefore in those methods which use nodal

edmittances, e.g. the method of Glimm and Staggla

., end would not be
suitable for methods which use nodal impedances, e.g. the method of
Brameller and Denmeedle.

Instead of considering the terminals of a d.c. links separately
15

as above, Horigome and later Horigome and R.eevel6 considered a d.c. link
in its entirety by transforming a d.c¢. link into an equivalent 4~terminal
a.c. network. -Depending on the source of reactive currents three types

of equivalent circults are possible as shown below:

Type A equlvalent cireuit -~ reactive current source at sending end

The matrix equation fér this equivelent circult is

1
E =]0 1l o) liz E
S
= T dr = (2.29)
Ig olg| [o]|Gr-1)+1] [of 1 I,

vhere on tﬁe right hand side the first matrix represents as ideal
" transformer, the second a reactive current source, and the third an
impedance. This equivalent circuit is shown in Fig. 2.5a.

Type B equivalent ¢ircuit - reactive current source at receiving end

Tne matrix equation for this equivalent circuit is:-

Eg | - 1 %4 ol |1 0 Ey

, (2.29)
Ig 0] 1

o [l

1
g 0 (53 -1) +1 Iy
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where on the right hand gide the first matrix represents an impedance, the

second an ideal transformer and the third a reactive current source. This
equlvalent circuit is shown in Fig. 2.5b.
Type C equivalent circuit -~ reactive current sources at both ends
The matrix equation 1s:-
Eg % ciq — 0 Ko cos@r 0 E,
= 1 el MD 1 (2030)
I K, cos@s ¢] Rooosfr I.
vhere
1 0 1j>R, 1 0
MD | = e (2.31)
SR ot Kocospr 1
0 Frooars &bl 3gs) 0| 1 0 = exp(=-jdr)

In Eq. 2.30 the first and third matrix on the right hand side
represent 1deal transformers and the matrix MD represents a loss network
with reactive current sources at toth sending end receiving ends as shown

in Fig. 2.5¢c. The symbols in these equations are defined as follows:-

E5,Ig = voltage and current at sending end
= " " " t receiving cnd
Er’Ir ‘ eivang
- X,coals [chosa, ]
P K.cosgr Kzcos

§4 exp [J(&s + gr) ]

n

b
vhere ¥ ,K; = constents dependeni on the valve connectlons of the rectifier

end inverters respectively

%o

=9 for one bridge connected converter

KK, = constants vwhich are functions of firing and commutation

angles of the rectifier and inverter respectively

iné for bridge connected converter
#s = phase angle of Ig w.r.t. Eg
¢I‘ = ] n 1t Ir 1" E.r
Re ‘ . - R
Zd.r = % Ro0058r exp (-uﬁr) = %tsoos? exp (-ng')
Zs = P exp (38) w[ R . exp (305)
S ¥ K Fycosgs P K K.cosa © P S
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where Re = resistance of d.c. line
by A
R = Ry + :ﬁ;+ e,

21 21
X1,X2 = commutating reactances of rectifier and inverter respectively.
The expressions in brackets are alternative formulae of the variables,

The three types of equivalent circuits are convenient for the
study of an interconnected system. There are cccasions, however, when only
the sending end or recelving end needs to be considered. A simplified
representation is therefore necessary and is achieved by suitably
transforming the voltage and current at one end to eliminate the reactive
current source, If the receiving end only is considered then the sending
end can be represented by the equivelent voltage and current Eé and Ié
respectively as shown below:

vhere E5 is assumed constant

B| |30 B
= I - (2.32)
Ig 0 g Ig
E] 1|2 E |
dr ~r
— = (2.33)
Ig 0| 1 I, -

Similarly 1if the sending end only is considered the receiving end is
represented by the equivalent voltage and current E. and I, as shown

below where E, is assumed constant.

= L | B (2.34)
Ig ol 1 I,
o L
= R - Er

= I (2.25)
I; 0| 3 I.

The equivalent circuits for these two cases are shown in Fig. 2.6, In the
derivation of these circults the voltages Eg and E, had been assumed to be
in phase (fy=0), but this is not a necessary assumption. If Eg and E. are

not in phase the same derivation still applies.
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It is important to note that the transformation factors g and 6
and the equivalent impedances Zg,, and Zjg are all dependent on the firing
angles or phase angles at the terminals so that a process of iteration is
necessary for the solution of these equivalent networks. Horigome and

It017

used these equivalent circuits in an a.c./d.c. load flow program
where each d.c. terminals are treated separately by the simplified
representations given above in Eq. 2.32 - 2.35. Some of the equations
used in this paper can be greatly simplified by using Uhlmenn's
approximation in Eq. 2.1, and would result in reduced computing time.

26244 Equivalent circuit representation in asymmetrical a.c. systems

The equivalent circult representation described so far is only
valid when the a.c. system 1s symmetrical., but it may be used as a rough
approximation for the analysis of fault currents in an a.c. system with

unbalanced fault as by Horigome and Adamsonl8. More often i1t is used to

provide a first approximation in a more exact snalysis of fault currents
during an asymmetrical fault in the a.c. system as showvn by Horigome and
Itolg.. In the process described in that paper the converter phase
currents were transformed into positive and negative compenents, which
were then used with the sequence components of the converter terminal
voltage to calculate the corresponding sequence impedances. These
impedances were connected to the sequence network as shovn in Fig. 2.7
and a new set of converter phase currents obtained. A process of iteration
was performed until convergence was reached. This method is similar to
that of Arrillaga and E‘thymiadis14 and 1t 1s also necessary to calculate
the voltage cross-over points, commutation angles, etc.

Phadke and Harlowgo applied the same concept of positive and
negative sequence impedances for the analysis of converter operation when
the alternating voltages are unbalanced. They pointed out, however, that

these equivalent impedances are merely ratios of sequence voltages and

currents, and are not composed of physically realisable R, L, and C elements.
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2.3 Transient-state Representations

Transient problems in an a.c./d.c. system can be divided into two
groups - those dealing with small disturbances, e.g. small changes in
current setting, and those dealing with large disturbances, e.g. valve
faults. Studies of small disturbances (small signal analyses) are usually
effected by applying small changes to a steady condition and evaluating the
increments in the variables, thus the steady state voltage and current
equations of a d.c. link can be transformed into similar equations in terms
of increments of the variables, linearising where necessary. Ior large
signal analyses, i.e. the study of large disturbances, the use of
incrementals and linearisation is no longer valid, and problems of this
nature in an a.c./d.c. system are usually tackled in two different ways.
The converters can be represented as generators and motors with their
voltages continuously controllable by the firinz angles so that analyses
can proceed in exactly the same way as indicated in Section 2.2.1.
Altermatively the discrete nature 6f converier control through firing
angles.is recognised and the converter valves are represented as on-off
switeches; analysis then proceeds with actual instantaneous values of
voltage and current, and not with average values as in the first approach.
The following sections explain these points in greater detail.

2.3.1 Transient-state representations for small signzl analyses in
balanced a2.c. systems
07
Reider considered the stability of d.c. control systems by

deriving equations of inecremental e.m.f.s. of the rectifier and inverter.
By assuming the firings of the values to be uniform at steady state and
changing by small amounts dﬁring a transient, it was shown that over
regular intervals of 60° (for one bridge) the actual bridge output voltage
waveform (saw-tooth waveform) can be replaced by a step voltage waveform,

the height of which is given by:

-
for rectifier ew % Ficosa -~ 5&(-"- I or (2.36)

for inverter e= %{-2 E,cosp+ 2}’- TIg (2.37)
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'Fig. 2.8 shows these two waveforms. In IMg. 2.8a the 60° interval of the
saw-tooth waveform is measured from the voltage cross-over, and it appears
that this argument would only apply if ¢ + u (cum of firing and
commutation angles) or g (advance angle for inverter) is less than 60°.
In fact the interval can begin at any point of the waveform, as long as
there is no more than one commutatiorn within one interval. For normal
operation the commutation-angle is iess than 60o for a rectifier and less
than (60-}!)o for an inverter, hence by sultable choice of the beginning
of the interval the actual saw-tooth waveform can always be replaced by a
step voltage waveform for cases even.wiun a or P exceeding 600,- If the
rectifier step voltage waveform has a different start reference point on
the actual waveform from that of the inverter, there would be an additional
phase shift between the two step waveforms over and above that which arises
frem the phase angle d;fference between the alternating voltages at the two
terminals (See Fig. 2.8) However, the effect of this phase shift was
proved by Reider to be small.

The last term in Eqs. 2.36 and 2.37 may be regarded as resistance
voltage drops so that a hypothetical resistance %% can be added to the
equivalent eircuit of the d.c. line represented as a single T-circuit. The

3v2

equivalent e.m.f.8. of the rectifier and inverter are simply —ﬁ—rElcosa

ond zﬁg EqcosP respectively.

Relder also showed that the effect of system impedance (r + Jjwé)
between the a.c. source and converter (inecluding converter transformer) for
normal range of firing and commutation angles can be included in the d.c.

line equivalent circuit as:

rl = 1.85r (2.38)
£+ = 1.85¢ (2.29)
'By adding the equivalent resistance %% from Egs. 2.36 and 2.37 to the line

resistance the parameters of the equivalent d.c. 1ink are shown in Fig. 2.9,
For the analysis of control system stability Reider recognised that
the action of the firing angle control is discrete, i.e, the converter

output.voltage is fixed after each firing and cannot be changed until the
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next firing. EHe therefore adopted the technique of discrete operator
( Z transform) which is defined as
~sT
Z = €

where Z

n

Z transform operator
s = Laplace transform operator

O

T = %g corresponding to an interval of 60o

Berlinak also analysed control system stability by an ineremental
method and used the same equations of converter voltages and the same.
equivalent circuit as Reider. However, Berlin implicity assumed the
converter voltage§ to be continuously controllable by the firing angles so
that these voltages were treated as continuous variables and not as
discrete variables whose values hold for en interval of 60°. The
operational equations were given in terms of Laplace operators.

Norton and Cor'yes’£6

studied small signal stebility of control
systems for multi-terminal h.v.d.c. links. Reference 25 presented a '
digitel simulation program for caleulating the direct current in each
branch of the multi-terminsl d.c. system, the a.c. system was represented
merely as infinite busbars behind commutating reactances. The d.c. sysiecms
were represehted a; distributed parameter lines, and the currents vere
obtained by means of the Bergeroﬁ travelling wave equations. The main
sdvantage of this method was said to be economy of computation, end the
ease vwith which the complicated voltage waveform across d.c. terminals and
attentuation can be included. However, the actual voltage waveform was
not used; only the change in the steady-state voltage as a result of
change of firing angle was considered. This was expressed as a time
integral of the d.c. terminal voltage. Calculation proceeded on a step
by step basis with a time step of ¢ which was ideally a common factor of
all the transit times of the d.c. line branches. Linear interpolation and
extrapolation were used to obtain values of direct current when firing
instants of valves did not coincide with intervals of ¢. Ccmputing time
vwas quoted as 1.6 min. on the IEM7090 for 80 msec real time, compared with

a computing time of 12 min., on the KDX9 to .simulate 100 mcec. a3 required
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by the program of Hingorani et 3130. However, this method was not sultable
for studying valve faults and d.c. line faults.

In Reference 26 the same two suthors developed an alternative
method for studying control system stability in multi-terminal h.v.d.c.
systems. Using lineariseé equations g stebility criterion in terms of
operational admittance of the entire system =seen from a Junction was
derived. Small perturbations from steady state condition was simulated
by treating the small variations of d.c, terminal voltage resulting from
small changes in firing angles as a train of modulated & functions as shown
'in Fig. 2.10. Each branch of the d.c. line was represented by a single
I - equivalent cifcuit since the frequencies of intersst are below 100 Hz.
The discrete nature of the d.c. controllers were incorporated by expressing
their transfer functions in terms of z transforms of sampled voltages and
cu?rents. Expressions of the operational admittance were derived in
terms of d.c. line constants and controller transfer functions. By
plotting these admittances as functions of frequency, stability limlits and
margins for different controller transfer functions were obtalned. Thnis
method of control system stability analysis was used to check the results

"in the first paper25

and sgreement was shown to be good.

These two papers, therefore, provide two alternative methods for
the preliminary study of control of multi-terminsl h.v.d.c. systems,
Computing times required are favourably short compared with other methods,
although accureacy is not as high.

A1l the above papers on small signal analyses of control systems
in d.e. transmission confined their attention to the variations in the d.c.
system only, e.g. firing angles, direct voltage and current,and treated the
a.c. system as a source of balanced and constant e.m.f. Hence the effect
of a.c. system unbalance and the interaction between a.c. and d.c, systems
in the tfansient—state vere not considered. These two aspects. as well as

other topics, are considered in the followlng sections on large signal

analysls.
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2.3.2 Transient-state representation for large signal analyses

In cases where it 1s required to determine the actual
instantaneous values of voltage and current in an a.c./d.c. system during
normal operation or following a large disturbance the values of a converter
are represented as perfect on-off switehes contfolled by the firing pulses
and the polarity of the voltage across them. Forward voltage drop across
a conducting valve and reverse current through a non-conducting valve are

both neglected. Freris27

adopted this approach when analysing the
conduction modes of a multi-group a.c. -~ d.c. converter. Similarly
Reeve28 used the same representation to establish the logic behaviocur of
converters during normal and abnprmal operations. Fhacdke et ale9 analysed
the transient fault currents from a rectifier followinz a line to grougd
fzult on the d.c. line close to the rectifier terminals, the rectifier
values being again represented as perfect switches;

The a.c. system is usually represented as three-phase e.m.f.s.
supplying the converter through system impedance and converter transformers.
The instantaneous voltages and currents of the three phases can be found
by starting frem these e.m.f.s. The d.c. line, if involved in the study
1s represented as an'equivalent T ~or 1 ~ circuit, and differential or
operational equations set up to relate the instantancous currents to the
actual voltage waveforms from the converter terminals., This lumped
parameter representation of the d.c. line is only valid for slow transients
below aboutlkHz which is deemed to be suffieient for most purposes. Fast
transients on d.c¢. lines can be studied by using a distributed paraneter
representation and a travelling wave method of solution.

Hingorani et a130’31’32 developed a very comprehensive procedure
for the dynamic simulation of h.v.d.c., systems under 8ll conditions of
operations, both normal and abnormal, that are likely to occur in
prectice. The key to this procedure is that, like Reeve28, they realised
that under all conditions the operation of a converter can be divided into
a limited number of easily recognisable patterns all of which can be

further simplified for the purpose of analysis down to one single equivalent
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circuit called the central-process equivalent circuit. In a converter
with 1 bridge, the suthors argued that-only a maximum of four out of the
seven valkes (including the bypass valuwe) may conduct at any one instant
end concluded that, out of a possible 86 conduction patterns with one to
four values conducting, only 12 are likely in practice, and these can be
represented by 7 eguivalent eircuits as shown in Fig. 2.11. Theése
equivalent circuits show the connection from the three phases of the

a.c. system to the d.c. line, and can be further simplified into a central-~
process cquivalent circult as shown in Fig. 2.12. In this circuit the 7
valves of the bridge are shovm and their conduction states would correcpond
to one of the 12 possible circuits. Each of the 7 circulis required a set
of differential equations to relate the voltages and currents and these
were solved%gﬁé Kutta-ierson variable step integration subroutine.

In Fig. 2.12 valves n, n-1, and n-2, termed primary valvss, are
associated with normal operestion, and valves n-3, n-%, n-5, and 7 conduct
only during abnormal operation and are therefore called secondary valves.
To relate the valves in this equivelent eircuit with the actual valves in
the bridge, a process of iiteratlon is necessary to adjust the value of
process nunber n u;til the conduction pattern corresponds to one of the
12 shown in Fig. 2.11.

Tne firing eangles were determined from the conventional control
characteristics shown in rig. 2.13 and were expressed by tﬁe following

equaticns:

X(I3)

s «cOoS¥o + o
¥ 2

‘o =qg0 1if

'[ 1T
il ondibeleniad &
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o

(2.40)

N N N N

_ A et X(1 1)}
otherwise a = cns [ 3 -cos¥o + s

in which X(Ig) = 0 if Ig»>Tgq

otherwise X(Ig) = A(Ig-Ts.)

where aé = minimum firing argle of rectifier
Yo = minimum extinction angle of inverter
L = commutating inductance per phsasge
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A

slope of converter characteristic

E = r.m.s, line voltage at converter

|

Since the firing of a valve or the introduction of a fault
marked the end of one typical process, as defined in Fig. 2.11, and the
beginning of another, the progrem was designed to check the occurance of
such events. This was achleved by using the Kutta-Merson integration
process to go backward end forward in time with reducing time steps until
the process transition point was fixed to within a certaln accuracy in
time, This is the part of the program that consumes most computing time
and is one area where improvement can be made. As g first attempt fixéd
time step integration may be used instead. If the fixed step is small,
say 0,5 msec. or below, the firing instants can be located with an
accuracy of up to 5.4 elecirical degrees, which is smaller than the value
of aq (7 degrees) or ¥o (17 degrees).

Valve faults were introduced by interfering with the normal
sequence of grid pulses or by modifying the voltages aecross the valve, e.sx.
fire through was represented by supplying the appropriate grid pulse, and
arcback was introduced by supplying grid pulse and assuming the voltage
across that valve ;o be positive.

The description of Hingorani et al was based on a 6-pulse
2-terminal d.c. link although their representation is perfectly general
and can be extended to cover 12-pulse converters, although at the expense
of increased computing time. Valve faults and d.c. line faults can be

studied fairly easily. But as Norton and Cory25

pointed out, their
method would bz cumbersome to extend to multi-terminal systems with
electrically long d.c. interconnections, because of the rapid rise in the
nunber of differential eguations for simultaneous solution.

Tiie above method is a true three phase representation of both
converters and a.c., systems so that unbalance of a.c. system voltage in
magnitude and phase can easily be catered for in the three phase voltsge

equation., However, Hingorani et al assumed the a.c. systems to be

infinite busbers thus excluding from their investigations the effect of
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interaction between the a.c. and d.c. systems. ‘Vhen it is required to

study the transient behaviour of machines connected near d.c. terminals
the effect of this interaction would be crucial, particularly if the a.c.
systems comnected to the converters are weak. In these cases the three
phase representation of Hingorani et al must be complemented with a
three phase (or equivalent) representation of the machines and the a.c.
systems., The Hingorani representation of converters yields instantancous
three phase currents at the converter busbar and these can be used
directly in the a.c. system solution if the machine equations are
expressed in three phase terms, or, if they are expressed invd-q
components, a transformation would be required to link the converter
phase quantities with the d-q components in the rest of the system. For
a sjmple case of a converter connected to one single generator as shown
in Fig. 2.1L the following set of equations in d-q components may be used:
(a) TFlux equations (from Harley}B)

!, n 1t

Y ¥
: : L, kd
0y 4 xg i+ w(xd Xa) ( ng+ % >

i

L
k
Wy = x"i o4 oalx" -x ) 2
q q a sl X
t 1
: 1 (X" % i+ X3 " *a o -
P¥ka T 7T o et Txg, o't Yka
kq Tdé w qQ 'kq
: u . no_ .
pY, = e, + L { X$ _a ( “nd i, + nd Vi )-ﬁfln(xd Xa)ﬂmd:]}
) - * ) - i T
£ 7f T lXg =% V@ Tdn, Tk *ra*1s
(b) Voltage equations (from Adkinth)
eq = wwq + raid
= i
eq why + raig
The p&d, p¢q terms have been ignored in the above equations because they

are small compared with the wy terms under normal operation.
(¢) OCurrent equations
From the three phase representation of the converter given by
Hingorani et a132 it is fairly straight-forward to identify the phase

currents with those in the central-process equivalent circuit of Fig. 2.12.



' Generator System Conﬁertef Converter
‘ Impedance Transformer B

Fig. 2.14 Single generator feeding converter

59



&0

For example, when the process numbar n = 6, and a valve firing pattemn

given by equivalent circuit number 6 in Fig. 2.11 (i.e. two valves

commutating)
1, = 1(1)
ip = 1(3) - 1(1)
1, = - 1(2)

where the currents i(1), 1(2) and 1(3) are for this particular process,
given by:=-

-1 _
pi(l) 28| =& v(1) 2r -r 1(1)

pi(2) -t | 2¢+ed v(2)=v{3) -r | 2riry i(2)

pv(3) = 1 [41(3) - 1(¥)]

¢4
1(3) = 1(2)
v(l) = ey - e,

v({2) = e, - e
where ey, e, and e, are the e.m.f.s. at the generator teminéls. It should
be noted that the variables r and ¢ in this case are the total resistance
ond inductance per phase between the generator and the converter terminals,
including' that of the converter transformer. The equation for 1(4) will
depend on the representation of the d.ec. line.

Each of the equivalent circults of Fig. 2.11 will have its own
set of differential equations to deseribe the currents 1(1), 1(2) and
1(3) as explained in Reference 32. Also the correlation batween phase
voltages and currents with theilr counterparts in the equivalent circuits
depend on the process number and firing pattern.

(d) Transformation of voltages and currents (from Adkinsz\u)

The differsntial equations of currents 1(1), 1(2) and 1(3) are
in terms of the voltages v(l) and v(2) and hence on the phase voltages
e,, e, and e,. Since voltages are only calculated in terms of d-q

components a voltage transformation of the following form is required:-
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€a cos® sin6 I.ed
€y | = |cos(® ~ 120) |sin(6 - 120) €q
& cos(6 + 120) | sin(6 + 120)

where 6 1s the angle between rotor axis and a synchronously rotating
reference frame, and is found from the mechanical equation of rotation of
the machine.

When the instantaneous values of the phase currents have been
obtained by solving the differential equations of 1(1), 1(2) and i(3) and
relating them to phase guantities, another transformation is needed to
get the d-q components of current for use in the flux and voltage

equations. Thus:-

ig cosg | cos(e - 120) [cos(6 + 120) i
=4

iq sing | sin(6 -~ 120) |sin(8 + 120) i,

i,

To summarise 1t may be said that the machine equations (in d-g
components) are linked with the d.c. converter and system equation
(in a-b-c components) by a d-q to a-b-c transformation of voltages and a
reverse transformation of currents, A simple case of one machine feeding
& single converter has been taken as example, but the same idea can be
adopted to incorporate d.c. links in more complex a.c. s&stems wilth more
than one machine. Extra complications will arise, however, if more than
one generator is connected to a converter busbar so that the converter
phase currents cannot be related to the d-q voltages and currents of one
generator alone. In this case some iterative process must be used at each
step of numerical integration to establish convergent conditions

throughout the system,
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2.3.3 Transient-state representation for larpe signal analysis in
symmetrical a.c. systems only

The three phase representation of Hingorani et al is the only one
known that would figorously model the operation of converters on a
firing by firing basis, and would therefore simulate all types of valve
faults found in practice. Unfortunately the implementation of this
representation requires considerable programming effort and the program
itself requires long running time. For this reason this repreéentation
of converters had not been used in the transient analysis of large
a.c./d.c. systems with balanced a.c. condition. In these cases the d.c.
systems are dealt with by ignoring the complex voltage waveforms at the
d.c. converter terminals arising from individual valve firing, and
replacing these waveforms with their average values. DMoreover the
steady state relationship between currents on the a.c. and d.c. sides of
the converter and the phase angle between converter voltage and current

are assumed to hold in the transient state for the purpose of analysis.

i.e.
Vd = égg'Ecosa E28 Id
or Vd=3H£EcosZ-%}£Id
ac ¥§'Id
é%g E cosd = A

The voltage Va is a function of the firing angle or extinction

angle which 1s assumed to be continuously acting and affects Vd at each

step of the calculation. The values of these angles are determined by

9,10

the d.c. controls. ©Peterson et al35 and Breuwer at al both adopted

this simplification and used firing angle controls of the form:
(T - Tp)

cosap =
V.
R
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6X

I "
—=T_+eX
I 7T CI
and  cos o = ~cosj + v
173 W = < - >
with edy KI(lIr II) 0
where A = rectifier firing angle

ap = inverter firing angle

I_ = d.c. link current order

IR = rectifier side direct current
I = inverter side direct current

Kﬁ = gain of rectifier controller

KI = gain of inverter controller

I._ i
miltiplier (= = current margln)

.k = I
T
XI = inverter commutating reactance

VR = rectifier a.c. voltage

V. = inverter a.c. voltage

Brever et al in a later paper compared the results obtained from
a computer program using such simplified representation of the
converters in the transient state with results obtained from a simulator
for a.c. and d.c. system faults and claimed good agreement. This is
most probably due to the firing intervals of the valves (1.67 msec for
12 pulse operation) being small compared with the time constants of
generators (10-100 msec for Téb and a.v.r. time constant). The
significance of their finding is that representation of converters in
such detail as that of Hingorani et al would seem unjustified unless
effect of valve faults are to be studied. Hence Chapter 5 and 6 adopted
this simplified representation of converters.

2.3.i Representation of converters on analog or hybrid comnuters

To close this chapter it is worthwhile to mention briefly the
6
representation of converters on an analog computer3 which may be regarded
as halfway between a sirmulator and a digital model. In this case the

converter valves are represented by clamping circuits which produce
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an output to correspond to the firing of a valve whenever the forward
voltage and the grid pulse are positive., The d.c. link and converter
controllers are easily set up as transfer functions on the analog computer.
The a.c. system can be represented either by a three-phase oscillator or
by a simulation of a synchronous machine, in both cases unbalanced
voltages or a.c. systems with different frequencies are easily simulated
by changing the parameters of the representation. Both a.c. and d.c.
transmission lines can be represented as lumped parameter equivalent
circuits. Thus this method of representing a.c. and d.c. systems provides
a rigorous simulation without the expenditure of considerable programming
effort. However, due to the luﬁped parameter representation of
transmission lines, a high time-scale factor would be required (A factor
of 1000 was used in Reference 36, i.e. 1000 seconds of analog computer
time was required to simulate 1 sec. of real time). Therefore practical
investigations using analog computers have been limited to a matter of

1 sec. real time.

This problem of.excessive computing time is largely avoided if the
transmission lines are represented as distributed parameters and the
equations solved on a digital computer, while retaining the analog
representation of converters and their controls. A hybrid computer,
vhich has a digital computer linked to an analog computer through digital-
analog converters, is ideal for this purpose. Krause and Carroll37
reported that, using a hybrid computer, a reduction of time-scale factor

to 100 was possible, although the actual factor used was 500.
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CHAPTER 3
STEADY-STATE STABILITY OF A.C./D.C, SYSTEMS

3.1 Introduction

This Chapter considers the stability of an a.c./d.c. system in
the steady - and semi-steady state, the latter referring to the short period
after a disturbance but before operation of tap changers. The factors
considered are changes in local a.c. load, changes in d.c. pover transfer,
changes in a.c. system connection and sudden changes in direct voltage.
Steady-state characteristics of d.c, transmission systemsare discussed and a
voltage stability limit is derived. Effects of tap changers on power transfer
and current margin on vcltage are considered, Finally, some results from
an actual system test afe given.

3.2 Interaction of d.c. converters and weak a.c. system

VVhen one terminal of a h.v.d.c. link is connected to a weak a.c.
power system there would be strong mutual influence, in terms of voltage and
harmonics, between the d.c. converters and the a.c. systen. In this
connection a weak a.c. system may be defined as one having a short éircuit
fault level at the converter station bus wvhich is not great compared with
the power rating of the d.c. link, say 5 times and below. If a large a.c.
load is also connected to the converter busbar the sum of the d.c., and a.c.
pover demands can alsc cause the a.c., system tc appear weak. For the present
study a 2 - terminal h.v.d.c. link was considered. One object of the study
vas to find the maximum permissible d.c. power import and export with
different a.c. system fault levels and different a.c. loads. And, since the
d.c. power transier depends on the method of control as well as the condition
of the a.c., system, a second object was to determine the necessary coentrol
requirements to match existing or anticipated a.c. system conditions. The
operation of the d.c. link was considered under Both steady~state and seni-

steady-state conditions: the former refers to the condition when the a.c.

system condition and d.c. pover transfer are fixed; while the latter refers
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to the interval of time after a disturbance but before transiormer tap-changer
operation, i.e, an interval of no more than a few seconds,

In this study only the limitation due to voltage instability was
considered. The limitation due to harmoniec instability was considered by

b3

Ainsworth and will be mentioned in a later section dealing with an actual
test when the Cross-channel d.c. link was connected to a weak a.c. systent.

3+2¢1 Descrintion of systen

The system in this study was one terminal of a 2 - terminal
he.ve.dec. link connected to a wzak a.c. power system, and is shown in Figs. 3.1
and 3.2. The converter station bus was comnected by an auto~transformer to
the a.c. system which was represented as an impedance and an infinite bus at
noninal voltage. The station bus also supplied a local load through a
network whiich consisted mainly of underground cables. The cable capacitance
was revresented as a lumped capacitance. The station bus supplied a
converter bus having two converter tranzformers and a filter. A 6-pulse
converter bridge was fed from each converter transformer, and the two bridges
vere connecled in series on the d.c. side to form a converter group which can
be operated either as a rectifier or as an inverter., TFor steady state the
direct voltage of the link was kept constant at its nominal value by tap change
on the converter transformers at the inverter end. ‘hen the converter was
rectifying the firing angle should be kept within a range between 10° and 20°
by tap changing of the converter transformers. Vhen inverting the extinction
angle should bes kept constant at l?o.

The relevant data of this scheme is presented below:

Infinite bus voltage 4oo kV (1 p.u.)

Converter station bus nominal

voltage 132 xV

o/

Auto-transformer tap range + 155
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Converter transformer tap range
" - " rating

Converter transformer voltage

ratio

Converter transformer reactance

Filter rating

Lumped capacitance of cable

network

Short circuit levels to be

censidered

Local a.ce load

D.C, Side
Povwer rating
Direct voltage

Range of firing angle
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189 Hva

132/111 kV
15.6%

70 HVAr

60 MVAr

3500, 2000 and 10CO MVA
500 MW max,
50 MY min.

P/Q ratio = 5

320 1Y
266 kV

a= 15° . 50
o

‘amin = 7

.= l?o

%.2+2 Computational details

In this study the converter representation and the equations and
per unit systens used were those suggested by CGavrilovic and Taylor 13 and
described in Chapter 2. Vith the data given in the last section the per

unit base values are as follows:

A.C. Side

Voltage base E¢B = 132 kV
MVA base PeB = 2 x 189 ¥VA = 378 1MvAa
Current base IcB= =22 _ 1,661

Cwrnses
o)
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D.C. Side
Voltage base VdB = %‘-fz x2x -%% x 132 = 300 kV
MVA base PdB = 2 x 189 MVA = 378 MVA
Current base I4B = %%% = 1,26 kA
The converter equations in per unit are
Va= e,cosa-~- -g  %elg (3.1)
ip= vaig/eo A (3.2)
iy = iq (3.3)
ig= (iy? - 1) (3.4)
Iy ip- dig (3.5)
where x . = converter transformer reactance
iy = equivalent converter current on the a.c. side with components.

commutating voltage
The filter and cable capacitances were represented as constant
susceptances as:

be

Qg/PcB

be = Qc/PcB

The local, a.c. load were represented in two ways, first as
constant P and Q and alternatively as constant R and X,

Different types of changes and disturbances were studied by means
of the digital computer. In the following sections the procedures of
computation are briefly described and the results are prgsented. A detailed
description of the programs were given in Reference 39,

3.2.3 Changes in local 2.c. load and d.c. power transfer

This study investigated the effect of changes in local a.c. load
and d.c. power transfer on the steady-state operating conditious of the
a.c./d.c. system, The converter bus voltage was maintained to within + 107
of nominal value by tap-changing on the converter transformer or the auto-~
transformer., At the beginning of computation the commutating voltage eg

was calculated from Eq. 3.1 as follows:



1 IL x4
€n == v Xaig
c cosa( d+ g e )
where Vg = rated direct voltage
o= 15°

The converter bus voltage was then obtained as
eb = i ec
where k = converter transformer tap ratio and the total current
from the system was
1s = h [ki, + ey (bp + by) + io ]
vhere i, is given by Eq. 3.5 and
Eé = local a.c., load current
_P-Jg —0_

h = auto-transformer tap ratio

and the infinite bus voltage es is given by

- L -y
es = E’ b + &sls
where Eé = system impedance

An iterative process was required to satisfy the boundary condition of
lesl = 1.0
Different system short circuit fault levels were used and the
results are summarised in Table 3.1 and Fig..3.3 and 3.4 from which the
following conclusions are dravm:

(a) The maximum permissible power import or export of the d.c.
1link can be increased by raising the auto-transformer tap,
vhile the converter transformer tap is used to keep the firing
angle or direct voltage within specified limits.

(b) A reduction in local a.c. load does not allow the power export

the d.c, link to be increased by the same amount. This is due
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of

to the difference betwcen the P/Q ratio of the load (=5) and that

of the converter (=2)
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A r——— e T R
MVA i MY A4
3500 1,15 0.96 500 320 >320

" n 4oo 343 "
" " 300 368 ]
2000 1.15 1.C0 500 206 "
" " Loo 257 "
] L 300 303 n
" Y 200 338 "
1000 1.15 1,00 400 61 "
" n 300 135 1"
" " 200 201 "
" " 100 260 "
L n 50 288 2
Table 3.1

The above results are based on the following parameters:-

(a)

a = XA::: 1?0

(b) Converter bus voltage at 1.0 + 10%%.




(¢c) Figs. 3.3 and 3.4 show that rectifier operation produces
higher voltage regulation fhan inverter operation, so that
emergency power reversal from import to export may possibly
cause volfage instability in some cases,

(d) Fig. 3.4 shows that the converter bus voltage rises as power
import or export is decreased. In cases of d.c. outage with
one or more bridges blocked the converter bus voltage will rise,
and the effect would be enhanced by the reactive power generated
by the filter. If it exceeds the permissible level this voltage
rise would place a limit on the maximum d.c. link power transfér.
The relationship between the auto-transformer tap and the converter

transformer tap is discussed in Section 3.2.6.

3.2.4 Local disturbances

This disturbance was assumed to take the form of line switehing at or
near the terminal under consideration and produce a change in the short circuit
fault level at the converter bus. The study only considered the interval of
time after such an event but before tap changer operation; thus it may be
considered as a semi-steady-state study. The tap positions used were
established for an initial power import or export of 320 MVW. The
computational procedure was similar to that in the last section.

In the case of inverter operation constant extinction angle control
was assumed so that the extinction angle was not effected by the change of
short circuit level. For rectifier operation, however, there were tvo
possibilities, If the converter bus voltage rises it will be necessary to
inerease the firing angle 4 so as to kecp the direct current constant.

On the other hand a fall in converter bus voltage may be sufficient to cause
margin cross so that the inverter takes over current control and the

rectifier operates with a minimum firing angle ¢ min. (?o).
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Constant power control and constant current control with different
current margins were considered. The results were summarised in Table 3.2
and selectively shown in Fig. 3.5, 3.6, 3.7 and 3.8.
Only reductions in short circuit fault level were considered
since this is the more onerous condition. Table 3.3 shows that when this
occurs there is always a limit to the maximum power import or export with
a corresponding drop in converter bus voltage. Normally the voltage is
not allowed to drop below 10% following a disturbance, and Table 3.2 gives
the correct current margin to use for constant current control to satisfy
‘this requirement when the a.c. system fault level is expected to be reduced.
It can be seen from Table 3.2 that a constant P and Q representation
of the local a.c. load gives more pessimistic results than a constant R and X

representation,
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Change of short

Local a,.c.

Maximum d.Cs

Operation | cincyit Level Load |Power Transfer| ©b Azd
Hode MVA My MY DU ~

(A) Constant P & Q representation of local a.c. load
Rectifier 3500/2000 300 Up to 320 0.89 + 10
Inverter n 500 Up to 320 0.935 + 7
Rectifier 2000/1.000 100 Up to 272 0.825 .0
i i " 267 0,90 -11.8*
Inverter " Loo Up to 283 0.795 + 15
" " L 257 0.90 | - 11*

(B) Constant R & X representation of local a.c. load
Rectifier 3500/2000 200 Up to 326 0.925 + 4
Inverter " 500 Up to 320 0.947 + 5.5
Rectifier 2000/1.000 100 Up to 292 0.778 + 16
" " " 277 0.90 - 7.5*
Inverter i 4oo Up to 320 0.846 + 22

ep = converter busbar voltage

Table 3.2a Local disturbances

“ 414 = change in direct current

* Marks correct current margin to keep ep > 0.90 p.u.

Initial conditions shown in Table 3.2b
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Short Circuit

Local a.c,.

Operation 1 FAL) va Ia
evel Load Tap h|Tap k a, or ¥ v
MOde ﬂJA Mw p oo k kA
Rectifier 3500 300 1,054 |1,018 {0,992 170 266 |1.203
Inverter " 500 1,042 ® " " 1" 1
Rectifier 2000 100 1.C69| " " " "
Inverter t 400 1,067 " 1 i " n

Table 3.2b Initial conditions before local disturbances
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3+.245 Remote disturbance

This disturbance was assumed to be a rise or fall in the direct
voltage as a result of a fault in the a.,c. or d.c. system at the remote end
of the d.c, link and it was desired to determine the effect this had on the
local end under consideration. The change in direct voltage vd was assumed

(e+gs 10% increase or decrease on the rated value) and it was necessary to
find the corresponding firing angle by using Eq. 3.1 in the form:

cosa = méi— (vqg + 16[' ¥5ig)
vhere the value of e was obtained as before by iteration to satisfy the
boundary condition oflesl = 1.0 p.u. at the infinite busbar.

- Both constant current and constant power control were studied
and results are given in Fig. 3.9, 3%.10, 3.11 and 3,12 which show only cases
of reduced vy as these are more likely and more onerous (causing margin cross).
From these results the following conclusions are possible.

(a) Constant current control gives better voltage regulation than
constant power control when the direct voltage at the remote end
is reduced.

(b) Inverter operation produces higher voltage regulation when
current margin is crossed. '

3.2.6 Relationship between tap ratios of auto-transformer and converter
transformer

Referring to Fig. 3.2 it is possible to develop a simple
relationship between the tap ratios h and k of the two transformers. For
a given set of pg vg and athe commutating voltage e, and converter current
iy are fixed, and the following equations relate the various voltages and

currents vhich are all referred to e,

1
ea --Eec

is

h [kiy + k 2’5233 + ] %‘ ec (b + bp)]

]

vhere the local a,c. load is represented as constant P and Q.
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- - - - 1 = 1
oaeb' = esfh(ak+b E)Z ='ﬁ'eb=

—_-— !_- -
where a=1i + 5 (p - 3q)

b = Je, (b, + by)

* 2 (M2, w5 -
o o h” (alk +b)Zs-hkes+ ec_o:L
and h__:kgs"*-'- [i3eg2~ & (EE{_‘E i-f)') Zses ] 2
2 (e + b) 2

By taking the positive square root and the real part only of the
R.H.S. the value of h for a given value of k can be obtained by iteration
with |es| = 1,0 as the boundary condition. The general fbfm of this
relationship is shown in Fig. 3.13, with two different values of the system
fault level. The value of this relationship is that by considering the
extremes of expected system fault level, local a.c. load, direct power
tranzfer and firing angle etc., it is possible to select matching ranges
of tap ratio of the auto-transformer and converter transformer. For the
scheme used in this study it was found that:
for auto transformer + 15%; - 10% and
for converter transformer + 15%; - 10%
are compatible, so that the actual range of the auto-transformer tap (+ 15%)
is slightly more than required to match that of the converter transformer,
(+ 16%, - 10%).

It is interesting to note that, for high system Ml oo s there
is a minimum in the h - k curve. This is due to the increase in primary
current when the transformer tap is raised to increase the voltage on the
secondary side of the transformer. A point would be reached when the extra
voltage drop in the system impedance due to the increased current depresses
the voltage at the primary so much that there is no voltage increase on the
secondary, and this point corresponds to the minimum in the curve,

Another relationship between the tap ratios concérns the power
transfer across the d.c. link and is shown in Fig, 3,14, The d.c. power iﬁ
rlotted against auto-transformer tap ratio h with the converter transformer

tap k and short circuit fault level as parameters, Lines of constant direct

voltage V4 are also included. When the system fault level suddenly changes
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from 8, to s,, the power transfer is reduced from A to B. To restore the
power transfer either h or k or both may be adjusted according to the curves
on the Pg - h plane,

343 Steady-state characteristics of 2 d.c., power transmission system

There are two main steady state characteristics of a d.c.
transmission system: one is the direct voltage as a function of the direct
current, and thé other is the active and reactive power of the converters
as functions of the a.c. system voltage. These characteristics have
different forms for the rectifier and inverter, and depend on the methods of
control of the d.c, link.

3.3.1 Converter voltace and current characteristics

Reider 23 had established some important rules for the steady-state
stability of a d.c. link which can be summarised as follows:

(a) Operation of a d.c. link is stable for all conditions with one
current controller at the rectifier,

(b) Operation with constant extinction angle control (compounding)
only at the inverter is not stable, and

(c) Operation with both the controls together, viz. current control
at the rectifier and constant extiﬁction angle at the inverter,
is stable,

The last principle of control is in fact adopted in all d.c.
links in operation since it demands the minimum amount of reactive powver at
the inverter., In addition, the inverter characteristic is usually modified
by a minimum current controller to prevent accidental shut~down of d.c.
transmission as shown by Adamson and Hingorani.ko The characteristics for a
d.C, transmission system is therefore as shown in Fig. 3.15. Vhere Curves
1 and 2 form the rectifier characteristic and 3 and 4 the inverter
characteristic. Curve 1 is known as the natural voltage characteristic of

the rectifier vhere the firing angle ais constant at a usually small value
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Fig. 3.16 Inverter on
constant Iiring angle

- Fig. 3.15 Inverter on
constant extinction angle
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Fig. 3.17 Converter
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power oscillationse.
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(aboutv5°). Curve 3 is the constaﬁt extinction angle characteristic of
the inverter with the extinction angle at a value of about 150, Curve 2 is
the constant current characteristic of the rectifier and is separated by a
current margin from the minimum current characteristic, curve 4, of the
inverter.

Vhen the inverter is not compounded and operates with a constant
firing angle with minimum current control the converter characteristics
afe as shown in Fig, 3,16, If however the extinction angle is maintained
constant only within a certain range of conditions closed to the nominal
conditions, then the inverter characteristic will be intermediate between
the ideal cbnstant extinction and constant firing angle characteristics as
shown in Fig. 3,17. There are 3 distinct intersections at A, B and C
between the two characteristics and there is a possibility of aperiodic
power oscillations. The normal operating peint is at A but a slight
increase in rectifier voltage or a slight fall in inverter voltage would
bring the operating point to B, However B is not a stable operating point
because of its negative slope so that stable operation would be finally
established at C. ,[Here the rectifier operates at reduced active aund
reactive power so that the a.c. system voltage would rise and push the
operating point back to A from where the whole process may begin once again,
causing an aperiodic power oscillation in the d.c. transmission. To
avoid this trouble the obvious way is to raise the taps of the converter
tranéformers on the rectifier side to provide sufficient clearance between the
rectifier natural voltage characteristic and the inverter characteristic, but
the rectifier would be running at high firing angles and absorbs excessive
reactive power, Alternatively the inverter characteristic may be modified
to become more or less flat for currents less than the current order of the

rectifier as shown in Fig.3.18.
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Another possibility of power oscillations arises if the current
margin is small so that the separation between the rectifier constant
current characteristic and the inverter minimum current characteristic
barely exists. A slight reduction in the rectifier voltage will cause a
margin cross so that the rectifier now operates on the natural voltage
characteristic with substantially the same current. The net result is a
slight drop in the reactive power demanded by the rectifier, and therefore an
increase in rectifier voltage which may be sufficiegt to restore the original
operating point, i.e. with the rectifier on current control. The rectifier
then operates at a higher firing angle thercby demanding more reactive vower
from the sending a.c. system and lowering the rectifier voltage once aggin,
thus causing oscillations in power transmission. The same phenomenon may
be brought on by a slight increase in inverter voltage. A margin cross again
occurs with the inverter workiﬁg at increased angle of advance § and demanding
higher reactive power from the receiving a.c. system. The inverier voitags
therefore dfops and the current margin is re-crossed to restore the initial
operating point. The inverter then operates with constant extinction angle
control absorbing less reactive power. This gives the inverter voltage a
chance to rise and céuse another margin cross, again resulting in power
oscillationse.

The occurrence of power oscillations caused by insufficient
current margin was observed in an actual test described in Section 3.5.
To avoid such oscillations the normal practice is to use a current margin of
about 10% of rated direct current.

3.3.2 Converter active and reactive vower characteristics

Having discussed the steady-state control principle of the d.c.
system it is now possible to derive qualitatively active and reactive power
characteristics of the converters as functions of the a.c. system voltage.
Vhen the control is as shown in Fig., 3.15 the power characteristiecs for
the rectifier and inverter take the form of Figs. 3,19 and 3,20. TFor the
rectifier when the a.c. system voltage rises the active power increases only

slightly, being limited by the constant current controller, while the reactive
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pover increases more rapidly due to the high firing angles now required.
When the a.c. system voltage of the rectifier drops sufficiently the current
mergin is crossed and there is a sudden but slight reduction of active and
reactive power, after which the current is limited by the minimum current
controller of the inverter. 'The reactive power of the rectifier for

further reduction in a.c. system voltage decreases less than the active
power because the commutation angle increases with decreasing a.c. voltage,
although the firing angle is smaller. The net effect would be a lower power
factor for the rectifier.

At the inverter end a rise in a.c. system voltage would cause a
margin cross with the direct current limited by the minimum current control
so that there is a sharp and slight reduction in active power and an
increase in reactive power due to the increased firing angle. Thereafter
the active power decreases slightly while the reactive power increases more
rapidly with increasing a.c. voltage. Vhen the a.c. voltage falls the
direct current is maintained nearly constant by the rectifier so that both
active and reactive power only decrease slightly.

Without the minimum current control at the inverter the flow of
power across the d.ce. link will cease if there is sufficient rise or fall
of a.c. system voltage at the inverter or rectifier respectively. To the
left of the dotted line on Fig. 3.19 the p and q curves will drop sharply
to zero for the rectifier., On TFig. 3.20 the inverter characteristic will
do likewise to the right of the dotted line,

3.+ Steady-state stability of d.c. transmissi.on
4

Bower et al had demonstrated the use of circle diagrams to
analyse voltage stability of a d.c. link connected to a simple a.c.
system represented as an infinite bus. By neglecting the resistive component

of the system impedance the circle diagrams, shown in Fig. 3.21,can be

described by the equation:

p+ Ja=(ve exp(-jo)- v2) exp (§ %)
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Fig. 3.21 Circle diagrsm showing voltsge stability

limit at receiving end.
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‘where p and ¢ are in per unit of the system short circuit fault level

e = sending end voltage in per unit = 1.0
v = receiving and voltage in per unit
g = angle between e & v,

From this equation, it can be shown that
q=[(ve)s - 2]? - v3
and the envelope of the circle diagrams marking the voltage stability limit

is obtained by putting

¥
Hy

v = 0

7
(pyq,v) = [(ve)® = p2]° = v23=q =0

H O

where

Hence, the envelope is given by the relation

X

e? -i;PQ
and this represents the maximum q for a given p.

By making use of this relationship and the p - q characteristics
given in Section 3,3.2 the voltage stability limit of converter operation

can be established,

365 Actual weak a.c. system tests with a d.¢. link

Actual system tests with the cross-channel d.c. link were carried
out to study the stability of the link when inverting into a weak a.c. system
at Lydd, and also to investigate the effect of margin cross on system
voltage (Reference 42). The system configuration was as shown in Fig, 3.22
and the short circuit fault level at the 275 kV terminals at Lydd was 730 MVA,
which was 4,56 times the rated d.c. link power of 160 MW.

The results of the voltage stability study are summarised in
Figs. 3.23 and 3.24 which afe curves of d.c. link power and direct voltage
against direct current. These show that voltage-wise the link was stable up
to rated current. Voltage regulation was slightly higher when the inverter
(Lydd) controlled the current as was expected from the higher reactive power
absorption. Vhen the link was on 6-pulse working, i.e, with one bridge
blocked at each end, voltage regulation at Lydd was better than 12-pulse
working because the primary windings of two converter windings were connected

in parallel through the tertiary windings.
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During these tests no harmonic instability occurred as
evidenced by the absence of excessiﬁe harmonics in the voltage waveforms
and no repeated commutation failures. This can be attributed to the
effectiveness of the third harmonic filters at Lydd. 1t is of interest
to note that in the Kingsnorth scheme no third harmonic filters would be
installed, and harmonic instability is expected to be avoided by using the
nev phase-locked oscillator Control hB’

Two types of margin cross tests were performed: in the first the
link was on 6-pulse working and margin cross was induced by tapping up the
converter transformers at the inverter (Lydd) a few steps until the direct
current suddenly dropped; in the second the link was on l2-pulse working
and one valve group at the rectifier (Echinghen) was blocked to produce a
fast margin cross. Therefore the two types may be regarded as simulating
small and large disturbances on the inverters. Tae results were summarised

in Table 3,3:
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Direct | Current Voft;;:tf copyad conyad 2g§d§v cagggrigry
Current | Margin P°§;§;VG Transformer| Transformer g;i;gie gﬁi;zge
(Amp) (Amp) (V) M MVAr - % %
(a) Slow Margin Cross
800(780) 20 | . 101(101) 76(74) ~14(~1%) 0 0
800(740) 60 97 (97) 74(70) -16(~-20) +0.5 +0,125
'800(670) 130 101(106) 76(66) ~14(-28) +0475 +0,375
400(360) 40 101(102) 38(326) ~42(-46) +0.5 +0.05
4oo(300) | 100 101(106) 36(30) -42(~50) +0,6 . 40,15
hoo(260) | 1hko 101(106) 38(28) ~4h(-52) +0,75 +0,25
(b) Fast Margin Cross
800(780) 20 88 (97) 136(70) L2 (83) -6 -2.25
800(720) 30 92 (97) 136(64) Lo (80) -5 -1.62
800(660) 140 92(100) 140(64) 34 (64) -2.2 -1

Figures in brackets are readings after margin cross.

- sign indicates leading MVAr

Table 3.3 Voltage change after margin cross
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It is seen from this table that small current margins result in
lower voltage fluctuation when the mérgin cross vas caused by small disturbances.
When margin cross was caused by a large disturbance a low current margin
results in a large éhange in voltage. A high current margin, on the other
hand, has the opposite effect, i.e. large voltage change for small
disturbances and small voltage change for large disturbances, Therefore a
medium current margin is most suitable, in this case about 100A, As
explained in Section 3.3 a small current margin has the additioral hazard that
_it may give rise to accidental power oscillations. This was in fact
observed during one of the above tests when current margin was erroneously set
to below 10A and the resulting power oscillations, which were illustrated

in Fig. 3.25, were removed simply by increasing the current margin.
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CHAPTER L4

A.C./D.C. LOAD FLOW PROGRAM

k.1 Purpose of progrem

The load flcw problem is one of the major topics in power system
analysis and its solution provides vital information for the design,
planning and operation of power systems. The solution obtained is
essentially one of steady-state, but a load flow program can be used té
study the effects of faults by running it once before these are applied
and once after. It also provideé the initial conditions required for a
transient study, and, if necessary, the end conditions after system faults
that the regulation or control equipments have to aim at. The a.c./d.c.
load flow program described in this chapter was developed with this object
in mind.

4.2 Scope of program

The a.c./d.c. load flow program develoned could handle an a.c./d.c.
system with 30 buses and 5 single-pole two-terminal d.c. links or 3 single-
pole links plus one double-pole link. Each link was provided with full
conventional control, i.e. constant current, constant power, and constant
extinction angle control. The tap changers 6n converter transformers were
included as part of the d.c. link control and were used to keep the rectifier
firing angles and d.c. line voltage within specified limits, and to ensure
as far as possible constant current control at the rectifier.

In this program d.c. converters were treated as current injections

13 ana Hingoriani and Mountford' . In this

as shown by Gavrilovri and Taylor
way the d.c. system can be written as a subroutine and incorporated into most
existing a.c. load flow programs with little modification required. In the
presént case an a.c. load flow program based on the method o f Glimn and Staggl!‘l
wvas used. Harmonic filters, cable capacitance and static compensators were

treated as pure capacitances at the fundamental frequency, while synchronous

compensators were treated as sources of reactive power.
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In order to study semi-steady-state conditions, i.e. those existing
during the period after a disturbance but before operation of converter tap
changers, the program was provided with facilities for locking the taps and
blocking converter groups.

4.3 Survey of existing methods

The solution of load flow problem in an a.c./d.c. system can be
obtained in three ways - by a model h.v.d.c. transmission systemhs, by a

8,16,46 11,47,48

network analyser , or by means of a digital computer Since

the use of models and network analysers for a.c. load flov.has been almost
relegated to teaching and other special purposes, and digital computer

programs for solving load flow problems are well established and a great deel

of active research work is continuing in this direction, it isalmost certainthat
a.c./d.c. load flow problem will only be solved by means of digital computers.

For this reason it is worthwhile to review the methods which have been

published.
48

The first publication on this subject was by Horigome and Ito ', in
which the d.c. converters were represented by an equivalent circuit. The
method was developed to deal only with the case of two independent a.c.
systems connected by a single pole two-terminﬁl d.c. link, and the sending
end system was analysed separately from the receiving end system. The
converters and the d.c. link were represented as equivalent voltage sources
behind equivalent impedances. This method is sound in principle but appears
to be difficult to apply. The main difficulty is that there were 11 varisble
such as firing angles, converter phase angles etc. to be found iteratively
for esch main iteration in the program. Inclusion of d.c. link control eand
converter transformer tap changer action would be possible but rather

difficult.
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The paper by Hingorani and Mountfordll described a more straight-
forvard method o £ including h.v.d.c. links in an a.c. load flow program.
Only single-pole two-terminal links were described but more than one link
may be present anywhere in the a.c. network. The converters were
represented as quivalent current generators, and the value of the currents
wvere calculated without iteration from the d.c. line voltage drop equation
the converter characteristicé and curfent orders, with the a.c. voltages
at the converter terminals, available at each iteration. This methéd is
therefore easily included as a subroutine in an a.c. load flow program
which calculates voltages from nodal current injections. One feature of
this paper was that conventional d.c. link controls were easily included
in the form of converter voltage/current characteristics from which simple
geometrical celculations were made during the iterative process to determine
the voltage and current ofa d.c. link as vwell as the firing angles of the
converters. A tap changer subroutine was also given, but this was found
to be incomplete and did not cover all possible operating conditions of a
d.c. link. However, in view of the simplicity of the d.c. representation
the method described in that paper was adopted in the present program, which
extended the work of that paper by the inclusion of double-pole d.c. links
of the Kingsnorth type and a new and more comprehensive tap changer
subroutine capsble of meeting all normal operating conditions of & d.c. link.
These are described in detail in later sections.

b7

Since Hingorani and Mountford's paper, Barker ', and, more
recently, Sato and Arrillagah%lso described their a.c./d.c. load flow
programs. The significant point is that both papers followed the method
in Hingorani's paper to determine the direct current without iteration by
using the a.c. voltages at each end of the d.c. link available from the
lest iteration. Both included a tertiary winding in the converter
transformers to allow for the connection of filters or synchronous

compensators, with the result that o secondary iterative cycle was

required to determine the commutating voltage when the primary voltage of



the converter transformer was known from the main iterative cycle.

Barker .placed the converter transformer tap changer subroutine in an
edditional loop outside the main a.c. and d.c. iterative cycle on the ground
that, if the a.c. system at either end of the d.c. link is weak compared
with the d.c. link, this would avoid non-convergence. He also concluded
that there was an insignificant diffrence between the rate of convergence
of an a.c./d.c. system study (containing one d.c. link) and a corresponding
study on the same system with the d;c. link replaced by an a.c. line.

Sato and Arrillaga, by contrast, put the tap changer subroitine, which vas,
incidentally, an improved version over previous ones in that optimum tep
positions were‘established by interpolation rather than by a stepwise -
procedure, in an inner loop together with the d.c. subrouytine, and did not
report any trouble with convergence. They concluded, quite contradictory
to Barker, that substitution of an a.c. line by a d.c. link increased
compﬁting.time by 30%. Because of these divergences in view these two
aspects of the a.c./d.c. load flow problem seem worthy of attention in any
future work.

In all papersla multi-bridge converter was treated as an
equivalent single bridge fed by one converter transformer. This is based
on the assumption that the transformers o f a multi-bridge converter are
normally on the same tap and tap-changes together.

L.l Per unit system

13

The per unit system of Gavrilovri end Teylor -~ quoted in

Chapter 2 wes adopted in the present program. This per unit system is
based on the number of bridges in a converter, and in order to simulate

the blocking of one or more bridges at a converter, the converter voltage
equation must be multiplied by the ratio of the mumber of bridges remaining
in service at the converter to the original number of bridges used to

define the per unit base . These numbers are represented by the symbols

N' and N respectively in the following list of symbols.



h.h.1 List of symbols

Ecb

Pcb

ch

Zcb

Edb

de

Idb

2ab

A.C. side base voltage r.m.s. line, kV

" 1n
1 "
1" 1"t

p.c. "

1" "

Rating of 1 converter transformer, MVA

Converter transformer primary voltage, r.m.s. line, kV

Ll

"

1

it

MVA

7"

MVA

current

impedance

voltage, kV

current

resistance

secondary

1

Rated number of bridges in converter group

Actual "

Converter transformer reactance, ohms/phase

L

"

| "

resistance,

D.C. line loop resistance, ohms

Equivalent resistance of converter cheracteristic slope, ohms
Direct voltage
Direct current

Current order

Current margin

Converter open circuit terminal voltage

Converter trans Prmer tap ratio

Bottom tap position

Top tap position

Tep step

Valve firing angle

Minimum value of

Minimum

Maxinum

Extinction engle

for normal operation

"

1]

1t

i

n

"

" 1

in service
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4.5 A.C. and D.C. system ecuations

k.5.1 D.C. System Equstions

Hingorani's paperj‘l

on a.c./d.c. load flow showed an elegant and
simple wsy to describe in full the conventional d.c. converter Vd - Id
characteristic with its usual constant current and constant extinction angle
controls. The rectifier simplified Ve - I3 characteristic oflthe_rectieick
consists simply of portions of three straight lines whose equations are easily
derived as shown in Fig. 4.1, that of the inverter is similar but is drawm
upside down on the Vd - Id plane because of the reversed polarity of inverter
voltege (Fig. 4.2). The operating point of the d.c. transmission is given
by the intersection éf the.rectifier and inverter characteristics.

The current order Ids is measured from the corner between the
constant current control and constant extinction angle control characteristics
for both rectifier and inverter. With simplified converter characteristics
this is satisfactory, but actual characteristics may be more complicated as

>0 and reprodwced in Fig. 4.3 and it would be

shown by Ainsworth and Martin
more convenient to reckon the current order at the rectifier from the corner
between the natural .voltage and constant current characteristics and
similarly at the inverter using the constant current and c.e.a. characteristics.
In this way the current orders Tica and Idsz fix one part of the converter
characteristic, and'Iésl and Iész the other.

Adopting Hingorani's notation, the following equations apply:-

(e) Current control at rectifier:-

- 3% -
Vgy = ¥'[n) ¥y Cos o - { ntl + 2R, },Id + A, (T4 Idsli}-iRLId (k.1)
3X }I

t2
Vap = W'y Vop cos 7+ {T * R, T+ 2RI - (k2)

(b) Current control at inverter:-
, {3}%1 ]} h.3)
Vi =N'[n) Vy cos ap =) 7= * 2R § T, ]- R, I, (4.3

3Xt2

) 1
ap = N'lnp Voo cos v+ ‘{ T 2Rt2}1d + A(14 - Tggp ) #IR, Ty (heb)

v|



n,v. characteristic
Va= Vorcostf +(3E/me2Rg +2R1)14

pe————

Ce CoCharacteristic

Va= ~Vol cos 3»
-21(Tas1~Ia)

~(=3X/m+2R 458y )Ig

Va=-Vo1 cosj;(-BX/h+23t+%Rl)Id

Fige. 4.1 One converter
cheracteristic

Kethod of describing

Fige 4.3

more complicated characteristics
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Pig. 4.2 Tvwio converter
compound characteristic
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Fige. 4.4 Characteristics
suowing current control at

rectifier or invexrter,
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In these equations A1 and A2 are signed, i.e. they are positive or
negative according to the slope of the characteristic.

To determine Id use the equation

Ve = Vg (L.5)

to obtain

cosY - n, v cosa +

P Uy 01
d ~ 3X

dsl
- X
t1 t2
Al -\ + 2Rtl> - < T + 2R é)

To check. whether the original assumption that the rectifier is

(L.6)

on constant current is correct calculate the voltage on the natural voltage

characteristic V!

gy from Eq. L.3. If AR the assumption is true and

Id is correct. If Vah < le the inverter is on constant current control

and Id ought to be found by using the equation
1t = V4
which gives

nl VOl cosa, - n2 V02 cosy + A2 Ids?

a’ 3% \ 3X R
2y <’ - ) ;
A2 < T + 2ut + I + 2Rt2 + T

I (L.8)

A conventional converter characteristic is shown in Fig. L.k
from which it can be seen that ifvthe rectifier is on constant current
control, the operating point is at P and Id > Idsl' If current control
is at the inverter with operating point at Q, then Id < Ids2’ Therefore

a check can be made to see if a proper operating point is obtained.

Once Id is known, the magnitude of the converter currents can

be obtained,

.f

Ill = N'n T? I (L.9)
Vb ,

II2 = Ntny, T T, (4.10)

The equivalent terminal voltage at the converters are given by

- !

Vi =¥ * N(QRtl) I, + EReld (L.11)
= 2

Vapo = Vo + N(2Ry,) Iy + R, 1, (L.12)
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if rectifier is on constant current control; or

= 1 ] 4
Vyp = Vo) +N(2R) I, + 3R T, (4.13)

if inverter is on constant current control.
The power factors of the converter currents with respect to the

converter bus voltages are obtained from the approximate equations:-

Nn, cosﬂﬁl (L.15)

Va11

v Moy Vo, cosfl, (4.16)

422

The converter currents are reiated to the reference phasor

through the convention shown in Fig. L.5S.
I = |5 [cos(8) - 0)) - 3 sin(d - 0))] (4.17)
) IIQI [cos(ﬁﬁz - 8,) - j sin(p, - Oz)j | (4.18)

=]
i

The equations in this section can be written in per unit form

as:

Nagp (g - idsl)] - %r&id . (L.19)
v Suf cos +(-Ex +22 )i, |+ 3r i (4,.20)
d2 =¥ | "2 %2 v 6 Xt2 t 9 Tyo! g |t ey .
T o - (0 e ) 1 L.
Yal TN M %1 %% T8 T3 Tl ta |t Pta (h.21)
v t = .N-L B + ( n £1...2~ ) s
;_ .
. “2 €, COSY - Ny ey cost, + "adl dsl
d L2 L 12 i
n, e, cosa - n, e, cosy + Na
or id - 1 71 . 0 2 2 252 (h.2L)

I n o I N
Nagp + (Fxgy +5 T + (G g +5 Typ) + Ty
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}é/ o . /V////<:E%// R : Réference;_.
(2) Rectifier - (b) Inverter

Fig. 4.5 Converter current phase angle



. Nt .
lll, =7 & i (L.25)
. Nt . }
12 ﬁ n2 ld (1.1.26)
where
X -'EEL X
t E 2 *t
p
M
t
r, =—=2R
{ E 2t
D
Y
£ Zdb :
A
a 2 em—a
d Zdb

L.5.2 A.C. Systen Equations

Glimm and Staggbh uses a general equation of the form

P~
-EET% + Zqu Eq
__ D q

q

to calculate the volfége at node p, and q are all the other nodes.

The sign convention for P and Q is that power leaving a node is
negative, and lagging reacti;e power is positive. Coupled with the
sign convention for the converter current on the a.c. side the above

equation was modified to

Py - 39,
ED% q
B = R (L.28)

q

+ szq E +1
o] d

for a d.c. node where Id is the converter current in complex form.

L.5.3 Organisation of Prosram

During each iteration cycle in the a.c. load flow program a node
was checked to see if it was one terminal of a d.c. link, If it was then

the most recent voltages at this node and the node at the other end of the




113

d.c. link were used in the main d.c. subroutine. A rectifier node was
distinguished from an inverter by the higher current order assigned to it.
The organisation of the program is presented in Fig. L.6.

4.6 Converter Transformer Tap Changer Subroutine

L.6.1 CGeneral Description

The tap changers of converter transformers form an integral part
of the control of d.c. transmission. In normal operation the rectifier
is on constant current control and its firing angles are regulated by the
tap changers to within certain limits. The direct voltage on the d.c.
line is maintained to a certain limit by the tap changers at the inverter
which is on constant extinction angle control. The reference point for
voltage regulation purpose is usually the mid-point of the d.c. line.

In the event of excessive drop in rectifier bus voltage or
blocking of one rectifier bridge, the current margin of the converter
characteristics is crossed. The inverter is now on constant current
control and the rectifier controls the d.c. line voltage with firing
angle a at Uy s i.e. on the natural voltage characteristic. This is not
a normal mode of operation and causes high réactive power consumption at
the inverter. For normal operation, therefore, the tap changers at both
the rectifier and inverter ends should co-operate to maintain>constant
current control at the rectifier.

In this subroutine whenever the inverter was on current control
the tap changer at the rectifier would step up to raise the natural
voltage characteristic and tried to regain current control at the
rectifier. Of course the tap changer was limited by the top tap
position and in some cases it was inevitable that the inverter would have
current control, Therefore this subroutine was divided into two sections,
one for the case of current control at the rectifier, the other at

the inverter.
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L.6

.2 Current Control at Rectifier

In this section the following equations were repeatedly used to

find the voltage at the mid-point of the d.c. line, the firing angle of

the rectifier, and the tap positions at both rectifier and inverter.

= |n, e. cosy + (- L E-23:' )i |+ ir,d
d "N {2 2 6"t2 79 Tt2/ ta| T Fed

_[n \ U SO S
"2 '[N' Yam g Xy 5 xg) Ty - ZN'reld] (e, cos¥)

= | N 11 I . iN _ .
o8 %= [N' Yo * (B v ) Tg t SpTeie /() ep)
2
I 1 . 1N .
n =[:§, Ve * (B v ) 1 *ApTeig | /(e cosa)

The tap positions obtained from Egs. L4.30 and 4.32 may

(L.29)

(L.30)

(L.31)

(L.32)

not be

an actual position and were therefore rounded off to the nearest actual

tap position.

(1)
(2)

(3)
(L)
(5)
(6)
(7)
(8)
(9)

The functions of this section were summarised as follows:

If v4 from d.c. subroutine Ve $ Vg € Vg, 8O to (9)
If Vg < Ve OF V4 > Vgp set

Vg = 3(vge + vay)

Compute n, with Eq. L.30 and round off
If Ny < Doy set Ny = Ny
If N, > Nyp set n, = Ny,

Compute v; with Eq. L.29

If vy < V4 and n, < n,, Step up n, by n, and repeat (6)

a¢ 2
If v4 > V4, and n, > n,, step down n, by n_, and repeat (6)

Compute o with Eq. L.31 using vy from (1) or (6)

(10) If ag < @< ay exit from subroutine since both A and o line

inside their limits.
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(11) If o < ap or a > ay set
a = 3o, + ap)

(12) Compute n, with Eq. .32 and round off

(13) 1Ir ny < my, set ng =g,

™Mh
(15) Compute o with Eq. L.30

(L) If n, > ny, set n

(16) If ny € ny, Or n; > n;, go to (20)

(17) If @ s ag step up n; by n,; and repeat (15)

(18) If a > a;, step down n; by ngy and repeat (15)

(19) If a, < a< dh exit from subroutine

(20) If o < ay step up n, by n,, compute v with Eq. L.29 and repeat (15)
(1) If o > @, step down n, by n_,, compute v, with Eq. L.29 and repeat (15)

< 5 . ] .
(22) If n, € n, orn, >n, exit from subroutine

Steps (20) to (22) call upon the inverter tap changer to operate
and help to keep the rectifier firing angles within limits at the expense
of the D.C. line voltage. This is justified on the ground that the
rectifier valves op?rate most satisfactorily when the firing angles are

within limits.

L.6.3 Current Control at Inverter

The following equations are used in this section:
HEEy N TS R W/ ) (1.33)
nj = L vdl E'th 5 rtl ld 2N,rel el cosc:.o .3

W (L N
v N n2 82 cOo3y + —g Xt2 + 9 I'_t2 ld +

Nad2(id - ids2i] + %peid (L. 3L)

[oN
|

) _
n, =| 3 4. - (- I Xen + 1 Tyn) i, = Na (i, - i, ,) -
) Nt 'd & %42 T 9 Tya/ g da2'\td ds?

%%'r&id (e, cosY) (L.35)
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v, = I e, cosG_ - (n X, + E?r ) i -ir, i (4.36)
d°N M % o T V&1 T9 Tt/ fa|T®ea y
N 1 I . N,
L =igr gt (E_th i) rtl) 13 ¥ 3Ty (el cosab) (L.37)
Iv- eyt - W) ey )
cosp = - YTy V4 - (z Xip * §-rt2) iy - Tniteiq n, e, 3
Nt I N R
Vy =3 | Dy e, cos (180 - B) + (z Xip * 5 rt2) iy |- gm iy (4.39)

If the main d.c. subroutine showed that the current margin was
crossed and current control was transferred to the inverter, it might bg
possible to restore it to the rectifier by tapping up at the rectifier end.

ﬁhen the program entered this section of the tap changer
subroutine Eq. ;.33 was used to establish the rectifier tap nq required to
produce 110% Vye The extra 10% was arbitrary to give a margin between
the natural.voltage characteristic and operating point. The rest of the
actions are described below.

(1) Frind rectifier tgp ni required to produce V4 a8 obtained from main
d.c. subroutine plus 10%. (The 10% is to provide arbitrary margin
between voltages of the natural characteristic and the actual

operation point)

I

(2) Ifnl<n

1 1h set ny ni and go to section 1 of this subroutine,

(3) If'n! > n), set n; = n), and goto section 1 of this subroutine, so
that the rectifier can try to regain current control with highest
tap. A counter is started to 1limit thenumber of such trials to say,
10, after which current control is assigned to the inverter and the
program proceeds to (L). The limit on the number of trials is

necessary to prevent the current control shifting between rectifier

and inverter.



(L)
(5)

(6)
(7)
(8)
(9)
(10)

(11)
(12)
(13)
(L)
(15)
(16)
(17)

(18)
(19)
(20)
(21)
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If Vag < V4 < Vin B° to (11)
Ir V3 < Ve OF Vg > Vgp set
g = 3Ty * vgy)
Find ng by Eq. 4.37 and round off
Find v, by Eq. .36
Ir no€¢mn,orn >n, 20 to (11)
If vq < V4gs Step up n) by n;  and repeat (7)
If vq > V4, Step down ny by ny_ and repeat (7). In the last two
steps the rectifier transformer tap is used to control'vd since
current control is at inverter.
Find n, by Eq. 4.35 using \F] from previous steps and round off.
Find v, by Eq. L.3h4

Ifn,<n <n, goto (17)

Ir n,, 3 n, g N,y 8O to {19)

If N, < Noy step up n, by nyg

If_nz > Doy step down ny by_nls

Find \£) by Eq. L4.36 using new value of nq from the last two steps
and repeat (11). -

The last 3 steps uses the rectifier transformer tap to regulate

V4 such that n, will come into range.

Find B by Eq. 4.38

Program leaves this subroutine.

If vy < vd; step up ny by ny_ and go to (16).

If V3 > Van
In this section the rectifier transformer tap was used both to

step down n; by n,_ and go to (16).

adjust V4 and to maintain the inverter transformer tap within range.

The latter is a hard constraint which must be satisfied and, in some cases

only be achieved by sacrificing the soft constraint on v

4 and allowing it

to exceed limits.
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.7 Other Features of Program

L.7.1 Constant Power Control

This was a slight extension of the constant current control.
At the end of each calculation in the d.c. subroutine Idand,Vd1 are known.
If V31 is the voltage at the mid-point of the D.C. line chosen as the
reference for constant power control, then the power order P0 should be
given by

Po=Vn Iy
If this is not so, new current orders must be calculated as follows:

(1) When rectifier is on constant current control

PO
I.'. = I
dsl leld dsl
Tas2 = Tas1 = Tam

(ii) When inverter is on constant current control

Po
I.'. = I
ds2 Valld ds2
- ' -
Lasr = Tas2 * Lam

With these new current orders the calculation in the d.c.
subroutine was repeated until the power order was satisfied.

Lh.7.2 Harmonic Filters, Cable Cavacitance, and Synchronous Compensators

Harmonic filters and cable capacitance were represented at
fundamental frequency as a capacitor of fixed capacitance. Static
compensators were treated in the same way. Synchronous compensators,
however, usually supply constant reactive power at steady state, and
verc therefore represented as sources of constant reactive power.

L4.7.3 Double-Pole D.C. Link

Equations for single pole d.c. links shown in previous sections

are basically also applicable to double-pole d.c. links. The only
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difference is that a loop resistance Ry can no longer be used to calculate

the voltage drop along the D.C. line, because there is now a common

section of neutral‘line or cable shared by the two poles as shown by Fig. L.7.
Eqs. 4.19-4.22 of Section 4.5.1 were modified as follows:-

For the upper oole, with rectifier on current control,

I ,
Va1 = rnll eyq c0s% - (gXyyq + 9 ri11) ia
Nagy; (igy - idsll):] - rtg Y Tmign (1.10)

v -y n.., €., COSY - (H X + E-21' ) i +
di2 ~ N 12 12 6 412 T 9 412/ tar

Tplgy = (o *+ 7p3) 1gn (b.12)
with inverter on current control,
v = N* n,. e.. cosa - (E X E
dil N __ll 11 o] 6 Tt1l 9 dl
ri1ig * Tl (L.L2)
vt = ¥ + ( Il + E? ) i o+
d12 TN |12 12 COSY T T B Xp10 Y g Tioo/ Iy
Nag,(igy - j‘ds?i]+ Tiptgy = (rpp +7p3) gy (b.L3)

Similarly modifications must be applied to the lower pole.

The first digit in the double subscript indicates the pole
(1 for upper pole, 2 for lower pole), the second digit denotes rectifier
or inverter as before.

The equations used in the tap changer subroutine were also
altered in accordance with these new equations.

When calculations were being made for one pole the current in
the other pole was required, e.g. Eq. L.4O contains a rian term. This
current had been obtained from the last calculations made for that pole.
When the calculations first start, this current was taken as the current

order for that pole.
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L.7.4 Load Flow for Semi-Steady State

When there is a change in the normal network cqndition, e.g. line
outage, blocking of converter bridges, transient voltages and currents are
produced. Usually these transients die down fairly rapidly, but more
time may elapse before any regulation equipment operates to adjust the
network conditions in some prescribed manner, e.g. tap changers step up or
down to maintain voltage level. This time interval between disturbances
and corrective appafatus operation may be referred to as semi-steady state.
Although a load flow program is essentially for steady state it can also
be used to calculate voltages and power flows during the semi-steady state
period since there is no change in the network.

Two facilities were included in the program:-

(i) Locking of converter transformer tap changers
This is used to study the condition of the a.c./d.c. system
after a disturbance, e.g. outage of a.c. line, but before the tap changers
~of the converter transformers have time to operate. If this facility was
requestéd, the tap changer subroutine was not called and the taps remained
the same,
(i1) Blocking of converter bridges

This was used to study the conditions of the a.c./d.c. system
when one or more bridges in a converter group were blocked at either ihe
rectifier or inverter end or both. The values of N' in the relevant
equations were set in accordance to the number of bridges remaining in
service.

4.8 Experience with a.c./d.c. Load Flow Program

4.8.1 Results from Test System

6
An A,E.P. 1L bus test system 3 was used to check out the program.
The original system, details of which are shown in Table 4.1 and Fig. 4.8,

was modified by replacing the line between bus l and 5 with a single-pole



Nodﬁigzde R (p.u.) X (pou.) B (p.u.) |Tap Setting
1 2 0.01938 0.05917 0.0528
1 5 0.05403 0.22204 0.0492
2 3 0.04699 0.19797 0.,04328
2 L 0.05811 0.17632 0.0374
2 5 0.05695 0.17388 0.0340
3 L 0.06701 0.17103 0.0346
L 5 0.01335 0.04211 0.0128
L 7 0 0.20912 0 0.978
L 9 0 0.55618 0 0,969
5 6 0 0.25202 0 0.932
6 11 0.09498 0.19890 0
6 12 0.12291 0.25581 0
6 13 0.06615 0.13027 )
7 8 ) 0.17615 0
7 9 0 0.11001 0
9 10 0.03181 0.08450 0
9 14 0.12711 0.27038 0
10 11 C.08205 0.15207 0
12 13 0.22092 0.19988 0
13 g1 0.17093 0.34802 0]
9 - 0 -5.26%16 0
Table 4.1

A.C. line data (on MVA base)
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d.c. link. Details of the link are given in Table 4.2. Results of the
a.c./d.c. load flow obtained with the program developed are shown'in
Table 4.3 and Fig. L.8 . Convergence took 27 iterations and 1.2 min,

on the IBM 7090 computer.

4.8.2 Effect of Slope of Converter Characteristics

The equation of the natural voltage characteristic is

3

: )
=Vy cosa, - ( T+ 2Rt + 3Ry ) Id

Ya

and that of the constant extinction angle is

3Xt2
Vg = Vgp cosy + (- —5 -t Ry + %R&) I4

If the line resistance R, is of the same order as the transformer
reactance th and th, the.two characteristics will have vastly different
slopes, as shown in Fig. L.9.

When the rectifier open circuit voltage:islVO1 the intersection
of 1 and L produces a proper operating point at A with rectifier on
constant current control.

If 1V01 is changed to 3V01, another proper operating point at
B is also obtained at the intersection of 3 énd 5, constant current
control being at the inverter.

However, if the rectifier open circuit voltage is 2V01 Eq. L.8
would produce an operating point at C which is the intersection between 2
and the extension of 5. This is obviously not a proper operating point,
and is detected by noting the current Id at .C is greater than IdsQ.

To obtain a proper operating point, the following actions are
possible:-

(i) 1Increase T4 b0 I3l, and get a proper operating point D.
(ii) Raise or lower tap changer at rectifier end.

(iii) Raise tap changer at inverter end.



Rectifier Inverter
Converter transformer rating 189 MVA 189 MVA
Converter transformer reactance 0.156 peu. 0.156 peu.
Number of tap positions 19 19
Regulation range +15% +15%
Number of bridges 2 2
Slope of converter characteristic 63.8 p.u. £3.8 p.u.
Minimum firing angle 70
Minimum extinction angle 170
Resistance of A.c._line 5 ohms

Direct voltage range

O¢88 - 0090 p.u.

Table 1*02

D.C. link data

Rectifier tap
Inverter tap
Direct voltage
Direct current
Firing angle, o

Extinction angle,y

1.0

0.91
0.893 p.u.
0.621 p.u.
1247°

17°

Table 11"03

D.C. link operating parameters from a.c./d.c. load flow
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If Hingorani's convention of reckoning rectifier current order
Idsl Irom the corner of the c.e.a. characteristic was followed, false
operating points may also be obtained as a result of ill-chosen vaiues of
the slope 4, and current orders. This is illustrated in Fig. L.10.

The full lines are the convefter characteristics with current
orders Idsl and I&sZ and rectifier characteristic slope Al shovn in line 1,
Eq. L.6 will produce a false operating'point at P with current Id less than
IdsZ and constant current control at the rectifier.

A proper operating point at Q can be obtained by adjusting the
value of A to-that shown by line 2.  Altering the current order t6 Idél
or Idéz also results in proper operating points at P or Qf. '

When adjusting the value of slope Al it is necessary to bear in
mind the requirement for positive damping of the d.c. line as given by

Adamson & Hingoraniho.

where R! = |A1 + 3Ry
Ly = inductance at rectifier or inverter
(3 d.c. line inductance + smoothing reactor inductance)
Cd = capacitance of d.c. line

4.8.3 Problem of Non-Convergence Due to Repeated Margin Cross

An interesting phenomenon of repeated margin crossing of the
convertér characteristics had been observed in one application of the
a.c./d.c. load flow program in the éemi~steady-state mode with the tap
changer of the converter transformers locked and with the d.c. link on constant
current control. It can be explained by reference to Fig. L.l where P
is a proper operating point with the tap positions of the converter

transformers fixed by the load flow program used in the steady-state mode.



130

If an a.c. line near to the rectifier bus is removed to simulate outage,
and if the connection of the rectifier bus to the a.c. system is weakened
as a result, the rectifier bus voltage may fall sufficiently to cause a
margin cross, i.e. constant current control passes from rectifier to
inverter and operating point shifts to Q. The rectifier then draws

less active power 5ecause of the reduced current and even less reactive
power due to the improved power factor with a = e The rectifier bus
voltagé may thus rise sufficiently to regain current control. The
rectifier then draws its original current and runs at a lower p.f. with

o> o. The bus voltage at the rectifier therefore falls again and may
cause another margin cross, whence the.previous process may be repeated,
and the program ﬁould not converge. Fig. L.11 illusfrates this

phencmenon which was obtained from the system described in Section 4.8.1
with the converter transformer taps locked at the values shown in Table l.3.
The program.was re-run with the a.c. line between nodes 1-5 removed but |
other conditions were ugéhanged. The converter bus voltages can be seen
tovfluctuate, more at the inverter due to the higher swing in reactive
power as the inverter changed from constant extinction angle control to
constant current control. The program did not converge. The implication
of this phenomenon is that with such an a.c. sysﬁem configuration as would
exist after the line outage operation of the d.c. link on constant current
control will not be stable if the tap changers of the converter transformers
are inoperative.

One solution which was found to be satisfactory in overcoming this
difficulty of convergence is to use constant power control of the d.c. link.
When the power order is constant, then after a margin cross the lower direct
voltage would automatically force up the current order which would prevent
the rectifier bus voltage rising to regain current control. This is shown

in Fig. L4.11 where a constant power of 0.58 p.u. was ordered and the program
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converged in 25 iterations. Alternatively the power order may be
reduced so that the rectifier bus voltage is always sufficient to maintain
current control.

When the tap changers finally operate, they should try to maintain

a suitable power order with current control at the rectifier.



CHAPTER 5
TRANSIENT ANALYSIS OF A.C./D.C, SYSTEMS

5.1 TIntroduction

Tne last two chapters considered a.c./d.c. systems in the
steady state. This chapter discusses the methods of analysis in the
transient state. A fairly detailed description of the representation of
generators, governors and automatic voltage regulator is given. On the
d.c. side the representation of converters d.c. lines and their control
is discussed. A method using matrix algebra was developed to link up
the a,c. and d.c. systems, and was applied to a simple a.c./d.2. system
for the study of disturbances.

In Chapter 2 it was mentioned that Hingorani et al3o

had

developed a comprehensive dynamic representation of converters which

produces actual waveforms of converter output voltage and instantaneous

currents on the a,c. side. The draw-back of this method is the

considerable programming effort and computing time required. In this

chapter a simplified methcd is presented which is easier to program and -

requireé less computing time although at the expense of some loss of gensrality

of representation. .
The transient behaviour of an a.c./d.c. system were formulated

as sets of simultaneous first order differential equations. Digital

solutions were obtained by the method of numerical integration using

elther plain FORTRAN programming language or the digital analog simulation

languages MIMIC and DSL/GO. Details of numerical integration methods

and digital analog simulatiqn languages are given in the Appendix. In

this Chapter, however, an alternative method using transition matrix and

recursive formulae requiring no integration is presented, This methed

has the merit of being both simple and fast with regard to computer

application,

In this Chapter discussions are limited to symmetrical a.c.

systems only.
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Three different methods of analysing generator transient
behaviour were considered, each varying in accuracy of representation
and ease of solution. All these methods are based on the two - axis
general theory of electrical machineth.

5.2.1 Tull Representation

This representation, based on a mathematical model described by
ShackshaftSI, includes the effects of damper windings, speed changes and
rate of change of flux linkages. The voltage and flux linkage equations

are as follows:

Vr = xpip + *mdlkd = *mald (5.1)
"Pd =X gip tx i - x5y (5.2)
Yid = Xnala * *kalka = Fnals (5.3)
*q = xmqikq - xqiq (5.4)
wkq = xkqikq - xmqiq {5.5)
ep = Tplp + é%’p¢f (5.6)
% = Zl;' Pfg * g*o*i’q - Tl ‘ (5.7)
eq = :)o—oqld + ‘“"Lo p“}’q - raiq (5.8)
© = Tralia "u}-o P ' (5.9)
=r b ve p} (5.10)
ke w T'kq
vhere (= actual angular speed of generator
a% = synchronous speed of generator
and the equation for electrical torque is
Te = Wdiq - ¢qid : . A (5.11)

The flux linkage and voltage equations are re-arranged into the

following form for solution:

pfp = (e, - roin) | (5.12)

Pla = Woleg + 7ol * 5= fo) (5.13)
o

P = = 0T yg (5.14)

pk})q =coo(eq + raiq - E;\Pd) (5.15)

pY -

kq (uorkqlkq (5.16)
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Thus the flux linkages are expressed as five first order differential

equations in terms of volteges, currents and the flux linkages themselves.
Knowing the flux linkages the currents are then calculated from Eq. 5.1 -

5.5, e.g.

v *ma ¥ma
s Fma

$ra  Fxa  Fma

*p “md  Fma
*a  ‘ma g
X

md  *kd  "Fmd

Similar equations can be written for the other currents.

The direct and quadrature voltages e, and eq required in

d
Eq. 5.13 and 5.15 are related to the rest of the a.c. system external to
the generator, e.g. in the simple case of an infinite busbar of voltage V

connected by an impedance (rt + jxt) to the generator these . voltages

are given by

x bd
I - T
eq = ﬁgvbd = m Pig - Tyig - S lq
o o
b 4 bs
T
eq = QQVbq o, plq rth + 7 iy
(s
where V, , = Vsin &
Vbq = Veos §

in which é= load angle of generator with respect to infinite bus.
The field voltage er is determined by the automatic voltage
regulator and is discussed later.

5.2.2 Representation with pYa, pfy terms neglected

By neglecting the pyd and p+§ terms in Eq. 5.7 and 5.8 the five

flux linkage equations Eg. 5.12 to 5,16 were transformed by Alford52 as
follovis:-
‘ 1% “a/*nd . . *md A (g = x )% 47, 1
Pfg =ep+ Td'o}x' % Vot f};*kd"[l* g SRty (5.18)
1 t
Y 1 ( *3 " %, Xd " X3
Plga =T ot T £ "4’1«1) (5.19)
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ot ()
Thus the three remaining flux linkages are expressed as three

simulténeous first order differentiai equations in terms of the field

vpltage €s and the axis currents id and ié. In conjunction wi?h these

equations the machine can be represented as a voltage behind its

subtransient reactance with d and q components of:-

- ki
v o= - sx" i o+w (x" - x) e (5.21)
d
qQ q o q a ﬁ{q
r Pr  xa
v o= sx!t i, -w (1 - s)L(x" - x )= + =) (5.22)
q d ~d o d a’ Xap Xy

where s = slip of machine

This simplified representation is most useful for analysing small
disturbances, but would not be very accurate under large transients,
e.g. pole slipping, when the values of p+h and p@h are relatively high..
The inaccuracies would be even higher when the machine has an exciter
system with rectifiers. In this case the blocking action of the
rectifiers during severe transients may cause sharp discontinuities in
field cﬁrreﬁt and voltage, and would require the retention of the p%d

and p¢q terms for an accurate analysis. Eq. 5.21 and 5.22 then becomes

x! p. p i
B S S T I

xll xll - X

x Ve ¢
Vo= —dpi o+ h"a.( 51 - pY ) +sxt i, - (1-8) [(x".-x ) (- 4 ~Ei?]
q w o] xkq lqo w q kq d “d d “a’'x o1 X4

5.2.3 More Simplified Representation

In cases where an accurate solution is not required or where it
is desired to reduce the complexity of the problem, the machine equations
can be further simplified by neglecting, in addition to the p%d and p+h
terms, all subiransient effects, changes in machine speed and armature
resistance. The machine can then be representea by a terminal voltage

with components:-

eq = xqiq - (5.23)
x, + T, xl!p

© =1+1T * e i+Tdo - ! 5.2)

! doP dop

as shown by Humpage and StottSB. In these equations p is the Laplace

operator, and it is seen that only one first order differential equation

is required to calculate the machine voltage.
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This last representation was used for the simple system to
be deécribed in Section 5.4. Tne more accurate representation in
Section 5.2.2 was used in Chapter 6 where the control of an isolat?ﬁ;
generator connected to a d.c. link is discussed. Reference 54 used
ihe full representation desecribed in Section 5.2.1 as a test case for

investigating the application ofldigital analog simulation languages.

5.2.4. Per unit system for synchronous machines.

For the d-and g-axis colls the following per unit system is

used:
Axis voltage base = Armature rated voltage, r.m.s., per phase
Axis current base = g X armature rated current, r.m.s, per phasge
Axis power base = % x armature power base,

The per unit system for the field coll is obtained by considering
it and the direct axis coil as magnetically coupled circulits with Np and

Nd turns respectively, hence
He

Field voltage base = ﬁE x axis voltage base )
)
J o
= %é x armature rated voltage, r.m.s. per phase %(5,26)
Ng )
Field current base = E% x axis current base )
. )

= %? bd g armature rated current, r.m.s.

Field power base = % x armature power base,
Since Nd and Nf are not known, the field voltage and current
base 1s calculated indirectly from the machine open circuit and short
circuit characteristies as shown in Fig. 5.1. AB 1s the field current

required to balance the MIF due to rated armature current and

oA _ AC
0B  RD
OB - OA _ED - AC
08 BD
AB _Xd - X¢ _ Xmd _ Fmd
But OB _

X
oF ~d
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where OF = field current requifed to produce rated armature voltage
on the air-gap line
= va
J. AB=Xpg Ipy = Ip

Moreover.Say55

.

showed that the current Iy produces the same
M.M.F. as the rated armature current Iy if

“ Na 3

Ir Ve Ne 2 Ta
From Eq. 5.26,

Field current base = -II:?* X g armature rated current
i

= /5 Ir because Ng = Ng
. ,
=% ¥pa Iy
Using this per unit system the axis quantities are related to the

phasor components of voltage and current as follows:-

€3 =2 Ed
ig =v2 Ig

where the quantities on the L.H.S. are axis quantities and those on
the R.H.S. are phasor components.
5.2.5 Representation of automatic voltage regulator

Shackshaft51

has presented an useful representation of a
voltage regulator and excitetion system which consists of an a.c.
exciter supplying a rectifier, two magnetic amplifiers and two
stabilizing circuits as shown in Fig. 5.2. The equation (in volts,
amperes, and seconds) are:

Voltage - sensitive circuit

Vm =-G,g (Vm - Vr)

First magnetic amplifier

. Cm
Viny = 7 + ToP (Vmy + V. + Vms ) + Kmp

Vmpomin gvme g Vmpomax

Second magnetic amplifier

Gmp
VX = 1 + Tmgp Vmy. + Kmy
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DIAGRAM OF VOLTAGE REGULATOR.

RECTIFIERS

obT



141
Vxmin < Vx ¢<Vxmax

Exciter

Gx

€p = 1+ P V? + Kx

Amplifier stabiliser

Ve = = Gins Thns P
ms 1 + TysP

Vx

Exciter stabiliser

_ GxsTxsP ep
1 + TysP

Vs =

The calculation of the initial values of these variables are
given in Reference 54,

5.2.6 Representation of governor and turbine

A simple representation of governor and turbine was als; glven
by Shackshaft, énd was based on an oil-servo type governor actuated by
the speed of the machine or the speeder-gear motor. This governor
and turbine is shown in block diagram form in Fig. 5.3 and described
by the following equations (in pér unit):

Centrifugal governor

The sleeve position ¥ is given by
Y = Yo - G;Pd
O<Y<1
vhere Yo = initial setting
G} = governor slope
pd = change in machine speed

Relays

The governor valve position Y; 1s given by
Y G2
1= T +TP)T + Top)

Y+K2

0<¥<1

Governor Valve

The steam power 1s assumed to be proportional to governor-
valve opening, thus

P GY

s T Y3y
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Turbine 45

The turbine power and torque are

P 1

= rEe— P
in 1+T3p

S

Tin = l‘- 53%5; Pin

As before, the calculation of the initial values of these
variables are given in Reference 5.

Acceleration of the machine . is found by the well-known
equation

pzazg—;—'l'a'

T; = Tn~Te~Te

T, = Vdig-¥qld (electrical torque)

T, = loss torgue

A more detalled representation of governor and turbine is
used in Chapter 6 when the control of an isolated generator connected to

a d.c. link is considered.

5.3 Representation of d.c, links and their control

- In this analysis the firing angles of the rectifier and inverter
were assumed to be continuously controllable so that the converters were
' treated as a d.c. motor and generator respéctively with no inertia. A
detailed discussion of the various ways of representing converters was
glven in Chapter 2, but with the above assumptions it was sufficient to
represent the converters as e.m.f.s. which were continuous functions of

the firing angles.

Rectifier

Vva = N G\I& E cosa.-% Id) (5.27)
Inverter

Vd = N (%‘ILQ E cosy - 2% Id> (5.28)

where N = number of bridges in service
W
X = commgritating reactance
The equivalent current on the a.c. side of the converter is

given in terms of its active and reactive components I and Iq as
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Ip =M Va1a

cosg-cos ( a + u) =£_}I§—ld

I =T <2u + sin 25 - sin 2(a +u) \
q P \ 2[cosey-cos2(a + u) ]

Iy =1Ip - J1q

where M = 1 for rectifier, = -1 for inverter
a = g for rectifier, = y for Inverter

As explained in Chapter 2 this representation is due to
Reider23 who replaéed the actual saw-tooth voltage waveform across a
l-bridge converter over a periocd of 60 electrical degrees with an
equivalent step-voltage waveform. For a convertiter with two bridges a
slight modification 1is necessary, viz. there is now, at steady state or .
slow transients, a commutation every 30 electrical degrees, with new
firing angles preceeding each commutation. The total direct voltage
can therefore be regarded as made up of two step-voltages in series
each phase-shifted by 30 electrical degrees. Moreover new firing angles
must be supplied for the valves of alternate bridges at 30 degrees
intervals. The total converter current on the a.c., side is the phasor
sum of the convefter currents of the two bridges, with the phase angle
of alternate converter currents calculated At each new firing anglé.

The converters are controlled by their firing angles which

are determined by the following relationships:-

Rectifier
M (Tgqy - Ig)
COS G = cOS d, - dsl d for Ig> I
° 22 Ey Ta> T4s1
T
= COS do for Ig< Iys1
Inverter
COS Gy = COS Y + f2§21d for Iy >Iygo
V2 X I3, A2(Igsp -I4)
= COSY + — + oo 47 for <l
o Eq éigEg Ia <140

where 0, = minimum rectifier delay angle

Yo = minimum extinction angle

Al, A2 slope of rectifier and inverter characteristics.



Fige 5.4 Typical converter cheracteristic
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Idsl’ IdsQ = current order at rectifier and inverter

X = comnutating reactance

Ey, Ep
Fig. 5.L shows typical converter characteristics, and Fig. 5.5

rectifier and inverter a.c. bus voltages

illustrates a block diagram of a d.c. link control with transfer
functions of compensators and delay. The former represents the current
measuring device which transmits a signal proportional to the direct
current from the d.c. line to the firing angle calculator, The delay
repreéents the telecommunication delay between the rectifler and inverter
stations. These transfer functions are similar to those used by Breuer
et al? All the above equations are in practical units, for conversion
to per unit the per unit system of Gavrilovic and Taylor shovn in
Chapter 2 was used.

The d.c. line was represented as a simple T- network which
was sufficiently accurate for slow transients.

5.4 Analysis of simple parallel a.c./d.c. system

In order to gain some understanding of the transient operation
of h.v.d.c, links working in an a.c., power system, and also to illustirate
how the representations of a synchronous machine can be combined with
that of converters to effect an analysis of a composite-system, a simple
a.c./d.c. parallel transmission system was analysed. This system 1is
shown in Fig. 5.6 and consists of an equivalent generator connected to an
infinite busbar by an a.c. line in parallel with a single pole h,v.d.c.
link having two bridges at each terminal,

The simplified representation of a synchronous machine of
Section 5.2.3 and the representation of d.c. converters as continuously
controllable e.m.f.s. as shown in Section 5.3 were used, The simplified
machine representation was justified by the assumption that subtransient
effects and speed changes are small. The local loads and filters at
the converter buses were represented as constant impedances and
susceptances respectively. The a.c. circuits were represented by their

impedances at the fundamental frequency. The data for this study are

as follows:-
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Bus 1 Bus 2
) 132 KV 132 &KV
1 50 v v. Y N“\ 400 hie (’?\A\ . 1 50 LVAr
Bus 3% : \w>L/ S~ . Bus 4
; TN
VR 1A T

N . !
- 2000 W

T 266 ¥V, 320 I

1C00 xw 1500 ¥
200 VA Y - 400 LiVAr

Fige.'5.6 Simple parallel a.c./d.c. system

Bus 4 as infinite busbar
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Equivalent generator data

Xa = 0.00047 p.u.

Xd

0.1039 p.u.

Xq = 0.0755 p.u.

XC']. = 0.0478 P.l,

]

31.8 sec.
Tgo = 6.36 sec.

Network data

213 = 0.0009+30.0189 p.u.
Zyo = 0.0075+J0.26 p.u. (including 2 transformers)
Zoy = 0.0037+J0.0756 p.u.

D.C. line data

Half-line resistance 0.967 ohm
Half-line inductance 0.6 H
Line Capacitance 12.5/@F

b.C. link control data

Td = 0,02 SeC. .

MVA base = 378

AVR data

Gmy =51 V&max = 227V
Tpl = 0.04%4 sec. G, = 3.06
K = 65.4V ' T, = 0.2 sec.
Voomax = 51,6V Gms = 0.00525
sz = 12,2 Tﬁs = 0.1 sec
T o= 0.1 sec. G, = 0.0139
Ko = 146.7V Ty = 2.0 sec
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Governor data

0.00188

1.25
G, = 1.42

[
1

T. = 0.1 sec
T. = 0,188 sec

T3 = 0,49 sec

Ké = 0,267

The busbar voltages Vl’ v, and machine voltage V_ and current

2 3
13 were the unknovms in this network, for which the following matrix

equation was written

yiu ¥y 9 -1 V1 L

Y12 Yz © 0 Yo |_| T2y (5.29)
0 0 1 -x vy F

- 0 -X 0

-1 1 ] 15 ] L ]

where il and 1, were the fundamental component of rectifier and inverter
currents in per unit. And if all voltages and currents were expressed

In terms of d- and - components the above equation was expanded as

follows: T
g1 Py &y P 00 -1 O IVl g
“byy By Hp, gy, O 0O 0 -1 Vig! [%1q
8o b, By Dy O 0 0 0| vyl |airisin(s-0) | (5.30)
by, &, by &5 0O O 0 o] 2q 194-1 cos (&6-8)
0 1 0 - =0
0 0 0 , Xq v3d
0 0 o 0o 0 1 .x.d 0 Vs
-1 0 0 0 1l 0 -vi xt in
- I i 0 o
B! 0 0 0 1 =% Vg |40
where i\:\yaavh\

B = tan—l (1)
§ = load angle between v3 and V),

f is an intermediate variable and is derived from Eg.5.24

such that
1 ’ .
pf = =— (ep - Vo -x3izg )
Tgo ~ f '3q “4%34
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ild + Jilq = \illexp(Jel),

-1 -1
0,= tan (qu/vld)-tan (1,)

i+ 41

od exp(J6,)

2q ~ |12
-1 -1
6, = tan (veq\ vpq) = tan (1)

- - V. v,
V14’ qu, Ved, and veq are the d- and g- ccmponents of V; and ae

Eq. 5.30 can be abbreviated to a matrix equation as
+1[e] - [l
and is solved in the form
[B] = [A] - [c1
since [A] is a matrix of constants only ;ne matrix in&ersion is
required.

The converter current i, and 12 (and hence their components
ild’ ilq’ iEd’ ieq) depended on the voltages vy snd v., therefore a
process of lteratlion was required in which the above matrix equation
is solved repeatedly with each new set of values of C until a convergent
sel of B 1s obtained. Experlence showed that two or three iterations
were sufficient for each step.

Figs. 5.7, 5.8 show the result of a change in current order
from 0.98 to 1.1 p.u., and the effect of blocking one bridge at one
terminal , They show that the d.c. system settled down to the new
steady-states after 0.05 sec. in both cases with no excessive transients.
It is interesting to note that the direct voltage appeared as smooth
curves because the converters were treated as continuously controllable.

By comparison the direct voltage obtained by Hingorani et 3130

» who
represented the converters faithfully on a firing by firing basés,
appeared as the actual saw-tooth waveforms.

5.5 Simplified transient analysis of converters

As mentioned in Chapter 2 Hingorani et al30 presented a
rigorous and comprehensive dynamic representation of converters, Thelr
representation produces the actual voltage waveform across a converter,
and the instantaneous values of currents on the a.c. phases and on the

d.c., line. Their method 1s simple in prineciple and is based on the
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Voltaze peu.

1.0

0'2—4 |L—C08
Y 1 - 1 - T ., T.
O C.01 0.02 .03 d.ca 0.05 sec

Pig. 5.7 Change of current order from 0.98 to 1.1 s.u.
Va1, Igy= rectifier side direct voltage & current

Vie = d.c. line mid-2oint voltaze
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concept that converter operation is sequential in nature and normally
either 2 or 3 values are conducting in each bridge, a process which

the authors called "central process!". However, the implementation of
this representation requires considerable programming effort due to the
intricate logics involved, and the finished program takes considerable
computing time because of the small integration time step of 0.1 msec
used (10 min. on KDF9 to simulate 20 msec). Cansiderable simplification
is possible when the a.c. system e.m.f. is balanced and if the individumal
phase currents need not be identified. Then only three basic voltage
waveforms are sufficient to describe the converter voltage waveforﬁ; these
are (for a 1-bridge converter):-

'.EE sinwt

o
1]

o
1]

2 J} E sin (¢t - 3)

(e, +e,) =2E sin (ot - 3)

o
1!

where B = r.m.s. line voltage. These voltages are shown in Fig. 5.9.
With two valves conducting, the converter output voltage is
ey between a-b in Fig. 5.9(b) or e, between c-d. Vhen three valves

are conducting, i.e. during commutation, the output voltage is 83
between b-c. If the direct currént is not constant and the a.c.
system resistance is not neglected, then the rectifier output voltage

is modified by:

2-valves conducting

\

1 41 - 2LpI

dl

or

e, - 2RIdl - 2LpIdl

3=-valves conducting
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A\

(2) 3-phase voliage wavelorn

e @

(b) Converter output voltage waveform from (a)

]

'—'_J/'r'"—"fé N ' ':'Aﬁ-'—‘\')‘l"'l——m

4 N #
Va1 T Va2

i

f

|

i
} Vac
|
]

(¢) D.C. line representation

Fig. 5.9 Simplified dynemic analysis of converters
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where ply, = 4 (V41 = V46 - R1Xg1)

R.L resistance and inductance per phase of a.c. system

R1,Iy= resistance and inductance of half the d.c. line

The equation of commutation current is

..2L pi; = e; - 2Riy + R1ly3- %1(vd1 - Vie - R1I47)

and the end of commutation is detected by repeated forward and
backward integration with reducing time steps until i, - I dlé 0.0001
say. A

The equations for inverter output voltage and commentation
current are similar. To advance from one valve firing to the next,
the voltages ej, en, and es are each advanced by 60 electrical degrees.
Firing angles were determined by the controls described in Section 5.3.

One typical result from this simplified representation is
given in Fig. 5.10. Typical computing time required was 1 min. on
the IBEM70G0 to simulate 20 msec.

The differential equations in Sections 5.2 - 5.5 were solved
by means of the Runge-Kutta integration routine or by using a digital
analog simulation language as described in the Appendii. The next
section describes an alternative method fo; solving the d.c. line
differential equations and the control equations without using any
numerical integration. This method makes use of the techniques of
transistion matrix and recursive formulae, based on sampled-data

control theory.

5.6 Application of transition matrix and sampled-data control theory

to d.c. system analvsis.

The transition matrix method, based on the theory of state-
variables, offers an alternative way of solving the d.c. line
differential equations, and the method of recursive formulae based on
sampled-data control theory can determine the output from a transfer
function at a given time step from the output at the previous time
step., By combining these two methods the transient behaviour of a

d.c. link including the effect of its firing angle controls can be
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studied without the formal solution of differential equations.

This approach may be faster than the usual method of numerical
integration i1f small integration time steps are required. Moreover
the theory of state variables has become popular for the analysis of
the transient behaviour of a.,c. systems as shown, for example, by

58

Iyer” and the present. work shows that d.c. systems can be included

in such analysis.

5.6.1 D.C. line linear state-space equation.

Ry assuming the d.c. line parameters to be linear, the
currents and voltage of the equivalent T- circuit representing the d.c.

line can be expressed as a set of linear state-space equations of fhe

form
x(t) = Ax(t) + Bu(t) : (5.31)
where x(t) are state variables and u(t) forcimg functions, in the following manner
I, -f2 o --ﬁji—l- I, L_lﬁ oo vy
I, | = o |- %’-2' L_%z-z I, |+] © -L—;E o [V, (5.32)
Vae 2 1-2 0 Vi o | ojofo

In this formulation the currents Idl’ Id2 and the voltage v&c are the

state variables and the converter terminal voltages V&l and Vda are the

forcing functions.

56

The solution of Eq. 5.31 is,from Kuo and Kaiser ,of the

form:- £
x(t) = At x(0) + At ]o e~At Bu(t)dt (5.33)
for a continuous system where eAt is the transition matrixe. For a

discrete system t = nT, where T is an increment of time and n = 0,1,2

ete., the solution is
AnT

nT

(o) + eA“T/o ot Bu(x)dt (5.34)

X(nT) = e

Alternatively

At

x[(n+1)]T =e x{nT) + e

(n+l)T
A(n+1)Tf TRy (et (5.35)

o
‘nT
which is a recursive equation for finding the response at t= (n + 1)T in

terms of the response at t = nT.
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When the foreing function u(t) is constant during the
interval nT <t <(n + 1)T Eg. 5.35 becomes

AT x{nT) + (eAT~I)A-lBu(nT)

x[ (n+ 1)T]

= Fx(nT) + Gu(nT) (5.%6)
where P = eAT
¢ = (eAT—I) A"ls

with I = identity matrix

. When the forecing function u(t) is a delta function during the
interval nT <t <(n +1)T, and if the increment of time T is sufficiently_
small so that the delta function can be treated as if it-were at t = nT,
then Eq. 5.35 becomes | ' .

x[(n+ 1)T] = AT x(nT) + AT By

F[ %(nT) + Bu] - - (5.37)
where u is a constanf.vector representing the magnitude of the delta
function.

fhe matrix F and G in the above equations can be calculated

once and for all at the beginning of computation and a procedure was'

given by Kuo and Kéiser56 as follows:=
k.k
AT o At
F=ce =B——'—K. . (5'38)
k=0
k. k
w At .
¢ (8 Gy 18 (5.30)

Since both F and G are infinite series, they can be expanded to as many
terms as necessary lto give the required accuracy.

Iﬁ Eq. 5.36, where the forcing functign is constant during a
glven time interval, is su;table for solving the d.c, system equation -
€q. 5.32) where the converter terminal voltages are represented as voltage

23

steps as in Reider. Conversely, when the converter voltages are
represented by delta funections, as in Norton and Cory?6 then Egq. 5.37 1s
suitable, but the results obtain=d will then be the increments of the

state variables as explained in the paper.

5.6.2 Representation of d.c.. control system by recursive formulae

In Section 5.3 the d.c. control systems have been shown in

Fig. 5.5 and the transfer functions were {ransformed into first order
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differential equations and solved together with those of the machine

and d.c., line equations. This section will show that the transfer
functions'can be expressed as recursive formulae so that the
responses at a given time step can be calculated in terms of the
responses at the previous time step. This method was presented by

DtAngelo et al57

and is based on the impulse response of the system,
- and the output is obtained in a sampled form.

Recursive formula for compensator

The transfer function of the compensator in Laplace operator

form is

F(s) = K 1= 2%"5 | | (5.40)

and the impulse response in the time domain is

T

t -
T2_

olt - 1) =K gk (6 - ) 4o (1-71) em(- 5)  (5.4)

and the compensation sampled output y (mT) for an input ﬁ(mT) is
given by

y(mT) = yi(mT) + yo(mT) (5.42)

where yl(mT) = K%% x{mT)
T
¥, (mT) = K.exp(- %—)y2 [(m - 1)rl + X1 - Ti) (1 -exp(- T—Z—) x[(m-1)T]

where T = sampling rate

Recursive formula for delay

. The Laplace transform of the delay function is
F(s) = e °Td
and its recursive eguation is

y(mT)

y [(m - Td)T]
where Td = delay dead time

5.6.3 Combination of transition matrix and recursive methods.

By using the transition matrix method in Section 5.6.1 to
solve the d.c. line transient equations and the recursive method to
obtain the sampled response of the d.c. control system the entire
transient behaviour of the d.c. system can be studied‘withOut solving

directly the differential equations describing the system. A program
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was wrltten to simulate the d.c; system including controls as described
in Section 5.3 with constant a.c. side voltages, and by choosing a
value of T = 1.67 msec to correspond to 12-pulse operation this
method of solution was found to be quite fest. It took 1.2 min. of
IEM7090 computer time to simulate 1.36 sec. real time.

| The alternative to express the compensator transfer function as a
recursive equation is to treat the output from the compensator as a
state varlable and include the first order differential equation of
the compensator in the state-space equation of the d.c. line. The
advantage of the recursive method is that it can be applied to non-linear
transfer funetions, for example saturation, or backlash, that cannot
be included in the state-space equations, which are only applicable to

linear systems.
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CHAPTER 6

CONTROL OF B.C. LINK IN THE ISOLATED GENERATOR MODE

6.1 Intrcduction

This chapter is devoted to the study of the behaviour and
control of a generétor which is normally connected to the supergrid netﬁork
and is suddenly isolated so that it supplies only the rectifiers of a
‘h.v-dec., link. This situation is particularly relevant to the Kingsnorth
scheme which is described in a rgcent paper by Calverley et 3159, where it
was stated that studies are to be made into gencrator performance when
connected only to a d.c. link. From such studies the feasibility of ccn-
necting an isolaﬁed generating station solely to a d.c. link can be assessed,

The present study deals mainly with the behaviour of the generator
upon sudden isolation, as a result of which voltage end machine frequency
are expected to change. Two different control strategies of the d.c. link
are proposed and their effectiveness tested by means of simulation on a
digital computer. |

The Kingsnorth scheme as described_by the above paper is chosen
for this study. This is a double pole d.c. link from Kingsnorth to
Beddington and Willesden with a total power rating of 640 1MW, Fig. 6.1 shows
this scheme, from which 1t is seen that by opening switch S Generator No. 3
will be lsolated from the 400 kV system and then supplies the d.c. link
alone,

Although this mode of opzration, termed the isolated generator
mode, is not a normal operating mode, it may arise from the following
circumstances:=
(a) experimental purposes
(b5 short term operation following certain filter faults in which d.c.

. transmission is continued with Generator No, 3 isolated to prevent

out=-flow of excessive harmonics
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(c¢) +tripping of switch S following a busbar fault

(d) inadvertent tripping of switch S

In-cases (a) and (b) the isolation of the generator is more or less
planned so £hat the-power order of the d.c. link and active and reactive
power output of the machine can be adjusted beforehand to reduce disturke-
ances upon isolation. In cases (¢) and (d), however, the machine would
be isdlated suddenly and since the'SOO MW fating of the machine is not
the same as the 640 MW rating of the link, and the machine may operate at
between 0.85 lagging and 0,98 leading power factor severe disturbances to
machine frequency and voltage can be expected. The study and control of
these disturbances forms the subject of this chepter.

Bower and Bradbumwégtudied the speed changes of the isolated
generator and means of control by considering only the effect of real
power and assuming constent busbar voltage at the rectifiers. It is well
knovm, however, that the operation of converters is heavily dependent on
voltagé so that the assumption of constant voltage is really too dfastic.
This study considers both real and reactive power flows and no assumption
is made of the rectifier busbar voltage. The busbar voltage was calculated
from the generator voltage behind sub-transient reactance,

More recently Cladé and Per30§l carried out‘an analytical study
of the dynamic behaviour of a generator connected to a d.c. 1link, Small
signal analysls was used to determine the transfer functions relating
direct current to generator field voltage, turbine throttle valve position
and the firing angle of converters. Althougzh someAcritical values. of
controller gain and time constants were presented, no control strategy of
the converters was suggested. DMoreover this study considered the effect
of small perturbations when the generator was already operating steadily
into the d.c. link and paid no attention to its behaviour in the short

period after isolation.
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6.2 Network Used in Study

In the present study the whole supergrid network for the year
1971/72 comprising some 300 nodes was reduced by means of a network
reduction program to a network of 5 basic nodes, viz: the three D.C.
terminals of Kingsnorth, Beddington and VWillesden, plus Dungeness and
Waltham Cross. These 5 nodes together with the lower voltage busbars
at the three d.c. terminals form an 1l node study network as showvm in
Fig. 6.2. Although a larger network can be dealt with, the network
adopted was thought to be of a convenient size which represents the
Kingsnorth scheme adequately.

The a.c./d.c. load flow program described in Chapter 4 wes used
to establish the steady state conditions of the a.c. and d.c. systems, and

selected result, are indicated in Table 6.1

Table 6.1
Kingsnorth 400 kV bus voltage = 0.95 p.u,
Kingsnorth converter bus voltage = 0.98 p.u.
D.C. link current of both poles = 1200 amps
D.C. link voltage of both poles = 266 kV
Firing angle of rectifiers = 17°

Tap setting of Kingsnorth 400/132 kV autotransformer = 1.1

Tap setting of Kingsnorth converter transformers = 0,065

If the 400 kV eircult breaker S at Kingsnorth is opened Generator
No, 3 becomes isolated from the system and 1s connected solely to the
converters, Since the centre of interest lies in the behaviour of the
generator upon isolation it is necessary only to consider the simple com-
bination of the generator plus the d.c. link. A further simplification
can be made by assuming that the Kingsnorth converters are controlled
independently from the inverters., Generator No. 3 will then be feeding

a controlled rectifier load, both independent of the rest of the system,
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which is ignored. Hence upon isolation cnly the generator and the
rectifiers are considered; Fig. 6.3 shows this connectlon schematically.

6.3 Analysis of Generator Behaviour upon Isclation to d.c. Link

With the system to be studied simplified to a single generator
feeding a controlied rectifier load greater attention could be paid to both.
The generator was represented by voltagz behind subtransient reactance,
togethér with detelled representation of turbine, governor and a.v.r.

The converters were represented as equivalent current sources, and to study
the effect of the d.c. 1link in the behaviour of the generator upon lsolation
two control methods of the link,that of frequency control of curreat order
and progressive block and deblock of converters, vere tried.

The structure of the program used in this study 1s shown in
Fig. 6.4, The representation of generator, turbine, governor, a.v.r. and
converters are explained below.

Fig. 6.4 Structure of Program

Calculate Initial Conditicn
of Machine, a.v.r., and
Governor

Integration Subroutine

Mechine Flux Ldnkageﬂggd
Voltage Subroutine

|

a.,v.r. Subroutine ‘

Governor Subroutine

|

D.C. Link Subroutinel
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Fige 6.5 Simplified circuit diagram of Generator No.3
supplying converters at Kingsnorth,
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b
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Fig.6.3a Parameters of above circuit in per unit on 100 MVA
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6.7.1 Representation of Generator

The generator was represented by a voltage behind sub-

transient reactance and the two-axis components were:

V.
kq
vd" = =-5r"1 + o (£ =z)7F— (6.1)
d i kq ! 1
1 4 »
v" = srd 1; = o, (1 =-s) (xq4 = x5) (rfl-_i- rkd) (6.2)
where s = sllp and the corresponding voltages at the terminal were
vy = vd" +Ti4 - r i (6.3)
n 1t
Ve= Vg ¥ rglg + T, 1, ' (6.4)

The fluxes viere given by the following equations:

1 1 -
, {Za-Ta (Inala Ipa'ka ) %~ %a) Tma )
pg',f:ef+‘—' . zh == w + z "{If[l"’ J§(65)

T’ d a o kd *£1%%a
do
-x! -x ' - x
1 d "~ a2, 44 4 2,0y
Plxq = ng[. @ 4 ay LK (6.6)
1 (Ima .1y
y -— —Tr : - k
Pikq = Tqo (wo 4 q) (6-7?
and the flux linkages on the d ~ and q - axis were:
fg ==t (fi ""'—‘d> 6.8
1 "t + .
mo Idid + mo(l‘d < ) .'tf Ty4 ( )
v =22
- 4] 1]
a "B, | Tt v, @ - )x ol (6.9)

The electromagnetic torque was given by
no_ - "
=% [(r z" ) idiq q q vdid:l (6.10)

The above equations neglect the p\;d and pg terms but include

the effect of damping.
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From given active power, power factor and terminel voltage a
subroutine calculated the steady state values of axis voltages and
currents, flux linkages and load angle as shovm in Refercnce 54.

A subroutine calculated new values of va“, vgf, vy and vq
from the new values of flux linkages and currents, V
kq’ dé’ ng and qu were calculated frem
the basic machine.parameters shown in Table 6,2,

The values of g T

Table 6.2 Parameters of Kinegsnorth Generator No. 3

Machine rating 588 MVA at 0.85 lagging p.f.

Machine output voltage 23.5 kV

Direct axis synchronous reactance Id 2.98 p.u.
Direct axis transient reactance ré 0.25 p.u,
Direct axis sub-transient reactance IE 0.17 p.u.
Quadrature axis synchronous reactance Iq 2.6 p.u.
Quadfature axis sub-transient reactance Ig 0.21 p.u,
Armature resistance - éigi 0,00115 p.v.
Armature ;eakage reactance xa 0.17 p.u.
Rotor resistance Te 0.14 ohm
Direct axis transient short circuit time constant T& 0.8 sec

Direct axis sub-transient short ecircuit time constant Ta 0.03 sec

Inertia constant of generator and turbine H 3.48

6.3.2 Representation of a.v.r.

The a,v.r. on this generator has a magnetic amplifier and an
a.c, main exciter whose output is rectified and supplied to the generator

field; there is also a single stabilising feedback loop.
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In this study the a.v.r. was represented by the model shown in

Fig. 6.5 and was described by the following equations given by Fagg and

62
Whorrod :-
G, (B, - Eo)
Bomp = = 1 + P,
E - Ga (Esmr * Estr)
fer = 1 + pTd

Efer(min) <E <E (max?

fer fer
Ge Eperr
Ifer =1 + pr
T
p_st
Estr =-1l+ stt Ifer
E =G I

(6,11)

(6.12)
(6.13)
(6.114)
(6.15)

(6.16)

The rotor voltage Er’ after conversion to per unit, became the

voltage e ¢ required in E9. 6.5.

The parameters of the a.v.r. are given in Table 6.3 bzlow

Teble 6.3 a.v.r. parameters

Voltage control input gain
Amplifier gain

Exciter field gain

Exciter gain

Smioothing eircuit time constant
Delay time constant

Exciter field time constant

Stabiliser time constant

3

st
fer

fer

0.025
9.3

1.61

6.0

0.01 sec
0.015 sece
0.60 see
2.0 sec

o Vv

155 V
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Fig. 6.5 Block diagram of avr
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A subroutine calculated the steady state values of the
varizblies used in the model and anotiier subroutine calculated the voltage
Er for each integration step.

This a.v.r. model was verified by simulating an actual test on
the generator whefe, with the machine open-circuited, the reference voltage
E_ was given a step change from 22 kV to 24 kV, The computed and test
results are shown in Fig. 6.6,

It was noticed, however, that for some of the studles described
later the voltage Er exceaded the a.v.r. rated voltage (590 V) and it was
therefore necessary to apply a limit to Er of 600 V. ag a,roﬁgh
approximation to the effect of saturation in the main exciter.

6.3.3 Representation of turbine and Governor

A rather detailed representation of the turbine and governor
was used in this simulation because it was realised that the operation of
the throttle and interrupter valves would have a strong effect on the
speed of the machine, particularly when working in the isolated mode.

This representation was taken from Bower and.Bradburyéo and
is shown in Fig. 6.7.

The equations in per unit used were:

High pressure turbine

e=f . - fg (6.17)
Y =Y -g¢ (6.18)

¥, = Fy (%) (6.19)

Xh = Yh + Ag (6-20?
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Fig. 6.6 AVR test (Reference voltage 22 to 24 kV)
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(6.21)

(6.22)

(6.23)

(6.24)

(6.25)
(6.26)
(6.27)

(6.28)

(6.29)

(6.30)

(6.31)

(6.22)
(6.33)

(6.34)
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*h

ho
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frequency error

governor position

initlal governor position

funetion to represent non~linear governor characteristic
accelération gbvéf;or position

throttle valve position

high préssure steam mass flow

high pressure turbine output power

intermediate variablés

1nitia1 value of Yi

Intercepter valve position

_non~-linecar interception valve characteristic

intermediate and low pressure steam mass flow
IP and LP turbine output power
output from acceleration governor

reheat pressure

The parameters used are given in Table 6.4,



Table 6.4 @Governor Parameters
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Governor gain G1 ig
Intercepter value gain G, 2%

Throttle value time constant Tl

Intercepter value time constant Té

Acceleration governor delay T

>
Reheat time constant T4
H.,P. cylinder time constant T

5
IP & LP cylinder time constant T6

*elose’
'open'
'elose!
'open'

'operate'

'reset!

0.15 sec
1.0 sec
0.25 sec
4,0 sz
0.14 sec
0.35 sec
4.4 sec
0.15 sec

0.51 sec

A subroutine calculated the steady state values of all the
variables and another subroutine calculated their new values in each

integration step. The validity of this model was checked against the

manufacturer's curves and the comparison is shown in Fig. 6.8.

6.3.4 Representation of Converters

The converters were assumed to operate continuously by neglecting

the effeet of individual valve firing and were represented as equlvalent

current injections. If the direct current was 1, (peu.) and the firing

angle of the converters was q then the direct voltage v, (peu.) was

given by

v
d B

B'(ne cosqa-gxgzx 1
=B'(ne, @ 3%

(6.35)
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where B = number of valve groups in the per unit system used

B' = actual number of valve groups in service

n = tap ratio of converter transformer

ec = commutating voltage = rectifier bus voltage (p.u.)
z, = commutating reactance {(p.u.)
r, = commutating resistance (p.uta)

The in-phase and quadrature components of the equivalent

converter current with reference to the commutating voltage e, are gliven

by
2 . 2 -
ip = éL_(vd 1 + g_rc id- ) (6.36)
¢
2u + sin 2¢, - sin 2 (o + u) '
j =1 (6.37)
4 p{ 2_l:c:o:320.--cos2 (a+ u)]'}

with u given by the relation

cosqg - ¢cos (o + u) = n—i’— -73‘ z, id (6.28)
. c "

The equivalent converter current for each pole of fhe double-
pole d.c. link was given by

1, = (1, - Jiq? (6.39)

At this stage only the voltage behind sub-transient reactance of
the generator was known and the rectifier bus voltage e, had to be found
by the following iterative process, By assuning an initial value for e,
the total equivalent current at the converter terminal was

11 s b (6,
1=1 1v2+,j e, { ;o?

1+

where b = susceptence of filter capacitor at nominal frequency, and

ivl and iv2

second poles of the d.c, link,

were the equivalent converter currents of the first and
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From 1 and e, the voltage w behind sub~transient reactance
was found. If the magnitude of V' was not equal to that obtained from the
generator equations a process of linear interpolation was used to find a
value of ec to satisfy this condition.

The cufrent 1 was now related to the d- and q- axis of the

generator as follows:

1= - ising (6.41)

1, = - i cos § (6.42)

V.o _ v ' )

wheve § = tan "> It - tan 1T 4 tan 7L (W) (6.43)
q . .

with 1 and V" both referring to the same phasor €,
The current margin vas assumed to be crossed when_fhe direct
voltage as obtaincd from Eq. 6.35 with ¢ = Gy = 7° was less than the

rated d.c.. 1ine voltage.

6.3.5 Control Schemes for d.c. link upon Generator Isolation

Two basie schemes for controlling the operation of the d.c.
links were tested. These were:=-
(a) frequency = control of current order

(b) progressive block and deblock of converters

6.3.5. (a) Freguency = Control of Current Order
The current order of the d.c. links was controlled by the
frequency of the generator upon isolation, so that

I, = G (f -f) _ (6.44)
de 1+ pT g ° .

where f° and fg are the reference frequency and actual gencrator frequency
respectively , and

Tae < Tge Max 4 (6.45)
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6.3.5. (b) Progressive Block and Deblock of Converters

In this scheme the valve groups of the links were controlled by
the converter bus voltage. If the voltage dropped upon isolation of the
generator it was first assumed that the current margin was crossed and the
firing angle of the converters was reduced to a (70). If the voltsge
continued to fall the valve groups were progressively blocked as follows:
one group of one pole, then one group of the other pole, and finally the
remaining group of both poles. The blocking of valve group or poles removed
both active and reactive power demand frcm the generator and allowed the
voltage to recover. At specified stsges of voltage reccvery the valve
groups were deblocked in the reverse order of blocking. The block and
debiéck schedule in terms of converter bus voltage v, used in this trial

b
study was summarised below:=-

vy < 0.75 p.u. - block 1 group of first pole

vy > 0.8 P.u. - deblock above group

vy < 0.65 p.u. - bloek 1 group of second nole

vy 2 O.7> P.U, - deblock above group

vb < 0,55 p.u, - block both poles

Vp > 0.6 p.u. - deblock both bridges of both poles

If boih poles of the d.c. link were blocked, then on voltage recovery

all valve groups were assuned to bo deblocked simultaneously, the current
order was éssumed to te reinstated at a constant rate.

6.4 Computer Studies and Results

The two control schemes were applied to the d.c. link with the
generater supplying its rated power of 500 MW at different power factors
before isclation. The converters absorbed approximately 200 MVAr at full

load after allowing for the reactive power generated by the filters.
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If the machine delivers the same amount of reactive power to the con-
verters at the moment of isolation the change in converter bus voltage
would be small. On the other hand the voltege change would be high if the
machine was absorbing reactive power Just b;fore isolation. The worst case
occurred when it was operating at its design reactive capability at 0.98
leading power factor.

6.4.1 No control P = 500 MW, Q = 0 (Fig. 6.9)

This study was a trial and ailmed at>finding the response of the
generator when there was no additional control applied to the converters
other than the ordinary constant current control.

- If the generator had been supplying full load (500 MW) at unity
power factor at a terminal voltage of 1.02 p.u. and the converter bus voltage
was 0.98 p.u., upon isolation the machine terminal voltage droppad to 0.82
and the converter bus voltage to 0.68, still rapidly.falling. If the con-
verters continued to operate at low bus voltage then the machine terminal
voltage ﬁas seen to reach a minimum of 0.54 before it rose, Dower trans-
mitted by the reétifiers dropped because of the reduced bus voltage so that
the machine accelerated and the frequency rose, reaching a maximum of 52,2
HZ., Both the main and intercepter valves closed rapialy. As voltage was
gradually restored, power through the rectifier increased so that the
machine slowed down and the main and intercepter valves opened. Eventually
the voltage was restored but the machine frequency dropped below 41 HZ,

A study with the generater supplying full load at 0.98 leading
power factor showed that the voltage drop was far worse than the above case,
as can be expected from the bigger reactive vower swing. The machine term-
inal voltage fell sharply to 0.47 p.u. in 0,1 sec after isolation, while
the converter bus voltage dropped below 0.2 p.u. Computation was therefore

discontinued.
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6.4.,2 Frequency control of current order Tie (Fig. 6.10 - 6.12)

In these series of studies the direct current order Iéc was
controlled by the frequency of the generator through a simple time delay.

The first study assumed the generator to be supplying full
power at 0.85 power factor legging with the frequency control having a
gain of 1200 and a time constant of 0.01 seconds. Upon isolation the
converter bus voltage fell immediately to 0.85 from an initial value of
0.98 (Fig. 6.10). The frequency control of Idc was effective in reducing
the fluctuation in machine frequency. Although the generator terminal
voltage, converter bus voltage and Idc osclllated, they showed a tendency
to settle down in about 4 seconds after isolation.

A second study was-made using the same gain and time constants
for frequency control, but with the generator supplying full load at unity
power factor (Fig. 6.11) showed that upon isolation there was a rapid fall
in voltage and a corresbonding drop in d.c. power transmiséion. The machine
accelerated so that Idc increased and caused the voltage to drop further.

As the frequency of the generator swihg to below 50 HZ the current order
was rapidly reduced causing a sudden rise 1n‘voltage. The responses in this
case were entirely unsatisfactory.

The parameters of the freguency contfol vias therefore altered to
a gain of 600 and a time constant of 0.05 second, Additionally in order to
overcome the difficulty of increased current order when the voltages fell,

I. was halved to 600 A from 1200 A upon isolation. The results in Fig, 6.12

de
shows that this scheme was effective in preventing any sudden changec in

voltage and the frequency was kept fairly smooth.
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6.4.3 Progressive Block and Deblock (Figs. 6.13 - 6.16)

With the generator supplying full load at unity power factor,
Fig. 6.13 shows that blocking one bridge quickly upon isélation Wwas a
very effective way of reducing fluctuations in the system which seitled
down in ¥ seconds. The converter bus voltage fell upon isolation to 0,68
and showed a quick rise when the current margin was crossed.

| For comparison a second study with the generator supplying full

load at 0.85 lzgging p.f. before isolation shows that, without blocking
any bridge, the voltages recovered qulte rapidly, but the machine fraquency
continued to fall as shown in Fig. 6.1%.

Finally if the generator was supplying full load at 0.98 1leading
p.f., before isolation the drop in voltage was so severe upon isolation that
both poles were progressively blocked starting with 1 bridge in each pole.
As the voltages recovered the direct current order was asswaed to be
increased linearly at 1200 amp/sec. The result is shown in Fig. 6.15 from
which it can be seen that this rate of current reinstatement was too
rapid and caused excessive voltage and frequgncy reduction. Moreover, the
maximum direct current in the isolated generator mode should have been
limited to 940 A corresponding to a power transfer of 5C0 MW at rated direct
voltage. Thils was incorporated in a second trial with a current reinstatement
rate of 600 amp/sec, which produced better voltage and frequency responses
as shown in Fig. 6.16, .

6.4.4 Converters represented as constant R and X (Figs. 6.17 - 6.18)

For the purpose of comparison the cases of the generator sﬁpplying
full load at unity power factor and 0.85 lagging power factor were repeated
by representing the converter load as a constant impedance., In both cases
as shown in Figs. 6.17 and 6.18 the voltage drops were less severe upon

isolation due to the lower reactive power demand,
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6.5 Suggestion of Control of d.c, link in the isolated generator mode

The above studies have shown that both frequency control of direct
current and progressive block and deblock are effective in preventing excessive
voltage and speed changes when the generator is suddenly isolated with the
d.é. link. Moreover certain desirable features can be postulated as a result

of these studies.

(a) Frequeney Control - The choice of gain and time constant is important
- (gain of 600 and time constant of 0.05 sec¢. seem satisfactory).
To alleviate the voltage drop upon isolation the current order-
of the d.c. link should first be rapidly reduced by an amount
which may be made, for example, proportional to the drop in
converter bus voltage; frequency control can then take over,
(b) Progressive blocking and de-blocking - The voltage levels at which the
| converters are scheduled to be blocked and deblocked are
important factors. If both poles are blocked then the rate of
reinstating direcet current after erlock is also important; a
rate of 1200 amps/second was found to produce excessive voltage
and frequency reduction, while halving the rate to 600 amp/second
produced much better response.

From these results progressive block and deblock seems abkle to stabilise
the changes in voltages and frequency more rapidly than frequency contreol. If
these two controls are combined so that progressive blocking and deblocking plus
suitable direct current reinstafement stablises the system soon after isolation,
then frequency control can take over to provide damping for the post-isolation

running of the machine,



134

To implement these conirols 1t will be necessary to have an
interlock with the 400 kV switches S connecting Generator No. 3 to the 400 kV
busbar in order to detect isclation from the 400 XV system. In addition
voltage and frequency sensing devices will be required in the 132 XV bus

supplying the converters,
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CHAPTER 7
CONCLUSIONS

7.1 Representation of Converters in the Analyses of a.c./d.c. Systems’

After examining all known methods of representing converters in
the steady and transient states under balanced and unbalanced conditions
it was found that the simple representation of converters as continuously
controllable motors and generators is suitable for both steady state and
transiént analyses. This representation applies only when the a.c.
system is symmetrical and, strictly, only at steady state. However,
since the time constants of d.c. converters and systems are small cbmpared
with those of a.c. machines it is permissible to neglect the individual
firing of converter valves and to use average voltage values instead of
the actual voltage waveform of the converters. Therefore this
representation is assumed to be applicable to transient as well as steady
state analysis. The work of Breuer et a13, which showed good agreement
between results of transient-a.c./d.c. system analyses from a computer
program based on this representation and those obtained from an a.c./d.c.
system simulator, lent strong support to the validity of this assumption.
This representation is, however, not applicable under unbalanced a.c.
system conditions and is not suitable for analysing effects of valve
faults. The dynamic representation of Hingorani et a130 would be necessary
in these circumstances.

7.2 Steady-State Stability of a.c./d.c. Systems

Various disturbances have been considered and indicated that
voltage criterion considerations would place certain restrictions to
the operation of a d.c. link, e.g. the power transfer across a link may
have to be reduced during light load conditions, and emergency power
reversal may cause voltage instability., The current margin should also

be suitably chosen in order to limit the voltage change following a margin
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cross. The relationship between tap ratios of system transformer and
converter transformer was studied from which a method for co-ordinating
the range of these ratios was developed. An operation chart relating
d.c. link power, a.c. system short circuit level and the tap ratios was
derived to indicate the required tap ratios at different a.c. system
conditicns. Converter characteristics were also considered and the
desirable features were illustrated. Finally a voitage stability
criterion was derived from the concept of circle diagrams which could be
employed to indicate the limit of stable operation of d.c. links at
steady-state. .

7.3 A.C./D.C. Load Flow Program

An a.c./d.c. load flow program based on an equivalent current
generator representation of converters incorporated into a Glimm-Stagg
a.c. load flow program was described. Novel features of this program
were that single - or double - pole d.c. links could be represented and
a tap changer sﬁbroutine was developed to ensure proper operating
conditions of a link i.e. with current control either at the rectifier or
inverter. The effects of the slope of converter characteristics were
investigated and found to affect the location of the operating point of a
link, This program, by adjusting tap ratios of converter transformers,
always ensured a proper operating point. The problem of non-convergence
caused by simulating an outage of an a.c. line was also studied, and a
solution was obtained by adjustment of the power order of the d.c. link.

7.4 Transient Analysis of a.c./d.c. Systems

On the strength of the work of Breuer et al3, who showed
results obtained from an a.c./d.c. simulator and those from a computer
program which represented converters as d.c. motors and generators, it
can be concluded that the steady-state représentation of converters is

equally applicable to the analysis of d.c. systems under transient conditions.



This is an important conclusion since it simplifies considerably the
representation of converters required in the transient analysis of
a.c./d.c. systems. Otherwise it would be necessary to use the comprehensive
representation of converters suggested by Hingorani et a130, which would
increase considerably both the programming and computing times required; or
alternatively the simplified representation suggested in Chapter 5 may be
used, involving an assumption of balanced a.c. system e.m.f's, and some
loss in generality in not identifying the conductiné valves and phases.

As an alternative to the ordinary'method of numerical integration
a transition matrix method for solving the d.c. line equations had been
used in conjunction with a recursive method of obtaining sampled responses
from the transfer functions of the d.c. link control. The computing speed
of this method was favourable compared with the method of numerical
integration and has the advantage that it can be incorporated into a

dynamic analysis of multi-machine systems using state variables.

7:5 Control of 'd.c. Link in the Isolated Generator Mode

The special problem of control of a double-pole d.c. link when
a generator became suddenly isolated from the a.¢. system and connected
solely to the link was considered. With no control the machine voltage
fell below 0.55 p.u. and frequency rose above 52 Hz. Two methods of
control were tried and both were effective. The first method used the
frequency of the machine to control the current order of the d.c. link.
The second method progressively blocked and deblocked the converters as
the converter bus voltage fell and recovered. The instrumentation
required for these controls would be a device for positively identifying
isolation of the machine plus a frequency sensing device for the frequency
control method, or a voltage sensing device for the progressive blocking
and deblocking method. The ideal control strategy is to use both
frequency control and progressive block and deblock together. The latter
provides fast control of voltage and machine frequency upon sudden
isolation of the machine, while the former provides damping for the

post-isolation running of the machine.
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7.6 Numerical Integration and Digital Analog Simulation

The common methods of numerical integration for solving
differential equations were presented.  The prcblem of numerical instability
and round-off errors were discussed, which led to the concept of centralised
integration and sor£ing. Digital analog sirmlation techniques were
introduged and their use illustrated with several of the most common
simulation langauges. The desirable features of such languages were then
listed and discussed. Two most common languages, MIMIC and DSL/90, had
been used extensively in this thesis and were found to be entirely
satisfactofy so far as the simulafion of machines, governors, a.v.r's and
d.c. link controls were concerned. Unfortunately each of these languages
had its own severe draw-back. MIMIC is a very simple language compared
with DSL/90 but lacks many of the essential and desirable flexibilities
required to simulate a complex system, DSL/90 on the other hand is a
much”more flexible 1aﬁguage since it retains many features of FORTRAN.

The worst disadvantage of DSL/90 is that it takes 1.8 min. on the IBM 7090
for loading and translation before an executable object program 1is
produced from the user's source program. It also required three
customer's magnetic tapes. As a result turn-round times from the
computing environment as existed at Imperial College for DSL/90 programs
were poor. In the end further dynamic problems were studied by using
plain FORTRAN programs and & Runge-Kutta integration subroutine which
resulted in faster turn-round and reduced computing times. However,
experience with simulation languages led to the introduction of some

programming features to ease the programming effort.
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7.7 New Developments Considered in this Thesis

The review and classification of all known methods of
representation of converter considered in Chapter 2 arenew and would be
useful as a starting reference for converter representations and as a
guide when a suitable choice of representation has to be made. The study
on steady-state stability revealed restrictions on the operation of a d.c.
link when voltage criteria are applied. A method of co~ordinating the
tap rahge of the system and converter transformers was developed, as well
as a simple equation for determining voltage instability. With the load
flow program described in bhapter li the problem of non-convergence when
similating an a.c. line outage was solved.

For the transient analysis of an a.c./d.c. system an important
inference was made that the steady-state representation of converters,
which treats converters as d.c. generators and motors with no inertia, can
be used also as a simplified but effective representation in the analysis
of a.c./d.c. systems under transient conditions. The use of the
transition matrix to solve d.c. line equations and a recursive method to
obtain the sampled responses from transfer functions of d.c. link control
is new. The study in Chapter 6 of the problem of sudden isolation of
a generator connected to a d.c., link is new, as is the method of
progressive blocking and deblocking for the control of the link.

Jn the appendix a programming feature for easing the use of
plain FORTRAN language for the numerical integration of differential -

equations is described.
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APPENDIX

NUMERICAL INTEGRATION AND DIGITAL ANALOG STMULATION

Al Sumary of Appendix

This Appendix outlines the methods of numerical integration used
to solve the dynamic problems in this thesis. Some of these proplems were
programmed in plain.FORTRAN, others in digital analog simulation languages.
These two programming techniques are described, followed by an assessment
of the desirable features of a simulation language. TFinally a method of
improvising a digital analog simulation language is given.

A,2 Introduction

The behaviour of a dynamic system is usually described by
differential equations. In a power system dynamic variations are present
in machines, transformers, transmission lines, etc., as well as their
respective protection and control equipment, With all dynamic systems
an analytic solution in closed form can be obtained only when the system
'is simple and is described by simple differentiél equations. Examples
are thé fault currents of a suddenly short-circuited machine and the
charging and discharging of a capacitor 6r inductor. When the system is
complicated and is described by a high order (above third) differential
equation or, alternatively, by a set .of simultaneous first order
differential equations, a closed form analytic solution would be difficult
if not impossible, and computing aid in the form of analog or digital
computer is required.

The analog computer is made up of high gain operation amplifiers
wired to function as integrators, adders, multiplier etc. forming the
computing units or blocks qf the computer. To study the dynamics of a
system a mathematical model of the system is built in an analog cémputer
by connecting the computing blocks in accordance with the differential
equation(s) of the system. Amplifier gains and input magnitude are

adjusted through potentiometers, and the form of the input can be chosen
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from a range of function generators. Since input and output of all
computing blocks are virtually instantaneous operatiocn of the analog
coﬁputer may be described as parsllel. Speed of computation can be
varied by changing the time constant of the inteérators to produce
responses at real time, or slower or faster than real time. Inprt
parameters can be éhanged by adjusting potentiometers. Output is usually
from a X-Y plotter. The analog computer therefore has the advantage of
high computing speed, easy parameter change, graphical output and direct
interaction between user and his problem. Hence it is very useful and
cheap when a large number of runs are required with different parame£ers,
or when the user Wants to develop é tfeel! of the system.

The analog computer, however, hés some draw-backs. In the
first place it is often a time-consuming and tedious jobfto commect up,
or patch, the various computing blocks to simulaté a system, and once
dismantled, the whole patching process has to be repeated if even a single
more run is required. Secondly before a problem is run on the analog
computer it may be necessary to carry out iime and amplitude scaling:
time scaling involves adjustments of integrator time constants to produce
solutions in the desired time scale at reasonable computing speed, and
amplitude scaling involves adjustments of potentiometers and amplifier
gains to limit any computing block output to below the ceiling voltage
of the computer. Both tasks are also time-consuming. The actual
hardware of the analog computer has its own limitations, too: e.g. there
may be drift or unbalance in the operational amplifiers during computation,
inﬁroducing some unknown inaccuracy, and there are also limitations in
the accuracy with which parameters may be set and outputs presented.
Furthermore the size of the problem that can be studied is limited by the
number of computing blocks available on the computer. In spite of these, however
the analog computer has been the best tool for solving dynamic problems

for many years until the digital computer becomes more wide-spread.
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Whereas the analog computer is only suitable for dealing with
dynamic problems, the digital computer has almost unlimited applications
and has thérefore become more popular. Moreover the digital computer
rerforms arithmetic operations with far higher accuracy and con51stency
than the anzlog, the only draw-back is that, due to the sequentlal nature
of its operation, as against the analog's parallel operation, it would
inevitably be slower in computing speed. To perform integration, it
must proceed on a step by step basis using a numerical integration
formala. This discrete solution of differential equations introduces
round-off errors and stability problems which is outlined in a 1ater‘
secﬁion. One great advantage of using digital computers is that modern
programming languages such as FORTRAN and ALGOL are equipped with a
wealth of library functions (e.g. trigonometric functions, square roots
etc.) and logical operations which alleows a great degree of flexibility
and high power of analysis far exceeding that of the analog computer.

A fair kmowledge and skill of thesg programming languages-is
essentiai, however, before their pcwer and facilities can be correctly
and efficiently exploited. Whilst such knowledge and skill are not
difficult to acquire, they do need practice and time, particularly when
the object is to study the dynamic behaviour of systems. It was soon
realised that it is possible to simlate the operation of an analog
computer on a digital computer, through suitable programming, so that
the block structure of the analog computer is retained and there is no
need for the user to kmow much computer programming. Simulation of
analog computer through programming has since become kmown as digitel
analog simulation, and the programs are knowm as digital analog simulation
languages. There are more than ten such languages in existence, and the

more common ones Will be discussed in a later section.
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When these languages had been proved successful and easily used,
it was once thought that analog computers would rapidly disappear. B&t
this is not so. It was soon realised that, in spite of the fantastic
speed of modern third generation computers, solving dynamic problems on
digital computers requires excessivc computing time and therefore money,
particularly when many runs with different parameters are required. There
is therefore a renewed interest in the analog computer due to its inherent
fast speed in solving differential equations, and this culminates in the
appearance of hybrid computers. A hybrid computer is an analog computef
linked to a digital computer through suitable interface equipments férming
an integral computing system. Such a machine has the speed of the analog
computer and the analytical and logical power of the digital computer.
It represents an union between the two types of computers through hardware
(the interface) as against the digital analog simulation languages which
joins the two through software (the programs). Blake et ail compared
the cost of making 3,000 runs of a nuclear reactor simulation using
simulation languages on the IBM 360/50/75 with the cost of making the
same number of runs on a EAI 8900 hybrid computer and gave a figure of
£2M as against £41,600. The hybrid computer, therefore, has a clear
economic advantage in applications such as this.

A.3 DNumerical Integration

The digital computer can be programmed to solve differential
equations by using ordinary programming languages like FCRTRAN, ALGOL
or PL/1 and one of the numerical integration formulae. The choice of
programing language is particwlar to the computer installation, while
the choice of integration formula is governed by considerations such as
ease of prograrming, accuracy, speed, storage etc. The most commonly
used formulae are, fromz:-

(a) Simpson's rule (2nd order)

- h L[] . L]
Xgan = % g(xt + bxti%—h + Xy 4p)
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(b) Runge-Kutta (Lth order)
X =X, + l( +2k,. + 3k, +k%)
t+h = Xy Y B 2 3 L

with kl

hef(t, xt)

~
1}

hef(t +3ih, x + %kl)

w
i

3 = hef(t +2h, x + %kz)

J:__?’i‘
[l

hef(t + hy X + ky)

(¢c) Milne predictor-corrector (5th order)

Predictor
xP =x,  +B(Bx, -5% . +Lk, . - % o)
++h t-h " 3 t t-h t-2h t-3h
Corrector
%8 = R(x, + Tx, ) + razh(65%, . + 23%, + 51%, . + %, )
t+h 8\ t-h 192 t+h t t~-h t-2h
- c %
Xy = 0.96116xt+h + 0.0388hxt+h
where h = integration step
. dx
X =3 = £(t, x)
x = state variable (single element or vector)

A1l integration formulae are approximations to the power series
of the true solution, and is therefore only accurate to varying degress.
The problems of round-off errors and numerical instability have been
discussed in Reference 2, and Piggott and Smale3 have derived stability
boundaries of some common integration forrulae for a second order system.
In general these problems can be avoided if a fixed integration step less
than the smallest time constant of the system is used. If the program
running time is made excessive because of a very esmall time constant, then
the suggestions of Ewart and de Melloll may be used. First if the time
constant is very small compéred with the others it can be deleted from the
system equations and substituted by an algebraic equation. When this is
not justified then the differential equation in question, which usually

appears in the form:-
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and solved in the usual integral form:-
x:%[(Ku-x)d’o

can be solved in the differential form:-

dax
x = Ku - Tag
dx 1
where e T(Xt - Xt-h)
t
h = integration step

Al ternatively the differential equation can be replaced by an equivalent
difference equation. For instance the differential form of the original

equation can be written as

+ X u + 1
t+h v <'t+h £> - _ T
N> Ry 4 = %5

from which

T

. ) K(ut+h + ut) - Xt(l - ZE)
t+h ~ T
1l + 2h

In some cases solution speed can be increased by varying the
integration step while maintaining a specified accuracy. For this purpose
the accuracy is specified in terms of an absolute error and/or a relative
error. The absolute error is the difference between two values of the
dependant valuable x, e.g. using the 5th order Milne predictor-corrector
formulae the absolute error is the difference between the corrected and

C

the predicted values, i.e. Ea =X - xp; the relative error is the ratio

of absolute error to the value of the variable, i.e. in the same example,
Er =1 - xp/xc. At the end of each integration step the errors are checked
against the specified values. If the actual error is smaller than that

allowed, the next integration step is doubled; conversely if it is greater

the integration is repeated with half the step. Naturally the error
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checking and step adjustment adds extra computation to each step, and
a faster overall solution is obtained only when the steps are docubled
more often than they are halved and this depends on the system and the
distfibances under study. Hughes and Brameller5 in fact concluded that
over a wide range of systems it is faster to use fixed step integration.
Another important point to note is that when a set of
simultaneous first order differential equaticns is used to describe a
system, these equations must be solved simultaneously. With an analog
computer this is inherent in the parallel nature of its operaticm.  With
the digital computer a special technique known as centralised integrétion
is necessary in view of the sequential opefation of the machine. At the
beginning of each integration step the derivative term forming the input
to an integrator is calculated using the value of all the variables
existing at that time and then stored. This process is repeated fof all
integrators. Then the numerical integration formula is used to advance
one step by calculating the outputs of all integrators one by one. This
is as close to simultaneous integration as is possible with a digital
computer.  Fig. A.1 shows a FORTRAN subroutine suitable for centralised
integration using the Runge-Kutta formula. Note that all derivative
terms are calculated at-the same time by CALL PLANT statement, where
PLANT is another subroutine which contains all the differential equations
x = £(t, x), x being the vector of all the state variables. The
application of this subroutine is illustrated by a program shown in
Fig. A.2 to solve the AVR equation described in Chapter 6. The elements
R and

x(1), x(2), x(3) and x(L) represent the variables E

smr? Ifer’ efi

Efer in Fig. 6.5. These same elements of x must be used everywhere else

in the program to denote these variables.
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SUBROUTINE INTEG(T,DELT,N,X,XDOT,PLANT)
C T = TIME, DELT = INTEGRATION STEP, N = NUMBER OF FIRST ORDER DIFFERENTTAL
c EQUATIONS TO BE SOLVED, X = VECTOR OF STATE VARIABLES, XDOT =
c VECTOR OF DERIVATIVES OF X, PLANT = SUBROUTINE FOR CALCULATING XDOT .
DIMENSION X(30),XDOT(30),FKL(30),FK2(30),FK3(30),FKL(30),XN(30) |
C SPECIFY DIMENSION OF X AS 30, THIS CAN BE INCREASED TO SUIT |
DELT2 = DELT/2.0
C CALCULATE K1 IN RUNGE-KUTTA FORMULA
CALL PLANT(T,N,X,XDOT)
DO 10 M = 1,N
FK1(M) = DELT#*XDOT(M)
10 XHQM) = X(M) + FKL(M)/2.0
TL = T + DELT?
C CALCULATE K2 IN RUNGE-KUTTA FORMULA
CALL PLANT(T1,N,XN,XDOT)
DO 20 M = 1,N
FK2(M) = DELTMXDOT (M)
20 XN(M) = X(M) + FK2(M)/2.0
C CALGULATE K3 IN RUNGE-KUTTA FORMULA
CALL PLANT(T1,N,XN,XDOT)
DO 30 M = 1,N
FK3(M) = DELT*XDOT (M)
30 XN(M) = X(M) + FK3(M)
T = T + DELT
C CALCULATE Kl IN RUNGE-KUTTA FORMULA
CALL PLANT(T,N,XN,XDOT)
DO 4LOM = 1,N

4O FKL (M) = DELT:XDOT (M)



C UPDATE X BY DELT
DO SO M = 1,N

50 X(M) = X(M) + (FKL(¥) + FKL(m) + 2.0%(FK2(M) + FK3(1)))/6.0

RETURN

END

Fig. A.1 FORTRAN subroutine for centralised integration
using the Runge-Kutta formula.
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SUBRCUTINE PLANT(T,N,X,XDOT)

DIMENSION X(30),XDOT(30)

C VARIABLES Al, A2 ETC. OBTAINED FROM MATN PROGRAM THROUGH CCMMON
c BLOCK/MATN/

COMMON/MAIN/AL,A2,A3,AL,GR,GF,GA,B21,D0,ESTR

XDOT(1) = ALs(GRx(EM-EO) + X(1))
XDOT(2) = A2#(GFsX (L) - X(2))

XDOT(3) = A3%(X(2) - X(3))

XDOT(L) - Al(GA#(X(1) + ESTR) - X(L))
RETURN

END

Fig. A.2 OSubroutine PLANT for calculating
derivatives of a.v.r.
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This example shows that a fair amount of programming skill is
required to arrange the transfer functions describing the AVR into first
order differential equations which are then programmed into the subroutine
PLANT. Another difficulty is that the state variables in the system can
only be identified as elements of the x vector, whereas it is much more
convenient if they can be identified by a mnemonic name. Digital analog
simulation languages are designed to remove most the programming effort
from the user, and in some of the modern simulation languages state
variables are easily identified by mnemonics.

AL Digital Analog Simulation

Digital analog simulation is accomplished by a special computer
prégram, known as a digital analog simulation language, which simulates
the operation of an analog computer. The block diagram concept of the
analog computer is preserved, and the simulation language converts the
block diagram into sets of differential and algebraic equations suitable
for numerical solution. Thus the tedious task of connecting up an analog
computer is replaced by one of programming in a digital analog sirmlation
language which is, for a well designed language, easier. Once the program
is written and proved, it is always available for further use at a later
date. Simulation language also eliminates the need for time and amplitude
scaling, and non~linearities can also be included far easier than on the
analog computer. |

Cne disadvantage of this digital method of solving dynamic
problems is that there is no direct relationship between user and the
machine such as that possible with the analog corputer. .With ihe advent
of CRT display and multi-access real time computing facility this
disadvantage should disappear. The more serious draw-back is the
computing time required. In general for problems with about 10 first

order differential equations the ratio of computing time to problem time
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is well in excess of 10 on the IBM 7090. For this reason, if a large
number of runs has to be made with different parameters the digital
computer will not be economic. As mentioned before an analog or hvbrid
computer would provide the solutions cheaper and faster. .
In the course of the work described in this thesis two modern
simulation languages had been used. These are MIXIC and DSL/90 which are
available at Imperial College on the IBM 7090 and 7094 computers. The
followihg discussions on the structure, operation and desirable featuvres
of simulation languages refer particularly to these, but other well-known

languages will also be discussed, notably SAME, KALDASB, MIDA89

and CSMP°,
The latter is actually a version of DSL/90 for running on IEM 360 computers.

A.LL.1 Structure and Operation of Digital Analos Sirmlation Languages

Early digital analog simulation languages such as SAM, KALDAS
and MIDAS preserved explicitly the block structure of the analog computer
with the function of each block identified by a mnemonic code, and blocks
of the same function are identified by a number. The blocks are then
connected together by means of a patching list. Using the example from
Reference 3 the MIDAS program for a simple second order differential
equation

X + Xox +w2x = £(t)

is

NEG2 = I2 (sign reversal)
M2 = C2, NEG2 (multiplier)
NEGL = T0. (sign reversal)
ML = C1, NEGL (multiplier)
S1="F, M, M2 summer )

Il =851 (integrator)
I2=11 (integrator)
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corresponding to the blﬁck diagram shown in Fig. A.3 where Cl = 28w and

C2 = w2. A block is identified by a code name and serial number and
appears on the left hand side of a statement, while its inputs appear

on the right hand side;if there are two or more inputs these are separated
by commas. It is interesting to ncte that in MIDAS the block
identification (e.g. I2) also serves to identify the input and output
variables.

Modern simulation languages like MIMIC, DSL/90 and CSMP do not
have an explicit block structure and therefore can be used to program the
equations describing a systeh directly without the aid of a block diégram.
Moreover the ordinary arithmetic operators (+, -, %, %) are retained and
need not be treated as function blocks. Special functions are denoted
by mnemonic names, In DSL/éO, for example, there is a large selection of
these functions including integrators, simple time constants, lead~lag
compensators, zero order hold etc. With these modern simulation languages,
the program statements are very similar to FORTRAN statements and can be
readily understood. The above second order system can be prograrmed in
MIMIC es

XDgT INT (F-2.0%ETASTXDIT-W4RX, XDETO)

X INT (XD@T, XO)
so that the second order differential equation is solved as two first order
equations. The first statement solves for x (XD@T) and the second for x.
The function INT denotes an integrator and the integrand, which may be a
single variable or composite expression, appears as the first term inside the
bracket and is separated by a comma from the second term which is the initial
value of the integral. An imaginary equal sign connects the L.H.S. of the

statement with the R.H,S.
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Fig. A.3 Block diagram for 1IDAS progrem of

second order differential equation

x + 2fwx + wx = £(t)
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The DSL/90 program for the same problem is similar and can be

written as follows

XDPT = INTGRL (XD@T, F-2.OxETAIXDPT-WisX)

X

]

INTGRL (X0, XDgT)

It can be seen that the form of the statements is very close to FORTRAN
statements and, like MIMIC, the integrand can also be a composite expression‘
as well as a single wvariable. The advantage of using a composite expression
as ﬁhe integrand is that programming is much neater and faster, and this is

a feature absent in early similation languages.

From the system operation point of view, simulation languages can
be classified as either an interpreter or compiler program. The formér, of
which MIDAS is an example, translates every function block of the same type
in the user'!s source program into a block of méchine instructions with the
appropriate inputs and output and the program is then executed at the
maéhine language level., Since there is only one block of instructions for
each type of function block multiplexing'of inputs and outputs is required
when more than one block of the same type occurs in the program.  Although
there is only one translation phase from the user's source program to the
object program for execution, the overall running of the program is slowed
down by the multiplexing operation. Therefore this type of similation
program is only suitable for problems with short running times.

A compiler program does not produce an object program for executién.
It translates the user's source progrém wirtten in the simulation language
into a high level langauge program which in turn has to be translated into
machine language by the appropriate compiler. For instance DSL/90
translates a source program into a FORTRAN program which is then itranslated
by the FORTRAN compiler for execution. This two phase operation'may seem
a waste of time, but there are two advantages. First, the resultant

machine language object program is more efficient than that of an interpretive
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progran, This is pafticularly important if several runs of the same
problem are to be made with differenf parameters, because the saving in
time for each run will outweigh the extra fime needed for the compilation.
The second advantage is that, using the FORTRAN compiler under the control
of the IBSYS monitor for the final translation, all the special functions
like sine, cosine, square root etc. available in the FORTRAN library, as
well as most of the FORTRAN logical operations, become accessible to the
DSL/90 user. Thus in DSL/90 and CSMP the flexibility and logical power
of the FORTRAN language is retained, in fact FORTRAN statements can be
mixed with DSL/90 and CSMP statements, In all previous. simulation -
languages, e.g. KALDAS and MIMIC, the power of the 'mother languages! in
which they were written was completely lost. This‘then leads to the
following discussion on the desirable features of digital analog
similation languages.

AL.2 Desirgble Features of Digital Analog Simulation Languvages

(a) Easy to learn and to use

This is obvious as the first reason for the development of
simulation languages is to enable people with little skill in programming
to solve fairly complex dynamic problems. Most simulation languages are
made easy to learn mainly by forfeiting many of the flexibility and
facilities of the ordinary programming languages, e.g. inputs and outputs
are usually in fixed formats so that the user has only to learn one fixed
format of input and accepts whatever output format the program provides.
DSL/90 and CSMP retain most of the flexibility and power of FORTRAN and are
therefore more difficult to learn. After learning there still is the
question of how easy it is to use. The earlier languages like MIDAS and
KALDAS are not suitable for programming directly from the equations
describing the dynamic system and work better from a block diagram

incorporating these equations as shown in the previous examples. In both
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of these languages the connection between blocks is established by listing
all the inputs to a block. SAM requires a connection list and a function
list for this purpose. The modern languages (MTMIC, DSL/90, USMP) are
easy to use once the rules are ﬁastered. There is no need for a block
diagram and the program can be written directly from the system equations.
Moreover the program statements are similar to FORTRAN statements and
therefore easier to check and correct. As mentioned before composite
expreSsions with complicated aritlmetic or functionsl operations can be
used as inputs to a block thereby reducing prograrming effort,

(b) Sorting and centralised integration

In early simulation languages, e.g. DASlO, the order of

computations at each time step was established from the order in which the
functional blocks occurred in the user's source program; no attempt was
made to organise it in accordance with the logical sequence of signal flow
among the blocks., Thus there was the possibility of introducing inadvertent
time delays between blocks. Later 1angﬁages like MIDAS, MIMIC and DSL/90
correct fhis by providing a sorting facility which organises the source
program so that the inputs to all functional blocks at the beginning of each
time step are calculated from the latest values of the variables. In
particular all statements which compufe the variables necessary to calculate
inputs to an integrator are formed into a loop ending with the integrator.
With sorting, the simulation language becomes non-procedural and the
statements of the user's source program may be written in any order.

Having safeguarded against inadvertent time delays it is just as
necessary to prevent erroneous time advance. This may occur if the output
from an integrator is calculated before the input to a following integrator
is determined, since the first integrator will have advanced one fime step
before the second, The problem is avoided by using a centralised

integration technique mentioned before. In this case the derivative term
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of an integrator is calculated and stored until all integrators are covered,
then the output from each integrator is calculated one by one. In an
analog cocmputer these.operations take place virtually simultaneocusly in all
integrators, and centralised integration is a digital computer's equivalent
to such action. |

(¢c) Change of parameters and parameter optimisation

Very often it is required to study the responses of a dynamic
system with different parameters. More than one run with the same program
must be made with one or more parametérs altered each time. With DSL/90
this can easily be done simply by inputting as many sets of parametefs values '
as the number of runs desired. Runs can be repeated from time zero or the
same run may continue but.Qith the parameters changed at any intermediate
stage. Usually the different parameters are specified before the program
is run and entered as part of the input data, which requires the user either
to know in advance whét he is looking for or to make an inspired guess.

It would be highly desirable if the paraﬁeters can be optimised by the

. program during execution. Naturally this means the program must be able
to perform logical operations; however most early simulation languages
had no logical operations and only modern ones such as MIMIC and DSL/$0
provides this facility.

(d) Change of system configuration during execution

In an actual system some paths may exist which can be switched in
and out of the system by means of relays or other switching devices under
the control of some variables of the system. For instance the acceleration
governor in the governor system of the steam turbine used in Chapter 6 is
switched in by a frequency sensitive relzy. The configuration of this
kind of system is therefore not fixed but variable, depending on ﬁhe state
of the system. Hence, to simulate the variable configurations of a system

the simulation language must again be able to perform logical operations.
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(e) TFlexibility and functions library

Ordinary programming languages such as FORTRAN and ALGOL possess
considerable flexibility in program formulation as well as input and output.
The more important facilities includes logical operations, subroutines and
nesting.(DO loops in FORTRAN). Besides, these languages are also equipped
with a huge library of all the common functions like sine, cosine, square
roots etc. Digital analog simulation languages, on the other hand, have
to satisfy the requirement of easy to learn and use, and most chose to
achicve this by forfeiting most of thé flexibility and functidns library of
the 'mother language! in which they wers written. DSL/90 is unique'amongst
all simulation languages by retaining most of the original facilities and
power of FORTRAN, although this naturally makes it more difficult to learn.
One feature which is absent in all simulation languages but which is highly
desirable is the ability to form an array of integrators. When there is a
set of first order differential equations similar in form and differing only
in the indices of some of the input variables the technique of nesting
should reduce the programming considerably if an integrator is put inside a
nest with subscriptedfinputs and outputs. With present day similation
languages this technique is not available, and each differential equation
must be explicitly related to one integrator, so that there are as many
integration statements as differential equations. A possible solution is
described in section A.5.

(£f) Tmplicit functions

One of the commonest troubles with a program written in a digital
analog simulation langauge is the inadvertent formation of an algebraic
loop of the form x = f(x, t) enclosing ﬁo integrators. Without special
programming this equation cannot be solved.  Several simulation languages
including MIDAS, MIMIC and DSL/90 are equipped with a special subroutine

for solving this kind of equation iteratively.
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(g) Graphical output

-The advantage of this is obvious, particularly when several runs
are made with different parameters, because a system response in graphical
form is much easier to assimulate than a row of numbers. With a digital
computer graphical output can be obtained either by using a plotting rqutine
to produce graphical output from the line printer along with the alpha-
numeric output, or by using a Calcomp plotter which can produce.more
accurate graphs, MIMIC produces graphs in the first manner, and DSL/90 the
second. The use of CHT driven by a multi—access real-time computer will no
doubt add a new dimension to the method of output.

(h) Diagnostics

When a program does not ﬁork it is most important for the user to
know what is wrong. Ordinary programming 1anguéges like FORTRAN has a
rich repertoire of diagnostic messages and the appropriate ones are output
to tell the user his mistakes. This facility is, surprisingly, not very
common in gimulation languages, probably due to the formidable extra |
programming required. MIMIC has a limited diagnostic facility while
DSL/90 has a much wider range of such facility. The most useful diaénostic
message is one concerning closed algebraic loops, since this is most common
and most difficult to check manvally. Once this error is discovered, the
solution is simply to use the implicit function facility mentioned in (f).
DSL/90 also has a useful diagnostic message to tell the user when the
integration step size he specifies is too large and causes the specified
érror limit to be exceeded.

(i) Fast turn-round

This is essential during the program development stage and desirable
when production runs are made, and is just as true for programs written in
simulation language as for those written in an ordinary programming language.

Most computer installations operate under the control of a master monitor



225

which runs programs in batches under sub-monitors. Therefore for fast
turn-round simvwlation programs must Se acceptable to the same»master and
sub-monitors so that they can be run along with the other ordinary
programs., At Imperial Collegemost FORTRAN programs are run under the
IBSYS monitor and the IBJOB sub-monitor. Both MIMIC and DSL/90 are
designed to run under these monitors so that their programs can be run
along with any other FORTRAN programs. Some unforeseen restrictions
arose, however, and are discussed in the next section.

AL.3 Actual Experience with MIMIC and DSL/90

At Imperial College during 1965-1968 when the work of this thesis
was carried out the Computing Unit had to process hundreds of individual
Jjobs daily on the.IBM 7090 and, later, the 7094 computers. To achieve
maximum efficiency and fast turn-round it was found expedient to classify
all FORTRAN jobs into 3 groups according to their expected running times
and amounts of output (in term of lines output expected) as follows:-

(1) Short jobs (maximum 0.5 min. rumning time, 300 lines output,

no customers magnetic tapes) - run under PUFFT sub-menitor.

~2=3 hours turn-round.
(2) Medium jobs (maximum 3 min. running time, 3000 lines output) -

run under IBJOB sub-monitor. L-12 hours turn-round.

(3) Long jobs (exceeding medium time and output) - run under IBJOB
sub-monitor. Over 2L hours turn-round.

MIMIC programs required one magnetic tape (the MIMIC system tape)
and DSL/90 three (one DSL/90 system tape, one scratch tape and one tape for
Calcomp plotter) so that they did not qualify for short Jjobs. Moreover, the
loading time of the MIMIC and DSL/90 system tapes and the times taken to
translate and sort the user's source program proved to be fairly éubstantial.
For MIMIC a total of about 0.8 min. was necessary for all these operations,

while DSL/90 took 1.8 min. These times represented a fixed overhead and
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were virtually independent of the size of the system simulated. Run as a
medium job a DSL/90 simulation program in fact had only 1.2 min. run time.
Experience with the problem described in Chapter 5 showed that this was
enough only to simulate about 0,05 sec. of a system with 10-15 integrators
using an integration step of 0.0005 sec. . DSL/90 also produces about

500 lines of varioué internal tables and core storage maps which are only
of trivial interest to the user. . Since DSL/90 is more flexible and
powerfui than MIMIC most of the program used in this thesis had been written
in DSL/90. Unfortunately the above-mentioned draw-back of excessive
overhead time and unnecessary output severely restricted the developﬁent
and production rupning of the progfams. In the end it was decided that an
_ alternative was necessary and a return to using ordinary programming
language was made. The problem described in Chapter 6 was programmed in
FORTRAN and integration was performed by a Runge-Kutta centralised
integration routine. A new feature to ease the effort of programming the

differential equations was devised and is described below.

A.5 TImprovised Digital Analog Simulation

Having used MIMIC and DSL/90 hind-sight suggested that they are
not really suitable for a'compﬁting environment as existed at Imperial
College due to the restrictions in computing time and size of output.
Programming in plain FORTRAN using the method of centralised integration
was resorted to and further.improved. Programming in this way also allowed
rapid turn-rounds at the development stage using PUFFT, which, of course,
is the whole point of the PUFFT system.

The centralised integrations method described in Section A.3 was
improved by adding a facility for easier identification of the state
variables., It will be recalled that with ordinary integration routines
all variables are formed into an array of X and each variable identified

as an element in the array. Although this is not a serious restriction it



227

does cause considerable confusion. It would be more convenient to
represent a state variable by a mnemonic, e.g. to denote a voltage by ER
rather than X(10), In FORTRAN this facility can be provided by using
the COMMON and EQUIVALENCE statements. 411 state variables,which are in
mnemonics, are placed in a COMMON block in the main program and all
subroutines except the integration routine which still operates on an
array X. To identify the variables with the elements of X it is only
necessary to make the first variable in the COMMON block equivalent to
the first element of the X array by putting an EQUIVALENCE statement with
. these as arguments in the main program. By this single EQﬁIVALENCEv
.statement the elements of the X array is made equivalent to the variables
in the COMMON block in the order in which they occur. Similarly the
derivatives of these variables are identified with elements of the i array.
Referring to the a.v.r. example in Section A.3 the necessary statements are
COMMON/A/ESMR ,IFER ,REFI ,EREC, /B/PESMR ,PIFER ,PREFI, PEFER

EQUIVALENCE/ESMR,X(l)/,/PESMR,XDOT(l)/
and the derivative subroutine PLANT was written as shown in Fig. A.lL.

The mnemonic names ESMR(Esmr), IFER(Ifer) etc. could be used throughout the

program, allowing much easier identification. Experience with the problem

described in Chapter 6 confirmed the convenience of this method. Moreover

there was a significant improvement in computing time, which was 1.8 min. to
~ sirmlate 6.5 sec. usiné a time step of 0.0l sec.

By using plaih FORTRAN as the programming language it is now
possible to integrate a set of simultaneous differential equations with
subscripted staie variables simply by declaring an array of variables in
the COMMON.block. The derivatives of these state variables may be
calculated simply in a DO loop in the derivative Subroutine PLANT. As
mentioned before this facility is not available in any existing simlation

languages, but which is most useful when there are many differential
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SUBROUTINE PLANT(T,N,X,XDOT)

DIMENSION X(30),XDOT(30)

CALL PAVR(X(1),X(2),X(3),Z(L),XDOT(1),XDOT(2),XDOT(3),XDOT(L))
RETURN

END

SUBROUTINE PAVR(ESMR,IFER,REFI,EFER,PESHR,PIFER ,PREFI,PEFER)
STATE VARIABLES ESMR,IFER ETC. MADE EQUIVALENT TO X(1), X(2) EIC.

-THROUGH ARGUMENT LIST

COMMON/MAIN/AL,A2,4A3,AL,GR,GF,GA,BM,E0,ESTR

VARTABLES Al, A2 ETC. OBTAINED FRQM MATMN PROGRAM THROUGH COMMON

BLOCK MAIN

PESMR = Al#(GR*(EM-DO) + ESMR)
PIFER = A2%(GF*EFER - IFER)

FREFI = A3%(IFER - REFT)

PEFER = Al#(GA%*(ESMR + ESTR) - EFER)
RETURN

END

Fig. A.L Subroutine PLANT acting as dummy to call
Subroutine PAVR which calculates derivatives
of a.v.r. equations. Equivalence between
the state variables and the x array, and
then derivatives and the X array, are
established through the argument list of
the subroutine PAVR.

e.g. ESMR = X(1)

PESMR = XDOT(1) etc.
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equations having a similar form, e.g. the differential equations describing
the action of distillation columns in a large chemical plant.

It has been mentioned that a high order differential equation or
transfer function must be converted into a set of simultaneous first order
differential equations before the method of numerical integration can be

applied. For instance a second order transfer function

~ 2
X =u-ax

X2 :X,l

Conversion procedure for this and other common transfer functions can be
mechanised by programming into subroutines, which are then used as blocks

in a simulation language. This approach has the advantage that these kind
of special subroutines can be developed as required, and the user has the
choice of including only those subroutines which are actually used in his
program, In contrast a simuwlation language has to supply all the subroutines
representing the funétion blocks in its specification, and they must all te
loaded into the compufer even though most of them may not be used, hence the

long loading time.
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INTERACTIONS OF D.8. CONVERTERS AND WEAX A.C. SYSTEMS

C.C. Tan, Xuperial Collego, London - ‘
SUIMARY ' '

Tais paper describes a study into the interaction between d.c. convertors
and veak 8.c. power sysiem. Foxr this purpese a point-io-voini H.V.D.C.
link with ono end connecied o a weaX s.Ce POWET Sysicm nes been chosen. -
The operation of the s.c./d.c, terminal at this end is simvleted on a
digital compuler, )

Cne coject of the study is to find the pemmissible d.c. power impord
or expor: froa the a.c./d.c. terminal. In order to make tho study more
general, & local a.c. load is also supplied frem the convertor staiion bus.

The permissible d.c. power %transfer depends on the method of control es
well &s on the a.c. system conditions. A second object of this study,
tnerafors, is to detesmine the necessary control requirements to suit cxisting
or anticipated as.c, grstes conditions.

The operation of the d.c. link is considered wmder both steady-state
and seni-steady-state conditions. The former refers to ths condition
when the z.c. gystem, loczl a.c. losd and dec. power trensfer are fixed., The
latter refers to the interval of time efter o local ox remote s.c. system
iisturbencé but befors transformsr tap-changexr opsration.

(Tho tem "remota a.0. systen” means the effect of a disturbance on
the a.c. systen at one end of %tho dec. link on the a.0./d.c. tarminal at the
other ends) ) .

/

I3

Presented at the 2nd Power System Conference, Glasgow, 1967.



1, INFAODUCTION

- A nurker of papers have been written about the operation and
performance of HVAC links in an a.c. power system, In meny of these
the power rating of the d.c, lirk ig small compared with the short
circuit faul¥ infeed ol the a,c. systen. . . '

Very little study has been made with a d.c, link zectifying
from, oxr inverting into, a week a,c, sysiten, Dy the tem "weak a.q,
systen" is means zn 2.c. systen wneoss short ciwcuis fault infeed ig
nes very greai comparad with the power transfex rating of the d.c,
1link, say 9 times,

Wien a large a.c. load is also comncet2d o the convertor
station bus the sum of the d.c., and a.s, power demand m3y also cause
the a,c. system to appear wealk,

Vhen a d,e¢. lirk is connacted 4o such an a.c. systen, the
a.c. system izpedance and load have a strong influenco on the
mesdmmsa possible d,c. powexr tronafer and on voltage stabilivy at the
converhoxr bus, ' .

] The need to investigate thoe opexation of d.c. linkg comnacted
to weaek a.c. systoms is stimulated by the possibilivy of reinforeing:

tha power supply -to large load centres econorscally with d.c.

‘e
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2, DESCRIPTION OF SCHEME (Fig. 1)

The H.V.D.C. scheme in this study is taken as a simple point- - ! '
to-point link with one end connected to a weak a.c. power systen. . S
The main interest of the study is in the voltags regulation on the

a.c./d.c. terminal at this end, and the permissible d.c. power tzansfer .
across the link. v . ) :

The convertor station bus is comnected tu the a.c. systen,
represenfed a3 an infinite bus at nominal veoitage, throuvgh a system
transformers and switch B. The transformer is fitted with a tap changer, .
The station bus also supplies a variable local lozd thxough a networi !
vhich consists mainly of underground cables. The cable capacitance is
represented by a lumped capacitive load. :

The gtation bus supplies a second bus through switch A es showm.
This second bus is connected to two identical convertor transformers and
a filter. Both transformers are provided with tap changers having the
same range, A 6-pulse converior bridge is fed from each convertor
transformer. The itwo bridges are comnected in series on the d.c. side to
fornm a convertor group vhich can be opexated elther as a rectifier ox as
an inverier. Iox steady stste the terminal voltage of the convextor is
to be kept constant at its nominal value by tap clu..nge on the convertoz
transformers at the inverter end.

Then the convertor is rec ulfying the fir*ng angle should be kept
within a specified range (say beiween 10° and 20°) by means of tap change -
on the convertior transformexrs., ‘hen invertins the extinction angle should r
be kept constant at a suitable value (a.bou‘b 17 ). .
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T.=zod
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A.C; side SR R
Infinite bﬁa voltage T - 1.0 pver unlt )
Convertor station bus nominal voltagoe o i}2 kv
Systca transformer tap range - . . 155
Conver’cor:transi‘omer 4ap range N {+155’.g,' «10%
rattng . 19w
. voltage ratio . 132/111 k¥
loakage reactance 15,6%
Filter rating . 70 ¥VAR
- Lumped capacitance to raprezent cable netr;'ork €0 VAR ]
Short circuit levels to be considereds 3500, 2000, &xd 10CO MVA
Iocal a.c. losd . | 500 157 maz, .
e : . . . 0 15 nin,

. 'P/qQ ratio= 5

gide

© DG,

Direct powor rating . . 320 ¥

Direot power xating - 266 KV

Benga of firing anzlo & =15°+5° on constan’ current charsoteristio,
- O(m;n=7° on naturcel vollegs charactaristis ’
V=1 - |
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4, DESCRIPTICN OF WORK o

Tae whole study is divided into four paris, each dealing with one
fora of cheaze or disturbance in tae 2.c/dsc. eystens Operation of *
the convertor boin &s a rectifier end as &n inverter is coasidered in
eacn Ccase. :

For steady stete operation the converior station bus voltake oust
te kept within a sulzzdble renge (s2y T lo;‘;) by tep changa on the system
transformer, Toe d.c, rower transiers at nominel direet voltags is
covermed by tals rsguiresent, and kave baen czlculated for different
tep positions of the systen transfonmser.

Por seui-stesdy stale responses of the a.c./d.c. terainal, that is
before tap-chengar spzration, &1 a.¢. systex oulege is essumed and this
is represented as & ctange of shord circuit feult infeeds

The loczl a.c. load is rapresented either 2s a constent real and
reactive power sink {consisnt P end Q) or as a constant seriss impedance
(constent R 2ad X). - Its power factor (determined by P/Q ratio) is
assumed consbtant,

‘ol Chenge in Toeal A.C. Lozd .

This study deterzines the effect of changes in lecel a.c. léad on
the steady-state operating conditions of e a.c./d.c. system.

The d.c. péwer itraansfer is tzken to be the rated value, and for
any {iring zngles within the zivea renze it is possible to calculate the
tap positions of the convertor and sysien transiormers.

If the total power denand af the convertor dbus, i.e. the sunm of
the d.c. power itransier end the loc2l a.c. load, exceeds the power
transfer lizit set by z.c. system short circuit fault infeed, the system
vransformer vap is sa2i at the Yotica vap, nominal tap, end top tap in
turn Yo find the parmissidble de.c¢. power ‘ransfer in each case. '

.2 Change in D.C, Powez Tronsfer

o Tids study is siniler to the prev::i.ous one, the variadle in this cane
is the d.c. power irensfer. Yhe local a.c. load is kept constant.

.3 Ieezl Disturbance

Thia is a semi-steady state study snd tho tom “local® applies to..
the a.c. Bysien connected to the m.c./d.c. terminal wmder consideration.

-5
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in the case of inverter operation, constent extinciion sngle control

ig assuned so thai the extinction ongle is not affected by the chenge of
short circuit level. TFor rectifier operation,_ hovever, fhers ars two
possibilities. - Depending om both the local asc load and d.c. powsr
trensfeor at the time of the disturbance, the convertor bus voltege

. mey Tise or f£all. (Fron resulis of 4.2) I his voltago rises, i%

will be nocessary to increese the firing engle & s¢ as to keep the direot

voltezo constani, On the other hand, e fall in convertor bus voltage
may fall down the direct voltagze so that the rectifier characteristio
crossess the currant margin.- The inverier al the rezdteiend of the d.ce
link tekes over consiant current conirol, and ithe rectifier operates with
& minimum firing engle X min (about 7°).

. For this purpose difforent current margin seYtings have been used.
Constant power exnd constent current control of thd de.cs fransmigsion have
beenn studied,

_4e4.Remote Disturbance

In this pors, a disturbence is assumed to0 occur in the a.c. systen
connected to the far end of the d.c. link, exd it is requircd to find the
response of the a.c./d.c. terainal of the near ende  The rosult of the
disturbance is assuned 1o be a change in ithe direect voltege Vg of the
d.ce link, but the nature of tho disturbence necd not be specified.

Sinco tho direct volbaze is specified (e.g. 10% increase or
decrease on the rated value) it is now required to find the new firing
‘engle & for a rectifier or the sévance engle P for en inverter. (Tre
édvence engleﬁ is required bPecause thg inverter is ro longer oa constant
extinction engle control when the current margin ic crossed if the divest
voligge Va is rcduced).

-6
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5. RESULTS AND SELECTZD GRAPHS

The following results apply to & loczl a.c. load B/Q ratio of 5.

(1) Stfect of e.c. systen short cireuit level (Fig. 3)

The eflect of skort circuit level on d.c. power transfer is
summarised as followss-

Sort Cirewit | locel 4.C. | D.C. Power

Level i Lo_z_‘.d : i
3500 500 4 o> | >
50 >32 n

}zéo "
320 ) N

500
50

1000 400 +H 66" "
50

310 n

X% Voltege inatebility may occur.
The zbove re,'su.lts are based on the following paramefers:-
(1) = Y=17° _
(ii) Converior bus voltage at nominal = 105,

(iii) System transformer ot highest fap of *15,9 (= 1.15)
Tiais gives the mesdmum power fransfer.

(2) 2ffect of a.c. loed chango  (Fig. 3)

A reduction in local load does not allow tho direct power export to
te mcrea.s d by the same smomt without tap ctanging.



(3).

(4

()

(6)

Effect of D.C. Outese (Fig. 4)

Outege of the d.c. link, which mey be csused by blocking,
can couse volisge rise or fell at the converiey bus, depending
upon 8.0 load and de.ce. ToOwer translier.

D.C. Povier Reversal (Pige 4)

Tige 4 chows that reotifier operation esuses higher voliege
regulation than inverter operation. Theroforg cases will avise
in which full d.c. power roversal is not posaibl,e mless the convertor
transformers change teps.

local Disturbance (Pig. 5-8)

Proz the figures it can be seen that the a,0. systen short
circuit fault infeed governs the maximum possible d.c. pomer
transfer. Vith constant power conirol, uherei‘o:e, tne power
setding zust conform with tho existing and cntieipsied asc. systen
conditions,

Yhen the rectifior c.hafacteristic crogses,” tho curreat
mergin, the convertor bus voltage should vot fall below -7 A

. sultable current margin to achieve tku.s csn ba ebiained from-

curves of convertor bus voltage agminst direct currmve (e = Ig).
4 constant R tmd X representation of the leos) e.c. load

gives a beiter voltoge remla.tlon than a ce,,ﬁuant P and Q
represanta.tlon. )

Rewote Disturbence (Figs. 9-12)

The figures generaslly sugzest that constant current control
gives a Vvetter voltage regulation on the e¢onvertor pus than constant
power control. : .
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