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- ABSTRACT

Static shunt reactive power compensation schemes are being
more and more widely considered for VAr control in power systems.

They form in large a natural replacement for the traditional synchronous
compensators with the promise of benefits in performance, reliability
and cost. ' ‘

A new generalized concept for static. shunt VAr compensation
is'prdpoéed which permits selection of an optimum design. With a
slight 1ncrease in the VAr rating of the reactors this novel scheme
should overcome the harmonics and thyristors rat1ng problems of the
existing devices.

A faithful analytical comparison with other known devices is
made to show the superiority of the new device with respect to harmonics
generation, control range and thyristor stresses during steady-state
'and overvo]tage transient conditions.

' In order to be able to verify the feasibility and the advantages
of using thyristor controlled reactors in ac systems and at HVDC
terminals different models are developed for the fundamental current
behavior of these systems. A large scale load flow and transient
stability program is‘developed based on these models and with unique
features for the simulation of multi-terminal HVDC schemes and for
ac/dc network solution algorithms. = The program is then applied to
various practical problems such as MANDAN to demonstrate the ability
of static means for VAr control to enhance the performance of weak ac
systems when connected to HVDC converters.

The application of thyristor controlled reactors at the
terminals of superconducting generators is, for the first time, suggested
and fully analysed. '

The results of all the stud1es prove that the application of
static reactive power schemes in ac and HVDC transmission systems do
solve or reduce the major transmission problems; voltage control, and
stability. ’

iii
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chapter one
INTRODUCTION

1.1 General

Controlling the reactive power generation and flow in an energy
transmﬁssion'system is of an immense importahce. The influence of the
balance and flow of reactive power in EHV transmission Tines in terms of
voltage is easy to visualize. External sources and sinks of reactive
power provided at chosen points in a transmission network are therefore
used for controlling the voltage and the power'transmission efficiency
and capability. Fixed elements (capacitors or reactors)‘have an inherent
generation}or absorption characteristics dependent upoh terminal voltage
and hence are of limited effectiveness. The availability of fully con-
trollable VAr systems multiplies the va]ue of reaétiye power coetrol by
providing an alternative method of eystem stabi]izetion in addition'to
an optimum'eontrol of voltage end power transmission capability.

While the virtue of reactive power control is easy to visualize
for an ac transmission system it is not very difficult to see its value
- for an ac/dc system. A HVDC converter requires, for its commutation
process, an amount of reactive power which is dependent upon the active
power transmitted on the dc side and which must be supplied from the ac
sfde. Fully controllable reactive poWer sourees at ihe HVDC convertef
terminals are, therefore, the best choice to enhance the performance of

both ac and dc systems.

Up ti11 now synchronous compensators have been-the’majof




fully controllable reactive power device. However , during the

last few years a number of static reactive power compensators have

emerged which appear to be technically superior to the traditional

synchronous compensators in many ways and are economical too. Hence, a

systematic evaluation of the performance of the static VAr controlling

devices and that of the system in which they are employed is very timely
and much needed. ‘

. The research work described in this thesis is devoted to this
end and has resulted in the following major contribUtions:

(1) A new design of thyristor phase-controlled static VAr compensator
has been invented which upon ana]ysi§ is shoWn to be sUberior when
compared to those available. In this connection a generalized

Aconcept has been put forward which permits selection of an.optimum
design; |

(2) The application of static VAr compensation systemskat the converter
terminals of interconnected ac/dc networks has been thorough]y
investigated and in the process a large scale load flow and transient
stabi]ity.program for power systems incorborating md]titermina] dc
schemes.has been developed.

(3) While ihvestigating the application of static VAr compensators,
for the first time a suggestion has been made and fully ahalysed
for theirvapplication at the terminals of a superconducting alter-
nator. |

The major emphasis of the thesis is, thus, on the development of

a new type of chpensator and its novel applications.




In Section 1.2 of this chapter a summary and brief critical
-evaluation of available VAr compensators are presented. Section 1.3 deals
briefly with the application of VAr compensators in ac transmission
systems. This part of the investigation has been kept very brief on
purpose keeping in view the.reporting of the major contributions.

| Chapter 2 is devoted to the development and analysis of the new

type of thyristor phase controlled VAr compensator.

Chapters 3 and 4 investigate the impact of applications of
static means of reactive power éontro]"' at the terminals of HVDC
converters and superconducting a]ternators'respectively. The overall

conclusions and major contributions achieved in the thesis are summarized

in Chapter 5.




1.2 Reactive Power Systems; Critical Evaluation

In the following an evaluation of the known types of reactive

power systems is undertaken.

2,3,4
-1.2.1 Rotating Synchronous Machines *°

Excitation control of a synchronous machine connected to an ac
bus allows a controlled reactive power supply. The machines specially
désigned for the control of reactive power are known as synchronous

compensators.

Typically a synchronous compensator when under-excited can absorb
about half of its over-excited MVAr rating. |

The response time for changing its output from no-load to rated
reactive load is generally in the range from 0.10 to 2.00 seconds depend-
ing on the field time constant, excitation system and voltage regulator
of the machine and the nature of the network disturbance initiating the
change. |

Unlike static devices, synchronous compensatbrs have stored
kinetic energy in their rotors,-and hence can exhibit transient oscilla-

tions of real power about a mean value of zero, during or following dis-

turbances.
However, starting of such a machine can create a substantial

voltage dip, and when running, the synchronous compensator due to its

inertia has its own stability problem in the event of a system fault.
A synchronous compensator reduces the system reactance while it

: 6
regulates the reactive power.
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Reduction of system equivalent Thevenin's reactance minimizes
the alternating voltage phase angle fluctuations in case of any disturb-
ance , it, however, causes an increased short circuit 1eve1 and circuit
breaker duty.

The high capital investment, running and maintenance costs and
losses of a synchronous compensatoradd to its shortcomings and must also

be taken into account for the selection of compensators.

1.2.2 Static Compensators!>®

Generé]]yAthese types of shunt VAr compensators do not contribute
to the system short circuit capacity, have lower initial investment and
losses per KVAr and are less costly to operate and maintain compéred to
synchronous COmpensators. Static compensators can be divided into two
main classes: foed Elements and Controllable Devices.

i. Fixed Elements

(a) Shunt Capacitors: ’

Shunt Capacitor banks are used with mechanical switches to
compensate the inductive‘reactive power at HVDC terminals or

major load terminals in order to maintain the ac voltage at

the rated value.
It may however lead to excessive voltage rise on account

of a sudden loss of load.

(b) Linear Shunt Reactors: 7s8
| The inductance of these reactors is independent of their
lqading. They often are air-cored or gépped type reactors.
Pérmanent]y connected 1ineér reactors are used to compensate

the excessive capacitive reactive power on long-ac transmission




(c)

(d)

6
Tines and thus suppressing the voltage along the line and its
terminals under Tight load conditions. This, however, reduces
the maximum power transfer capability of the line.

Optimun Tine compensation requires shunt reactors to be
switched out of service under heavy load transmission. This
leaves the system open to transient overvoltages in case of a
severe loss of load in addition to an undesirable step voltage
variation due to switching-in of the reactors.

Satnrable (or Saturation) Shunt Reactors:?*10

This refers to the EHV line connected reactors with a
saturation knee at 1.1 the nnrma1'sysfem Vo]tage, tnus restrict-
ing power frequency overvoltages under abnormal conditions.

The non-Tinear reactor is less effective in Timiting
instantaneous overvoltages than it might seem, since a specific
vo]tage—time area is required for changing the reactor magnetic
state. Furthermore, with 1inear transmission systems this type
of reactor, in conjunction with the satnration effects of trans-
formers, introduces some risk of sub-harmonic instabilities
because'overvoltages are possib]é due to partial shunt compensa-
tion not eliminating the Ferranti effect under light-load con-
ditions. - |
Gap-Connectéd Shunt Reactors:11

An arc gap is used to either switch a line shunt reactor
in or out. The reactor assembly may take either form (a) or
(b) .as shown in Figure 1.1. The gaps are shunted by circuit
breakers which are switched on by a trigger denived from the

gap breakdown current.
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Figure 1.2  Single phase transductor schematic diagram



ii.

'At first sight such a device may appear trivial. However,
a number of studies (as will be discussed in Chapter 4) show
that in many applications, involving severe disturbances, even

controllable static VAr compensators behave in a bang-bang

: fashion.

- Gap connected reactors provide an economic but crude
compensation means.

Controllable Devices

(a) Transductor‘s:lz’15 |
A transductor is a reactor with direct current controlled
saturation, i.e. the effective reactor impedance and the primary
altérnating current are controlled by a direct current fed into
a separate winding. (Figure 1.2) o
The increase of direct current causes an increase of the
~unidirectional flux in the reactor iron cores. As a consequence
the super1mposed alternating flux tops are ra1sed beyond the
magnet1c saturation limits giving rise to the fundamental
alternating current nearly proportional to the dc current.
| 0dd curkent harmonics are generated in the ac circuit
while even harmonics are produced fn thevdc control circuit.
Another device can be used utilizing the principle of a
rotating magnetic field created by a 3-phase WOund stator. 13
The saturation Tevel of the magnetic circuif of the stationary

rotor is controlled by dc winding.




(b)

9

The stator windings and slots are arranged in such a way
that the alternating current contains minimum amount of
harmonics.

The above controlled saturation compensators have the major
drawback of slow response compared to the other types of con-
trollable compensators due to the dc circuit time constant and
the dead time required to build up the direct flux in the mag-
netic core. However, when a thyristor rectifier with a high
ceiling voltage for forcing the control current is used, total
time to change the primary ac current can be substantially
reduced.

Unfbrtunate]y, Under system fauTt conditions the dc control
winding is difficult fo protect.

Saturated Reactors: (inherentiy cohtro]]ed devices)13-29

The saturated reéctor is designed to operate in the satur-
ated region at normal opérating vo1ta§es. With a series and
shunt capacitors combination it automatically varies the réactiVe
power output over a wide range and holds the terminal voltage
constant. ,

The device elements and the corresponding V-I character-
istics are'111ustrated in Figures 1.3 and 1.4 respectively.

Special measures must be taken; especia]iy for applications
in weak ac systemé, to decrease the high current harmonic con-
tent due to the saturated reactor and to avoid the possiblity
of ferroresonant sub-harmonic instability arising from the

presence of the slope correcting series capacitor.
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(c)

11
In this regard, techniques employing complex multi-core,
multi-winding designs are used to cancel the current harmonics
internally by suitable choice of the flux phase-shifts between
cores and by an appropriate flow of the magnitude of triplen

harmonic currents in the . secondary windings. (e.g. Quin,

Twin-tripler and treble-tripler types of harmonic compensated

ac saturated reactors.)

However this multiphase construction reduces the potential-
ity of the device for unsymmetrical compensation of unbalanced
loads. Although the transient response of the compensator is
of the order of one to two cycles of the supply voltage, capaci-
tive bompensation of the slope reactance introduces transiently
higher reactances. When the current through the slope correct-
ing capacitor exceeds a predetermined value, dufing a transient
overvoltage condition, part or all of the latter may be short
circuited, thus increasing the slope of the compensator from
(XS—X;) to X, (in Figures 1.3 and 1.4) or to some intermediate
value.’

Thyristor-Switched Shunt Reactors:

Thyristor valves are used as fast switches to connect, in

a coordinated manner, a number of shunt reactors in small steps

(Figure 1.5). The switching is performed at voltage peaks to

“avoid dc current components injected into the ac system. This

form of discrete control requires a Targe number of components
and hence increases the cost and deteriorates the reliability

of the device.
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(d) Thyristor Phase-Controlled Reactors: >0~ 38
A smoother control of reactive power is achieved by using
thyristor phase-angle control of current through a linear

reactor. In an alternative design, the linear reactor is an

integral part of the connecting transformer (Reactor Transformer).
This type of compensator is of major interest in this investi-
gation and is dealt with in greater detail in Chapter 2.

(e) Thyristor-Switched Capacitors:®%:""

Generally, transient inrush currents and high harmonic
generation preclude the use of phase-angle coﬁiro] of a shunt
capacitor. Instead, the capacitor bank is split into a number
of small units which are switched individually on or off by
thyristors. |

The scheme as shown in Figure 1.6 employs the following
elements: | |
- Ih series with each switched capacitor bank there is a small

air=cored reactor to 1imit the rate of rise of the current
through the thyristors depending on misfiring and to avoid

resonance with the network.

- In parallel with the switched capacitor banks fixed capacitor
and reactor are installed to give optimum operating range.

When capacitors are not connected, they are maintained

- charged to the positive or negative peak value of the voltage
by regularly switching them in for very short durations.
The switching instant is selected at the time when the

network voltage across each arm corresponds to the magnitude
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Figure 1.5  Thyristor switched reactors

Figure 1.6  Thyristor switched capacitors scheme
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and polarity of the capacitor voltage. This ensures that the
connection takes place at the natural zero crossing of the
capacitor current.

The capacitor is disconnected through the suppression of

the gate trigger pulses of the thyristors so that the thyriétors
carrying current will block as soon as the current becomes zero.

This type of compensator has the following major drawbacks:

1) The capacitors are kept charged at the peak value of "normal"

voltage so when system voltage reduction occurs and VAr
‘assistance is needed, the chérged capacitors have to be
switched in to a Tower voltage resulting in an injection of
transient inrush currents and harmonics in the faulted system.

2) in,the case of a complete collapse of ac voltage at the com-
pénsator terminals for a period of time, long enough to dis-
charge the capacitors, problems of switching transients arise
when the system is enefgized°

3) The capacitors used are of the ac type which are Tess suitable
for direct voltage but are subjected to dc voltage in the

stand-by state; therefore provisions have to be made to

repb]arise them at regular intervals simulating a Tow fre-
quency alternating voltage, which complicates the controls

of the thyristor valves.

Generally, controlled static VAr compensators, except the saturat-
ed reactor, provide possiblities for various forms of control signals
based on vo]tage, current and active and reactive power flow at‘one or
more points of the line as well as on their individual or combined

functions, 3132740
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A reactive power compensation scheme employing thyristor controll-
ed reactor although has no reactance slope correction capacitors, the
functicn of its control system is essentially one of slope correction.

Such a scheme has the advantage that effective reactance slope correction

is obtained at very low electronic circuit power levels rather than at
higher power levels in case of dc controlled saturation reactors or even

at the full power rating of the compensator as in the case of saturated

reactors.

The uncompensated slope reactance of the thyristor controlled
reactor is 1.0 p.u. as compared to a typical value of 0.12 p.u. for a
saturated reactor and therefore the sub-transient reactance effect may
be more significant in the former case?g.However, the slope correcting
capacifor used in series with the saturated reactor can cause sub-
synchronous resonance by makingbthe natural frequency_of.the compensated
Tine match with one of the sub-synchronous natural frequencies of the
machines connected to it, 28229

Also there is a time lag of about 0.02 sec for the slope correct-

ing capacitor which is, generally, required to be switched off when its

current (or voltage) exceeds a certain 1imit during a transient over-

voltage condition thus increasing the slope reactance of the device?

1.3 Reactive Power Control for AC Transmission Systems

Many problems, in the steady or the dynamic state, are intimately

connected with the balance and flow of reactive power in EHV ac

energy transmission systems. Consequently it is one of the major

duties of the reactive power compensation scheme to control the VAr flow
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during steady state condition to provide an optimum voltage profile of
the system with respect to the transmission losses and maintain voltage
Timits at individual nétwork nodes.

In order to avoid temporary excess voltage, e.g. transient and

dynamic overvoltages on EHV long line terminating components arising
from line energization, re-energization and load rejection or on the ac

side of a dc converter station during load rejection, steady state

reactive power flow conditions should be maintained as far as possible

~or restored as quickly as possib]e.42

With the limited availability of rights-of-way and also owing to
the cost of 1ines, keeping the transfer capability of the system as high
as possible is a main objective for ahy designer. |

Therefore, another duty of reactive power compensators in EHY
systems is to adjust the VAr infeed in such a way that the active power
transmission capability of the lines, particularly when long lines are
involved, is utilized to an optimum. This also requires correct voltage
maintenance at the delivery end and, if necessary, at substations along

the Tine*! This is achieved through the availability, during maximum

1oading,_of enough VAr's such that system frequency voltage variations
could be Timited in cases of transient power fluctuations, switching
surges or faulted conditions.

Until very recently, generators in power transmission systems

were used to control the reactive power infeed. However, dynamic over-
voltages associated with load rejections are essentially caused by high
machine internal voltage and may be aggravated by the generator overspeed.

'Se1f-excitation problems can appear if reactive generation of the line
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exceeds the reactive absorption capability of the machines connected to
the sending end. The overvoltages resulting from self-excitation are
dangercus not only for the system but also to the machines and transform-
ers. This condition must definitely be avoided either by iricreasing the
genérating capacity or, simply, by line shunt compensation.

Dynamically any system running near the peak. of a steady state
stability Timit will become unstable under the impact of short circuits
which will produce phase angles in the range beyond this Timit® Due to
the inertias involved at both ends of the line, for‘dynamic stability to
be secured, the lines should be made capable of transmitting more than
the pre-fault power up to the point of maximum angular overswing. This
implies that it is generally necessary that the voltage along a very long
]iné can recover near to its normal value after the fault is removed:
This is possible only if sufficient shunt capacitive power is supplied
to compensate for the increased line reactive power consumption caused
by the greatly increased 1ine current at Targe phase angles. This can
be achieved either by operating the Tine sdfficient]y below its surge
impedance powef - which is an uneconomical solution - or by adding
capacitive power transiently for the period in which the phase angle

across the line will be abnormally increased:®

However, without adequately
fast VAr control either solution can lead to dangerous overvoltages
particd]ar]y under the conditions of a severe "back-swing", i.e. a

phase condition when the power transmitted is much lesé than the pre-fault
level.

If non-controllable compensating equipment is used for obtaining

a favourable reactive power flow in the steady-state it has an
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adverse effect on the system under transient conditions and vice versa.
Two digital computer studies have been carried out to illustrate
the positive effects of employing static shunt reactive power contro]]érs

in ac transmission systems.

(1) Using Manitoba-U.S. interconnected system as a model, an evaluation
of different alternative shunt compensation schemes was investigated

based on the dynamic overvoltages arised from full load rejection

through the main ac tie line or commutation failure of the inter-

connected dc Tink inverter terminal.™"

Figures 1.7 and 1.8 show some sample results.

The main conclusion of the study is that static shunt compensa-
tors are inherently effective in Timiting overvoltages. They not
only give an optimum voltage profile at all loads, but alsc make
maximum use of long lines capacitance and permit the addition of

~shunt capacitors to boost maximum power. A]sb, the appropriate
Tocation of ‘the cdmpensator~is of particular va]ue.‘
(2) The two machine system model shown in Figure 1.9 has been used to

study qualitatively the effect ofIStatic reactive power shunt

compensation on the steady-state, transient and dynamic stability
of a Tong ac tie line, irrespective of the type of compensator used.
It is apparent from the resulting Power/Angle characteristics

shown in Figure 1.10 that the steady-state stability 1imit is in-

creased and an improvement in the transient stability limit (evalu-
ated by the equal area cr1ter1a3 is possible in case of stat1c VAr
compensation schemes However, the gain achieved is 11m1ted by the

finite rating of the compensator in the capacitive range compared
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. . 41 . v . .
with an ideal compensator.” The dynamic stability has been investi-
gated using the phase-plane technique as follows:
- For the system model in Figure 1.9, if H and D are the equivalent
inertia constant and damping of the two machines, the swing equation

2
can be written in the form:

2 mf V.V
d¢ (q+L doy_ "o (p D do 712 o0
w )T Pl @,

‘where, ¢ ‘is the equivalent deviation angle from a reference bus and
Xq is the equivalent reactance of the connecting system (all values
are expkessed in per unit on the equivalent machine rating).

Defining new parameters:

wy oW fo /H | : natural angular frequency
T = wy t : normalized time
)4 = de/dt = w/wN : normalized angular velocity
: deviation

the swing equation. can be rewritten as:

' V.V
v N N 12
Y. de (1 + W, v) = Pn = D Bg'v’- X,

sing

The well known phase-plane technique can be applied in a straight
forward manner for a plot of ¥ versus e (for H=100 and D=10.).

Resulting phase-planes (Figures 1.11 and 1;12) and correspond-
ing rotor angle swing curves (Figure 1.13) for the different schemes
illustrate, clearly, the favourable effect of tHe static compensator
on the rotor motion subsequent to the first swing after the

disturbance.
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POWER
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Figure 1.10  Power angle characteristics

a) System a, fixed compensation (Qr = 0.25 p.u.)
b) System b, static compensator (0.60 p.u. capacitive range)
c) System b, static compensator (1.00 p.u. capacitive range)
d) Ideal compensator (infinite capactive rating).
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chapter two
A NOVEL DESIGN FOR THYRISTOR CONTROLLED VAR COMPENSATORS

" 2.1 Introduction

Among other types of static shunt VAr compensation systems,
thyristor phase-controlled reactors offer more flexibility in terms of
external system stabilizing signals, smoother operation in terms of
reactive power variations and with recent advances in éo]id state tech-
nology have become cost effective. However, they suffer from high
harmonic current generation under steady-state conditions and high

‘current rating of thyristor valves under transient overvoltage condi-
tiong}-aguch problems can decrease the cost benefits offered by these
systems. |

The novelty of a new design concept can be best demonstrated by
comparing Figures 2.1 to.2.4. Figure 2.1 shows a sing1é phase schematic
diagram‘for a known design of thyristor phase controlled
'réacto;?sgé;sgre.z.z shows the voltage and resulting current'wa&eforms
for a firing angle o. Because of the anti-parallel connection.of the
thyristor pair; it is easy to understand that ¢=90° gives rise to a
maximum current through the reactor and that a value lower than this
would result in an unsatisfactory operation without affecting the funda-
mental component of this maximum current as will be shown {n Section 2.3.

In Figure 2.3 the required reactance X is split into two, each of value

2X. A thyristor is used in each arm such that each of the paralleled
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L5-47
branches has a reverse biased thyristor. The operation of this circuit
is not different from that described in Figure 2.1 for 90° go< 180°.,

However, it is now possible to operate this circuit at any value of o

from 0° to 180°. e
For'0° sag< 90° there are periods when both thyristors of a

circuit (per phase) conduct, thereby, causing a circulating current in

the paralleled branches. The very first reaction is, therefore, that

the reactors and thyristors both have to be of a higher rating as com-

pared to the arrangement in Figure 2.1. This conclusion is partly true.
Reactor ratings are discussed in Section 2.4 and the thyristor valve
dimensioning is discussed in Section 2.6.

One of the benefits arising from the proposed arrangement is
easily underétood when one considers the harmonic currents injected into
the system due to discontinuous conduction of thyristors. For an edua]
maximum rating of the phase controlled reactors of Figure.Z.l and
Figure 2.3 the values of the reactances have to be as shown in the
figures. Since'for the arrangement of Figure 2.3 the series reactor is
of twice the‘mégnitude, the harmonic currents‘generated would be half

of that for the arrangement in Figure 2.1 when the circuits are connected

to the same supply voltage and are operated at an equal firing angle a.
This result has far reaching consequences and will be discussed in

detail in the rest of this chapter.

) The arrangement of Figure 2.3 has a drawback in that the
thyristors are not protected from overvoltage stresses. It has become
a regular practice to protect thyristors from overvoltage stresses by

putting them into conducting mode by emergency firing (BOD firing).51




Fi'gure 21 ﬁng@g@@g_schematic of

‘a known design of a controlled reactor

'conducﬂon
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Figure 2.2 -~ Voltage and currents for
the scheme in Figure 2.1

Figure 2.3 Basic realization of UM-Concept

conduction
period

Figure 2.4  Voltage and currents for

the scheme in Figure 2.3

Figure 2.5  Arrangement of the proposed UM-Concept
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Fortunately this is the best course of action for the reactor compensa-
tors because the insertion of shunt reactors, due to emergency firing of
the thyristors, on a bus experiencing overvoltage, is the desired correc-
tive action. For the arrangement of anti-paraliel thyristors in Figure 2.
1, when the forward biased thyristor starts conducting, the reverse
biased thyristor experiences only the forward voltage drop of the other
thyristor and, hence, is protected. An emergency firing for the arrange-
ment of F1gure 2.3 will protect only the forward biased thyr1stor and may
cause a voltage breakdown of the other. Figure 2.5 is, therefore, pro-
posed to overcome this problem. This new configuration causes a reduced
voltage to appear across the non-conducting thyristok due to a voltage
drop in the series reactor. The arrangement of Figure 2.5 will be referr-
ed to as the-Genéra]ized UM-Conceptqs‘%ﬁe addition of a series reactor
br1ngs to m1nd an enormous number of combinations of Xo and X3 possible
for a g1ven value of the maximum rating of the reactive compensator.

The remaining part of this chapter 1s devoted to a systematic analysis

of this configuration. The UM-Concept presents a generalized arrangement
-of which the designs of Figure 2.1 and Figure 2.3 are special cases when
the value of Xy OF Xq is reduced to zero respectively. For'comp1eteness
a further addition to the description of the UM concept is required,
considering that for HV systems the compensating equipment may be connect-
ed via a transformer. A complete arrangement is shown in Figure 2.6
'where the 1eékage reactance of the transformer is referred to the Tow

voltage side (xl).
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2.2 Generalized System Equations

A number of simplifying assumptions are made in the following
. analysis in order to be able to obtain simple final algebraic expressions

and to keep the basic physical behavior of the system in sight to gain a

feel for major design changes.
(a) The resistance of all inductors and transformer windings is - ignored.
This assumption is very reasonable since such a device has a very

high Q factor in general.

(b) The magnetic non-linearity of the connecting transformer is ignored.
The analysis of the saturation in the flux path‘of the transformer,
in Reference [38], indicates that it would increase the peak valve
currents by about 11% for a case with x2=x3=0.

(c) The thyristors are represented as ideal switches ignoring their

forward voltage drop, which is usually very small, and di/at, dv/dt
protection circuits. ‘

(d) The analysis also ignores the presence of stray capacitance effects,
protection surge arrestors, etc. which have been found [38] to pro-

duce negligible influence on the performance.

For the system described in Figure 2.6 we have the following set

of equations:

di, di, di

p dig  dig
Lt @t =t sty (2.1)
ip =g =iy =iy +ig+i, =0 (2.2)
ip - ic - 11 - 12,+ 15 +ig=0 (2.3)
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Considering all thyristors in a conducting mode the voltage equations

for phase A are:

diA dil diz dil
Lrae " habge ) Y Ay = v (2.4)
di di di di ,
A 1 2 2 _
Lrae * bt a0 * 2= (2.5)

Voltage equations for phases B and C are similarly obtained.
In the above, Ll’ LZ& L3 are the inductances of reactors Xq Xo

and x3 respectively.

2.3_ Steady State Performance

For the prediction of the currents and therefore reacfive power
absorption by the thyristor phase-controlled reactor and also voltage
stresses acrdss the valves under steady state operating conditions the
following procedure is employed.

‘ Since the model in.Figure 2.6 is purely inductive it is possible
to determine uniquely the conduction period of each thyristor for a given
value of firing angle o (from o to 180°-a with respect to the voltage
across it). Conduction states of thyristors give rise to a number of

different operating modes, per cycle, of the system, which are recognized

and recorded.
For the solution of currents during a particular operating mode,

a set of simultaneous equations is formed by equations (2.1), (2.2),

- (2.3), and some others from the voltage equations of the type (2.4) and
(2.5), based on the criteria explained below: | |

Consider the operating modes related to phase A:
(a) when thyristor T, conducts and T, does not, use'equation (2.4) with

di
Z _ 0.
¢ = 03
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(b) when thyristor T2 conducts and Tl‘does not, use equation (2.5) with
di

d

—

i

= 0, and

ot

(c) When both T, and T, conduct, use both equations (2.4) and'(2.5).

Selection of voltage equations for phases B and C are made on a
similar basis. With the knowledge of voltages v,, Vg> and VC at any
instant, system equations are solved by Gauss E11m1nat1on method giving
the corresponding values of di/dt. By integrating di/dt, currents in all
parts are then evaluated.

From the values of di/dt voltage across any component can be
calculated. b.g.~the voltage across thyristor valve T1 is
le =vy - L dip/dt - L3(dil/dt + diz/dt) - 2, dil/dt (2.6)

where dilldt and diz/dt = 0 when T1 or T2 is not conducting respectively.

For secondary phase voltages defined as:

v = Vsin (ut) | (2.7)
Vg = U sin (ut-120°) | (2.8)
v = V sin (wt+120°) ' (2.9)

where V is taken 1.0 p.u., the final general expressions for a line
current (1A),»va1ve current (4 ) and voltage across that valve (vT ) are
given in per unit, for all possible ranges of control angle a, in
Table 2.1.

Ratios Yy and z are defined as key functions to determine the

values of X1 X and X3 to make up é,gfven total vé]ue X in all cases.

X = xp + Xy X3 : (2.10)




™

For simplified expressions in Table 2.1, the following substitu-

tions are made:

c1 =1+y
CZ=C1'Z
C3= ¢ *e

Ce ='302 -y
¢, = 3c2 - yz
Cg = 3c2v- 2yz
Also, |
hy = cos (mf)

h2 = cos (wt - 120°)

h3 = cos (wt + 120°)

and
k1 = cos(a)
k2 = cos(a-120°)
k3 = cos(a+120°)

(2.

(2.

(2.
(2.
(2.
(2.

(2.
(2.

(2.

(2.

(2.
(2.

(2.

(2.
(2.

(2.
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11)

12)

13)
14)
15)
16)

17)
18)

19)

20)

21)
22)

23)

24)
25)

26)

Some results, using the expressions in Table 2.I, are drawn to

bring out the important aspects of operation.
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Figure 2.7  Voltage and currents for one phase, ©-= 130°, * 4
y=0,2=0 N
/'\VA

1V
'T?
o
[
1}
VN
L
/
'
‘

Figure 2.8 Voltage and currents for one phase, =1 30°,

¥y=0,2=1

OF MANITOBA
“-“

N L/BRARIES #




_ , : P
Figure 2.9 \ | |
8 Voltage and currents for one phase, o = 130°, R 1 i /

y=03, 2=0.7 X l
S

- F igure 2 10 Voltage and currents for one phase o= éoo _\ /

y=03,2=0.7 ’ \ /’




: 44
Figures 2.7 to 2.10 are included to show the basic influence of
configurations. Results of Figures 2.7, 2.8 and 2.9 correspond to the
layout in Figure 2.6, and are for:

Case 1: Yy =0, z=0 (i.e. all reactance is Tumped into the

separate reactor x3) This design is reported by General Electric

and Westinghouse;>*~37252
Case 2: y = 0, z =1 (i.e. all reactance is included in the

303 »38
transformer leakage). This design is reported by BBC} _

Case 3: y = 0.3.and z = 0.7 as an example arbitrarily chosen to
i]]ustrate the behaviour of the Generé]ized UM-Concept. |
Each figure shows vo]tage on the secondary side (vA), voltage across a
valve (le) currents through the valves (i 1o 1 2) and current on the
primary side (1A) for one phase, for o = 130°. The following observa-
tions are noteworthy:
(a) o = 130° does not correspond to the same reactive power loading
for 511 thfee cases. This is because of the differences in the
ranges of a control, as will be shown later.

(b) The peak voltage appearing across a valve is always equal to the

peak secondary line voltage in case 1, whereas in other cases it is
reduced to a lower voltage. ‘
Since in the UM-Concept (case 3) it is possible to operate for

a<90°, F1gure 2.10 is 1included to show current and voltage waveforms for

= 80°. It is to be noted that the line current is nearly sinusoidal
and that the peak voltage across the valves is substantially reduced.
Figures 2.11 and 2.12 are included to show cases of abnorma]

operation for known designs. Figure 2.11 is for case 1 (y=0, z=0), with
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Figure 2.11  Voltage and currents for one phase, o = 80°, \\ ' /
¥=0.0,2=0.0 N
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Figure 2.12  Voltage and currents for one phase, © = 110°, \'\/
¥y=00,2=10 -
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«=80°, When the triggering pulse is applied to thyristor T2 the voltage
across it is very small since T1 is still in conduction mode and there-
fore would not conduct. However, when a high voltage appears across T2’
at the insiant.T1 stops conducting, there would be no pulses applied to
Tz.and therefore conduction would not take place. Hence we end up with
one thyristor conducting per phase and this results in a distorted line
current with a high dc component. However for practical applications
there is usua]]y:a small non-linear reactor in series with each thyristor
valve for di/dt protection. This small reactor may cause the.two
thyristors/phase to conduct simultaneously. In Figure 2.12, Case 2
(y=0, z=1) was examined for a firing angle o = 110°. The high current
through T1 is due to the fact that when two phases are conducting, in
this configuration, the voltage appearing across the third phase is very
smaT]. HoweVer when voltage across one of the conducting phasés becomes
small (near its zero crossing), there is a chance that a fhyristor in
the.third phase would conduct provided that the triggerihg pulse is still
applied to it. The current and voltage waveforms appearing in Figure 2.12
do match to a great extent the results in Reference [38] given for an

actual reduced scale physical model.

2.4 Fundamental Current and Reactors Rating

In order to study the characteristic performance of the device
in the steady state it is important to derive a direct re]ationShip
between its input parameter (control angle o) and its output quantity
(reactive power). The effective reactive power of the thyristor controll-
ed reactor is directly proportional to the power frequency component of

its 1ine_current and, in per unit, they both are equal. In per-unit

1
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values iA’ iB and iC represent these currents.

The magnitude of the fundamental component of line current iA is
given by:
9 3n/2
dpy == 7 ip(et). cos(wt). d(wt) (2.27)
Al /2 A :

where iA(wt) is given in Table 2.1.

The final expressions for this fundamental current, in per unit,

over different operating ranges of control angle o are given in Table 2.II.

 Figure 2.13 shows the P.u. reactive power variation with o f?r various
designs. 'anwn designs of Cases 1 and 2 provide an effective control
range of o from 90° to 180° and 120° to 180° respectively. Other combina—
tions of y and z provide a whole new range of alternative designs - some
of which appear superior to the known ones in an over-all assessment.

| Non-zero values of y spread the control rangé from 0° to 180°.
The value of z, however, has no influence on the réactive power for a<90°.
As the value of y increases the sensitivity of reactive power to small
deviations of control angle o is reduced, which would have a favourable

effect on the stability of o control.

One other criterion for comparing various designs is the total
MVA rating of all reactors forming a compensator. At full load (o = 0°)

p.u. valve current 11, from Table 2.1, is given by:

11 = (1-cos(wt))/2 for O<wt<2nm - (2.28)

therefore the p.u. rms value is:

. 2'"' .
I, =/L 5 i d(ut) =‘/—§ | (2.29)

1
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At o = 0° all valve currents are equal in magnitude, and the line current
in p.u. = 1.0. Under this condit%on, the value of current through re-
actor X3 in Figure 2.6 equals to that of line current. Hence the per unit

total rating of all reactors/phase is;

X X 2X 2X
| 3
0 -t (3 e 2
X X X X
e R Ry SRy
- X &
=1+ 2y (2.30)

The rating Qr is increased as a higher value of y is chosen as shown in

Figure 2.14. However, selection of z does not influence the installed

capacity of the reactors. Therefore for the three cases Considered before:

Case 1 (y=0.0, z=0.0): Qr = 1.0 p.u.
Case 2 (y=0.0, 2z=1.0): Q. = 1.0 p.u.
Case 3 (y=0.3, 2z=0.7): Q, = 1.6 p.u.

2.5 Harmonic Analysis

Harmonics generated by the static compensators form by far the
most important concern in their application for poWer systems. It is,
therefore, only reasonable to search for designs which produce Tow level
of harmonic content and also result in a saving in the cost of filtering
equipment. The Generalized UM-Concept offers such possibilities. From
harmonic consideration the major interest lies in the line currents.
Since these currents are periodic and of odd function behaviour, as seen

from Figures 2.7 to 2.10, they can be resolved into odd harmonics.
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The magnitude of the nth harmonic component of line current 1A

is calculated using the following integration:

3n/2
s iA(mt) cos(nwt) d(wt) (2.31)

2
T /2

In =

where IA(mt) is given in Table 2.I. The detailed calculation of these

currents is rather lengthy and gives rise to long expressions. The final

simplified expressions are given in Table 2.1II where the fo]]owihg sub-

stitutions are made:

£, = (n-1) sin(n+l)a | (2.32)
£, = (n-1) sin{(n+1)a-120°} (2.33)
f3 = (n-1) sin{(n+1)a+120°} (2.34)
g = (n+1) sin(n-1)a (2.35)
g, = (n+1) sih{(n-l)a+120°} | (2.36)
g3 = (n+1)}sin{<n-1)a-120°} _ ' | (2.37)

Figures 2.15 to 2.24 show the magnitude of harmonic currents as

a function of p.u. reactive power of the compensator. Figures 2.15, 2.16

and 2.17 correspond to the three cases considered (Cases 1 and 2 for known
designs while Case 3 represents a reasonable example to illustrate the
generalized proposed UM-Concept). Figures 2.18 to 2.24 are included to

demonstrate the effect of increasing the parameter y(=x2/X) on the general

behaviour of harmonics. The following important observatiohs are to be
madé:
(a) The peak values of all harmonics are the highest for Case 2 (y=0, z=1)

and the Towest for the case with y=1. However, there is only Tittle

change in the harmonics for values of y from 0.4 td 1.0.
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(b) Higher magnitudes of harmonics occur over a smaller operating range
of reactive power as y increases from 0 to 0.4.

(c) While many harmonic filters may be required for the known designs
of Cases 1 and 2, because of lower harmonics generation, some of
these may be unnecessary for the designs arising from the Generalized
UM-Concept.

(d) In the new designs where y takes a value >0.2, an additional region
of reactive power exists, in the neighbourhood of o = 90°, where the
harmonic content is insignificant. This may be the preferred region

~ for ﬁorma] operation of the compensator which allows sufficient
margin for excursions on either side. This region lies between 0.75
'to 0.8 p.u. react1ve power for the examp]e of Case 3 (y=0.3, z=0.7)
and approaches the m1d operat1ng range as y takes higher values.

In order to evaluate the influence of the alternatives offered by the new

generalized concept from the harmonics.point of view; an extensive study

was made. F1gures 2.25 and 2.26 summarize the peak values of the 5th and
7th harmon1cs respect1ve1y for some combinations of y and z. It is ob-
served thatvqs-y is increased from 0 to 0.4 there is a sharp reductidn

1n the peak value of the harmonics and for a given vé]ue of y<0’2 as z is

reduced the peak va]ue of the harmonics are also reduced until z approaches

0.5. However with y>0 2 as z is reduced the harmon1c peaks increase and

for y>0.4 the reduction in the harmonic content is makgina]. Considera-

tion of peak vaiue alone of a harmonic is not sufficient to illustrate

their influence as can be seen from Figures 2.16 and 2.17. 1In Figure 2.16

the harmonic content is a flat topped function of the compensator reactive

power implying, thereby, that a‘given value of harmonic is present over a
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¥y=04,2=0.6
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large operating range. On the contrary, a value of harmonic content
exists over a much smaller range of reactive power in Figure 2.17.

A better evaluation of the harmonic content is, therefore,
quantized in an alternative presentation in Figures 2.27 and 2.28 for
the 5th and 7th harmonics respectively. For éxamp1e, consider point A
ih Figure 2.27 (for y=0, z=0) it indicates that a 5th harmonic content

of 0.04 p.u. eXists for 30% of the VAr operating range of the compensator.

2.6 Qvervoltage Transient Performance

For the application of static shunt VAr compensétors the thyristor
valves are invariably designed to withstand the transient overloadings,
which are usually of many orders of magnitude above the steady state
rating. In order to solve the issue of thyristor valve sizing for. the
proposed new designs in compariéon to the available ones, the studies
‘presented in this section have beem carried out. |

The purpose of this investigation is therefore to identify the
worst case which would give rise to a maximum transient overloading of
the thyrfstor valves and its extent when a reactor is subjected to over-
voltages.

The prime cause for a bus overvoltage is a sudden rejecfion of
load. During the first few cyc]és severe distortions in thé-3-phase
voltages usually occur which are influenced by system resonances. Hence,
unless a system configuration is known in detai], it is difficu]t to
predict the voltage waveforms aftef tripping a load. Since the major
concern here is to study the transient overvoltage Stresses on the
thyristor valves of a number of alternative designs on.a.comparative

basis, the exact waveforms of overvoltages are of less importance.
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Under the circumstances it is reasonable to take a simplistic approach
and represent the overvoltages in an orderly manner.
For this study a situation is considered where an overvoltage of
1.7 p.u. occurs on a bus and is maintained for a few cycles. Under this
situation, in place of the line voltages jumping instantaneously from 1.
to 1.7.p.u., it is assumed that each phase voltage changes from 1.to

1.7 p.u. value from jts first zero crossing after the event and remains

sinusoidal (Figure 2.29). Indeed the calculations show that this is a

more severe condition as compared to overvoltages occurring instantaneous-
ly. The maximum overcurrent peak for sudden Qvervo]tages turn out to be
5 to 10% Tower, depending upon the value of y as qompared to thé.over-
voltage phenomenon described earlier, as can be seen in Figure 2.30.

It must be clearly understood that this description of overvoltages
is neither défended to be realistic, nor shou]d be misunderstood to imply
- a reétriction.on the analytical technique used to calculate the result-
ing overcurrents. |

The overcurrents, as é consequence of the_oVervo]tages, depend

to a great extent firstly on the type of controller for the thyristor

valves, and secondly on the setting of the compensator load, i.e.
operating value of o prior to the occurrence of the overvo]tage. Both
above factors control the initial conditions and, hence, the d.c. offset

of the transient currents.

- The procedure adopted for the calculations of opvercurrents is
that at any time when a valve experiences an overvoltage of 1.25 p.u.
(this setting can be altered; it has been chosen arbitrarily) an emerg-

ency firing pulse is supplied to it to put it into éonducting mode. This
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normal———’-—«» overvoltage

Figure 2.29  Description of the assumed overvoltage

PEAK CURRENT , pu.

4.0
1.0
0-0 | Al 1 y I L |
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Figure 2.30 Maximum peak of transient valve current for
sudden and assumed overvoltage (1.70 pu)
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Figure 2.31 Maximum peak of transient valve current for
different initial control angles
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action can either be taken on an individual valve basis, or after the
first emergency firing a continuous firing signal can be apﬁ]ied to ali-
thyristor valves. The latter may be preferred because it provides a
simpler and better protection strategy and is most effective in counter-
ing the'overvoitages. Therefore, all results presented here correspond
to a continuous firing scheme on all valves. In order to be able to make
a comparative study between different designs an ideal connecting trans-
former was assumed with a total 1eakagé reactance of 0.1 p.u.

In every time step the system current and voltage equations of
Section 2.2 are simultaneously solved, using the criteria outlined in
Section 2.3 whenever a new mode of .operation arises, yielding néw
currents which are then used as initié] values for the nekt:time interval.

By conducting numerous numerical experiments it has been conclud-
ed that the worsf case - the design case - is when overvo]tages occur at
a time when the thyristor controlled reactor is at no 1oad,,i.e. ao=180°.
Figure 2.31 shows the maximum peak current for any valve for different
initial values of a for different designs (different values of y - the
parameter z has. no Significant influence). In all, o = 180° is the’
worst case. | |

In fact thi§ conclusion coincides with the results obtained by
experiments on a reduced scale physical model for a specificldesign?8
Figure 2.31 also illustrates the advantage of choosing a higher value of
. .

Figures 2.32 (a,b and c) are for a known design, i.e.,
y=0, z=0. Figure 2.32 (a) shows the instantaneous voltages across the

valves, oy = 180° prior to emergency firing - triggered by voltage across
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To and is applied to all valves. Notice from the valve currents in
Figure 2.32 (b) that the valve T5 carries a peak current of 3.58 p.u.
4[Ibase X] and fails to extinguish. This can indeed happen to any one
valve and hence each valve must be designed to withstand such a stress.
For the other known design where y=0 and z=i, the voltages across
and currents through the valves subsequent to overvoltages are found
- identical to those shown in Figures 2.32 (a) and 2.32 (b).
| Figures 2.33 (a), (b) and (c) are for another extreme in design
for y=1, z=0. It must be realized that due to the reactors (2x2) in
series with each valve (Figure 2.3), unequal voltages appear across each
valve. Further, one-half of the valves are not protected by the emergency
| firing during the first cycle because they are reverse biased. It fs
for this reason that mod1f1cat1ons in the or1g1na] concept were made to.
give the Genera11zed UM- -Concept. It must, however, be noted that not ‘
withstanding the overvo]tages during one cycle, the transient over current
.peaks are indeed only about 50% (1.88 p.u.). Since Va1ves must be sized
~ for 12t ratings the valve size could be almost %th from current cons1dera—
tions alone. A part of this resu1t1ng saving in the number of parallel
paths, or sizes of thyr1stors, can perhaps be reinvested by con-
necting a higher number of thyr1stors in series to w1thstand overvoltages
and yet come out with a net sav1ng The final outcome depends to a great
extent on the size of a compensator,
Figures 2.34 (a), (b) and (c) correspond to a more realistic
design y=0.3, z=0.7 arising from the UM-Concept. 1In this case the max1mum
voltage coming across a valve is Timited to 1.25 - emergency f1r1ng

threshold level, as can be seen from Figure 2.34 (a) and (b) which reduces
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to 0.75 p.u. on the non-conducting valve after emérgency firing. The
peak value of the valve currents at the same time are restricted We]]
below 2.75 p.u. It should be noted here that the relative values of
fizdt works out to be of almost the same ratio as those of i peak.

A comparison of the results of Figures 2.32 and 2.34 brings out
quite clearly that a great saving can be achievéd in the thyristor valves
for the proposed .UM-designs in comparison to the known designs.

Table 2.1II provides some important data for an easy comparison.

2.7 Guidelines for the Selection of an'Optimum Design

In the previous sections it has been shown that many advantages
are gained by selécting a thyristor phase controlled reactor design
arising from the generalised UM-Concept. By choosingva non-zero value
of y,fit is possible to minimize harmonic generation, reduce the ‘voltages
appearing across the thyristors when they are in the off state, increase
the control range and find a fegion for normal bperation where the har-
monic content is minimal and yet about which a margin exists on either
side for making controlled adjustmenfs. The above advahtages occur at
the cost of a slight increase in the total installed rating of the react-
or components. | |

It was indicated in Section 2.3 that during the operation for
0<0<90 there are periods when both thyristors of a paralleled combination
(per. phase) conduct simultaneously, which result in a circulating current
fn the Toop formed by two paralleled branches per phase. The ihfluence
of these c1rcu]at1ng currents is that under steady state operation for

‘a<90° the thyristors must cope with a higher 12t, i.e. Junct1on heat1ng

.
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TABLE 2.111

A COMPARATIVE EVALUATION OF KEY PERFORMANCE
INDICES OF VARIOUS DESIGNS

DESIGN DESCRIPTION

Performance Index

[ e}

y=0, y=0, y
z=0 Z

z=1

v
N <
~J W
% w

1. Total rating
of reactors,

%, p.u. 1.0 1.0 3.0 1.6

2. tMaximum peak
of transient
valve current , '
p.u. 3.58 3.58 1.88 : 2.75

3. Maximum value
of the 5th _
‘harmonic current :
p.u. 0.05 0.076 0.025 0.033

4. Control angle _ .
(a) range 90-180 120-180 0-180 0-180

4. +Maximum voltage
across a thyrist-
or valye, p.u. 1.25 , 1.25 1.7 1.25

* This is not an optimum Hesign from the UM-Concept avit is used as an
example. ' ' '

+ The figures refer to an assumed overvoltage situation of 1.7 p.u.
when emergency firing level for thyristor valves is set at 1.25 p.u.
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This requirement, in fact, influences the cooling system design for the
thyristors and not the thyristor valve sizing as may otherwise be mis-
understood. |
When one considers overvoltages it is highly unlikely that the
connecting transformers would stay Tinear. The system may, then, become
a hybrid of saturated reactor and thyristor phase control. For realistic
overvoltage studies, therefore, this fact must be taken into account.
‘Designs with low leakage reactance transformers may, therefore, work out
to be less effective than those with a high primary leakage reactance.
For se]ect1ng an opt1mum design perhaps the best criterion is to
minimize cost. - Following are the major components of a system which can
be priced directly:
(a) Connecting transformer;
(b) Linear reactors;
(c) Thyristor valves; and
(d) Filters.
From the known designs two different points of view seem to
- emerge. While some manufacturers consider that the system cost can be
vm1n1m1zed by using a standard transformer and having separate reactors,
the others tend to think that 1t is better to have a high leakage react-
ance transformer to serve both functions. In the former the transformer
must be specially designed because if the intent is not to operate the
thyristor phase controlled reactors in a hybrid mode, the transformer
must be designed for normal operation at qvlower flux density. For a
given value of y the options, therefore are to choose z = (1-y) (reactor
transformer), or z=0 (separate series reactors).

The total rating is, and hence the cost of reactors may turn out
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to be, a simple linear function of y.

As the value of y is increased the harmonic content is reduced.
This mey, therefore, be the most important factor because it determines
(a) the size of a filter, (b) the number of harmonics for which filters
must be provided, and lastly it is always better to have a source which
inherently generates little harmonics. Most people concern themselves
with the harmonics which require filters. However it is of utmost im--
portance to consider the harmonics which are not effective]y filtered
and which find their way through the Tines. Hence 1n cost optimization,
while the cost of filters is taken into account, a penalty function must
be added for harmonic level in general.

The selected value of ¥ has another significant influence on
the cost of thyristor valves. The resu]ts of Figure 2.31 are very inform-
ative in this regard (ao = 180° design case). Since'izt function influen-
ces sizing (inC]uding parallel paths) the worst peak current provides a
good 1n1cat1on Higher values of Y not only reduce the loading, but also
ensure that all thyristors are near]y equally stressed, whereas this is
not the .case for the known designs.

When a reliable cost function for the above d1scussed factors is
ava11ab]e an optimum system configuration can be determined.

Most of the resu]ts presented in this chapter are for designs
which have y+z=1. This is not a necessary condition but may be most desir-
able from cost optimization cosiderations because y+z#1 1mp11es that a11

X1s X and Xq va]ues are non-zero. It may be desirable to have x3—0 and
incorporate the required reactance value in the leakage reactance of the
connecting transformer op use a standared transformer and get the remain-

ing reactance adJusted in X5 .
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2.8' Modeling for System Studies

For power system studies by digital simulation, it is required
to represent the thyristqr phase controlled reactor adequately. The
basic requirements of a good model are:

(a) to provide a correct relation between device terminal voltage and
current (or reactive power),

(b) to be suitable for easy application 1in ava11ab1e digital programs
with minimum mod1f1cat1ons and

(c) to be s1mp1e and accurate enough for all pract1ca1 purposes over
widest poss1b1e operating range.

Here, a s1mp]e model is suggested which satisfies such conditions.
As shown in F1gure 2.35 the model is an 1nert1a less generator of source
voltage ET connected to the terminal bus through a fixed reactance X per
phase. The constraints on ET are that it a]ways stays in phase with the
terminal bus voltage VT and is a controlled function of the conduction
angle o.

| For system dynamics studfes, the concern ma1n1y lies in the
reactive power flow from a VAr compensating dev1ce Therefore, it is
sufficient to take into account the power frequenqy current component of

the device. From the model in Figure 2.35;

V.-E v |
S W T ‘
I= ol Il(p.u.) X (2.38)
or Er = VT(I-Il(p.u.)) =V; f(o) i - {(2.39)

where, the p.u. fundamental current I1 is g1ven in Table 2.II as an

exp11c1t function of control angle o for any arrangement of reactors.
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For special cases of design:

(a) y=0,z=0,

Ep = v 2 2In2e ) for =/2sasn (2.40)
(b) y=0,2z=1,

Ep = U (3t2atsin(2u+1200)} 0 o 21/35as51/6 (2.41)

7=V o

E = vT[iﬂgﬁéﬁlﬂgﬂl--ZJ" for 5m/6<a<r (2.42)
(C) y=1,z=0,

Ey = v [2esSinZa, for O<qer (2.43)

T Ty or Usasw .

This model is most suited for digital programs where modern techn-
iques of direct solution of power system networks are employed.

For harmonic studies under steady-state conditions, the primary
concern generally lies in investigating the effect 6f harmonic currents,
generated by the static VAr Cdntro11ing device, on the ac system rather
than on the device itself. The effect of the harmonics will vary as a
function of system parameters: and such variables as the proximity of

telephone lines, etc. The model described earlier can be readily used

for these studies by replacing I](p.u.) by the nth harmonic current

In(p.u.) given in Table 2.1I .
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chapter three

STATIC REACTIVE POWER CONTROL WITH HVDC SYSTEMS

- 3.1 Reactive Power Control at ac/dc Junction Terminal
Transmission of power through any dc scheme involves the necessity

of a correct balance and therefore of generation and control of reactive

power on the ac side of the converter terminal by an economical and

reliable means.

The operation of a HVDC converter causes harmonic currents injec-
tion into the ac system while the ac system must supply the reactive
power necessary for the commutation process. The harmonic currents so
generated are short circuited by means of series resonant filters which
also provide some capac1t1ve reactive power at the fundamental frequer?c;3 >
It is usua1 to provide complete compensation, by terminal equ1p-
ment, for the steady-state reactive power demand of a HVDC converter to

72
avoid high 12R losses associated with the transm1ss1on of react1ve power.

" This means that the ac system is only called upon to de]1ver (or accept)

real power under steady-state conditions.
Unfortnnately, transient regulating phenomena taking place in a
converter give rise to large changes in reactive power demand (as will

be shown in Section 3.2) which has to be supplied from or to the 3-phase

system. If the system is strong (i.e. of low 1mpedance or in other words,
the a.c. system short circuit Tevel is in excess of the ratio of converter
full Toad MVAr to the permitted per-un1t voltage regulation) at the

interconnecting point to the HvVDC station, reactive power compensation
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is almost exclusively striven for by utilizing fixed capacitors and
filter circuits.' If the ac system has an appreciable internal impedance

at fundamental frequency, however, the above procedure does not provide

an optimuin solution partly because in the event of a sudden disturbance
in the reactive power balance at the converter bus high terminal voltage
fluctuations will occur. The design of the thyristor converter valves
to withstand such overvoltage f]uctuations‘is quite costI;?’thus a re-.

“duction of Toad rejection overvoltages is vital for the HVDC converter

station design as well as the station insulation 1eve1,

| For these reasons a fast contfo]]ab]e reactive power compensating
system is required and the filter circuits are designed for the smallest
possible capacitive VAr's at fundamental frequency.61

The synchrohous compensator is the conventional so]ution? It can

regulate the reéctive power.in a stepless manner, provide a good amount
of damp1ng and m1n1m1ze the ac voltage ang]e fluctuations thus reducing
the possibility of commutation fa11ure in an inverter terminal. It,
however, 1ncreases the short circuit Tevel and has 1nherent1y slow re-

sponse Also, it has its own stab111ty problems.

An investigation was carried out to study stabi]ity problems
using only synchronous compensators and a combinatioh of synchronous
and static combensators.

The system shown in Figure 3.1 (a) was examined for a temporary

 Toss of all dc (real and reactive) power. A recovery t1me of 100 msec.
was assumed, for all cases, in which the dc power is restored gradually
to its normal prefault value. The results for different periods of dc

Toad rejection are summarized in Figure 3.1 (b) for various reactive
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power compensation schemes. The results clearly show a favorabie effect
of using static VAr compensation without increasing the system short
circuit level.

The case indicated by point A in Figure 3.1 (b) was tested for
unstable operation on the dcssimulator of-IREQ.G2 It was a]so confirmed
that when a static compensator (of 20% slope) was added‘the system was

stable.

3.2 Short-Term Regulation Characteristics of ac/dc Junction Terminal

There are two important aspects, as mentioned earlier, of con-
trolling the momentary reactive power balance at the ac/dc interconnecting
terminal. First, the reactive power has a significant effect on the
dynamic overvoltages which are of vital concern for dc converters espec-
1a11y those employing thyristor valves and also for the ac system equip-
ments. The second aspect concerns the effect on the stability particular-
ly of a weak ac system

Prev1ous attempts to investigate the HVDC/AC Jjunction VAr
characteristics were made either for long-term duty or under the assump-
tion of constant ac system vo]tégeeir by over51mp11fy1ng dc and/or ac
system mode]Z3 ?ﬂ1 view of the above aspects this section provides an
accurate study of the reactive Toad short-term reguiation characteristics
of the ac/dc junction terminal as affected by the parameters of the ac
system, compensating equ1pment, filters and dc Tink controls.

The expression short-term duty indicates the temporary conditions
occurring during'the period when sudden changes, such as a load step on

the HVDC system or a voltage dip on the three-phase system, are stabilized,
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The time taken to stabilize such a temporary phemonenon dependsllargely
on ‘the response time of the regulating unit (transformer tap changer,
time constant of generator or synchronous compensator) which depend-
ing on the magn1tude of the surge, may be in the region of 10 msec. to
10 sec61 Short-term operation thus closes the gap between transient
phenomena and Tong-term duty.

As the reactive load of the static converter and also that of
the compensating media are dependent upon the 3-phase voltage (and vice A
versa) and the 3-phase voltage depends on the momentary reactive load |
balance, there is no satisfactory means of separating the HVDC from the
ac system for calculation.

In order to study the reactive Toad response of the HVDC terminal
in short- term duty 1t is necessary to treat the static converter, com-
pensating med1a and 3-phase network as a single ent1ty

Obv1ous]y, comb1n1nq these partial systems to form an overall
system makes it d1ff1cu]t to obtain an overall picture of the phenomena -
because of various parameters involved.

| In this study the ané]ysis of thelinteraction phenomena between
dc -and ac system variables is carried out by means of reasonable assump-
tions and appropriate representation of the parameters in orderlto pro-
mote understanding of the control and regulation manoeuvers which can
improve operatien.

The fo]]owingvconsiderations are based on the equivalent circuit
for an HVDC inverter terminal station in a 3-phase network as shown in

Figure 3.2.
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The ac system is simulated by an ideal voltage supply (Vb)behind
a reactance (Xe)and a shunt damping resistor (Rg) in parallel with a load
reactance (XE)' A total impedance angle of 75° at fundamental frequency
with this representation may provide a realistic representation of the
ac ‘system load damping and lines, transformers and generators reactances.
These measures seem acceptable and justified for gaining qualitative
information abdut the power frequency phenomena?z’58
~ The reactive power compensating system (synchronous or static) is
represented by a voltage source (ET)behind a reactance (XS). (See |
Section 2.8 for the static compensator)
The currént harmonics filter circuits are replaced by a capacitor
for compensating part of the reactive power at fundamental frequency.
This simplification is acceptable for the time span involved and believed
to cause neQ]igib]e error6l | |
| The 1nverter term1na] w1th its converter transformer 1eakage
reactance is faithfully s1mu1ated in the computer programme on which the
fo]]ow1ng resu]ts are based The smoothing reactor ensures a smoothed
direct current (Id) and is matched to the HVDC conditions. The derivation

of the piecewise'1inear1ized system eqUationsAUSed in the computer pro-

gram is given as follows:

' 59
Using a suitable per-unit system for the dc quantities, the fo]]owing"

equations govern the system model shown in Figure 3.2.

E_V
p = p+p Ta

Py A sin(e_-6) (3.1)

Py = VI, | » (3.2)
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(3.4)

(3.5)
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The piece-wise linearization of the above equations gives:

0 - (3.7)

210V, + 3y APy + aghe + aneg =
bjAlq + by aVy + boaPy =0 (3.8)
CAVy + C, 8Qq + €386 + cyh0 = 0 (3.9)
d)aV, + d, AV + daao =0 (3.10)
| e1AQd te, APy + e,hé =0 (3.11)
flAVa + fz‘AVd + f3AId + f4Ay =0 (3.12)

(provided that all angles are in radians)

The values of the coefficients in the above equations are:

a, = -1.0 2 L 1
Ca, =t VS (et i - V)
3 d a Xe XS | Xf c

a4 = - Qs B va/xs

by = -Vgq.
by = -1
by = 1.0
1 1 1
Cp = Q/V, +V, (Y, - == = - )
1 d'a a‘'c XS Xe Xz
¢, = -1.0
C3'= PZ - Pd

Cy = -V ETsin (eS - e)/XS
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d1 = TN cos¢
d2 = 1.0

d3 = VaTN sing
e = 1.0

e2 = -tan¢

2,
ey = -Pa/cos‘¢

fl = TN cosy
f2 = -1.0

f3 B Rc

f4 = VaTN siny

For a static compansator Aes = A0 whereas for a synchronous compensator
A8 is assumed ﬁo be zero. For a given value of Av, Equations 3.7 to
3.12 are so]ved’simu]atneous]y, for a small change of APd Values of V
6> 0, Id’ d° Qd and ¢ are then updated and used as initial conditions
for the next change in APd.

Thefrafed reactive load (Qd) of the static converter is about
53% of the rated active load transmitted (Pd) and corresponds to a dis-
placement factor of 0.88 without taking the compensating equipment into
account, i.e. measured direct at the converter transformer terminals.
This applies under the assumption that the static converter transformer
is supp11ed with a sinusoidal rated voltage, which is assured by the
f11ter c1rcu1ts, and with a rated load at the inverter at nomina]

extinction angle (y) of 189.
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In contrast to ac transmission, with HVDC, real power can be
adjusted by means of grid control acting on the current or on the voltage,
or on a combination of both. An economically most suitable method of
power reduction is determined by the amount and duration of the reduction
~in conjunction with the requirements regarding the reactive load balance.
When protracted long-term duty is involved it would be preferable to
introduce a current reduction because of the significance of the trans-
mission losses, whereas in the case of short-term power reduction it is
advantageous to reduce the vo]tag;%;r at least make a combined reduct1on-
of voltage and current.

Figures 3.3 and 3.4 show the ac fundamental frequency vo]tage rise
during short-term dc load shedding for a system with a short circuit ratio
of 2.0 (1nc1ud1ng synchronous compensator).

‘ Filter capacitive VAr compensation is 50% of inverter VAr consump—
't1on at rated load and ac vo]tage |

In order to avo1d complicated charts, the parameters used in
F1gure 3 3 are ext1nct1on angle (y) and dc current (Id), whereas dc
vo]tage (Vy4) and advance angle (B) are used in F1gure 3.4. The dotted
Tine represents the ac voltage angle (6) variations.

Inverter react1ve load character1st1cs for the same case are
shown in Figure 3.5. |

It is noticed that the reactive power consumption of the inverter
reduces, somewhat more than proportionately to the active power. Large
reduction of Qd affects the network in that the reactive power supplied-
by the compensation déVices no Tonger flows to the same extent to the

static dc converter equipment, but instead, part of it has to be absorbed
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by the network. The result is an increase in ac system voltage. In
short-term duty, the higher system voltage causes a further reduction in
the comnutating reactive load and also a rise in the capacitor reactive
supply which increases as the square of the voltage.

Both of these effects tend to raise the ac system voltage. The
rise is more pronounced in weak networks as compared to that in strong

ones. (Figure 3.6.)

Besides the system reactance influence on the short-term regu]a—
tion phenomeha, the installed capacitor MVAr has an additional effectf;l’77
Figures 3.7 and 3.8 show a comparison of system regulation characteristics
as affected by different short circﬁit ratios and filter capacitive VAr
tompensation.v The higher the capacitor rating, for weak ac systems, the.
higher the regulation.
va a Static compensator is installed in place of a synchronous

compensator, with the system short circuit ratio as low as unity, the

regu]ation chéraCteristics are as shown in Figure 3.9. The ac voltage

rise, for a short-term compiete load reJect1on with constant ext1nct1on

angle contro] in this case, is about 13% as compared w1th 36% and 154

for a system using synchronous compensators with overall short circuit
ratios of 2.0 and 4.0 respectively.
The system shown in Figure 3.2 was simulated using a transient

stability program (see Appendix A). The ac terminal vo]tage time response

for a case when the dc power order, acting upon dc current, is reduced
by 50% is shown in Figure 3.10. A high dynamic overvoltage is experienced

when a synchronous compensator is used for VAr control at the inverter

terminal (curve i). The amount of overvoltage is substantially reduced




107

| , u0193(5. oo} 9p %0g
! D .0f asuodsas awyy a8v3100 PUTWLIE) DY OI'E aunsuy

Gl 01 | - S0 00
os E[NIN __ o | ) w0
dwod d11'1S yum

.,......H........H.H.H.HH-H.H.HH..i........-.l...l.....n..!.- .................... - 01

R

‘dwod "youhks yum
C=HIS ()
A
] (N )




108

when, in place of a synchronous compensator, a static VAr compensator

(of slope 20%) is used (curve i1). However, when the dc vo]tage is
temporarily reduced, by advancing the extinction angle, through a voltage
controller (as shown in Figure A.2) it gave.an overall favorable terminal
effects (curve iii) similar to those when a static compensator was used.

Therefore, it is evident that, firstly, control of the ac voltage

at a dc terminal by means of a static VAr compensating equipment, w1thout

increasing system short circuit ratio, is feasible and, secondly, the

usual type of dc terminal control, i.e. constant ext1nct1on angle control
with bas1ca11y constant dc voltage, does not give a reasonab]e performance,'
in the short-term duty, for an interconnected weak ac system. These two
aspects are dealt with in the next two sections respectively.

3.3 Application of Thyr1stor Contro]]ed Reactors at o
the Terminals of HVDC Systems . ‘ _ e

An extensive effort was devoted to 1nvest1gate the extent to
wh1ch static VAr compensating systems (including thyristor controlled
reactors) can affect the overa]l system behaviour when app11ed at the

term1na]s of HVDC schemes (1nc1ud1ng mu1t1term1na1) in practical networks.

Because of the generalized nature and large size of the problem,
a comp]ete large scale load flow and transient stability program was
deve]oped The unique features of this digital program 1nc1ude

(a) ‘HvDC Systems

- A general model to simulate two and multi-terminal schemes with
parallel converter stations connected in any COnfiguration,
- ability to simulate diode rectifiers and non-converter dc buses

(with dc Toads or generations),




(b)

(c)

(d)

109

- independent terminal controls (for both rectifiers and inverters)
for; constant dc current, constant dc power or constant firing
(or extinction) angle modes,

- veriety of pole eontro11ers to enhance ac system performence such
as frequency damping and ac voltage controls,

- a generalized master controller with the flexibility to eimulate
extra special transfer functions,

- provisions for dc power or current order changes, blocking,
deblocking and automatic simulation of long-term commutation
failures and recovery from them. | |

Static VAr Compensating Systems:

saturated reactors witn, or without, transient effects of slope

correcting capacitors,

transductors With dc controlled saturation,

thyristor phase controlled reactors,

thyristor_switched capacitor banks.

Synchronous A]tennatOrs Systems:

classical machine model,

transient machine model,

subtransient machine models (round rotor or salient pole),

standard and static exc1ters, vo1tage regulators and stabilizers,

hydraulic turbines and standard steam turbines and governors.
System Sd]ution:

- loads are represented by a combination of constant impedance and
current sources while synchronous mach1nes and stat1c compensators
are represented as constant current sources to avoid increasing

101,102
number of unknown variables,
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- sparsity techniques to reduce storage and increase efficiency of
ca]cu]ations.Sl’los’106
One version of the program is currently used by Manitoba Hydro
Electric Board and Furnas Power Utility in Brazil. A summary and a
mathematical background of the program are included in Appendix A . i
For a large system mode] representing the MAPP power poo] with
an ac/dc hybrid transmission Tink tieing the areas of Man1toba North

Dakota and Nebraska (MANDAN? as shown in F1gure 3. 11 various VAr compen-

sation schemes were studied Figures 3.12 and 3.13 show respectively

the ac voltage at the ac/dc 1nterconnect1ng point at Fargo and a mach1ne
- rotor.angle in North Dakota for a 3- -cycle, 3-phase fault in North Dakota
cleared by tr1pp1ng an ac line to Fargo. The results in Figures 3.12
and 3.13 c]early.demonstrate the positive effects a thyristor controlled
Vreactor can have to naintain system voltage (of a system with low short
circuit ratio) and to damp system oscillations. _

For a three-terminal dc alternative (shown in Figure 3.14), - '

Ssimilar resu]ts were obtained as shown in Figures 3.15 and 3.16.

3.4 AC Voltage Control Using a HVDC Converter Terminal

The asynchronous nature of the dc 1ink does not apprec1ab1y

increase the fault leve] of the ac system to which 1t is connected

Moreover, the dc converter with different types of controi policies can
63,65
have 1mportant effects on an ac system performance.
It is relatively easy to design controls for a dc Tink connected

“to a strong ac system. When the Tink real and reactive powers are small

compared to those of the ac system, the link operation and maloperation
due to, for example, dc line faults, load rejection or commutation fail-
ure will have small effect on the ac system and 1in turn, ac system dis-

turbances caused by the dc Tink are not simultaneously reflected back on
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67-71
the dc link operation.

Problems are encountered increasingly as the short circuit ratio
is reduced. >’

One of the ideas most often put forth is to enhance the perform-
ance and to improve damping the oscillations of an ac system by modifying
the power of the HVDC terminal in response to.changes in various para-
meters of the interconnected ac network, such as frequency and phase
angle at a certain bus. i Other parameters such as power through a tie
line or other 1mportant Tine or transformer in a system or the angle across
such a Tine may be used in certa1n s1tuat1ons65

However this action can be extended to control also the reactive
power f]ow and consequently the ac voltage adjacent to the dc term1na1
A HvDC converter wh1ch can be Tooked at as a huge static VAr compensat-
or, absorbs react1ve power according to:

Qd

when

|Pd| tan '

Vd = Va.cos ¢ in p.u.

Therefore by chang1ng the dc voltage, the reactive power demand of the dc
converter can be h1gh1y affected (as was shown in F1gure 3.5).

A study was carried out to investigate the possibility of such a
new method of ac voltage control via advancing the f1r1ng (or extinction)
angle, as well as damp1ng system oscillations via dc current modu1at1on
of a HVDC terminal at an ac bus with mu1t1p1e dc 1nfeed

For the system shown in Figure 3.17, the main principle for ° _
controlling the Dorsey ac voltage is based upon}using_the MANDAN dc Dorsey
rectifier as the dc voltage controlling (rather than dc current controll-

ing) terminal, i.e. with minimum delay angle o min under steady-state
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operation, and the firing angle o (and consequently the dc voltage)
changing according to the ac buys voltage under transient conditions.

Generalily this control action is quite similar to a thyristor controlled

reactor static VAr compensation system. Also, this fast control is Tocal
and does not depend on the telecommunication channels since the dc

current (contro]]ed by the other terminals) can remain unchanged. How-

ever, 1t should be pointed out that this control method is only effective
as 1ong as the HVDC converter ig free from any faults or commutation
failures. In the event of a dc fault, commutation fa1]ure or complete
blocking an externa] VAr controller may still be required as was discussed
prev1ous]y '
Four different control strategies were examined for the Dorsey

,MANDAN dc term1na1 (of Figure 3. 17) in a case when dc BP1 is permanent]y
blocked: | | o

1. conventional constant dc voltage and no frequency damp1ng,

ii. conventional constant dc voltage and frequency damping act1ng

on dc current

iii. variable dc vo]tage and no frequency damping,

iv. var1ab]e dc voltage and frequency damping act1ng on dc current
For the conventional mode of operation (cases i and 11) the

Dorsey rect1f1er delay angle o is adjusted in order to keep the dc

current equal to the current order, which can change if frequency damp1ng
control is used while the dc voltage is kept constant by the Sheldon
inverter terminal (Figure 3.18). However, for the variable dc voltage
“control strategy (case iii) the Dorsey rectifier de]ay angle o is ad-

vanced - causing a temporary dc voltage reduct1on - in order to maintain

the ac rms voltage dur1ng the swing while the dc current is controlled
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Fzgure 3.17 A 3-Terminal HVDC alternatzve for MANDAN
Transmission scheme
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- Figure 3.21 Machine rotor angle at Dorsey following blocking
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by the Sheldon inverter (Figure 3.19). For case (iv) the same strategy
is employed at Dorsey but with an additional frequency damping control
appliec on the dc current order of the Sheldon terminal via telecommuni-
cation channels. |

| Figure 3.20 shows the ac rms voltage at Dorsey following the
blocking of BP1 for control strategies (i) to (iv). The fast control of
the dynamic voltage is evident for cases (ii1) and (iv) whereas a case

of sustained overvoltages can occur when the conventional frequency

damping control (ii) is used. Figure 3.21 shows the rotor angle of a
machine at Dorsey. The reactive power absorbed by the Dorsey MANDAN
terminal is shown in Figure 3.22 whereas the dc power;_dc voltage and
firing angle are shown in Figures 3.23, 3.24 and 3.25 respectively. It
is worth noting that better damping of system frequency oscillation can
" be achieved 1f dc current modulat1on is used, besides the ac vo]tage ‘5
control (as in case iv), even with a h1gh te]ecommun1cat1on time lag of |
up to 0.5 second. If dc current modulation is used, instead, with con-
. ventional conétant dc voltage control (as in case ii) a serious dynamic

overvoltage situation can arise unless more reactive power compensators

are employed.

3.5 Conclusions

(1) Application of a thyristor controlled static VAr compensator at a

dc converter terminal in a two or multi-terminal scheme provides a
reliable and economical alternative to the synchronous compensator,
(2) Without increasing the short circuit ratio, a static VAr compensator

can improve short-term vo]tage'regulation characteristics of a dc

converter connected to a weak ac system.
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v(3) If synchronous compensators, already exist at a HVDC conve?ter, a
static compensator can avoid their instability on account of a dc

lcad rejection.

- (4) A temporary operation of a trouble free HVDC terminal under variable
dc voltage control strategy, through a fast acting local firing (or
extinction) angle controller, is feasible to limit ac dynamic over-

voltages.
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~ . chapter four

APPLICATION OF THYRISTOR CONTROLLED REACTOR SYSTEMS
WITH SUPER CONDUCTING GENERATORS

4.1 Introduction

The state of current activities in the development of prototypes
of superconducting-field alternators and the interest in their analyti-
cal investigations suggest quite clearly that this new breed of alter-
nators would be operational in the near future in sizes bigger than the
biggest turbo-alternators available as of now. It is likely that the
first few units ¢ommissioned would lie in the 1-3 GW range, but it
appears reasonéb]e.to think that much bigger sizes would be seriously
considered once field experience is gained®3-89

~ Quite apart from the novelty of the internal desighs of the

superconducting a]ternators, there are features of their dynam1c perform-
ance which differ greatly from their conventional counterparts One such
feature, wh1ch is of prime interest for this 1nvest1gat1on stems from

the app]1cat1on of a superconducting field winding. | The novel field
| winding has a negligible resistance and therefore its field time constant
is exceptionally large. It lies typically in the range of 300-800 s.
Therefore, there is at first the duestion of incorporating features which
would ensure a good voltage regu]atibn performance. The 1mp1icatioh of
this statement is that the excitation voltage ceiling must be raised
grossly if field current must be changed rapidly in spite of the Targe

field time constant. Increasing the 1limits of excitation voltage, by a
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few tens to hundreds of times, in itself may not pose a serious enough

problem from the insulation point of view. However, high values of
dif/dt may not be acceptable for the Superconducting field system.

Limits on the excitation voltage, thus imposed, may not guarantee a
satisfactory dynamic performance. Furthér, the fast changes in the

field current are also influenced by coUp]ed electrical circuits formed
by the damping and screening shields of the machine. Hence fie}d forcing
by larger voltage ceiling does not appear to be a simple matter.

An alternative approach to ensure the same end effects obtained
by fast field excitation changes, jg adopted by proposing a fast acting
thyristor controlled static reactive power compensator Cconnected at the
terminals of the superconducting alternator, ,In.this scheme the field
éystém can be either supplied with a fixed voltage or better still by a
simpief éonvenfiona] fype regulator which takes care oonn]y.major steady
state field current adjustments.
| ‘As a matter of interest, thfs supercohdUcting machine system has
a close analogy to an HVDC terminal. For both'syétehs, conventibnal'VAr
cbntro]s (synchronous Compensator in case of a HVYDC termiha] and field
forcing in case of a Superconducting machine) cannot provide a fast means
of changing the reacti?e power level at the termina]s. The,app]ication
of static VAr compensator at the terminals of either sysfem provides a
satisfactory solution. ) |

From_system point of view the studies for both systems are similar
albeit respohses'are different. The HVDC system has been investigated in
Chapter}S while_this chapter is devoted to the‘superconducting machine

system.
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4.2 System Under Study

Figure 4.1 shows the system under study in which a superconduct-
ing alternator having separate screening and damping shields is connected
through a transformer and a transmission line to an 1nf1n1te bus. The
alternator is modelled by Park's equations using lumped parameters. The
skin effect in the shields and other conductors is ignored. In addition,
the shields and f1e]d system are regarded to form a rigid mechanical
system on the shaft, 83786 ' -

In order to evaluate the technical merits of the-new proposal,
the following studies have been carried out:

(a) 1oed rejection performance,

(b) small signal dynam1c stability and eigenvalue ana]ys1s,

(c) large signal transient stability. _

- For load reJect1on stud1es a Iocal Toad has been connected at the machine
terminal bus.

In a11 ‘the studies the mach1ne performance w1th e1ther internal
f1e1d forcing control or external control by a static compensator at its
terminals was investigated. It has generally been found that the alter-
nator has better performance when a static compensator is used at its

‘termina] bus.-

| For fie]d fcrcing studies the generator is regarded to be equipped
with an excitation controller, the voltage limits of which can be preset.
For the 1nvest1gat1ons of the proposed alternative, of a static compen-
sator at the term1na]s of the alternator, the range of controlled
reactive power flow from the compensator has been, where necessary,
offset by connect1ng a capacitor bank in parallel with the control]ed

reactor.
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Figure 4.1 Super-conducting machine system
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It has been relatively easy to incorporate auxiliary stabilizing
signals in the compensator. Hence, in order to make meaningful compari-
son with the field forcing technique similar stabilizing signals are

aisolincorporated in its controller,

4.3 Mathematical Modelling

4.3.1 Super Conducting A]ternatqr

) 85
- shields are:

lPd w
€4 © Imo - W, Wq - Ra 'd
¥ W

0 = py_ + g T (4.1)
0 = pwsq + qu isq
0 = pwpd + de ipd
0 = b+ "ba Tpq

- Flux Tinkages in (4.1) are represented in terms of machine currents and

reactances by (4.2) and (4.3).




CooT T T . 9
¥y BT I SR S I | Tq
¥sd 'de Xs Xs Xs Tsd

-X X

i wpd J [ “md Xp s P ] 1de

fe 17T il [ ]
\P -

q Yo g mq 'q
qu N —qu Xs X sq
- X 5

e ] [ Hng X p | | 'pq |

where X = Léd X_ = --—-X’?‘d X = *—,Tx'f'd

E]ectromagnatic torque produced by the alternator is
v Te =Yy Tq - wq T4

and.the swing equation of the alternator is

ps (w-u,)

1

)
and P éﬁ-(Tm-Te)

4.3.2 Static Compensator
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(4.2)

(4.3)

(4.4)

(4.5)

(4.6)

The harmonics generated by the compensator are'ignored assuming

that they are filtered satisfactorily and that the fi1ters do not affect

the system performance. In fact the biasing capacitor connected 1in

parallel with the controlled reactor could be an integral part of a

double tuned filter which isvpredominantly capacitive at power frequency.
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Figure 4.2 Thyristor—controlled reactor model

As shown in Figure 4.2, the controlled reactor is represented by
an 1nert1a1ess voltage source ET behind a fixed reactance XT The magni-
tude of ET is controlled but it always stays in phase with the terminal

bus voltage VT and is given by

Er=CV

T T (4.7)
where B
= zi'-zfr—"ﬁﬁ (from Eq. 2.43) | (4.8)

and a is the firing angle of thyristors.
A single t1me constant and gain is used to represent the f1r1ng
control system of the thyristors. The value of ¢ s obtained as a function

of the terminal voltage and frequency;

pa = {ao-a+Ka[(Vref-VT) + KW (w-wo)]}/ra : (4.9)

where
0Osaoasw

and o, is obtained by solving equation (4.10) for a given reactive power

Q absorbed by the reactor

: - QrXT
20170 - sin 20!,0 = ZTT{] - _Vj-} (4.10)
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-The tie Tine,local load, controlled reactor and capacitor algebraic

equations are:

: - T W S AR
&g = Vp sin s - g Xq (1q iq Trg 1cq)

e = Vb Cos 6§ + w

w

o Xe(1d']dL'1rd'1cd)

where compensator currents are:

St e

rd T
w e
. 0 d
ie = - —2(1-0).4
rq w Xr
w_oe
3 = - _Q.j. .
..'Cd' ) XC ?
cq w.XC

Compensator terminal voltage is:

_ o2 2
VT = ed + eq

From (4.11) and (4.12)

- ' . W Vs _ s
ey = V) sin s - ™ Xe(1q 1qL)
= L oy s
eq vacos s + o Xe(1d 1dL)
where '
vbv = Vp/Ch, X=X /c
and
X X
C' = 1+ (1-C) &

- &
XT XC

(4.11).

(4.12)

(4.13)

(4.14)

(4.15)
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4.3.3 Governor
For the investigation of ali cases presented here a governor of
5 s time constant is used for the Superconducting alternator, without
any stabilizing signals, in order to establish effectively the damping
action of the proposed scheme.
Equation (4.6) is therefore modified to

" .
- _0O _ . :
"pw — 5H {Tm Te + ATm} (4.16) .

where _
wW=w

0
oy ) - ATm} (4.17)

=1
pATm B h {Kh (

4.3.4 Excitation Control for Field Forcing
For fie]d forcing studies, a voltage regulator with an auxiliary
stabilizing signal is considered as shown in Figure 4.3. Field voltage

is therefore governed by the equation;

pVf = {Vfo- Vf'+ Keeref'vT) + Kwe(m - mo)]}/Te : (4.18)
and in this case
C' = 1- ¥~ in Eqn. (4.15)
C :

4.3.5 System Mathematical Model for Large Disturbances

By substituting €4 and eq from Equation (4.14) and.flux Tinkages
from Equations (4.2 & 4.3) 1into machine eduatibn (4;1) and neglecting the
reéistances and P¥y and pwq terms, as is usual fbr such studiegf the flux
linkage equations of the super conducting alternator system can be written

as:




0 0 -w(Xq+Xé)
Y. 0 0
pwsa = 0 0
pwbd 0 0
pwsq 0 0
pwpq] _ O‘ 0

“where, -
d.
V—e(_m_
f f Rf
.l..l" W
Vpg = Vf, sin 6 + <
: 0
b=y ' oW -
 and Vbq Vb cos § " X'

0

Other differential equatiohs_of System components are given se
n Equations (4.5), (4.9), (4.16), (4.17) and (4.18).
' For large disturbances,
solved 31mu1taneously using the 4th order Runge-Kutta numerical technique
to yield new>va1ues of machine rotor flux

ATm. Stator flux linkages are calculated by assuming

w
=_0
vd - eq

o

0 o
0 o0
X
L 9
*p
X
s
Ts
0 0

the system differentia1<equations are

linkages, s, w, o or Vf and
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where terminal voltage components ey and eq are calculated from Equation
(4.14) using the previous values of stator current.

New values of rotor currents are then calculated using the inverse
of reactance matrices in Equations (4.2) and (4.3).

Equation (4.19) is used to obtain new values of stator current
components. Machine electrical torque and.terminal vo]tage are then

computed using Equations (4.4) and 4.13) respectively.

4.3.5 Linearized Small Signal Model

The state equations of the above non-linear system are organized
in the form: _ , |
%= f(x) (4.22)
which are then linearized about an operating point giving |
A% = A A X o o (3.23

The Tinearized state equation matrix A is given in Equation (4.25)

and the state vector Ax is given by:

AX = {86 u AV, Awsd Mg B, MY AT, sy} (4.24)
where

Ay = Ao invthe case of static compensator and

Ay = AVf in the case of field forcing.
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The constants of the small signal model contained in matrix A are,

Yy
B1 = - E—Q—sin 60
11

- (Vbo cos<30+Xe 1do) (1-0052a0) X

_e
2 Bll T XT
B = _ (wdo - %e 140
3 B11
- Xe de"
4 XS Xd 811
where,
, .
- e
B11 1+ Ygﬁ.—
; Ydo .
¢ Xy * ldo
- _ (Yqo .
C2 - '(Xd". + qu)
VB Cosso
(Vé sins_ - X! 1qo) 1-C0$2a0 (Xé
= - ( ) (=)
2 11 ™ X
- Y )
. (?qo X 10
3 Fllwo
F o= Xe de
4 F11 XS-Xq
where
XI
= &
F].l - ]- + an ]
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where

®do ~

it

1 "qo 1 “do
B. ' - ol 4 ¥do a0 —qu edo)
3 "qo 3 “do w
0
4 eqo
-.F4 €do
BZ €0 ~ Fa €do
Cdo ; e = Egg
v 90y
To - To

For thyristor controlled scheme;

S

1

i

=B

C1F2'+ CZBZ

0.0
R AT
Fp Xnal o

- KaDI/Tu

- KaD3/Ta

KaD4/Ta

(KocD5 + 1)/‘[’0‘
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field forcing scheme;

S1 =

(o)
1]

4.3.7 System Parameters

H

0

- Ke Dllre

Ke (D2 - Kwe)/Te

- Ke D3/Te

Ke D4/Te

- l.O/Te

The values of various system parameters considered in the studies

Alternator

Xy = 0.5, X& = 0.3, X}

Te = SOO%.Tpd = Tng =
=3.0s

Vref = VT0'= 1.0

Xq_= Xd,'Xé = Xé, Xa = X

= 0.25, X}' =0.15,al1 in p.u.

0.5,all in s.

] and Xlll = Xlll
q
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Transformer

Xpp = 0.15 p.u.

Transmission Line

Xy = 0.216 p.u.

xe = xtr + xtL = (.366

Thyristor controlled Reactor

| XT = 1.8 0or 0.2 p.u.,

T
o,

0.05s, K = 20.0
a

Biasing Capacitor

XC =2or4p.u.

Governor

Kh = 20.0,»1h = 5.0s

. Voltage Regulator (for field forcing)

K =600.0, t_ = 0.05s

4.4 Load Rejection Study

In this‘study the'machine-is assumed to be operating, under
normal operating conditions, at given values of real and reactive power

with a Tocal Toad at its terminals. A load rejection is simulated by setting

components of Toad current to zero.
| AAsudden 1o§s of a lagging power factor load of (0.6 + j0.7) p.u.
at the generator terminals has been simulated for the case when the
generator was overexcited (0.8'+ j0.8) p.u. The resulting overvoltages

of this severe condition, as shown in Figure 4.4, is characterized by
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“an almost instantaneous rise at the instant of load rejection followed
by a more gradual r1se5 qu using conventional field forcing techn1quesu °¢
(either with a Timited ceiling voltage of + 20.0 p.u. or unlimited

ceiling voltage) it takes more than 4.0 seconds to damp voltage oscilla-
tions and to bring terminal voltage deviation close to 3%. However, the
thyristor controlled reactor brings down the terminal voltage to its
initial rms value of l.O,p;u. from the dynamic overvoltage value of

1.12 p.u. within a time Tess than 0.2 seconds. If a constant field
vo]tage,Awith'no voltage regulation, is assumed, the terminal voltage in
this case stays at a steady value of 1.10 p.u. _

Figures 4.5, 4.6 and 4.7 show, respectively, the dynam1c response
of the generator with regard to speed deviation Aw rad/sec, p.u. field
voltage V and the P.u. reactive power Qr of the thyristor contro]]ed
reactor. From F1gure 4.5 it is observed that there is hardly any
difference in the rotor speed dev1at1on for all cases w1thout a static
'compensator, while there is an 1mprovement in the response when the
thyristor controller is provided with a supplementary stab111z1ng signal

(Kw = 0.1).

4.5 Small Signal Dynamic Stability
Two basic cases are examined for the stab111ty performance of
the superconducting alternator:
84-88
(1) Employing Field forcing, and
(2) Employing a static compensator at the termina]s?o The case of an

alternator with neither control, that is operating on constant field

voltage, is trivial and hence not considered any further. For both
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above modes of operation, cases are examined when a stabilizing
signal is and is not employed. The level of stabilizing signal
used in the study has not been optimized because the prime concern
here is to evaluate, on a comparative basis, the superiority of an
operating mode. However, in some results influence of the changes
in the stabilizing signal gain is demonstrated.

The eigenvalues of Matrix A (Equation 4.25 )are calculated for
. certain system parameters at the particular operating point. Figures
4.8 and 4.9 show the dominant eigenvalues (with positive imaginary part)
in the complex S-plane for a variety of combinationé of the time constants
of the screéning (primary) and damping (secondary) shields. The results
of Figures 4.8 (a) and 4.9 (a) show clearly that when no stab111z1ng
signal is used regions of distinct 1nstab1]1ty ex1st for very high values
of-r »as well as for comb1nat1ons of very low values of T with very high
.va]ues:of rp These extremes have to be avoided. Comparing these results
with Figures 4.8 (b) and 4.9 (b) show a general improvement in the dynamic
stability. »

The results of Figures 4.8 and 4.9 are for a 1agg1ng load condi-
tion of 0 8 + j0.6 p.u. on the generator. It has been found that the
eigenvalues are not highly sensitive to variations in the reactive power
loading.

Figures 4.10 (a) and 4.10 (b) have been drawn to show quite
clearly the damping effect of the application of a static compensator}

The results in form are similar to those presented by Lawrenson et al1®’
and should be useful for the designer of the alternator while choosing

the time constants of the shields. If a static compensator is to be
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employed at the terminals of the alternator a considerable flexibility

in choosing the time constants of the shields exists especially consider-
ing the required damping. This may assist greatly in incorporating good
screening. A comparison of Figures 4.10 (b) and 4.10 (c) shows that by
increasing the gain (Kw) of the stabilizing signal a significant improve-
ment is not likely to continue indefinitely with the increasing values
of Kw.

Figures 4.11 show the dynamic response (Aw vs time) predicted by
the results of small signal analysis for a step change of 0.04 rad in
the machine Toad angle (8). In Figure 4.11 (a) the time constants of
the shields (Tp = 0.5 s, T, = 0.2 s) are chosen in a feasible range
providing near maximum damping associated with reasonab]y good screening.
Comparisons of traces 1 with 2 and 3 with 4 show clearly the 1nf1uence
of additional damping signal for each of the two — namely f1e]d forcing
and external static compensator controls. Comparison of trace_2 with 3
shows that with the same level of stabilizing signal static compensator
pro?ides better damping and a higher frequency of oscillation thereby
ensuring that the oscillation disappear faster.

Since for load rejection results screen time constant of rp =2.0s
and Tg T 0.5 s were used comparisons such as offered by the resu]ts of
Figure 4.11 (a) are made in Figure 4.11 (b). The influence of the size
of static compensator was also studied by choosing different values of
XT' As would be expected it was confirmed that a higher compensator
rating would be more effective in enhancing the stabi1ity. The size of
the compensator is therefore a case for an optimization study, influenced

by inherent damping available from the alternator, desired system damping

and the compensator cost.
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Figure 4.9

System dominant eigenvalues for variations in
Tp.and Ts with static compensator:
(a) for stabilizer gain Kw=0.0

(b) for stabilizer gain Kw = 0.1
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4.6 Large Signal Transient Stability

For the transient stability study of the superconducting alter-

nator a 3-phase fault was applied at the sending end of the transmission

Tine. In order to have an adequate severity of the disturbance the fauit
was cleared after 0.10 s, In this section only the results for a'lagg1ng
p.f. transmitted power of (0.8 + j0.6) prior to the fault, are presented.

For these results screen time constants of L 2.0 s and T = 0.5 s are

used.

Figure 4.12 shows the~variation of rotor angle & with time for a
number of operating conditions. It is to be noted that field forcing
alone provides a very poor damping and when a stabilizing signal is
incorporated in the excitation system the excursions in the field current
are rather high (Figure 4. 13) with the possibility of unacceptab]e values -
of dj /dt In comparison when a static compensator is employed at the
terminals of the alternator with the same stabilizing signal, damping is
far superior with or without the app11cat1on of a capacitor in parallel -
with the controlied reactor. Figure 4.14 shows the‘tota] p.u. MVAr

supplied by the compensator. The capacitor rating if chosen comparable

to the reactor as in one set of results (Xe = 2 p.u. XT = 1.8 p.u.),
permits reactive power variation in principally pos1t1ve (capac1t1ve)

direction as compared to only negative (1nductive) obtained without the

capacitor. None of these options are optimum. By choosing Xc = 4.0 p.u.
reactive power variation in both directions, almost equally, is possible.
Since in this case a limited size of static compensator is chosen, which
is reasonable from cost considerations, the compensator operates in a

bang-bang mode. Figdre 4.12 also shows a highly damped,performance when
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a very large compensator is used which may be hard to justify on economic
grounds.

Figure 4.15 is included to show the influence on terminal voltage
during and subsequent to the fault. Examine the case, where a controlled
reactor is employed (XT = 1.8) but without a shunt capacitorf The voltage
'variation is Teast in this case because the compensator now provides the
hiQhest Tevel of reactive power absorption capability. Other results

can be easily interpreted in a similar way.

4.7 Conclusions

(1) Application of a thyristor controlled reactor VAr compensator at
the terminals of a superconducting alternator provides an attractive

“alternative to the field forcing technique which must otherwise be
employed to control its dynamic performance.

(2) Auxiliary stabi]izing signals can be easily incorporated in the
static compensator control circuit which greatly improve the damp-
ing and stabilizing aspects of the alternator performance.

(3) Static compensators provide an external control and damping for the
superconducting alternator and hence permit a greater freedom in
the inherent design by allowing, for example, a better screening
at the cost of a poorer damping.

(4) Field fércing technique provides basically an internal control and
therefore may interfere with the screening requirementvand may thus
have to be constrained.

(5) Since the suitability of static compensators at the terminals of

superconducting alternators has been shown for controlling voltage
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during load rejection as well it appears to offer an overall good
engineering solution.

When the rating of the static VAr compensator is Tlimited to a
smaller value (for economic considerations) it operates primarily
in bang-bang control mode and therefore in place of a continuous
controller a switching controller with fixed inductor and capacitor

compenent is feasible.
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chapter five
MAJOR CONTRIBUTIONS

The major contributions achieved in this thesis are as fo]]ows:
A general concept for thyristor phase controlled reactors is developed
which provides a whole new range of attractive alternat1ves to the
ex1st1ng designs. The novelty of the proposed design arises from
the considerable savings that can be achieved on account of ;
(a) reduction of harmonics generated,
(b) possibility of completely avoidingvthe need for many harmonic
filters, and
(c) reduction of thyristor valves overcurrent stresses due to
transient overvoltages.
A genera]vana1ysis is developed and simple a]gebraic’expressions are
obtained for the currenis and voltages of various components of

thyristor phase contro]]ed reactors under d1fferent operat1ng values

- of control angle .

The feasibility of using static methods for reactive power control

(thyristor controlled reactors or dc converter contro]) is demonst-
rated to enhance the performance of a weak ac system connected to

a HVDC terminal.

The app]ication of a thyristor controlled reactor at the terminals
of a_superconducting generator is proposed and fully analysed.

A large sca]e_]oad flow and transient stability digital program is
developed with unique features for simulation of multiterminal HVDC

schemes and static VAr compensators and for ac/dc network solution.
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Suggestions for Future Work

Studying the influence of copper losses and non-characteristic

harmonics generation, of the proposed thyristor controlled reactor,

on  the selection of an optimum design.
Investigating the feasibility of using an economical bang-bang VAr
controller at the terminals of a HVDC converter or a superconduct-

ing generator.

- Expansion of the transient stability program to include the sub-
" transient response of -a HVDC scheme (of any configuration) under

various dc fault conditions.
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Appendix A
POWER SYSTEM DIGITAL SIMULATION PROGRAM

~ (A Load Flow ahd Transient Stability Program for Power Systems

with Multi-Terminal HVDC Schemes and Static VAr Compensators)

- A.1 General
Because of the.economic and technical advantages offéred,by
HVDC and static VAr compensation facilities in the future expansion of
power systems, their adequate representation, besides other normally
used components, in load flow and transient stability programs is of
,great value. |
| In all available transient stability programs, the solution of
HVDC networks - usually Timited to two terminal schemes - is performed
_ a]ternate1y with the ac system so]dtiog%’gﬁowever, such a method does '
not guarantee, in some critical cases, the convergence of the overall
system solution. The reason behind this is that the solution is_depend-
.’ent upon system conditions, i.e. a large number of iterations would be
expected for solution of a weak ac system under or post fault conditions.
A non converged solution can occur when the system is marginally stable.
| Two methods of solution techniques can overcome this problem.
‘A direct inclusion of HVDC schemes model into the ac system equations
to form a combined Newton's ac/dc solution is’one method: The other is
a direct solution of the ac system with the HVDC schemes treated as

non-linear loads at their ac/dc interconnecting points.
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Both methods are adopted in this program. The former method
forms the basis for one version while the latter is used in a large scale
version due to its high efficiency. The flow chart in Figure A.1 des-

cribes the general arrangement for the stability portion of the progranm.

A.2 Genera]ized HVDC System Model

A general model is used for HVDC schemes in either two or multi-

93-98
terminal operation.

Three types of dc buses are identified: rectifiers, inverters
_ Or non-converter dc buses. Input data for rectifiers and inverters

include minimum and maximum set values for firing, or extinction, angle

(e(min) and e(max))'
For each dc bus, the facility for steady state contro] exists ;
with three options: 26297 A | | 5
-~ constant dc voltage control (category 'k bus) | o
- constant dc current control (category '1' bus) f

- constant dc power control _(category 'm' bus)

Input data for these controls include the desired or setting value,

.i.e. Vd(set) and e(set) = e(min)? Id(set) or Pd(set) respectively.

A diode rectifier will be of category 'k' with e(min) = e(max) =0

During steady-state simulation (1oad flow) Newton's method is utilized

to solve the equat1ons representing any HVDC scheme in the form:
F=AAX - (A1)
where F is the residual vector and aX is the change in the dc variables:

= [AId AVd Acose AT A¢] , (A.2)
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READ TRANSIENT STABILITY DATA:
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TIME = 0,0
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Figure A.] Szmplzﬁed flow chart of ac/de transient
stability program END
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where 6 is the firing angle for a rectifier or the extinction angle for
an inverter and

¢ = tan"t (Qd/|Pd])

Residual vector F depends upoh the mode of control as follows: (using

same p.u. dc system equations of Section 3.2 and Reference [971).

Control :

‘Mode k 1 m

Residue o :
F Const. dc Voltage Const. dc Current | Const. dc Power
Fe | cosor ) - coso Id(sey) - 1d Pd(gey) - Pd (A.3) |
Ft Vd(set)_ vd 0.97VaTNcose(min) O.97VaTNcose(min) |

-Vd -vd (A.4) |

Fp Vd - VaTN cos¢ (A.5) ;
Fv Vd - VaTN cose + Rc Id (A.6) ‘
Fg £[G] vd - Id (A.7)

Assuming the conductance matrix [G] to contain the fo]]oWing sub-matrices:

[G] = | g],k 91,1 g]’m | (A-S)

Subscripts k,1 or m denote the category of a dc bus. To avoid compli-

cations arising from the existance of zero diagonal elements in matrix A
of Equation (A.1), the following step-by-step solution is developed to

calculate elements of AX.
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Nd, = Ft,
AIdk = Fc]
[ ’ [ 17 i ]
Aldy T %1 Yem FO - 9k Pty
My =10 9 9, Foy -9 | FE Fe,
o
+ - -
Va0 gy (g, +Pd /vdd) Il Fon - gy P ch/qu

For terminals of category 'k':

A cos 6 = F¢
AT = (Fv + Ft - Va TN Fc + Rc AId)/VaN cos o
and A¢ = - (Fp + Ft + (Fp-vd) AT/T)/VaTN sin ¢

For dc buses of category 'm':
Ald = Fc/Vd - Pd avd/vd?

For terminals of category ‘T'" or 'm':

AT = (AVd + 0.97 Rc Ald - Ft)/0.97 vaN cos e(min)
A cos 6 = (Fv + AVd + Rc Ald - VaN cos 6 AT)/VaTN
and A¢ = -(Fp + Ft + (Fp-Vd) AT/T)/VaTN sin ¢

The dc variables X are then modified by AX and used as initial values for
next iteration until F approaches very small value. At the end of each
dc iteration, however, violations for the upper and lower limits of con-
verter transformer taps T and firing or extinction angles 8 are corrected.
For transient stability simulation, each terminal in a HVDC
scheme, will operate in either a constant current Id(set) or a constant
angle e(set) mode according to its operating constraints and ac voltage

condition. In this case, the converter transformers taps are considered
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to be fixed at their steady state values. The equations for Fc, Fp, Fv
and Fg in A.3 to A.7 still hold for categories k and 1 with Ft = 0.0,
The step-by-step solution of dc variables aX is then given by:

A COs o = Fck

A Id] = FC]

-1
Ade gk,k +1/RCk gk’] -ng + (VaTN Fc - Fv)k/Rck
AVd] g'l’k ) g",'] 'Fg] + FC.l

For terminals : of category '71!

A cos 6 = (Fv + RcFc + AVd)/VaTN
For dc buses of category 'k’

Ald = Fg + z[G]avd
For all terminals:

Ad = -(Fp+avd)/vaTN sin )
Two possible control strategies, with their operating constraints, are
accommodated for HYDC system representation; namely, current-margin and
1imiting—vo]tage control methods, through Tocal terminal controls overseen
by a central controller. Each dc terminal, except one predetermined
terminal in every HVDC scheme assigned as a non-power controlled station
is provided, independently, with various pole controllers to enhance the
ac system performance. DC power modulation, through changing dc current
order setting, is provided for frequency damping while reactive power
absorbed by the dc terminal can also be modified, through firing or
extinction angle, to control the ac voltage. Power order modulation at
the non-power controlled terminal is provided via remote control through

any other terminal in the dc Scheme.
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A functional diagram of various loca] and central controllers is
shown in Figure (A.2).

Provisions for dc power order changes, blocking, deblocking and

simulation of Tong term commutation failure and recovery from it are
included in dc system dynamics. The deblocking (or starting) process is

‘taken care of through the transfer function of power order, whereas

simulation of recovery from commutation failure assumes a fast dc voltage

recovery and a ramp dc current over a preset period.

A.3 Generalized Static VAr Systems Model

A unified model is used for all types of static VAr combensating
systems. The model, as shown in Figure A.3, is an inertialess source, of
controlled voltage magnitude E behind a fixed reactancé Xs' 'E.is'always
in phasé with' terminal voltage VT‘ Different parameters of the model
depend upon the specific type of static compensatorbas follows:

5
- Saturated Reactors:

XS = reactance of the saturated reactor (plus its step up tranformer

Teakage if any)

Vcont = VT

Vref = knee voltage of the saturated reactor Eo

K=1/(1 - XC/XS)
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A= VT(l - sign(k))

B = - Vep XS/Xc

f(h) = Ve +h for h>B
or

f(h) = EO' for h<B
where;

Xc = reactance of the slope correcting series capacitor

T

cc - an approximate slope correction time lag

Vep = slope Correcting capacitor protection voltage level.
No‘auxiliary_signa]s or any other external controllers are permitted with
saturated reactors.

- Transductors

Xs'= equivalent total transient reactance of the fully saturéted

reactors
Veont = ac voltage of controlled bus
Vref = desired ac voltage of controlled bus

k, Tl’ T,, T3 and T4 = parameters of dc current controller

2

Tc = time lag of the dc control winding
A =27
B =0.0

ho = initial saturation Tevel

f(h) = VT (27 - h + sin (h))/2x

- Thyristor Phase Controlied Reactors and Transformer Reactors

‘Model parameters are given in Section 2.8.
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- Thyristor Switched Capacitor Banks

XS = total reactance of all capacitor banks

Vcont = ac voltage of controlled bus

‘Vref = desired ac voltage of contrb]led bus

k, Tl’ Tz, T, and T, = parameters of controller

3 4
A

1.0
B

it

0.0

ho = initial fraction of connected capacitor banks to the total
number of banks M |

f(h) = VT(l + Mh/M) (for discrete control)

A.4 Synchronous Machines Model

The subtransient model of round rotor macnines is used as a
genera] model of wh1ch other types of machine models (subtransient
salient-pole, trans1ent and classical) are considered special cases?9
| : Mechine eaturation is also contained within the machine modelgg’100
Different types of exciters models with or without stabilizers as well

as governor models (hydraulic or steam turbines) are provided for every

synchronous machine.

A.5 System Solution

For the version where ac system is solved by Newton's method,80

_ ] o 103,104
the ac system of equations is in the form:

| 1 921 s

AQ J3 J4 AVa/Va

where J1, J2, J3 and J4 are elements of the Jacobian matrix and ap and

AQ are residues of real and reactive power at each bus. The dc system



174

of equations, given in Section A.1, are modified to take into account
the change in the ac voltage Va. The dc equations are then directly

included in ac system to give the combined Newton's solution for the

integrated ac/dc system in the form;

AP Jl J2 AS

3 4 AVa/Va

where the convergence of AP’ and AQ' guarantees the convergence of both

ac and dc systems.

The modifications to the residual vector and Jacobian matrix

elements of the ac buses (i,j, el) interconnected to. the dc converters

(k,1, ...) with current margin control strategy are:
APi' = APi-Vd Is + Fd Fg
MQi' = 2Qi-Qd Is/Id + Fe Fg + Fb Fp
92'(1,1) = 92(i,1) + (Fd, &' (k,k)"L + vd,)a,
92'(3.3) = 92(1,3) + Fe G (k1)L g,
1) = 98(4,1) + 0d, (1-CF)+(qa/1d + Fe 6" (k,k)h)a
J4'(i;j) =-J4(1,3,) + Fe, G'(k,l)'1 3y

where, |
Cf = cos¢, Ct = éose
Fb = Qd/TV CF(1-Cf2)
Fp = Vd-TV Cf

For a constant current mode converter ‘1':

Is = Id(set)
Fd = 1Id, a = 0.0
Fe = -Fb + Qd/Vd
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For a constant angle mode converter k'
Cs = cose (set)
Is = -(vd-TV Cs)/Rc
Fd = Id-Vd/Rc
Fe = -Fb+Qd(1/Vd-Id/RC)
TV Ct/Rc
G'(k,k) = G(k,k) + l/Rck

a

For the dc network:
Fg = -[6'17% (Is-[G]Vd)
At the end of each'iteration the dc converters mode of operation

is determined according to their 6perating constraints and the ac voltage.

| For the other version of the program where the ac system is
directly solved by inverting the admittance mat&?i—%géing bi-factorization
meth;g;-éﬁ: dc system is considered as a non-Tinear load at the inter-
connecting ac buses. The real and ‘reactive power of th1s equ1va1ent
non-linear load depends on the mode of operation of each terminal and
ére calculated directly as follows (using same terminology):

cos 6, = cos 6(set)

Id1 = Id(set)

-l
de gk,k + 1/Rck gk,l VaTN cosek/Rck
aif | 91« 9,1 | |19

For terminals '1' with constant current control:
cos 6 = (Vd + Rc Id)/VaTN
For terminals 'k' with constant angle control

Id'= z[G] vd
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for terminals 'k' and '7¢

Cos ¢ = Vd/Va TN
Pd =Vd Id
Qd = [Pd]|tan ¢

A.6 Computer Application

This program has been written in Fortran IV for execution on IBM
370 computer system.v The execution time is Tinearly dependent on the
size of the system being analyzed. For a given system the program generafly
takes approximately 50% execution Cpu time as compared to programs employ-

ing Gauss-Sidel éo]ution techniques.
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