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ABSTRACT

The main purpose of this thesis is to simulate digitally a
representative AC/DC system. This system consists of an AC/DC
converter connected to a synchronous generator at its terminals as
well as to an infinite bus-bar through a short transmission line.

A group of filters is also connected at the converter AC bus-bar.
The various components of the system have been analysed and
represented mathematically in the direct-phase quantities. This is
because the identity of the phase currents must be retained to
define the details of the successive commutation processes of the
AC/DC converter.

A digital computer program is used to simulate this AC/DC
sygtem. This program is developed such as to allow the acecommodation of
various configurations of the system. The program has been applied

“to |study the behavior of the different components for various system
arrangements. From this program, the waveforms of the different
variables of the system are obtained. These waveforms are
discussed to find out the effects of the generated harmonic currents
of |the converter station on the AC system. Particular attention has
been given to their effects on the behavior of synchronous machines.
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1. INTRODUCTION

The idea of using direct current for the transmission of

elelctrical power has attracted engineers for over half a century.

At

that time, in spite of the obvious advantages offered by AC,

some engineers endowed with a pioneering spirit never forgot the

sa
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vings in transmission costs resulting from the use of DC. More-
ér, AC transmission has some limitations which led to the use of
transmission in certain projects. In the period from

34 to 1974, twelve direct current links have gone into commercial
¢ration in various parts of the world 1’2. From the first of

ese links to the last, the voltage has increased from 100 to

) KV, the rated power from 20 to 1440 MW and the distance of
nsmission from 60 to 850 miles (96 to 1370 km). Several other
links are now under construction or proposed.

The factor determining the choice of an AC or DC installation
mainly an economical one. However, in some cascs, DC transmission
the only feasible solution.

The economical comparisons between DC and AC schemes are

sed mainly on two facts:

(1) DC converter stations cost considerably more than AC
ansformer stations

(2) For the same transmitted power, a DC line costs less than
AC line.

us, it is obvious that, beyond a certain length of line, DC trans-
ssion becomes less costly than AC. Estimates of the critical

stances of overhead lines 253 range from 310 to 930 miles




(500| to 1500 km). For cables, the critical distance is much

shorter than for overhead lines, lying Dbetween 15 and 30 miles

(24

for

and 48 km) for submarine cables and, perhaps, twice as far

inderground cables. According to an economical comparison

betwken AC and DC schemes for the cross-channel link and denoting the

cost| of AC scheme by 100%, the cost of the DC scheme is 80.7%. The

respective terminal equipment costs are 21.5% and 49.3% and the

costls of cables and installations are 53.5% and 20.5%.

Although such economical comparisons are interesting, the

future of HVDC is more likely to rest on the inherent advantages of

DC tiransmission than on the marginal economical benefits, which DC

transmission could provide over AC for a particular scheme. The

technical advantages of the DC transmission can be summarized as

follows

2,3,5,

(1) The security of a DC transmission is high because, in the

event of a fault on one conductor , the other conductor can continue

to gperate with ground return during the period required for

repairing the fault.

(2) The corona loss of a DC line is considerably less than

that of the equivalent AC line.

(3) A DC link is asynchronous, thus the power transfer can be

adjusted to any desired value irrespective of the magnitude and

fro

the

se of the terminal AC voltages (under normal operating conditions).
(4) A DC link can be used for power transfer over national
ntiers. This is because it ensures complete independence of

frequency of the linked AC systems.




(5) DC cables can be worked at a higher voltage gradient and

there is practically no charging current.

res

(6) In DC systems, skin effect is completely absent. This

ults in a more uniform current distribution in the conductors

and better utilization of the material.

(7) 1In DC transmission, reduced tower size is used due to the

lower insulation levels and number of conductors used. This is

bec

are

The

equ

ause a DC line has only two conductors, while three conductors

used with an AC line.

On the other hand, DC transmission has some disadvantages.

se are:
(1) A DC terminal station is far more complicated than the
ivalent AC transformer station.

(2) Converters generate harmonics and, therefore, filters

have to be used.

pow

an

ens

cony

sid

or

(3) Both rectifiers and inverters absorb lagging reactive

er. These are usually supplied by static capacitors which form
integral part of the harmonic filters. In some cases, synchron-
condensers have to be used also. Such filtering and VAR comp-
ation equipment contribute appreciably to the cost of the
verter station.

{4) Voltage transformation has to be carried out on the AC

(5) The lack of HVDC circuit breakers hampers multiterminal

network operation.




In HVDC transmission stations, the AC/DC converter is

considered to be the basic unit. It could be described as the

"Heart" of the whole system. Until recently, all the HVDC systems

in commercial operation have utilized mercury arc valves to perform

the power conversion functions. The development of these valves

initially made HVDC transmission possible, but as valves of higher

voltage and current ratings were required, numerous technical and

economical problems arose6. One well-known problem with mercury

arc valves has been the frequency of arc-backs. In this case, the

valve loses its grid control and continues to conduct in both

d

jrections until the current is interrupted. The frequent arc-

backs severely stress the valves and the converter transformer and,

f it is consequential in nature, it requires the interruption of

the power transmission. As a result, most major electrical equip-

ent manufacturers throughout the world undertook the development

f thyristor valves in the mid 1960's. The thyristor valve -

as considered to be a logical contender for the mercury arc valve
or several reasons. First,there had been in this period a rapid
rowth in the voltage and current ratings of individual thyristors
nd diodes. Secondly,these devices had been extensively and success-—
ully applied in industrial appiications such as motor drives in
teel mills,DC supplies for aluminum pot lines and other types of
ower conversion equipment. This success manifested itself in the
igh reliability and the low operating cost of this equipment.

The biggest difference between the concept of mercury arc and

olid state valve designs is the fact that, if overstressed, the




mercury arc valve will backfire but can be reconnected to the

system after only a short interruption, i.e. the valve will not be

damaged. On the other hand, if a thyristor valve is overstressed

by vpltage or by current, it completely loses its converting prop-

erti

be 1

es. For this reason, thyristor valves must be designed to
00% reliable .

At the present time, mercury arc valves show a cost advantage

over] thyristor valves and exhibit lower losses 7—9. However, with

the

improvements being made in thyristor technology, ratings and

manufacturing techniques, and the optimization of thyristor valve

desi]

gn, this gap is closing.

In all the existing DC transmission schemes, the 3-phase bridge

connection, Fig. 1.1la, is used because of its superiority over other

poss

the

ible connections, e.g. the diametral connection, Fig. 1.1b, and
double star connection,Fig. 1.lc.

In fact, the bridge connection offers the minimum voltage stress

across the valve and the best transformer utilization factor of all

the

known arrangements. On the other hand, the valve in the bridge

connection carries the highest current. Since the voltage stresses

are

more troublesome than the current, the bridge connection is

preferred. The best feature of the bridge circuit is the possibility

of arc-back suppression, which it offers, if all the six valves are

simu

time.

1.1¢

shor]

1taneously blocked by making their grids negative for a short
In the diametral and double-star connections, Figs. 1.1b =nd
, the only effect of blocking the grid is to prevent further

t circuiting of the other two phases. In the faulty phase,
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(a) Bridge Connection

(b) Diametral Connection
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(¢} Double-Star Connection

Fig. 1.1

Different Valve Arrangements




alternating current will still flow through the faulty valve, the

load and the neutral. The only remedy for this is to trip the AC

circ¢uit breaker. 1In the bridge connection, there is no possibility

of such an occurrence once the grid is made negative. This is

because there are two valves which are conducting in series with

the

is

load all the time in the bridge connection., So, if one valve

faulty, the other valve, in most of the cases, is in a good

congition to block the circuit.

and

the

. 2 .
As mentioned before ’3, converters generate harmonic voltages

currents in both the DC and Ac sides. In chapter 2 of the

$is, generated harmonics on the AC side and their effects are

briefly discussed. It is noticed that most of the studies performed

Teg

arding the effect of these harmonics are conducted on simple

systems, consisting of a converter station connected to an infinite

bus+

by

Tep

bar 10’11.

In practice, AC/DC systems cannot be represented
such a simple configuration.

It is the purpose of this thesis to deal with a more general

resentation of AC/DC systems. A representative example of

such a system consists of an AC/DC converter station connected to a

synchronous machine at its terminals, as well as to an infinite

bus

t+bar through a transmission line. These synchronous machines,

being close to the AC/DC converters, are considerably affected

by.
to

of

the generated harmonics. Thus, it is of paramount importance
investigate fully the effects of these harmonics on the behavior
these machines.

In the simulation of such a system, the identity of the phase




currents and voltages must be retained to define the details of

the| successive commutation processes of converters, and to take

intp consideration the various harmonics. Therefore, it 1is
necgssary to examine the system behavior in the direct-phase
quahtities.

In chapter 3,a general analysis and a mathematical representa-
tion suitable for the digital simulation of a bridge-connected
recdtifier are given. In addition, the equations of the AC trans-
misision line and the filters are also derived.

The derivation of the non-linear differential equations of
synichronous machines in direct-phase quantities is the main

intlerest of chapter 4. These equations are arranged in such a way
to lallow the direct use of the machine parameters, which are usually
given in the d-q-axis quantities.

The solution of the non-linear differential equations of the
prdposed system is carried out through the application of the 4th
order Runge-Kutta method. For this, a digital computer program has
been developed. This program, which is the main subject of chapter
5, has been developed in such a way to allow for the study of
various system configurations. It can also be used as a subroutine
in|a computer program which simulates large power systems.

The developed program is used to perform some studies concern-
ing the effects of the generated harmonics on the AC system in
general and on the behavior of the synchronous machine in particular.

The results of these studies are also reported in chapter 5.




2. GENERATED HARMONICS ON THE AC SIDE

OF AN HVDC TRANSMISSION SYSTEM

2.1| General

If a 3-phase bridge-connected converter, Fig. 2.la, is

supplied from an infinite bus-bar and is operating under perfect

conditions (no firing delay, no commutating reactance and smooth

DC

current), its 3-phase currents consist of two equally-spaced

rectangular pulses per cycle. These pulses are of 120° duration,

Fig. 2.1b. These currents consist of fundamental frequency

3,16

and| harmonic components . The order of the current harmonics

is

given by3:

n=ks+l

where

k is an integer

s is the number of pulses, s 6 for one bridge,

s = 12 for two bridges whose supply
voltages are 30° phase

shifted from each other.

The root mean square values of these components in terms of

the HVDC current I, are given by:

th

cu

di

d

p =28y 2.1
n nr d

Taking into account the effect of the firing delay angle and
> commutating reactance, but assuming smooth DC current, the
rrent waveform is as shown in Fig. 2.2. This current may be

vided into three parts3
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Fig. 2.2 Rectifier Phase Current Taking into Consideration the
Effect of the Firing Delay and the Commutating Reactance
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(coso-coswt)

i=1, for a<wt<o+y 2.2
P [cosa-cos (a+y) ]

i =1 for (a+y)<wt<(a+ EED 2.3
q d 3

i_= 1,1, lcosa-cos(ut- 1 gor Elayut<Frary) 2.4

[cosa-cos (a+y)]

where
a is the firing delay angle
vy is the commutation angle
| Id is the DC current
The fuﬁdamental component of this current can be given as

follows 3:
, 2 2
= 2.
I(1) I(l)o Kla * Klr >
where

K- [ cos2a-cos2(a+y)] ' 2.6

la 4] cosa-cos (a+y) ]

K = 2y*sinZa-sin2(a+y) 2.7

Ir 4[ cosa-cos (a+y)]

I(l)o is the fundamental current with zero delay angle and no

commutating reactance and is given by the equation:

V6
I(l)o——‘l?ld ) 2.8

For the practical range of converter operation, Eqn. 2.5 can
be approximated as follows 3

I 2.9

@ = o
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Thus the amplitude of the fundamental current component is
practically independent of o and vy.

However, o and y affect the various harmonic components.
Reflerence 3 gives a family of curves which illustrates these

efflects on the 5th, 7th, 11th, 13th, 17th, 19th, 23rd and 25th
harmonic currents. From these curves, the following can be
concluded:

(i) As y increases, the magnitudes of the harmonics decrease.
The magnitude of the higher order harmonics decrease more rapidly
than those of lower orders.

(ii) The rate of reduction of the magnitudes of the harmonics
ing¢reases as y increases up to a certain limit.

(iii) Each harmonic magnitude decreases to a minimum at an angle
Yy % 368/n, and then rises slightly thereafter.

(iv) With a constant angle vy, the changes in the magnitudes

of |[the various harmonics for different values of o are small.

(v) For a constant DC current, when the angle o is increased,
the angle y is reduced. In this case, the harmonics tend to
in¢rease and approach the highest values at y = 0. In no case,however,
the magnitudes of the harmonics shall exceed the values given by:

I
_ (o _ v6
Tm)o ™ ~n— = ur L 2.10

where

I(n)o is the nth order harmonic current with zero delay angle

and no commutating reactance.
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These harmonics, which are generated in the AC system when the

conyerter is operating with balanced voltages at its terminals

and

chaj

with symmetrical firing of the valves, are called the

e . 15 .
racteristic or the normal harmonics “~. In practice, no

supply is balanced and the control equipment perform within

fin
unb
to

beh

and

in

ite tolerance limits. These result in an inherent firing

nlance 17 and these imperfect conditions cause the converter
penerate harmonics which are uncharacteristic to its theoretical
avior under normal balanced conditions

A brief summary of the different types of unbalanced conditions

their general effects on the generation of the harmonics is given

the following table:

Unbalanced Condition Causes Harmonics generated
{ Unbalanced terminal | System faults, untrans- | All odd harmonics

vgltages posed lines, unsymmetri-| including the

cal loading of phases triplen
Unsymmetrical firing{ Tolerances, effect of A1l harmonics (ie.

system voltage both odd and even

harmonics harmonics)and also a

a DC component

Ngn-sinusoidal Inherent property of Same as the second
terminal voltages large power system due case

to imperfections of the

equipment of the system
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These "uncharacteristic' harmonics which are usually

ndt provided for in the design of the system, affect it adversely
and interfere with its workingl7~24.

2/2 Effects of Harmonics on the AC System

The general effects of current harmonics on AC systems

3,18,23,28

are well documented . They are briefly diséussed here

with reference to HVDC systems.

2.2.1 Effects on rotating machine323’26-28

Any harmonic current flowing in the stator winding of
a|rotating machine increases the temperature rise of the stator
winding and the surrounding partszg. Also, these harmonics

can establish pairs of magnetomotive forces rotating in
opposite directions, which produce rotating elliptical magnetic
fields30. These fields induce eddy currents flowing in the

surface of the rotor. Moreover, high frequncy currents will

also be induced in the rotor windings. The flow of these currents

[ s

n both the rotor surface and windings increases the rotor
heating.

Due to the flow of these harmonic currents, a synchronous
machine will develop an electric torque which is not constant.

It contains high order harmonics. These high frequency

[¢]

omponents give rise to pulsating torques and thus to

ibrations.

<
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2.2.2 Effects on transfox‘mersg’l_33

The flow of the current harmonics in the transformer windings
ifcreases the copper loss of the winding. Also, it results in an
eddy current heating in the ferromagnetic structure of the
transformer as well as the windings. vThe hysteresis loss will
be increased. Due to the commutation voltage surges of converters,
there is also a possibility of insulation breakdown.
2.2.3 Interference with communication systems3
Harmonic currents in the AC system result in an unacceptable
interference with communication circuits and cause disturbances
in them. These disturbances may be through the medium of either
eleﬁtromagnetic or electric induction. The communication systems
may be classified readily into:

(i) Telephone circuits
‘(ii) Telegraph circuits

Telegraph circuits usually carry currents whose main
components have frequencies of less than 300 Hz, and hence they
tend to be affected only by the fundamental frequency and lower
order harmonics. Telephone circuits, on the other hand, carry
currents of frequencies in the audio range lying between 100 Hz
and 4 kHz. Telephone circuits are, thus, the most sensetive to

outside interference from power lines since their small currents

[V

re directly representative of speech and induced harmonics may

render it unintelligible.
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For estimating the interference of the harmonics with
telephone circuits, the C.C.I.T.T.V(International Telegraph and
Telephone Consultive Committee) Directives defines a quantity
¢alled the psophometric voltage given by:

vps - &(anﬁ)z | 2.11
where |

Vnis the interfering voltage of frequency n

Wnis the psophometric weight at frequency n and which can
be measured directly with suitable instruments.

However ,different countries have different standerds in this
respect.

2.2.4 Interference with ripplercontrol system520

Some electric power utilities sell electric energy at
especially low rates for off-peak boads, such as water heaters.
The periods, during which such loads can be connected, are
controlled by transmitting audiofrequency tones in the range

of 290 to 1650 Hz from substations over the power distribution
circuits to customers' premises. These signals will control
contactors in series with such loads. Similar control is also
used for street lighting. The receiving devices for the control
signals are broadly tuned and can accept harmonics from high
power converters, which may cause undesired operation of the
contactors or prevent desired ones. Such malfunction may,howeﬁer,
be avoided by decreasing the susceptibility of the ripple control

system to harmonics.
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2.2.5 Hamonic voltages in the system34

The harmonic currents generated by a converter cause harmonic

<

oltages to appear in the system. These voltages distort the

<

oltage waveform. This distortion may be unacceptable above a
certain level.

2.2.6 Overvoltages from resonance34

If there is a large shunt capacitor bank in the power system,
there is a possibility of a parallel resonance between it and the
rest of the gystem at a harmonic frequencylg. The order of the

harmonic nsat which resonance may occur, is given by:

ns= = 2.12

where

Qs is the short-circuit power of the power system at a point
where the capacitor bank is connected.

Qc is the rating of the capacitor bank.

Troubles from such a resonance occur most  likely at a frequency
tlose to a harmonic frequency, for which no filter is provided.
Such resonance could have several undesirable effects:

(a) overheating of the capacitor banks

(b) overvoltage of the capacitor bank

2.2.7 Harmonic instability

Due to the various harmonic voltages, the voltages at the
converter transformer terminals will not be sinusoidal. As a
result, the AC timing voltages of the control system will be

unequally spaced and distorted. This causes unequally spaced
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ring of valves which, in turn, generates uncharacteristic AC
rrent harmonics. These current harmonics reinforce the existing
es causing magnification of the harmonic magnitudes. This
ocess, under certain system conditions, can be cummulative and
ads to harmonic instability35.
3 Methods of Reducing Harmonics
2.3.1 Increased pulse number "s"
If two similar valve groups are connected in parallel on the.
ansformer primary side and in series on the DC side, Fig. 2.3,
d if the transformers have a relative phase shift of 30°, 12 pulée
eration is obtained. This means that ripple voltage on the DC
de has 12 equal pulses per fundamental frequency cycle. On the
side, the harmonic currents of order 11, 13, 23, 25..... of both
nverters are in phase and add together. On the other hand, the
rmonic currents of order 5, 7, 17, 19..... are in antiphase and
ncel each other.
In low voltage high current rectifiers, high pulse numbers
ve sometimes been used varying from 24 to 108. This method of
ducing harmonics is very effective as long as all valves ére in
rvice, but it requires complicated transformer connections. In
gh voltage, high current converters for DC transmission, problems
insulation of the converter transformers to withstand the high
voltages in combination with the high DC voltage dictate simple
ansformer connections. A pulse ﬁumber of 12 is easily obtained

th simple connections of two six-pulse valve groups as mentioned

fore. Twenty-four pulses can be obtained with four six-pulse




19

Ax L
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1.1

2.3 Two Valve Groups Connected in Parallel on the AC Side
and in Series on the DC Side




20

valve groups by use of a phase-shifting transformer bank in con-
Junction with two 12-pulse converters. In this case, the required
phase shift is 15°. Operation with 48 pulses could be obtained
from eight bridges by providing 7.5° phase shift between the
voltages of the adjacent transformers. Even though the pulse
number may be doubled, e.g. from 12 to 24, the system is still not
designed to accept the harmonics of the twelve-phase operation if
it |has to oﬁerate with only one bridge under emergency conditions.
The extra expenses involved in increasing the pulse number
must be weighed against that involved in other methods of reducing
hafmonics.

With regard to HVDC plants, it is Lamm's opinion and also
that of the Soviet engineers36, that it will always be technically
and’ economically prohibitive to increase the pulse number beyond
twelve, and that other methods must be adopted to reduce harmonics.
2.3.2 Using harmonic filters

The necessary reduction in the harmonics on the AC side of a
converter -beyond that accomplished by the increase of pulse
number- is usually achieved by the use of filtersz’3’37. In

most cases, filters are also needed on the DC side.

In addition to the AC harmonic filters at the converter
station, such filters could also be placed at any point of the
system,where harmonic interference with telephone lines is not
acceptable. This is seldom done because it is usually cheape? to

modify or relocate the telephone line.
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AC filters serve to supply a part of the reactive power
needed at fundamental frequency in addition to the reduction of the
harmonics. Thus, the cost of the filter capacitors can be charged

“to the cost of the equipment needed to supply the reactive power.
In this case, the part of the cost of filters chargeable to the
need for reducing the harmonics is almost equal to the cost of the
filter inductor only. The capital cost of AC filters is in the
range of 5 to 157 of the cost of the converter stationz’zz.

Thils is high enough to justify careful desigr from the standpoint
of leconomy as well as adequacy. The cost of the losses in the
filter elements is another factor which should also be taken into
consideration.

2.3.3 Using synchronous capacitors or generators
It was considered technically feasib1e2 to operate without

“AC |(filters and to absorb the harmonic currents from the converter
in |the synchronous generators near its terminals. It would, how-
ever, be necessary to have low reactance generators and transformers
in |this cése. Converters without filters have been used at

Volgograd U.S.S.R.z. Among the advantages claimed is that the
pravision of ample damper windings on the generators would cost
leds than the provision of AC harmonic filters. 1In this particular
cage, the generators are isolated from the rest of the AC system
and, so, they are allowed to vary in speed with no concern about

the de-tuning of the filters.
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Studies of this possibility on the Nelson River project37’38

shoyed, however, that filtering was more economical than building
the |generators to carry the harmonic currents continuously. An
additional complication was that, because the project would be
built in stages, the addition of the generators will be done

also in stages. Thus, there is no assurance that the harmonics
would divide among all these generators in any definite ratio without
4putting undue restrictions on the design of the future generators,
AC lines, etc. Hence, it appears that the choice between using
filters or specially designed synchronous machines is a matter
which is dependent on the nature of the project itself.

2.4| Classifications of AC Harmonic Filters

The AC filters of converter stations may be classified
accprding to their location, their manner of connection to the
main circuit, their sharpness of tuning, the number of their
respnant frequencies and their method of tuning.

2.4.1 Filter location

Filters on the AC side may be connected either on the primary
(network) side of the converter transformer or to the tertiary
winding if one is provided for this purpose.

Since the tertiary winding, if provided, has a lower voltage
than the primary winding, the filters in this case are insulated
for lower power-frequency and surge voltages and, therefore, cost
less. The tertiary winding, however, adds to the cost of the

transformer. This winding usually has a high leakage reactance,
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¢h inherently forms a common branch in series with all the shunt

ters. This complicates the computation of the possible resonance

between the filters and the AC network.
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2.2.4 Filter connection

In this respect, filters can be classified into:

(a) Series, high impedance filters by which harmonics are
eded in passing from the converter to the power network or line.
(b) Shunt, low impedance filters in which harmonics are
erted.

. 2.4 illustrates the first two kinds. Each is a dual of

other.

The series filter must carry the full current of the main
cuit and must be insulated throughout for the full voltage to
und. On the other hand, the shunt filter can be grounded at one
and carries the harmonic current for which it is tuned plus a
damental current much smaller than that of the main circuit.
ce, a shunt filter is much cheaper than a series filter of
al effectiveness. At fundamental frequency, a shunt filter
plies reactive power while the series cune consumes it. For
se reasons, shunt filters are used exclusively on the AC side.
2.4.3 Sharpness of tuning of filtersz’16
In this respect, two kinds of filters are used:

(a) Tuned filters (high Q filter), which are sharply
ed to one or two of the lower harmonic frequencies, e.g. the

th and the seventh.
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(b) Damped filters (low Q filters), which offer a low
impedance over a broad band of frequencies embracing, for
example, the seventeenth and higher harmonics. These filters are
¢alled sbmetimes high~pass filters.

Figs. 2.5 and 2.6 show typical circuit diagrams of these
two types and their characteristics.

2.4.4 The number of resonant frequencies of filters
Filters may be single tuned, double tuned, triple tuned ...
etc. These filters can be designed using the single tuned
filters. For example, the double tuned filter can be obtained
by finding an equivalent filter to two resonant arms, and so on
for other types.

2.4.5 Methods of tuning

1. Fixed tuned harmonic filter39
Such a filter consists of few arms sharply tuned to the
dominant harmonic frequencies. Each tuned arm consists of a
capacitor "C", reactor "L" and resistor "R" connected in series.

A filter arm can go off tune due to the variation of the
temperature of its components and/or due to the changes in the
gsystem frequency.

As a fiiter goes off tune, the impedance of the arm is given
gpproximately (o<<1) by2’16:

Zf = R(1 + 3Q20). 2.13
where

Q is the quality factor (=

1
w CR )
o)
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Fig. 2.5 Single Tuned Shunt Filter

(a) Circuit
(b) Impedance Versus Frequency Characteristic

(a) (b)

Fig, 2.6 Second Order Damped Shunt Filter

{a) Circuit
(b) Impedance Versus Frequency Characteristic
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o is the per unit frequency deviation from the tuned frequency
W

%)

fo due to all causes ( ¢ = =
0

2.14

o = omE =
o T sk

Fig. 2.7 shows three curves of filter impedance IZf| versus

frequency deviation o. Curves A and B are for the same R, and,

therefore, they have the same minimum impedance. Curves B and C

are for the same X and, so, they have the same asymptotes 'D"

(corresponding to R=0). The equation of the asymptotes is

At ,

. Curves A and C are for the same ; they have,

f| = tzxolo

thus, the same passband "PB".

Theoretically a high value of 'Q" is required so that the

filter will be sharply tuned to the designed harmonic frequency

ang

- pex

| the filter losses will be low. However, if "Q" is high, the
rcentage de-tuning "o" should be very small in order to keep the |
bedance very low and near to the value "R" (Eqn. 2.13). As

swn from curve A (with high "Q"), Fig. 2.7, any small increase

"1t "

¢" will noticeably increase the value of "Zf . Therefore, in
actice, a compromise should be made in choosing "Q". The value
"Q" should be so chosen that the filter losses will be low and,
the same time, that any possible de-tuning will not change the
ilter impedance too much from its value at the harmonic frequency.
39

2. Self-tuned harmonic filter

Filter arms can be maintained in tune by adjustment of
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o, percent

.7 Impedance of Tuned Filter as Function of Frequency Deviation.

Curve D consists of the Asymptotes of Curves B and C.

R X = L Passband

Curve %) @ ¢ g (PB)
A 10 500 50 2%
B 10 250 25 4%
C 5 250 50 2%
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the capacitor or, more usually, the inductor. This can result in

a vallue of "o" which is theoretically zero or, in practice, very
small. This means that a high value of'Q'can be used. The conse-
quent low value of resistance "R" means low loss and high filtering
efficiency. Moreover, a capacitor of a kind that has a high
temperature coefficient of capacitance but also has a high reactive
power rating per unit of volume and per unit of cost may be used.
The additional cost of providing the inductor variation can be
justiified by savings in the capacitor cost and by the improved
perflormance. Moreover, when a low reactive power is required,

”Xo' will be large and the passband will be small. This results

in that the impedance will be high over a frequency band bounded

by the maximum deviation. Therefore, it is preferable to use a
self-tuned filter in this case.

It should,also,be noted that a self-tuned filter may offer

no ¢ost advantage when the possible de-tuning is small, or when

the |required fundamental frequency reactive power of filter arm

-is high. In this latter case, ”Xo” is small and the passband is
large. Thus, the value of the impedance will be low over a wide

range of frequency.
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3. DIGITAL SIMULATION OF AN AC/DC

CONVERTER STATION

Introduction

As mentioned in chapter 1, the 3-phase bridge connection

is used in all the existing HVDC schemes. Therefore, in this

chapter, a detailed analysis for this valve arrangement is carried

out.

The bridge operation is mathematically represented by a

group of 1st order general differential equations, which is

appl

icable to any conduction condition. The solution of these

equations is obtained point by point to give the instantaneous

valu
the
shap

3.2

11°

eith
Ther
show]

illu

call
to m
twel

ment

es of the various quantities. This method of solution permits
study of the bridge circuit performance with any voltage wave-
e applied to its terminals.

Mathematical Representation of the Bridge Circuit

Fig. 3.1 shows the bridge connection where:

T21, T31’ le, T22, T32 are the valves of the bridge.

In the operation of this 3-phase bridge-connected recitifer,
er two or three valves are conducting simultaneously 2’3.
efore, twelve different modes of operation exist per cycle as
n in Fig. 3.2. These possible modes of conduction are
strated in Fig. 3.3.

Each mode of these twelve cases can be represented mathemati-
y by its own differential equations. However, it is possible

epresent them mathematically by general equations, since these

ve cases can, in fact, be divided into two main cases. As

ioned before, one case is when two valves are conducting, while
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the ¢ther is when three valves are conducting. These general
kequations can be applied to all modes by simply defining the
condlicting valves in each case.

In order to obtain such general equations, the following two
cases of operation are considered:

1 (a) Case 1: Valves T11 and T22 are conducting simultaneously

The mathematical equations representing this case can

be written as follows:

12 = —11 3.1
lDC = 11 3.2
di di
. 1 . DC
VitV =Ry v by g Rt Lg o Ve
di,
—R212"L2 'd—t—' 3.3

Substituting Eqns. 3.1 & 3.2 in Eqn. 3.3, it follows:

di
_ . 1
VitV = (RpFReR) )L+ (Ly*lely)) G+ Vpeoy 5.4
Thus|,
di, oy
g = L0 v) - (Rp*ReR ) A vy 3 (L +Lely) 3.5

The DC voltage at the sending end of the DC transmission line can

be obtained from the following equation:

Eqns. 3.1, 3.2, 3.5 and 3.6 represent this case.

(b) 'Case 2: Valve T11 is conductiné with both valves T22

and T32
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In this case the equations are:

1) = -l

[
~l

3.8

3.9

di

c -
di di|
VitV TR L g R Lt Ve
. di,
“Ryly-Ly T
i, i,
= (Rp*R) L)+ (Ly+h) g7~ + Vpe_p - Rpdy-ly g
di di3
VoprVz = Ryl Ly g - Rl - Ly g
di |
Vpc-s - R AP LGt Vpeoy
3.7 gives
g = -+
situting Eqn. 3.12 in Eqn. 3.10,
T di di,
VoV T Ryl by g Rgly F Rgl, ¢ Ly =t Lo
di i,
= (Ry*R)i, + (Lytlg) =+ Rydy + Ly g
refore,
di, i
Frai {(VZ'Vs)'(R2+R3)12—R311'L3?TE_}/(L2+L3)
3.9 gives
di, di
g - (vv) - Ry*RYL v o+ Ryl +ly =1/ (L #L)




Subs

and

tituting Eqn. 3.15 in Eqn. 3.14

di, (vyvg)  (R*Ry) R

3.
= - 1, - /=1
dt (L2+L3) (L2+L3) 2 (L2+L3) 1

L3 [ (v1~v2) (R1+R)' 1
- S Y
(L2+L3) (L1+L) (L1+L) 1 (L1+L) DC-r

Ry | L, di, ]

* 1, * (L) d

di
2 _
g = [ olgvy + (Lprlelgvy - (Lyrl)vg + (R*R)Lg
—(L1+L)R3}11 - {R2L3+R2(L1+L)
+ RS(L1+L)}12 + Ly Vpe o 1/1 (L *L)L,
+ (L1 Lo+l Lo ]
di7 L. +L L,+L
dt = [ "V1+(1+ L )VZ - ( L )V3 + VDC-—I‘
3 3
(L. +L)R R, (L,+L)
1 3 . 2 1
+ {(R1+R) S p— }11 - {R2+ —1
3 3
R, (L,+L) (L,+L)L
3471 . 1 2
L Vi /D Ly#(Lysl) + —7
3 3
since 1l = —12—13 , then
di2 L.+L L.+L
- Loyl L Wyl T ) Vgt Vo LRpHR)
Ry (L *L) (L *L)Ry
+R, + —————— }i_-{(R,+R) - i1/
2 L 2 1 L 3
3 3
(L,+L)L
[ L, (L#L) + ——P ]

L,
3

3.16

3.17

3.19




and TSZ’

follows:

di,

e = v

+v2(1+

1 L

RZ(L

+R2+

.

L3

[(L1+L)+L2+

(L

refore, for case 2 where valve T

L +L
—_) -V
3

}—13{(R1+R)-

+L)

Ls

1
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di,
tituting the value of 5?1 from Eqn. 3.19 in Egn. 3.10,
efore,
dg vs v R ko :
t L. L. 2" 1,371 (L.+D)L
3 3 3 3 3 1 2
{(L,+L)+L + ——}
1 2 L
3
(L1+L)L2 (L1+L)L2
[—v1L2+{L2+ T V,y- i }v3-{(R1+R)L2
3 3
(L *LIL,R, (L *L)L,Ry
+ L2R2+ 7 }12-{(R1+R)L2~ 3 }13
3 3
1 -
*LZVDC—r ) 3.20
di3 (L1+L) (L1+L) (L1+L)R2 '
7 © v o vt (e LR
3 2 2
(L *L)Ry (L *L) Ly
—{(R1+R)+R3+ T—}13]/[L3+(L1+L) + Lz - ] 3.21

P

11 is conducting with both valves

the differential equations rcpresenting the case are

L +L

L3

-12{(R1+R)

3( )+Vpeoy

RS(L1+L)

———}]/

L3

L
2 3.22
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di L. +L L +L

3 1 1 y
o = [vprvg (s L, )-v,( L, )#Vpe_ il (Ry*R)
R, (L,+L) R, (L,+L)
3\ . 241
+Rpr i { (R #R) -~} ]/
2 2
(L1+L)L3 v
[(L1+L)+L3+ T 3.23
2
d11 . d12 ] d13 iy
dt ~  dt dt )
di,
= p 3.25
Vpe-s = Ry LGt Vpeor

3.2.1 General equations representing the bridge operation
Eqns. 3.5, 3.22 and 3.23 can be written in an alternative,
more general form which can be applied to any conduction condition

off the bridge rectifier circuit as follows:

die L,+L Ld+L m
e [—Vd+ve(1+ T K)-vg B K-(-1) Vpeor
g g
Ry (Ly+L) ,
—1e{(Rd+R)+Re+ T K}-1g{(Rd+R)
g
R_(L,+L) (L,+L)L
- -Jiifl———}K]/I(Ld+L)+Le+ g €kl 3.26

g g
where, |
subscripts e, d and g are for any of the three phases 1, 2 and 3.

K and m are constants.
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R,R,,R and L , L,, L are the transformer resistances and
e’ d’ g e’ d g

inductances respectively.

Eqn. 3.24 may also be generalized as follows:

By

to

did die di
T T S T 3.27

varying subscripts e, d and g and the values K and m according

the conduction condition, Eqns. 3.26 and 3.27 can be applied to

any of the twelve modes of operation. To achieve this, the following

ru

th
th
th

ph

cu

gi

les are obtained empirically:

(i) If three valves are conducting as in Figs. 3.3b, 3.3d,
3f, 3.3h, 3.3j and 3.32, then K = 1; otherwise K = 0.

(ii) 1If two wupper valves are conducting simultaneously, then
= 2; otherwise m = 1.

(iii) Suffix d always represents the phase number of a current
at can be divided into the two other phases. It also represents
e phase number having positive phase current with respect to

e positive direction of iDC when there are only two conducting
ases.

(iv) If a phase is non-conducting the derivative of its
rrent is zero.

Application of these rules to the twelve modes of operation

ves the following:
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Case 1: Valves T11 and T22 are
e =2 d=1 g =
Lo . d13

1 DC dt

Case 2: Valves T11 and T22—T32
e =2 d=1 g =
e=3 d 1 g:

di
i= -(i+i,) = i L
1 273 DC dt

Case 3: Valves T11 and T32 are
e =3 d 1 g =
io=-ig =i o2

1° DC dt

Case 4: Valves Tll—T21 and T32
e =1 d 3 g =
e =2 d =3 g =

: di3
lg=-(#dy) = -ipe G 7

Case 5: Valves T21 and T32 are
e=3 d=2 g =
. . d11

2 DC dt

firing

6-d-e = 3 K =

=0

are firing

3 K=

2 K =

S P §
dt dt

firing

2 K=

= 0

are firing

2 K =

1 K =

S B
dt dt

firing

1 K =




Case

Case

Case

Case

Case

6:

Valves T21 and T

32" 112
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are firing

3 d =2 g=1 K =
1 d=2 g"'3 K =
< s . di di
= -(i,+1,) = 1 2 _ 1
R be a - (&
Valves T21 and le are firing
1 d =2 g =3 K =
. . di
= -1, =1 3 _
1 DC e 0
Valves T21—T31 and le are firing
2 d=1 g=3 K =
3 d=1 g =2 K =
di di
s 6t ed Y= i 1 2
= -l =iy g =l
Valves T31 and T12 are firing
1 d=3 g=2 K =
PR di
=t T nc 2= 0
Valves T31 and le---T22 are firing
1 d =3 g:z K =
2 d=3 g=1 K =
e s di di
= -(yry) = dpe 3 1.

di
dt

i
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Case 11: Valves T31 and T22 are firing
e = 2 d=3 g=1 : K=20 m=1
i
'3 = 72 T ipc t

Case 12: Valves T31—T11 and T22 are firing

e=3 d=2 g=1 K=1 m= 2

e =1 d=2 g=3 K=1 m= 2
di di di

v e e al b P

1y = -(+g) = -ipe - (g &)

For all the twelve modes of operation, the value of the DC

current and its derivative can be generalized in the form:

e m+l
inc = (-1) i 3.28
S di di
DC m+l d :
RS 5.29

Also, the DC terminal voltage of the rectifier can be obtained

h

Tom the equation:

. dip . |
Vies < Vpc-r * Ripc t I 3.30

3.3 Mathematical Representation of a Short Transmission Line

Converter stations are usually connected to large AC systems

c+

hrough transmission lines. In the system under investigation in
this thesis, a short transmission line, Fig. 3.4, is assumed to
donnect the AC/DC converter station to an infinite bus-bar. If
the transmission line is very short, it is found (appendix A) that

it can be represented by an equivalent resistance "Re" and an
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\' v
A R L
e e I
AN—TI i ' 2
‘ Short Transmission Converter
Infinite : Line

Bus-Bar

~ Fig. 3.4 Representation of the Short Transmission Line

v

.. . 1 I
Transmission Line T I Trec

—

. Converter

Ray
Teis l Ters l
£15 Ren7
£25 Leg7

Fig. 3.5 Representation of 5th, 7th and 11th order
Harmonic Filters '
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equivalent inductance "Le”. In such cases accurate results can be

obtained even under the effect of the harmonics existing in the

AC system due to the DC transmission.

und

fil

Fig|

In the matrix notation, the voltage at the converter bus-bar

can pe obtained from the following relation:
[Vl = [v,) + [RI0I) + [LIplLy] 3.31
-whexe
= ; r t
VI=1Dvp vy, vyl
- t
v =1Iv, v v.]
[RE] = dlag[Re R, Re]
[LE] = dlqg{Le » Le 7 Le ]
s . .qt
(L) = Tigy g i)
3.4 | Mathematical Model of Filters
It has been mentioned in chapter 2 that filters can be used
to teduce harmonic currents and voltages in the AC system. They
are|R-L-C circuits which are designed to provide a low impedance
path for harmonic currents at harmonic frequencies. In the system

>y investigation, a group of Sth, 7th and 11th order harmonic
ters are connected at the converter AC terminals as shown in

3.5. The differential equations of these filters are:

1. .1=1 : J[V]-T : 1V, [RFLS][ ]
plI = [—][V]-[+—1[V.]-[-—=11
FLS LFLS LFLS C5 LFLS FLS 3.32

p[vcs] = [E~——][1FL5] _ 3.33
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1 1 Ry
pl1_ 1 = [——][V]- I ][V ]-I**-][I ]
FL7 Lep7 LeLy Lpp7 FL7
1
plv..] = [=—-1TI_ .]
7 Copp HUELT
1 1 R
FL11
plI ] = [—1[V]- [ ]V, ., ]-[—=][1 ]
FL11 — — Vel Loy FLLL
| 1
plv.. .1 = [—][1I ]
c11 Coigg - FLIL
1 1 1 1
[+—1 = diag'[ 1
Les Lees Lees Liys
. 1 1 1
[+——] = diag [ ]
Lery Legr Lear Lggy
. 1 1
[L 1 ] = diag [ ]
FL11 Leerr Leonn Lepnn
Rpis Rees Regs Regs
R3] = giag [[D28 E5 _EA5
Leps £25 g5 Degs
Rep7 . Regs Ry Ry
[L ] = dlag [L L L J
FL7 £07 Lgg7 Lgyy
Repir, o Reprr Renn Reans
[Eth) = diag [[EA1L _£ML £l
FL11 £211 Uee11 Legnn
[ETA‘J~= diag IC ! & 1 T 1 ]
FLS £e5 Cees Cepst

3.34

3.35

3.36

3,37
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. B
[E"l”]= diag [g l c - P,
FL7 £27 C£R7 U£R7
. 1 1 1
g1 = diag I C opa
FL11 £211 “£211 Cfrll
t
Ir...1 =11 i i ]
FL5 fgl TfR.2 TF0.3
Ul = lig 1 ig 5 ig s
7 7 7
[Tl = Hgy 4 ig o ig S]t
11 11 11
t
[v..] = [v \ v, .J
Cs c51 052 c53
t
[VC7] - [Vc 1 Ve 2 Y 3J
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4. THE MATHEMATICAL REPRESENTATION OF
SYNCHRONOUS MACHINES IN DIRECT-PHASE .
QUANTITIES
General

In synchronous machines, all the mutual-inductances between

stator and rotor circuits are periodic functions of the rotor

angylar position. In addition, because of the rotor saliency, the

self-inductances of the stator phases and the mutual-inductances

bety

een any two stator phases are also periodic functions of the

rotor angular position. As a result, the characteristics of

synchronous machines are expressed by a series of differential

equations, most of whose coefficients are periodic functions of

the

rotor position. Such nonlinear equations are quite difficult

to $solve. For the cases of balanced conditions, the two-reaction

theory

the
equ
to

pol
pol
den
yie
equ
Onc

non

40, 41 was introduced to overcome this difficulty. This

bry replaces the three phases of the armature winding by two

ivalent fictitious windings, which are stationary wifh respect

the rotor. The first of these windings is attached to the

p-axis (direct-axis), while the other is attached to the inter-
e-axis (quadrature-axis). In Fig. 4.1, these two windings are

poted by "d" and "q'" respectively. This d-q-axis 40-42 model

1ds differential equations with constant coefficients. These

ations are linear provided that the speed is assumed to be constant.
e the speed variation is taken into account, they become

linear.

If the synchronous machine is connected to a rectifier load,
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IC

"Fig. 4.1 Diagram of an Idealised Synchronous Machine
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[

t will be necessary to examine the machine behavior in direct-

44. This is because the identity of the phase

phase quantities
currents must be retained in order to define the details of the
successive commutation processes. Moreover, with this type of
loading, the voltages at the machine terminals are not sinusoidal
due to the flow of the harmonic currents. A d-q-axis model, in
this case,-does not offer any significant advahtage over a direct
 3—phase model, especially if the speed variation iS taken into

consideration. Thus, it is more convenient for these types of

tudies to carry out the analysis in direct-phase quantities.

I

- 4.2 The Mathematical Model of S—Phase'Synchronous'Machines in
Direct-Phase Quantities ' |

In developing the performance equations of synchronous
machines, the following assumptiqns are usually made 40’41: _

| (1) Saturation, hysteresis and eddy cuffentéin all magnetic
circuits are neglected. ’
>(2) Each_machine,winding‘produces a siﬁusoidally space
distributed magnetomotive force.

| (3) The rotof magnetic'and electric circuits are symmetrical
about both the d- and g-axis. Hence, the flux in one axis will
‘not interlink with the windings on the other axis. In'other words,
the mutual iﬁductances between the rotor windings on both axes

are zero. | | o |

(4) The stator slots cause no appreciable variatioh'of any

~of the rotor inductances with the rotor position.

(5) The damper‘winding, if it exists, is replaced by two




equivalent damper circuits; one on the direct-axis and the other
on the quadrature-axis.

Based on these assumptions, the performance of a synchronous
machine may now be described by the following equations. In them,
the |convention adopted for the signs of voltages and currents are
that v is the impressed voltage at the terminals and that the
diréction of positive current i corresponds to generation. The
sigh of the current in the damper winding is taken positive when
it flows in a direction similar to that of a positive field
current.

4.2.1 Flux linkage equations

Using the generator notation, the flux linkage equations in
terms of the machine currents and inductances can be written in

a matrix form as follows:

[v] 4.1

[
~—
faml
—
~~
—
—

where

1l

[v]

(1]

1]
—
v
-
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“Laa| “lab | “Pac | Laga | Laxd akq

“Lba | b | “Ube | Ubsa | Lok | Pbkq

Lea| “beb | “Yec | Vega | Voka Lckq

[L] = . » 4.2
“Leda| “Leav| “Leac| Leea | Ueakd | Veakg
-L L

kda| “kdb| “Pxde| Ukdfa | kkd | kdkq

“Leqal Pkqb| “Tkqc | 'kqfd | Mkqkd |kkq

40,41
4.2.2 Inductance equations

Most of the inductances in Eqn. 4.2 are not constant but are

functions of the rotor position 6, which is the angle between the

g

ole-axis of the rotor and the axis of phase a as shown in

~ry

ig. 4.1,
(a) Stator self-inductances
The reluctance of the magnetic circuit of a synchronous

machine at any section in the air-gap depends on the position of

ct

he pole structure. As iron has a very high permeability compared

with air, the peimeance of the magnetic circuit of any stator

g

hase varies from a maximum (when its axis coincides with the
direct-axis of the rotor) to a minimum (when its axis coincides
with the quadrature-axis). This variation can be represented by

a Fourier series expansion which contains even harmonics. Consider-

[

ng only the zero and the second order harmonic terms of this

7]

eries, the self-inductance of the stator phases can then be

(4]

xpressed as follows:




m]

m

rotor pOSitioﬁ, it is usually included in the constant Laa .
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L = I + L cos 26
aa aao aa2
= 4.3
Lbb ‘ Laao + Laaz cos (26 + 120)
L =1 + L cos (20 - 120)

cc aao aa2

As the leakage flux of any stator phase is independent of the

0

(b} Stator mutual-inductances

The mutual-inductance between any two stator phases

varies periodically from a maximum (when the quadrature-axis is

ldway between the axes of the two phases) to a minimum (when the

quadrature-axis is 90° electrical from the maximum position).

These mutual inductances can be expressed by:

Lab =‘Lba

L

-[Labo + Lbb2 cos (26 + 60)]

be = Lep = —[Labo + Ly, cos (26 - 180)‘] 4.4

i}

L =1L
ca ac

-[L + cos (26 + 300)]
abo b2

Theoretical analysis shows that the difference between the

aximum and the average values of the self-inductance is the
40
ame as that of the mutual inductance |, i.e.

Lbb2 = Laa2 4.5

t has also been found that, apart from the leakage inductance,
he average value of the self-inductance of a stator phase is

ouble the average value of the mutual-inductance between any

two stator phases. This can be expressed as follows:
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L = | 4.6
Laao - LL 2Labo :

(c) Mutual-inductances between stator and rotor circuits
The mutual-inductances between the stator and rotor

circuits are maximum when the axis of the corresponding rotor

winding coincides with the axis of the corresponding stator

winding. - It is zero when these two axes are electrically perpen-

=N

icular. After 180° from the maximum position, the mutual

| il

nductance will be again maximum but negative. The variation is

inusoidal. Such a sinusoidal variation of the mutual inductances

wn

between the field winding and the phase windings results in the

W

inusoidal open circuit voltage, which is usually obtained in

ynchronous machines.

(]

The mutual inductances between the field winding and the

armature windings can thus be written as follows:

Lafd 7 Vda = Fafdo ©05°
Lhea = Leap = Lagdo 05 (0 - 120) - {*7
: chd = Lfdc = Lafdofcos (e - 240)

%)

imilarly, the mutual inductances between the equivalent damper.

_winding in the d-axis and the armature windings are:

Lakd = kda = Lakdo 08 8
X = = ' . - 4-8 »
Lhka = bxab = Laxgo ©08 (0 - 120)

Lekd = Lkde = Lakdo €05 (6 - 240)

>

1so, the mutual inductances between the equivalent damper winding
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in the q-axis and the armature windings are given by the following:
Lakq B qua = _Lakqo sin §
Lbkq = qub = —Lakqo sin (Q - 120) 4.9
L = L = ~L

ckq kqc akqo sin (6 - 240)

(d) Rotor self-inductances

All inductances of the rotor circuits, i.e. Lffd’ kad'
and kaq do not depend on the rotor position and so they are
considered constant. -
(e) Rotor mutual-inductances

As there is no flux intérlinkage Eetween the windings on

the d- and the g-axes, then:

Leakg = Lkqfd = Tkdkq = kqka = © 4.10

The mutual inductance between the field winding and the

- équivalent damper winding in the d-axis Lfdkd is independent of
the rotor position, i.e. it is constant.

4.2.3 Inductance matrix

Utilizing these_inductance relations given in section 4.2.2,

tthe inductance matrix can be written as follows:




vy

- ‘ _
P 0 0 (ovz-0)urs®®B1 | (0z1-0)urs®™TPq ours®Pq
0 - P PAP3 (0vz-0)509°"**1- |(0z1-0) 500" P NP7~ 6502 P 1oy
0 PR3 Pl l(ovz-0)s09°PFP- (oz1-0)500%PFPq- | 0s00”PIT-
. |
(0vz-0)z5055%%7 | (06-6)25097%%7 | (05T+6)2509°° 7
obye opye
° (ovz-8)uts® T1- | (0vz-0)509°P 11 | (0pz-0)509°P3%q -O%1- + % SRk BN
LN . =
zee .
(06-0)2509°°°1 | (0z1-6)2509°""7 | (05+0)2509%%%1
bye . :
(0z1-0)uts® ¥P1- | (0z1-0)509°P 1% | (0z1-0)500°PF ¥ + 09 % | + O
(051+6)2509%%%1 | (05+6)2502%%% 82509°°%q
oﬁmo_oxmq- mmouonxmq omOQOﬁmmq . oew.H _ . oan ; -ommq-
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4.2.4 Voltage equations
The voltage equations of the synchronous machine are given

- in 4 matrix notation form as follows:

(vl = plv] - [R][T] 4.12
wheye
' _ t
(V] =lTvy vy V3 Vg4 Vg Vig! } 413
[R] = diag [R, R R, -Rgy -R, -R]

4.2.5 Torque equations

If the instantaneous electric torque of the synchronous

machine differs from the prime-mover torque, its speed will vary.

At any instant, the mechanical torque is equal to the electrical

torque plus the accelerating torque. If Pm is the mechanical

power input and pem is the speed, the mechanical torque TMis

given by:

T, = — 4.14

The equation of motion can be expressed as:

p2e = (T - T)/J 415
m M E

The electrical torque TE is giveﬁ in terms of the armature

phase quantities as follows40

-1 C PP ..
TE = /r—{wa(lb lc) + wb(lC ia) + wc(la 1b)}.np 4.16

w




4.3

4.16
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The d-q Model of the Synchronous Machine
40-42

Applying the d-q transformation

to Eqns.

4.1, 4.12 and

, the following equations dre obtained.
4.3.1 Flux linkage equations
Ya | |t 0 Lafdo |lakdo | O a
-L 0 L i
¥q 0 q 0 akqo q
bel=1- 31 0 L L 0 i
fd}~ 2 Tafdo ffd fdkd fd 4.17
] -3 L 0 L L 0 i
kd 2 Takdo kdfd | “kkd kd
v o |-3L 0o | o i
kq 2 “akqo kaq kq
e
L L + L 3 L =L + 1L
d aao abo 2 Taa2 2 ad
L =1L + L £ = L+ 4.18
q aao abo 2 Taa? ) aq
Ly = Lago ™ %labo
4.3.2 Voltage equations
- 0|0 0 i
\Z p pé 0 wd Ra 0 0 0 i
v 61 P 07010 0 {R 0 0 0 1
al [P7] ¥q a q
Vea[T| O O f P00 P iveg |0 [0 [“Regl 0 | 0 fligg
Vid{ | 0] 0 |0 P 0| ¥y 010} 0 |“Rgp O 1]l
qu 0 ‘O 0l 0}P ‘bkq 0 0 0 0 -R](q 1kq

4.19
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4.3.3 Torque equations

The electric torque may be expressed in terms of the d and g
quantities as:

T, =3 (bgeig = bgripmy 4.20
The relation between the mechanical shaft torque and the electrical
developed torque is still given by:

Ty = TE + J.pzem 4,21
4.4 The Per-Unit System45
Per-unit systems are extensively used to simplify the mathe-
matical representation of phenomena over a wide range of different
physical problems. Some of the advantages,which can arise from the
application of a well designed per-unit system to electrical power
problems, are as follows:

(1) A simple inspection of per-unit parameters immediately
reveals much more about the basic nature of a machine than may be
observed from the ordinary parameters.

(2) The numerical range of per—unit parameters is small, in
general being of the order of unity and less. This is valuable

for solution by analogue or digital computers, since the variables

are of a convenient order. Manual calculations are also simplified.
(3) Simplification occurs in the analysis of polyphase circuits
under balanced conditions. By defining appropriate per-unit line
quantities to correspond with chosen per-unit phase quantities,

both line and phase parameters can be represented in one per-unit

analysis and one equivalent circuit.
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(4) In single and polyphase analysis, the turns ratios of

transformers (and the manner of internal connection in the poly-

phase case) are removed from the analysis.

(5) In the two-reaction theory of the synchronous machine,

a per-unit system is useful in removing those arbitrary numerical

factiors which can appear in the ordinary equations, having values

depending on the transformation used.

(6) A basic set of dimensionless parameters can help to

prevent errors in converting performance characteristics between

difflerent systemsof units.

4.4.1 Base values

As mentioned before, direct-phase quantities are used in the

analysis of the synchronous machine. On the other hand, most of

the

data available of synchronous machines are given in per-unit

in the d-q-axis. For these reasons, it has been found beneficial

to use the d-q-axis base values to normalize the equations in the

direct-phase quantities and, thus, to be able to use directly the

d- and g-axis per-unit data.

(1) Stator base values

It is a common practice to choosec the rated armature

current and the rated phase voltage to be the stator current and

voltage base values respectively. As the components of the arma-

ture current and phase voltage in both the d- and gq-axis are

inst

valy

cong

antaneous values, it is rather preferred to use their maximum
ies than the root mean square values., If In and Vn are

idered to be the rated current and the rated phase voltage
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espectively the base values for the different parameters are as

follows:

(i) The base value for all stator voltages (a, b, ¢, d, q)
s the amplitude of the stator phase voltage. Hence:

V. =/2V 4,22
sb n

(ii) The base value for all stator currents (a, b, ¢, d, q)
s the amplitude of the stator phase current. Hence:

1, =/21 4,23
sb n

(iii) The base value of the power is:

3
= = = 4.24
P;b 3VnIn 2 Vsb Isb

This is the base for all active and reactive power and for the KVA.

(iv) . The base value for the stator impedance is:

-0 |
Zb =3 4.25
n

(v) The base value for all the stator inductances is:

\
n

Ly = ZnEL 4.26

(vi) The base value for all stator flux linkages is:

Y2 V
n

wb = 5TF 4,27

(2) Rotor base values

In order to define the base values of the rotor, the
following points have to be considered.
(a) Power equality constraint

The power base of any rotor circuit is taken equal to




t

e

[wD

[=H
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the power base of the stator. Thus, equal reciprocal coupling

between the stator and the rotor windings in the d-q representa-

ion can be achieved. Therefore,
.3 -
Lovsh © 3 TebVsh = SVnIn
r
_ _ - | )
Psb = Peab = Pxdb = Pxab | 4.28

(b} Inductance relations

Before choosing the base current for each rotor circuit,
t would be helpful to know the expressions of all maching mutual
nductances in terms of the permeance and the number of turns. It
5 assumed that the mutual flux produced in one axis links equally

11 the circuits on this axis. This assumption is referred to as

erfect mutual coupling. The following relations can then be
ritten:
32 3\
Laa =722
3 2
Laq = E'AqNs

Lafdo = AdVsNga

4,29
Lakdo - Astde

Lakqo qs kq

Leaka = *aVeaVkd | /
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(¢) Rotor base currents

The choice of the base current for any rotor circuit is
a\problem which has been subject to several discussions. In
general, such a choice can bé made in an infinite number of ways.
It has been found that it is more convenient to choose certain
base values rather than the others. The chosen values were
preferred on the basis of providing a representatién which displays

the physical picture of the machine and results in simplified

equivalent circuits. Two of the most conveneint choices have
resulted in the following per-unit systems 45:

a. xad base system

b. equal mutual base system

It is worthwhile to mention that both systems are identical for
the case in which the coupling between the machine circuits on
each axis‘is perfect.

If the machine can be looked at as a multiwinding transformer
on each axis, suitable rotor base quantities can be obtained by
choosing the ideal turns ratio* between two windings to be the
ratio between their base currents. Hence, the base rotor currents

can be expressed as follows:

Ledb /Ngy

-3 , 4.30
Lab | ={7 N 1/Nyq Ish |
Tiqb Nea

*
An ideal turns ratio between two windings is defined as follows:

Total flux linkages of mutual flux with one winding

Ideal turns ratio = Total flux linkages of mutual flux with the other winding
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Substituting Eqn. 4.29 in Eqn. 4.30, it follows that the rotor
base currents can be written in terms of the machine inductances

as follows:

N N A
I 3 s s _d L ./L
fdb 2 Ngy Noo& d ad’ “"afdo
N N A :
_13 s s d _ ‘ .
Lal"lZ2 ¥ & * Top | = | Lad/lakdo| | Tsb 4.31
kd S d
N N A
I 3 [ S
kgp| |32 =~ = 2 L /L,
2 kq Ng 'Aq aq’ akqo

From the power and current bases, the corresponding bases for
vpltage, impedance, inductance and flux 1inkage‘can be obtained as
fpllows:

(i) The amplitude of the rotor base voltages are represented

by
‘ 3VnIn '
Vrb B 4.32
rb
Irb has different values for different rotor circuits:

(a) The base voltage for the field circuit is

W I W I 3 L
Ve, = “":T_“_L'l__.-.fv afdo | 4.33
e P lg 2 M Ly
Lafdo

(b) The base voltage for the d-axis damper winding is:

3vnIn 3 v Lakdo

A 4.34
kdb Ly 2 P L

(c) The base voltage for the q-axis damper winding is:




3V 1 3 Lk
Viop nn._ __y 29 4.35
kqgb aq

(ii) The base value for the rotor flux linkage is:

= e 4.36

This value differs from one circuit on the rotor to another as
follows:

(a) The base value of the flux linkage for the field winding

is
Do = Yean | * 1 lardo 4.37
fdb - orr VT o2mf L
ad
(b) The base value of the flux linkage for the d-axis
damper winding is:
b - okao 5 T lakdo 438
kdd one Zowf L
ad
(c) The base value of the flux linkage for the g-axis
damper winding is:
v 3 1 L '
q)kb=_19£=..__..__§l(.92 4,39
P onf VZo2mf L
aq
(iii) The rotor base impedances are given by:
A
z =2 4.40
b I
b

Its value also differs from one circuit on the rotor to another:
(a) The base imepdance of the field winding is:

2

bvfdb 3VnIn 3VnIn \Y ¥ 4a1

7 - 5 3 _3 Lagdo
fdb ~ - T L 2 21 YL
Tew  teaw? (34 "z y? Cn tad

Lafdo

—t
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(b) The base impedance of the d-axis damper winding is:

;a3 Yo lakdo )2 41
kdb I T2 1 L ’
kdb n ad

(c) The base impedance of the q-axis damper winding is:

Vk b 3 \Y L k 2
yA . q = = n ( _____q_a o ) 4,43
kgbp I 2 1 L

kqb n aq

(d) The base impedance of the mutual impedance between the

field winding and the d-axis damper winding is:

, _Veab 3 'n  lakdoafdo i 44
fdkdb Ikdb 2 In Lad

(iv) The rotor base inductance is:

Z b :

Ly = 0 4.45
T 2w f

(a) The base inductance for the field winding is:

L —-3———1-(Lafd°)zy- 4.46
fdb = 2 Z7f 'L I )

ad n

'(b)  The base inductance for the d-axis damper winding is:
Lakdo 2 vn

3 1 _n 4.47
Law " 2me (T ) 1 :
ad

kdb

(¢) The base inductance for the q-axis damper winding is:

3 1 L v
L. =2 (-2kq0 42 1 4.48
kqb~ 2 2rf * L I .
aq n

(d) The base mutual inductance between the field winding

nd the d-axis damper winding is:

1 ( LakdoLafdo ) Xﬂ '
p4
2nf : Lad In

3 4.49
i .

Ledkap =
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(3) Time and speed bases

The normalized equations of the synchronous machines are

further simplified if the electrical angular velocity p0 is also

normalized.The synchronous electrical angular velocity peo is conveniently

chosen as the base value. Since po "t is a dimensionless quantity,

the gelection of peo as the base of p6 is equivalent to selecting

1/p60 as a base time.

(4) Torque base

When writing the torque equation in M,K.S. system, it

is inevitable that the number of pole pairs np appears. It is

desi
remo
form
unit
whet
by d

corrY

mech|

base

rable in forming the per-unit equations of the machine to

ve this parameter because it is not fundamental to the per-
ance of the machine. As a consequence, the form of the per-
rotor angular velocity is simplified, becoming the same

her expressed in mechanical or electrical form. This is done
efining the base mechanical angular velocity pemb as that
esponding to the base electrical velocity. Thus

PO = peo/np 4.50

Using the expressions for the base power and the base

anical speed given by Eqns. 4.24 and 4.50 respectively, the
torque will be

3 Vsplsp 3
Tep = 2 IR np 2 11)sbIsbnp 4.51

4.4,2 Normalized equations of synchronous machines

Having established the per-unit system, the normalized

equdtions of synchronous machines in both the direct-phase and
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as follows:

Flux linkage equat

68

e d-q representations are obtained.

ions

In the following equations

d hereafter, all the parameters are in per-unit values.

a) Normalized equations in the d-q representation

The normalized flux linkage equations can be arranged

Ya M| O | Ya | Laa| © 4

¥ 0 |-L 0 0 L i

q q aq q

Yea|™| Laal © Leea| Lag 0 Leq

Yeal |"Laa| © Laa | Lxxa| © L

bl 10 | Taq| © 0 Lekq| | ikq
where

L = L + L = + L —3— L

d 2 ad aao abo 2 “aa2

L =L +L_ = + L L)

q L aq aao abo- 2 Taa2

L, = aao 2Labo

Lega = Lgg * Lag

Lykd = Uka * Lag

kaq B qu * Lag

(2) Voltage equations

W

ritten as:

4,52

The normalized voltage equations in matrix form can be.
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vallp |80 }0|o]|¥ R, lo | o 0 0 | |iy
Ve [ PO P 01010 11, o |R |0 0 0 i,
veglsf 0 | o |plo ol jveqi- |0 |0 |-Req| © 0 | ligq
Vid| | 0| 0} 0[P |0 %y 0 10 1 0 1-Rgl O ||'a
Ykq k0 ojo|o|P wkq 0|0 0 0 —qu ikq

(3) Torque equations
The developed electrical torque in per-unit values can

be written in the following form

Alsd, the normalized equation of motion will be:

* 2
P8 = (T, ~ T/@® =ps

where, §

0 - peo.t
(b) Normalized equations in the direct-phase quantities
(1) Flux linkage equations

Using the base values mentioned before, the flux linkage

equations (Eqn. 4.1) can be normalized to have the form:

[v] = [LI[1]
where
—— { - 1 t
0] = [0, ¥ Ve Vg Vg Vi)
[1] = [i i, i i t

4.59

4.60

4.61

4.62

where
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(2) Voltage equation

The normalized voltage equations in the matrix notation

are

(vl = ply] - [R][T] 4.64
where

(vl = [v, v, v, v v v ]t

1 2 '3 'fd 'kd kq
[R] = diag [R, R, R, - Rgy - Ry - Ryl
(3) Torque equations
The electrical torque equation in the normalized form

ig:

TE B gig‘{¢a(ib-ic) ¥ wb(ic-ia) ¥ l’)c(ia-ib)} 4.65

Also the normalized equation of motion is:
2 2
P78 =pe=(Ty-T)/® 4.66

By comparing Eqns. 4.52 and 4.63, it is clear that the per-

unit values of the machine inductances for the direct-phase represen-

tation are equal or correspond to those in the d-q-axis representation.
While the rotor inductances for the two modelg are the same, the
mutual-inductances between the stator and the rotor in the 3-phase
model are expressed in terms of those of the d-q model (Lad and Laq).
Also, the stator inductances in the 3-phase model are related to

the corresponding inductances in the d-q model. They can be easily

obtained from Eqns. 4.53, 4.54 and 4.55 as follows:

Laao =3 by * Lg* Lq)
L=+ (Ly-1L)
aa2 g d q
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L =

abo (L

a’ Lq - ZLQ) 4,67

N =

us, the per-unit data of the machine in the d-q-axis, which are
ually available, can be used directly in forming the normalized

uations in the direct-phase quantities.




73

5. DIGITAL STMULATION OF AN AC/DC SYSTEM

Introduction

In this chapter; a‘repfeséntative AC/DC system has been used

to study the effects of the generated harmonics of the HVDC

transmission on the AC system in general and on the performance of

synchronous machines in particular. This system consists of an

AC/DC converter connected to a synchronous generator at its terminals

as well as to an infinite bus-bar through a short transmission line

as shown in Fig. 5.1. A group of 5th, 7th and 11th order harmonic

filters is also connected at the converter AC bus-bar.

To perform the various studies concerning the effects of the

generated harmonics, this system has been digitally simulated using a

generalized computer program. In this program, each part of the

systiem has been represented by a set of first order differential

equations (chapters 3 and 4). Thus, Eqns. 3.26-3.37, 4.62, 4.64

and

4.66 form the complete model of the system in direct-phase

quantities. The program uses the4th order Runge-Kutta method to

solve these differential equations. This program is prepared

to deal with the whole system or with any part of it,and a point

by point solution for the instantaneous values of the different

variables of the system is obtained. In all the cases considered,

the

disg

5.2

rectifier and the filters are assumed to be initially
ronnected from the system.
Method of Computation

The basic algorithm for the simulation of the 3-phase model on the

digital computer is as follows:
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(i) For a certain loading condition, the initial values of

the various variables of the system and their derivatives are obtained.
ii) At zero time, the rectifier and the group of filters are
suddgnly connected to the system.

(1ii) The initial voltages, voltage derivatives, currents,

currént derivatives and rotor position and speed of the machine

are used to start the computation.

(iv) The derivative vectors of the different variables are
compyited at the beginning of the nth step from the knowledge of

the different variables at the end of the (n-1)th step using the

follpwing equations:

p[Irec} = F(V) ITEC, VDC—r) 5.1
pli ] = [—l-][v} - [41—][v ] - [EEL][I ] 5.2
FL Loy Ly C Lg = FL
IVl = =101, ) 5.3
FL
ply]l = [v] + [RI[1] 5.4
p% = plo = (T - 1)/ ® 5.5
M

(v) Integrating these derivative vectors using the 4th order
Runge-Kutta method, the rectifier currents, the filter currents,
the |[voltages across the filter capacitors, the flux linkages of
the |synchronous machine, its rotor position and its rotor speed
are lobtained at the end of the nth step.

(vi) The rotor angle 6 computed at the end of a step is used
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in /forming the inductance matrix [L] of the synchronous machine
(Eqn. 4.63).

(vii) At the end of the nth step, the machine currents and the

DC voltage at the rectifier DC terminals are calculated respectively

fram the following two equations:

-1
(1] = [L] "[¥] 5.6
v =v + RiDC + LpiDC 5.7

Al

n

0, the transmission line current at the end of the step can be
calculated from:

[IT] = [I'] - [Irec] - [1..] 5.8

FL

where

[I'] is a vector which consists of the first three terms of
the vector [I].

(viii) Making use of the currents and the voltages computed in

the preceeding steps, the machine current derivative vector p[I]

is |obtained from the following equation:

= -1 -1 -1
plI] = (L 1 [V, 1+ [L 1 7R JI] - [L ] "[RSIIT  + Iop !

-1
—[Lm] [LE]p[Irec + IFL]

- (L 17 L] 5.9
The derivation of this equation is given in appendix B.

(ix) The transmission line current derivative vector p[IT]

can then be obtained from:

pll ] =pl1'] - plI 1 - plIg] 5.10
(x) Steps (vi)-(ix) are performed only once at the end of each

step, and not four times as required by the rigorous Runge-Kutta

method.
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xi) The currents and their derivatives computed above are

zed to calculate the converter AC bus-bar voltages given by:
(vl = [v,] + [RIIILD + [LIplLy) 5.11
ii) 1f any part of the system does not exist, its currents

ts current derivatives are replaced by zero.

ii) The new derivative vectors are computed as in step (iv)

-and ysed to start the (n + 1)th step of the computation.

(xiv) The calculations are thus advanced in a single-step

fashjion.

A simplified flow chart of the program is given in appendix C.

5.3

Data of the System under Study

Using the developed program, investigations are carried out

for various operating conditions of the system shown in Fig. 5.1.

The data of the AC/DC rectifier station, the filters and the

synchronous machine are taken as those of the Nelson River at

Radijsson Station

46
37, . The study is carried out for one valve

group only. As this valve group represents one third of the total

statiion, only four synchronous machines from the total twelve of

the |station are taken into consideration. Also, equivalent filters

with

same

one third of the rating of the station filters and with the

quality factor "Q" are used. The transmission line connecting

the |converter bus-bar with the infinite bus-bar is assumed to be 10

milds long. The inverter station is represented by a constant DC

voltage source.

Using the relations given in appendix D, the base values for the

different parameters of the AC/DC system will be as follows:
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The |base MVA = 250 MVA
The base AC voltage(instantaneous value) = 112.68 kv
The [base AC impedance = 76 Q
The [base AC current(instantaneous value) = 1.48 kA
The |base AC inductance = (0.202 H
The |base AC capacitance = 0.35 x 10—4 F
The base DC voltage(instantaneous value) = 112.68 kv

The |base DC current(instantaneocus value) = 1.48 kA
The |base DC resistance =76 Q
The |base DC inductance = 0.202 H
As it will be mentioned later, a step up transformer(13.8kV/138kV)

is gonnecting the synchronous machine to the 138kV AC bus-bar. Therefore,
the jbase values of the stator parameters of the synchronous machine

are |as follows:

Bas¢ voltage(instantaneous value) = 11.268 kV

Base current(instantaneous value) = 14.8 kA

Base impedance = (0.76 Q
.Base inductance = 0.00202 H
Utilising the previous base values the data of the different parts

of the system in absolute and p.u. values is as follows:

(1) The synchronous machines at Radisson station
(a) The machine data in the d-q axis:
Individual Machine quivalent Machine
Data (13.8kV,120MVA rated){(13.8kV,480MVA rated)
Actual value|PU value Actual value EU.value

Volt-ampere rating 120 MvVA 0.48 480 MVA 1.92

Pegk value of the rated 11.268 kV 1 11.268 kV 1

phase voltage
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0.

85

63.38

102

0.

.0058
.00177

.0627
.0628
.58
.85

.168
.97

.317

288

.75

<475

.369

.02

.383

.123

Mvar

0

0.2534

0.408

0.00766

0.00232

0.0823

0.0825

2.083

1.12

0.2205

1.28

0.419

0.38

2.3

0.626

0.45

1.34

0.504

1540

424

0.

85

253.44 Mvar

408

0.

00145

.0004425

.015675
.0157
.395
.2125

.042
.2425

.07925
.072
.04375
.11875
.09225
.255

.09575

.123

D

0.020625

0.1565

0.12125

1.0137
1.632

0.001915
0.00058

0.0206

(.52075
0.28

0.055125
0.32

0.10475
0.095

0.575

0.335
0.126
1540

424
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Direct-axis open-circuit 0.019 s 7.15 0.019 s} 7.15
time constant T"
do

Direct-axis subtransient 0.048 s 18.1 0.048 s| 18.1
short-circuit time
constant T"
Armature short-circuit 0.172 s 64.8 0.172 s| 64.8
time constant Ta
Inertia constant of the 3.42 s 3.42 s
machine H
Inertia constant of the 2578.68 10314.72
machine
Speed 20 rpm 90 rpm

The| per-unit values of the reactances in the above table represent

also the per-unit values of the corresponding inductances as they

are equivalent in the per-unit system.

(b) The machine parameters in per-unit in the direct-phase
representation
Data Individual Machine |Equivalent Machine
1.2868 0.3217
ago
L 0.533 0.13325
abo _
0.32 0.08
aa2
= = = 0.521
Lafdo ™ Yakdo = “fdka = lad 2.083
L =L 1.12 0.28
akqo aq
= 0.841
Legg = Leg * Lag 3.363
= . 0.6255
Lkd = Lxa * Lag 2.502 b
= . 375
kaq qu + Laq 1.5 0 >
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(2) The step-up transformer connecting each individual machine
to [the converter AC bus-bar has an inductance of 0.17 p.u. The
effect of this inductance can be included by adding it to Laao of
the machine. Therefore, the equivalent Laao is equal to 0.3642 p.u.
(3) The converter transformer at Radisson(134kV/141.5-134.5kV)
MVA rating = 341 MVA = 1.364 p.u.
Peak value of the rated phase voltage = 109,41 kV = 0.971 p.u.
Equivalent resistance = 0.0 Q@ =0.0 p.u.
Equivalent inductance = 0.0278 H = 0.138 p.u.
(4) The group of filters(138 kV rated)
5th Order 7th Order 11th Order
Harmonic Filter | Harmonic Filter | Harmonic Filter
Data ‘ ‘
Actual |Per-Unit | Actual | Per-Unit | Actual | Per-Unit
Values |Values Values | Values Values | Values
MVAR rated 11.43 10.04572 | 5.7 0.0228 9.27 0.03708
Mvar Mvar Mvar
Pegk value of [112.68kV 1 112.68kV 1 112.68kV 1
the rated
phase voltage :
Resistance 3.480 ]0.0458 4,860 | 0.064 1.884a | 0.0245
Inductance 184.2 10.91 184.2 1 0.91 45.6 0.226
mH mH mH
Capacitance 1.52 0.0435 0.78 0.0223 1.28 0.0365
uF uF uF
(5) The DC transmission line
Resistance R = 3.8 Q = 0.05 p.u.
Inductance L =0.274 H= 1,355 p.u.
The constant DC voltage representing the inverter station is
Vpger = 1:3 P.u.
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{6) . The AC transmission line

47

For a 10 miles transmission line

Resistance Re = 0.7 @ = 0.0091 p.u.

i

Inductance Le 0.016968 H = 0.084 p.u.

Capacitance C_ = 17.185 x 10710 F = 49.1 x 107 p.u.

As| the line is short, Ce is very small and can be neglected as
discussed in appendix A.

5.4 Application of the Computer Program to Different Cases

The computer program is appiied to different cases. In all
the curves presented in this chapter, the first part represents
the transient solution directly after the connection of the

rectifier, while the last part gives the steady state solution,

Case 1: Rectifier connected directly to an infinite bus-bar (Fig. 5.2)

Infinite ,
bus : Rec.

Fig., 5.2 Rectifier Connected to an Infinite Bus-Bar

In this case,the rectifier is suddenly connected to an infinite
bus-bar at zero time. Fig. 5.3 shows the 3-phase rectifier
currents versus the time. It can be noted that, at steady-state,

the rectifier currents are not rectangular due to the effect of

th

P commutating reactance. Also, the upper parts of the current
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wgveforms are not leveled but contain dips. This can be explained
by examining Fig. 5.4. For the period from b to c, valves 1 and 6
are conducting., If the inductance in the circuit is assumed to be
very small, and if v

i = sinwt
) is the reference voltage (vi Vmax wt),

the current in phase 1 can be given approximately by:

;212 Upeer
1
R1+R2+R R1+R2+R
Y3V v
i]_ = _—Ln:a.'.}i._ sin (wt+30) - ___D.._C_:.:.[.‘__
R1+R2+R R1+R2+R
o . N .12
ip= T 4 sin (wt+30) Ky 5

For the period from ¢ to d, valves 4 and 6 are conducting with

valve 1 and the current in phase 1 is approximately:

. (v2+v3) .
. 1 2 DC-r
11:.' -
R.R R.R
273 23
R, + + R R. + + R
1 R2+R3 1 R2+R3
3 ;
. §'Vm sinwt ] VDC—r
1 R.R R.R
23 23
R. + + R R. + + R
1 R2+R3 1 R2+R3
i, = Imaxz sin wt —‘K2 : 5.13

From e to f, valves 1 and 4 are conducting and il is given by:
Vi7V3 VDC-r

1 R1+R3+R R1+R3+R
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If

will be equal to K
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L Y3 Vmax sin (wt-30) ] Vhe-r
1 R1+R3+R R1+R3+R
11 = ImaxS sin (wt-30) - RS 5.14 

R,, R, and R3 are equal, Im will be equal to Im and K

ax3 axl 3

L+ From Eqns. 5.12, 5.13 and 5.14,it can be

noted that the current waveform from b to f follows three

- different sinusoidal waves. Also, the sudden transfer from d to

is due to the termination of the commutation period. If, however,

the inductance in the circuit is considered, the current curve will

be

smoothed and this sudden change will disappear as given by the

computer results. When this rectifier current is analysed, it is

fo

CO

ve

of

ch

und that it contains fundamental current and harmonic frequency
mponents of the order 6k*l, where k is an integer.
Fig. 5.5 shows the DC output current and the DC output voltage
rsus the time. Both consist of a DC component on which a number
harmonics of the order 6k are superimposed.

By comparing these results with the theoretical analysis of

apter 2, it is found that the discrepancy between them is very

small,
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Case 2: Rectifier connected to an infinite bus-bar through a short

transmission line (Fig. 5.6)

Infinite

bus T L. Rec.

————+—»

Fig. 5.6 Rectifier and Transmission Line Case

As shown in Fig. 5.7, the 3-phase rectifier currents have the
same wave-shape as those of the previous case. As expected, the
commutation period in this case has been increased due to the
inductance of the transmission line.

The DC output voltage and current for this case are shown

in} Fig. 5.8.

Fig. 5.9 shows the 3-phase voltages at the converter AC
terminals versus the time. These voltages are not sinusoidal
due to the flow of the harmonic currents in the transmission line.
The shown sudden jumps in the voltage wave-shapg are due to the
suflden change in the inductive voltage drop of the transmission
line. This results from the sudden changes in the rate of change
of| the transmission line current at the end of the commutation
periods. The equation of the voltage at the converter tefminals

is| given by:

= - 1 - (.:.1_1... [
V = VA Rel Le It 5.15

Just before the beginning of the commutation process at point a,

=

Fig. 5.10, both the current i and the current derivative %% are
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N

ero and the voltage V will be the same as the voltage VA. For

ot

he period between a and b, both the current i and the current

[=9

erivative %%_increase gradually. Thus, the voltage V will differ

rom V, due to the voltage drop in the transmission line resist-

=h

)

nce and inductance. At point b, the current i becomes constant

nd the current derivative g% becomes suddenly zero. This

udden change in the current derivative results in a sudden change

[}

[

[ h

n the voltage V. For the period between b and c, the voltage V
will be less than VA by the resistive voltage drop in the trans-

mission line. From c to d, the current i starts to decrease and

- . i, . A
the current derlvatlve4%~ is negative and decreasing. Therefore,

he voltage V will differ from the voltage VA due to the voltage

ct

(a¥

rop in the transmission line resistance and inductance. At

. . . . di
point d, the current is zero and the current derivative It changes

uddenly to zero. Thus, from point d and after, the voltage‘V

n

will follow VA' These changes from a to d repeats itself twice

@

very cycle.
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Case 3: Rectifier connected to an infinite bus-bar through a short
transmission line with a group of filters connected to the

rectifier AC terminals (Fig. 5.11)

Infinite
bus T.L. Rec.
Bl—t—— i’] —+

Fil.

Fig. 5.11 Rectifier, Transmission Line and Filters Case

In this case, both the rectifier and the filters are suddenly
connected at zero time to the infinite bus-bar through a short

. transmission line. The 3-phase rectifier currents, Fig. 5.12,
hgve the same wave-shape as that of the previous cases. However,'
the periods of commutation in this case are less than that of
cdse 2 due to the existence of the filters. The filters in the
circuit moves the commutation poiht, at which the commutating

2’3’46. There-

e.m.f. is sinusoidal, towards the converter AC bus
fore, the effective commutating reactance becomes approximately
the converter transformer leakage reactance only. Fig. 5.13 shows
the 3-phase transmission line currents which, in this case, have
approximately a sinusoidal wave-shape. Thé most prominent
harmonic currents generated by the rectifier, namely the 5th, the
7th and the 11th, have been diverted from the transmission line

to pass in the corresponding filters connected at the terminals

of| the converter. Fig. 5.14 shows the 3-phase voltages at the
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>

C terminals of the converter. The waveforms of these voltages, in

this case, are not distorted as in case 2, gince the transmission line

[¢]

urrents are almost sinusoidal. It can also be noted that high
frrequency oscillations appear in the voltage waves during the
periods of commutation. These oscillations 3,49 can be attributed
to the effect of the commutation processes on the filters which
are oscillatory circuits.

The 5th, 7th and 11th order harmonic filters currents are
shown in Figs. 5.15, 5.16 and 5.17 respectively. It can be noted
from the three figures that the amplitude of the current harmonics
decreases as the order’of the harmonic icnreases. Also, it can

be observed that the midpoint of the two envelops of each current
changes.sinusoidaly with the fundamental frequency. This is due
to the flow of a small portion of the fundamental frequency
cdqurrent through the filters. The effect of this fundamental
component becomes more prominent as the order of the current
harmonics increases. For example, it is relativeiy larger in the
11th filter than in the 7th filter and in the 7th filter than

in the 5th one. Moreover, Fig. 5.17 shows that the 11th order
harmonic current is greatly distorted because of the flow of the
higher order harmonic currents, which are not filtered. The
effect of these higher order harmonicsappears here significantly,
since the value of the 11th order harmonic current is relatively
small and, also, the resonant frequency of this filter is the
nearest resonant frequency to these higher order harmonics.

Fig. 5.18 shows the DC output voltage and current in this case.
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Fig. 5.19 Rectifier, Transmission Line and Synchronous Machine Case
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he high frequency oscillations due to the presence of the filteré
pbpear also on the waveform of the DC voltage. This is expected

5 this voltage is nothing but a combination of the AC line volt-
bes at the converter terminals. However, the high frequency
scillations on the DC voltage decay faster than those of

he AC voltage waveforms.

ase 4: Rectifier connected to a synchronous machine as well as

to an infinite bus-bar through a short transmission line

(Fig. 5.19)
" Infinite
bus T.L. " Rec.

%

—

M/C

In this case, it is assumed that the synchronous machine is
perating at steady-state as a synchronous generator for a certain
pading condition (va=—1 sin(peo.t) p.u., v1=—0.99996 sin(peo.t+7.9°)p.u.

a=—l.633 sin(peo.t+10°) p.u., PM=1.637 p.u.,8 =40.08°, v d=0.0015064p.u;

f
fd=2.597 p.u.). At zero time, the rectifier is suddenly connected
o the machine terminals. Fig. 5.20 shows the 3-phase rectifier
urrents which do not differ in shape from those of the previous

ases. Also, the waveforms of the DC output voltage and current

re similar to those of cases 1 and 2 as shown in Fig. 5.21.
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DC current and voltage in p.u.
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Regarding the periods of commutations, it can be noted that they
are less than in case 2. This can be attributed to the fact that
the connection of the machine to the converter AC bus-bar adds an
inductance in parallel torthe AC system inductance. Therefore,
the equivalent commutating reactance becomes less than in case 2.
Fig. 5.22 shows the AC converter terminal VOltages. It can
be noted that the heightsof the jumps in these curves are less,

jh this case, thanthose of case 2. This is because the rate of
change of the transmission line current at the end of4thé commuta-

tion period is relatively less. The synchronous machine absorbs

(7]

ome of the harmonics of the rectifier current and smooths the

transmission line current.

As shown in Fig. 5.23, the 3-phase armature currents are not

inusoidal. They contain harmonic current components, the most

2]

prominent of which are of the order 6k+1 (k is an integer).‘ These

=

armonic currents are flowing from the rectifier to the machine.
The rotor currents shown in Figs. 5.24a and 5.24b consist

of AC harmonic components superimposed on a DC component which
changes with time. This DC component starts with the initial
steady-state value of the rotor current before the connection of
the rectifier, rises after its connection ahd then starts to
decay after a certain time until it reaches finally its original
steady-state value. For the field winding, the Sustained compon-
ent is equal to the DC field current before the connection of the
rectifier plus AC harmonic currents, most of which are of the order

6K. For the damper windings, the sustained component is AC
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harmonic currents, most of which are of the order 6k. It can be
noted that a small fundamental frequency component appears also
in the rotor currents.

The existance of the harmonic currents of the order 6k in
the rotor windings is due to the presence of the harmonic current
romponents in the stator windings. These stator harmonics of the
prder 6k+1 create an mmf with the same sense of rotation as that
of the rotor, Fig. 5.25a. Therefore, the relative velocity of
such an mmf with respect to the rotor is 6k times that of the
Totor. On the other hand, the harmonic components of the stator
phase currents of the order 6k-1 create an mmf which has also a
relative velocity with respect to the rotor of the same value as
those of the 6k+1 harmonics but of opposite direction as shown

in Fig. 5.25b. These two mmfs rotating in opposite directions

result in an elliptical field 27,30

, as shown in Fig. 5.25c, and
they induce harmonic currents of the order 6k in the rotor
circuits,

Fig. 5.26 shows the electrical torque and the applied
mechanical torque of the synchronous machine. It is assumed that
the machine is supplied by a constant power input. However, the

change in the mechanical torque due to the change of speed is

unnoticeable. This is because the change of the speed is very

n

mall as shown in Fig. 5.27. Without the presence of the rectifier
in the circuit, the electrical torque of the synchronous machine
under steady-state conditions is constant and equal to the

mechanical torque. When the rectifier is connected, there are




harmonic currents flowing in the stator and the rotor windings as
explained before. As a result, these high frequency components
give rise to pulsating electric torque as shown in Fig. 5.26.
These pulsations may produce vibrations .during the machine
operation.

When the rectifier is connected to the machine bus-bar, the

=

btor angle of the synchronous machine changes its initial value

ot

b another steady-state value in an oscillatory manner. Correspond-

(=N

ng to this variation of the rotor angle (f<1lHz), Fig. 5.27, there

i

5 a slow variation in the different quantities of the machine,

particularly in the electrical torque, Fig. 5.26, and the rotor

O

urrents, Figs. 5.24a and 5.24b.

Fig. 5.28 shows the 3-phase transmission line currents. When
they are cohpared with those of case 2, it is noticed that their
harmonic contents are less. They now approach the sinusoidal

form in comparison with the rectangular form of case 2. This is
because the synchronous machine absorbs some of the harmonic

currents due to its low subtransient reactance.
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Generation of Harmonic Currents
of Order 6k in the Rotor due to
Harmonic Currents of Order 6k+1
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(b)

Generation of Harmonic Currents
of Order 6k in the Rotor due to
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Case 5: A rectifier and a group of filters are connected to a
synchronous machine which is connected to an infinite

bus-bar through a short transmission line (Fig. 5.29)

Infinite

bus T.L. Rec.

———— |

Fil.
M/C

Fig. 5.29 Rectifier, Transmission Line, Synchronous Machine
and Filters Case

In this case, it is also assumed that the synchronous

machine is operating at steady-state as a synchronous generator for
the same loading condition as in case 4. At zero time, the rectifier
and its group of filters are suddenly connected to the bus-bar at

which the machine is connected.

As shown in Fig. 5.30, the shape of the 3-phase rectifier

urrents do not differ considerably from those of the previous

[¢]

(e)

ases. However, it can be noted that the periods of commutation
in this case are less than those of case 4. The presence of the

filters in the system results in moving the commutation point

ot

pwards the converter AC bus-bar and thus reducing the commutating
reactance.

Fig. 5.31 shows the 3-phase voltages at the converter AC
terminals. In comparison with case 3, these voltages approach

the sinusoidal shape due to the presence of the filters. These
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filters absorb most of the harmonic components of the 5th, 7th

and 11th order of the rectifier currents. Fig. 5.32 shows the

DC| output voltage and current. It can be noted from Figs. 5.31

49

and 5.32 that high frequency oscillations 3 appear in both the

AC| and DC voltages as in case 3. The high frequency oscillations

in the present case are less than those of case 3. This can be

atitributed to the effect of the machine inductance.

R

[¢]

The 3-phase armature currents, Fig. 5.33, are approaching

the sinusoidal shape in comparison with those of case 4, Fig. 5.23.

garding the rotor currents, Figs. 5.34a and 5.34b, it can be

noted that their harmonic contents are much less than in case 4.

This is because the filters in the system offer a low impedance

path to the harmonic currents of the rectifier. Therefore, the

harmonics in the stator windings and .as a consequence, those

induced in the rotor windings are reduced.

The 3-phase currents of the 5th, 7th and 11th order harmonic

filters are shown in Figs. 5.35, 5.36 and 5.37 respectively. It

is clear that they have the same nature as the filters currents

of case 3. The presence of the synchronous machine in the system,

hawever, has reduced their magnitudes as some of the harmonic

currents of the rectifier will flow in the machine.

th

td

is

Cca

The electrical torque and the applied mechanical torque of
e synchronous machine are shown in Fig. 5.38. The mechanical
rque is almost constant as the change of the speed, Fig. 5.39,
very small. The electrical torque still contains some pulsating

mponents due to the flow of some harmonic currents in the stator
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d rotor windings of the synchronous machine. These pulsations

e much less in this case if compared with those of casc 4.

When the rectifier and the filters are connected to the

chine bus-bar, the rotor angle of the synchronous machine

anges in an oscillatory manner as in case 4. However, in the
esent case, the deviation of the rotor angle, Fig. 5.39, from

s initial value for the first swing is larger than its deviation
case 4. This is because the addition of the rectifier and the

Iters to the system requires more power from the synchronous

machine than the power required when the rectifier is connected

al

th

ca

ex

co

is

ar

du
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one . As in case 4, corresponding to the slow variation of

e rotor angle (f<lHz), there is a slow variation in the electri-

1 torque, Fig. 5.38, and the rotor curfents,Figs. 5.34a and

.34b.

Fig. 5.40 shows the 3-phase transmission line currents. ’As
pected, their harmonic contents are appreciably reduced if
mpared with case 4 due to the presence of the filters.

Despite the presence of the filters in cases 3 and 5, it
noted that the waveforms of the various electrical quantities
¢ not perfectly sinusoidal as it should be éxpected.‘ This is
p to the fact that these filters are only of the 5th, 7th and

th order and their impedances at their resonant frequencies still

haye a definite value. Thus, the corresponding harmonic currents

wi

11 not be completely short-circuited by these filters. There-

fore, some of these harmonic currents in addition to the higher

order harmonics, which are not filtered, will flow in the AC system.
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6. CONCLUSIONS

In this thesis, a digital computer program is used to

simulate the dynamic behavior of a representative AC/DC system.

This system is composed of a synchronous generator supplying power
to an AC/DC converter which is connected to an infinite bus-bar
through a short transmission line. Also, a group of S5th, 7th and
11th order harmonic filters is used to reduce the harmonic contents in
the| AC system. This program is developed such as to allow the accom-
ﬁodation of various alternative configurations of the AC/DC system.
‘Morpover, it can be used as absubroutine in a larger computer
program to investigate a large interconnected AC/DC system.
All the components of this AC/DC system are dynamically
represented by a group of equations in the state-space form.
Direct-phase quantities are used throughout the representation so
“that the identity of the phase currents is retained to define the
details of the successive commutation processes. Such a representa-
tion takes into consideration the dynamics of the alternating
voltages, allvthe current harmonics and the synchronous machine
dynamic performance.
The program has been applied to various cases in order to study
the performance of the different components of the system. The
cases considered are:

(1) A rectifier directly connected to an infinite bus-bar.
(2) A rectifier connected to an infinite bus-bar through a

short transmission line.

(3) A rectifier connected to an infinite bus-bar through a

P s
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short transmission line and a group of 5th, 7th and llth order

harmonic filters is connected at the rectifier AC bus-bar.

(4) A synchronous generator is supplying power to a rectifier

which is connected to an infinite bus-bar through a short trans-

miss

conn

the
the
deri
foun
aboul
mach

elec

can

line
incy
the
line
-in t

emf

ion line.
(5) - A group of 5th, 7th -and 11th order harmonic filters is
ected to the system of case 4.

For these cases, the program generafes the waveforms of all
variables of the system directly after the sudden connection of
converter station to the AC system. As it is expected, the

ved waveforms start with a transient period and it has been

d that they reach the electrical steady-state condition after

t 5 cycles. However, in the cases where the synchronous

ine is present, a damped slow oscillation exists due to the
tromechanical oscillation of the machine.

From the studies carried out on the model, several conclusions
be drawn. These are:

(1) It has been found that the addition of the transmission
to the AC system increases the commutation period due to the
ease in the commutating reactance. The addition of filters to
AC system, which consists of a rectifier and a transmission

, reduces the commutation period. This is because thc filters
he circuit moves the commutation point, at which the commutating

is assumed sinusoidal, towards the bus-bar at which they are

connected. Thus, the commutating reactance is reduced to

approximately the converter transformer leakage reactance. Also,
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n synchronous machine is connected to a system consisting of a

rectifier and a transmission line, the period of commutation is

reduced. This can be attributed to the fact that the connection of

the| machine to this system adds a reactance in parallel to the AC

sys

if

tem and reduces the effective commutating reactance. Moreover,

filters are added to a system which consists of a rectifier, a

transmission line and a synchronous machine, the commutation period

is

als

reduced. In this case, the effective commutating reactance is

o reduced. It will be approximately the converter transformer

leakage reactance.

AC/

(2) The harmonic currents flowing in the AC system due to the

DC converter distort the waveforms of the different variables of

the AC side. However, the presence of the 5th, 7th and 1lth order

harmonic filters reduces this distortion.

to

to

(3) When the synchronous machine is connected without filters
the terminals of the converter it introduces a filtering action

the harmonics. It reduces the distortion of the different AC

quantities. However, this filtering effect is not as efficient as

using filters. This may be improved if the synchronous machine

is

designed to have a low subtransient reactance. This can be

achieved by providing low resistance damper windings in the rotor

of

such machines.

(4) Harmonic currents affect the operation of synchronous

machines. The flow of these harmonic components of the order 6ktl

(k

of

is an integer) in the stator windings creates harmonic components

the order 6k in the rotor circuits. The flow of these currents in
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the stator and the rotor windings increases the losses and the

temperature rise of both windings. Moreover, the presence of high

frequency currents in the rotor windings gives rise to skin effect.

Dug to this skin effect, the rotor parameters will be dependent on

the frequency.

(5) The addition of filters to the converter AC terminals

reduces the harmonic contents in the currents of the rotor and the

stator windings. Therefore, the machine performance is improved

and the pulsating electrical torques are reduced.

(6) Even with the presence of the filters in the system, some

harmonic currents are still flowing in the AC system and the stator

windings of the synchronous machine. This is because these filters

are
hay
coz
ciz
cul

fil

sy
The

syn

haz

mad

of the 5th, 7th and 11th order only and their impedancesstill
/e definite values at their resonant frequencies. Thus, the
'responding harmonic currents will not be completely short-
rcuited by these filters. Therefore, some of these harmonic
'rents in addition to the higher order harmonics, which are not
tered, will flow in the AC system.

(7) As mentioned above, some harmonics still flow in the
chronous machine windings despite the presence of the filters.
refore, careful consideration should be taken in the design of
chronous machines operating near AC/DC converter stations so
it they can withstand the extra heatings due to the flow of these
monics in their windings. Also, with the presence of synchronous

hines in the system less filters ratings can be chosen.
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8. APPENDICES
Appendix A: Transmission Lines Representation for Harmonic
Frequencies
Transmission lines are usually classified éccofding to their
length. This classification 48 depends upon what approximations
are |justified in treating the parameters of the liné.‘ Resistance,
indictance and capacitance are uniformly distributed along the
line, and exact calculations of long lines must recognize this fact.
Lines less than S0 miles long are short lines and are represented
by a lumped equivalent impedance. The shunt capacitance is very
- small and usually neglected. Medium length lines are roughly
between 50 and 150 miles long. For these lines, the shunt admit-
tance, generally pure capaéitance, is included in‘the calculations.
If all the shunt admittance is lumped at the middle of the circuit
representing the line, the circuit is called a nominal-T. Such a

circuit is shown in Fig. 8.1 where:

Z = 24 = total series impedance per phase
Y = y2 = total shunt admittance per phase to neutral
2 = length of line

(3]
"

series impedance per unit length per phase

y = shunt admittance per unit length per phase to neutral
In the nominal-w circuit, the total shunt admittance is divided
into two equal parts placed at the sending and receiving ends of
the line as shown in Fig. 8.2.

The nominal-T and the nominal-w circuits are not equivalent to

each other. Moreover, neither the nominal-T circuit nor the nominal-w
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circuit represents exactly the line because they do not account

for the parameters of the line being uniformly distributed. There-

fore, in the case of long transmission lines (more than 150 miles),

both circuits are inaccurate. In this case, the general equation

of

transmission lines, which takes into consideration that the

line parameters are uniformly distributed, should be used. Moreover,

if

red

Thi

res

eng

S€]

the solution of the transmission line is required only at the
reiving and sending ends, an equivalent circuit can be used.

s equivalent circuit, which represents the line accurately with
spect to the ends, can be obtained from the measurements at the
ls of the line. For the equivalent-m circuit, Fig. 8.3, the

ries impedance Z' and the shunt admittance Y'/2 can be derived

from the general equation of the transmission line. These

expressions in terms of Z and Y are:

wh

Fz

2t = 7 SR g5 8.1
Y2 Z

Y'_Ytanh(ve/2) _ Y 8.2

Z ST/ 2 Y :

2Te
y = Yzy and is called the propagation constant. The terms

and 'l'~'Y are factors by which the series impedance and the shunt

admittance of the nominal-m can be multiplied to convert the

nominal-m to the equivalent-w. For small values of y%, the factors

Fz

and FY approach unity, This fact shows that the nominal-w is

accurate enough to represent the medium length transmission line

An

in

equivalent-T circuit may also be found for a transmission line

a similar manner.




Fig. 8.1
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Z/2 Z/2 Z
- | NSNS
Y Y/2 Y/2

!

Nominal-T Circuit of a
Transmission Line

Fig. 8.2 Nominal-m Circuit of
a Transmission Line

'/2 Y /2= (3)

Fig. 8.3 Equivalent-m Circuit of
a Transmission Line
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If the line is split into two or more sections, each section
can be represented by a nominal-T or -w with a reasonable accuracy.
~Su¢h representation of the line will approach the equivalent circuit
representation but the resulting work is more cumbersome than the
us¢ of the equivalent circuit in the first place.

The previoﬁs classifications of transmission lines according
to|length is valid only as far as fundamental frequency currents
ar¢ concerned. To demonstrate this, a study is carried out to
find out how the correction factors between the nominal-m and the
equivalent-n circuits change with the length of the line for the
different harmonic frequencies. The line investigated has the
same parameters per unit length as the one of the AC/DC system
under investigation in the thesis.

Fig. 8.4 shows the correction factor FZ versus the length of

th

L]

line for different harmonics. It can be noticed that, for
the fundamental frequency, the factor FZ differs from unity when
the length of the line increases. However, for short and medium
lines, it can be considered almost unity. For other harmonics,
it| s found that, even for short lines (less than 50 miles),the
factor FZ differs appreciably from unity. As the order of the

harmonics increases, the deviation of F, from unity increases.

Z
The correction factor for the shunt admittance FY is shown in
Filg. 8.5. By examining this figure, it is also noticed that, for
- the fundamental frequency, this factor is almost unity for the

short and medium lines. However, it differs from unity as the

length increases. It is also found that FY is far away from unity
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long as harmonic frequencies are concerned even for short lines.
It follows that, at fundamental frequency, the representation
a medium line by a nominal-m can be considered accurate enough.

far as harmonics are concerned, a nominal-m network cannot

represent the line accurately even for medium or short lines. Thus,

for the case of transient problems, e.g. travelling waves on the

lines, sudden changes in the electrical quantities like those

present in the system, the general differential equations of the

line should be used or the line should be split to as many sections

as
al

(1

tion in the thesis, the factors F

pr
th
rej

br

eqt

needed and which can be represented by nominal-w circuits for

| frequencies. However, for a very short transmission line

) miles) 1like the one used in the AC/DC system under investiga-
7 and Fy approach unity for the
actical range of the harmonics generated from the converter. In
is case, a nominal-w can be considered accurate enough to

present this line. Since this line is very short, the admittance

anch can be omitted and the line can be represented by an

nivalent resistance in series with an equivalent inductance.
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Appendix B: The Calculation of the Synchronous Machine Current

Derivatives

In the matrix notation, the machine flux-linkages relation-

ships in terms of the machine currents are:
(vl = [L1[1] 8.3
therefore,
plyl = [LIp[1]+[pLI[1] 8.4
wheere
= t
e s s s . . 4t
(1= 13, 4 i ig i igg]

[L] is the inductance matrix of the machine which is given by

expression 4.63.

[pL] is the derivative of the [L] matrix and can be defined as

follows:




T od oa od
b
0 0 0 hovaoumoo ﬁomﬁmmumou 9502° xmq
) e, obye,
ed od od
0 0 0 (ovz-9)uts | (0zI-e)uts purs P 1o
o]
opxe, PYe,
od od od
O
0 0 0 (ovz-e)uts | (0z1-9)urs purs PF%q
(o] e
P¥E, opye_
S°8 = [1d]
od od ad ed od od
o ﬁovm-mumoo (ovz-e)uts | (ovz-e)uts | (opz-e)zuts (06-0)zuts | (0ST+0)ZUTS
- 0 0 opie 223 B (3
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From Eqn. 4.64

plv]l = [v] + [R][I] 8.6

where

(vl

[v, v, v

v v v ]t
3 Ygd Yka Viq

diag [R, R R, -Rgy -Ry -quJ

1 "2

[R]

The machine terminal voltages [V] can be obtained from the

following equation:

[V] = [Va) + [RGI[I;p] + [1.TplT 8.7

TR]

where

By

Equ

[Vyg)

i
<
»
<
o
<
[¢]
H5<
o
<
-~
o
<
w
Q
-
+

. . . . . . t
el = gy iy Bgg Bgg igg ixg]

[R,]

[{]

diag [Re R, R, 0 0 0]

L

E] diag [Le Le Le 0 0 0]
substituting Eqn. 8.7 in Eqn. 8.6, it follows

Pl¥] = [Vl + IRLIIT,.T + [LTpl1,,] + [RILT] 8.8
lating Eqns. 8.4 and 8.8, therefore

V] + [RGIIIR] + (L dplIp,] + [RIT] =

[LIp[1] + [pL][I] 8.9

Froam Fig. 5.1, it can be noticed that:

[ITR] = [I] - [Irec] - [IFL] 8.10

where

. . . t
[Irec] = [11 i, i, 0 0 0]

. . : t
[Tgd = lig) ig, dgs 0 0 0]
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i =1 + 1 + 1

L 2
£a1 7 Mel T TeL 1T el
i =i o+ + i

£22 ~ TE2.2 7 TER02 7 Tfy 2
i, = i + i v i

£23 ° T£2.3 0 TfR.3 T fR,3

Substituting Eqn. 8.10 in Eqn. 8.9, therefore

* [RE][I-Irec_IFL] * [LE]p[I—Irec_IFL] +[R][1] =
EL]P[I] + [pL][1]
[VAR] + [RE+R][I] - [RE][Irec] - [RE][IFL] - [LE]p[IrecJ_

[Lglplig ] - [pLIIT] = [L-L;Jp[T]

[ Ipl1] = Vo] + [RJITD = [RGIT (] - [RGIIG ] -

[LglplT ) - [LgIplTg 1 - [pLl[T] | 8.11

Therefore, the machine current derivatives can be obtained from

the follow1ng relatlons i E;/‘W\‘M/
A | oplr)= () Q**[L ]'M‘\[” [“”Irec* m:l/
-1 [LE]p[Irec Il - EEM?W pL]t;] j 8.12

where

()= (L) - [L]
[Lm] is the modified inductance matrix having the same elements
as|the L matrix defined before except for the following:

Lm1,1 = Laao " Le - LaaZ cos 26

Lm2,2 f 'Laao - Le - Laa2 cos 2(6-120)

Lm3,3 = -Laao - Le - Laa2 cos 2(8-240)

[R_ ] = diag [R+R, R *R, R+R -R.; -R -qu}




Appendix C: A Simplified Flow Chart for the Computer Program
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Appendix D: Per Unit System of the AC/DC System

D.1. Base values:

It is a common practice to choose the rated current and the

. rated phase voltage (rms values) of the AC system to be the AC current
and voltage base values for the steady-state operation respectively.
In such a case, AC/DC converters can be treated as voltage and

frequency transformers and the base valuesSO of the DC side variables

can be defined according to their relation with the AC side variables.

As the problem in this thesis is of a transient nature and the

solution is obtained in instantaneous values, it is rather preferred

. to use the maximum values of the current and phase voltage than their

root mean square values as base values of the AC side. For the DC

side, the converter valves can be looked at as switches. This means

t

at the instantaneous AC line voltage will appear at the bridge DC

terminals as instantaneous DC voltage. Also, the instantaneous DC

C

ti

tl

rrent will be the same as the instantaneous AC current. For this

reason, the base values of the DC side can be chosen the same as

ne base values of the AC side. If In and Vn are considered to be‘v

1ie rated current and the rated phase voltage of the AC side

respectively, the base values for the different parameters are as

follows:

(1) The base value for all AC and DC voltages is the amplitude

of the AC side phase voltage. Hence:

Vach = Vncp = fz’vn 8.13

(ii) The base value for all AG and DC currents is the amplitude

"of the AC side phase current. Hence:

Lseb = Ipcp = ‘5 L 8.14
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(iii) The base value of the power is:

- =3 23
Pyo= 3V T =3 Vacvlach = 7 Vpeblpeb

This is the base for all active and reactive power and for the kVA.

8.15

1t is also the base for the DC power.

(iv) The base value of the impedance for both the AC and the

DC sides is:

Zb =T 8.16
n

(v) The base value of the inductance for both the AC and the
DG sides is:
VA
_ b
Lb = 5F 8.17

(vi) The base value of the capacitance for both the AC and the

DC sides is:

1
¢ = 2z,

D,2. Normalized equation of the AC power

8.18

The instantaneous AC power in absolute quantities is given by:

PAC = vli1 + v212 + v3i3 8.19

Therefore, for a base power Pb = 3VnIn , it follows:

PAC } v111+v212+v3i3<= vlil+v212+v313
P W I 3
b non 2 Vacblach

Thus
2

PACp.u. - B(le.u.llp.u. + v2p.u.12p.u. + v3p.u.13p.u.

) 8.20

D.3. Normalized equation of the DC power

The instantaneous DC power is given by the following equation;

PDC = Ve inc 8.21

gince the base power P_ is the same for both the AC and DC sides and

b
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given by:

P, =3VI ,

e normalized equation of the DC power can be written as follows:

b _"nc "pc _ _“pc "nc
DCp.u. 3VnIn é—V 1
2 'DCb DCb

2

5 Obep.u.” ncp.u.

) 8.22
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