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ABSTRACT

Advantages of HVDC transmission over a.c. transmission are dis-
cussed Unit-type of connections (Single-Block and Double-block) for the
conv ter Tayout in HVDC transmission are discussed in detail. Due to
thr intermittent operation of the converter, characteristic harmonic cur-
y ats of the order of h = pn + 1 are generated on a.c. side of converter.
/n unit type of connections, harmonics are allowed to flow into the gener-
ator. The magnitude and phase .angle of harmonics with respect to respec-
tive 1ine to neutral voltage arecalculated. A simplified theoretical
method is developed for calculation of additional losses in the stator and
rotor circuits of a generator with any number of damper circuits, due to
flow of harmonics. Results of calculations of additional losses in the
stator and rotor circuits of a simplified model of a generator with one

damper circuit on each axis are presented.

Derating factor for a generator of conventional design to be
used for unit-connections is calculated. There seems to be no need to
derate the generator for Double-block connection. For Single-Block con-

nection, derating of the generator is needed.

Technical and economic evaluation of unit schemes -as' compargd
to conventional schemes is made. Approximate savings in cost of the con-
verter station in unit arrangement as compared to conventional of 25 - 30%

is expected.
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CHAPTER 1

INTRODUCTION

1.1 ' HVDC Transmission

In genéral terms, High Voltage Direct Current (h.v.d.c.) trans-

~ mission involves the transmitting of power between two a.c. terminals,

firét by converting a.c: tod.c. and then d.c. to a.c.. At present, the

transmission of electrical energy from power plants by h.v.d.c. overhead

“lines is restricted to- cases where power must be transmitted over long

~distances. ~A few situations where h.v.d.c. provides an attractive alter-

'native“are'discussed'be1ow.

“to be cheaperﬂthan'thé“loca11y'produced“e1ectric1ty,‘1n spite of the cost

(a) HVDC*can'beveconomica11y attractive, where large volumes

of water can be wsed to produce”inexpensive electricity which may prove

1,4

of'transmitting'1t*over*10ng’distancesz“'Specific exémp]es are Nelson

River Scheme, 2 x 1620 MW, + 450 kV transmitting over 900 km and one in

2

Africa” for 1920'Mw,’i4533'kv transmitting over 1400 km.

(b)  Mine mouth generation: ~where the cost of transporting

“electricity is-cheaper than transporting the raw material (fossil fuel)

itself. - Particular example is Ekibastuz centre plant in Russia which is

in the'p1anning‘stage'being“bui1t¥f0r‘u1timatE'generation‘of 6000 MW,

'+ 750 KV over 2500 km. Inthe above cases, the h.v.d.c. enjoys its

economic_superjority over a.c. due to the Tong distances involved.




(c) HVDC 1link allows ‘the additional load to be fed without
raising the short circuit capacity of the system beyond the interrupting
“capability of the existing circuit-breakers. Also, it is preferable
where the conditions in the densely populated areas require underground

cables, due to the nonzavailability of right of way for overhead lines.

(d) Another attractive application of h.v.d.c. power infeed
is in pumped-storage schemes. “Under: certain circumstances, h.v.d.c.
“enables the frequency at"the power station end to be made variable, thus
permitting pump turbines to be operated about' the optimum efficiency in
both directions, i.e. at various speeds, and therefore bring about a cer-

tain improvement in their cost effectiveness.

" (e) Also; hydro-electric-generating stations, when connected
“to a load centre  through1ong-a:c. Tines; must have generators with ab-
‘normally Tow transient reactances or-abnormally high moment of inertia
"~ in order to raise the stability Timit.  These restrictions raise the

cost ‘of the genérators*and“coqu'be'avofded'if d.c. transmission is used.

" (f). HVDC transmission-has been'compet{tive‘with a.c. only
when large amounts’ of power are to be transmitted over long distances.
"D.c. transmission enjoyed its economic superiority over-a.c. only above
certain distance, called break-even distance, below which a.c. is econo-

“mical as shown in Fig. 1.1.

(g) For cables crossing bodies of water.




(h) For interconnecting a.c. systems having different frequen-

cies, or where asynchronous operation is desired.

(i) Faster control of power and better utilization of the cross-

section area of conductor, due to the absence of skin effect.

The main drawback of d.c. is the cost of its terminal equipment.

“If efforts are made to reduce the cost of the terminal equipment the breakf
eveh“disténcé"cbuid'be“10wered't6’maké'HVDC'more*attractive; According to

~ the available 1iteratu?e3,'break~even distances are approximately 830 km

(515 miles) for overhead 1ines, 64 km (40 miles) for underground cables.

Some of'the'other“diSadvantaQES'of'HVDC transmission are in-
- creased reactive, corrosion~of underground metallic parts, due to the use
“of ground return, interference with telephone circuits and generation of

“harmonics.
This thesis is devoted to-the evaluation of unit schemes (where-
~ever it is applicable) for HVDC converter stations, and the calculation of-

“the derating factor of generators due to-the flow of harmonics.

1;2*'““'"Converter“Layout"

In conventional HVYDC schemes, rectifiers are connected through
converter transformers to a common a.c. bus which is fed by a group of
generators.- ThiS'arrangement“fs*ca11ed"a;c.“collector‘system. An example

of“SUCh'an"arrangementW15'the'Ne1son“RiV€k‘Deve1opment4. Fig. 1.2 shows
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the basic features of the system by a single line diagram. Essentially
it resembles a conventional a.c. system, where the outgoing circuits are
modified for HVDC transmission. Filters are provided to absorb the har-
monics as well as to keep the voltage of the a.c. common busbar sinusoi-
dal. Conventional HVDC station has its certain drawbacks. First of all,
the failure of a.c. filters or their going off-tune during certain fault
conditions; cause overstresses-on the connected equipment and filters.
"Also associated with it are the'prbb1em5‘of“the:stabi1ity of the genera-
* tors and the provision of on-Toad tap=changers on the converter transfor-
'mer;"'TO'Overcome“thése“prbbiemsg”tQ“redUce*the“coSt‘of*the terminal
“equipment and to"improve the performance of“the HVDC power stations, Unit

12,5,6

or Block-type of connections have been suggested These types of

connections are discussed in-detail in this chapter.

1.3 'Unit“orfBiock*Connection

Unit connectionss’are"sh0wn'in”Fig; 1.3. The important features

of these connections are::
1. The converter station is to be Tocated in close proximity
~ to  the genérating station.

“2.  Only-onée transformer isto be used which serves as
generator=-converter transformer-and is designed as a con-
verter transformer. No tap-changers are provided.

3. A.c. harmonic filters are not provided.
4. The rectifiers used are 3 - ¢, 6-pulse bridge rectifiers
“with contro11ab19”v31ves‘aséahernafmg1ﬂySUSéd dnHYDC

transmission.
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Single-Block (SB) connection operates on 6-pulse whereas Double-
Block (DB) connection has 12-pulse operation.

In the case of Single-Block connection (Fig. 1.3(a)), a single
generator feeds a 3 - ¢, 6-pulse bridge rectifier through a generator-
‘convertErNtransformer:“"In'Doub1e;816ck connection (Fig. 1.3(b)), a single
generator feeds a 12-pulse cascade connection of  two bridge rectifiers
“through two separate two-winding transformers or through a single 3-winding

transformer.

" Due to the absence of filter circuits, the generator sustains a
1inE“t0'1ﬁne'short-circuit:during“commutationt‘"The“commutation reactance
“is the sum of ‘transformer Teakage reactance and the generator sub-transient

- reactance. ~The-equivalent circuit representation of block connections is

“shown"in Fig. 1.4v The most" dominating’ factor in-the design of Double-Block

connections is:the generator” sub=-transient reactance: For the satisfactory
'operationﬁof‘the”cdnyerter,'the'overiab‘ang1e“of'30°“is reached for minimum
‘de1ay*ang1e"of’109 with the“geherator"sUb;transientwreactanceS'of 0.24,

together with the transformer-leakage~reactance of 0.1 p.u..

So the ‘generator sub=transient reactance” should not exceed 0.24

with a'minimum*deiay ang1e*of'10°;'for"satisfactory‘operation.

1.4 -+ Advantages of Unit Connections

Disadvantages of'theﬁconventionaT“afrangementiare“the advantages

- of unit arrangement. ' As  indicated earlier, the transformer-acts as a




0

—o%

4
KXc=Xg + Xr

Fig 1-4(a) Equivalent cireuit of

Single- Block Connection:

g

X;=0

Ec Xd/a
1__@ M

”
Xe= Xd/z + A

Fig 1-4(b) Equivaient circuit of

Double-Block connection




generator ~converter transformer and hence only one transformation stage

is ‘required and therefore a saving in cost is achieved.

Fault in the harmonic filters in the case of ‘a conventional
scheme may cause the breakdown of the whole system and, of course, a
headache to the utility engineers. There are no“filter problems with the
unit connection thus making the HYDC station far more independent of the
frequency. 'Thi; could be"a"blessed advantage where HVDC infeed is used
for damping fluctuations in' the power” system, making better use of the
stored energy in the rotating mass. ~Also in the case of pumped-storage
*“schemes, there are no filters' for readjustment forchange-over to pumping

operation:at a different freguency.

In the'case“of filtersas in cbnventibnal'schemes, if power fre-
quency, and therefore also the harmonics which are typical for static con-
verters, become displaced, there is danger of resonance which could over-

load the filters, the generators and generator transformers.

“Due tothe eliminationof a.c. common bus, there is -a lot of

‘saving“invthe'switchyard"sbace’and*equipment“such*aswcircuit—breaker be-
~ tween generator-transformer and a.c. bus and circuitébreaker"between a.c.
~ bus and converter transformer, etc.. However, the unit connections have

certain Timjtations which are discussed below.

1.5~ DisadvantageswoftUnit'Connections'...

- As there are no filters provided, the generators have to be




10

over-dimensioned to absorb harmonics and supply the whole reactive power
for the converter operation. “Due to the higher effective commutation re-
actance, the ratio of no-load voltage to rated voltage on d.c. side in-

creases, .so the valves must be designed for higher overvoltages.

‘As regards reliability, unit connection (DB) suffers, due to
the fact that if one bridge of a converter becomes faulty, the whole unit
“will have to be shut off. thus Tosing the double output due to the rigid
‘connection between the generator and converter=transformer but this is

'compensated”by“thé'redUced“probébiiityvof“the”fau1t’in'the'a;c. switchyard.

The main control system, which is quite complex in the case of

"'a'conventiona1"schEmeé*coqu“be'cOnéiderab1yJsimp1ified.

Since the“harmoniCS'are‘hdt‘fi]tefeds"some'teiephOne interfer-
ence’ s  expected but is minimized and" is not ‘alarming 'due to the close

proximity of the converter-station to the generating station.

© 1.6 - General Objectives ‘of ‘Research -

DQe t0'thé"absénce‘0f‘harmoniC”fiTterS“in*the“unit'connections,
'harmoniCS'areIOf'the”o?der]‘of (pn # 1) inthe-stator windings, where p
'denoteS'the'pu1se“nUmber‘ahd”n’1S'a positive “integer. In this thesis in
' Chapter 2, the p.u. magnitude of each harmonic component, as well as its

‘phase angle with respect to 71ine to neutral  phase voltage is calculated.

“The" harmonic currents of the order of pn * 1 induce currents of
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frequency pn in the rotor circuits. "As these‘higﬁ frequency induced cur-
rents are confined to high resistance rotor surface paths, they cause
considerable losses and hence rotor heating. These rotor losses have been
'ca1cu1ated'by'G1ebov7;‘by applying the theory of forward and backward ro-
tating fields.

G1ebov's“resUTts3“however;“cannot'be'uséd‘direct]y because-he
has”not'speéified“a11*parameters*for‘which'the*resu1t$”are preéented. In
'order“tO”evdﬁUaté‘ﬁhe“undefrating“of*the*geheratorS't0’a11OW“the additional
losses” due to current“harmonics in the'machines~detailed investigations are

made” in Chapter 3"and Chapter 4.

The evaluation~of ‘the unit schemes-in comparison with the con-
“ventional schemes is madein Chapter’5. The conclusions of the findings

are presented in Chapter 6.
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CHAPTER 2

A.C. CURRENT HARMONICS

2.1 Analysis

In HVDC transmission, currents on the A.C. side of the converter
are not of sinosoidal shape, due to the intermittent operation of the con-

verter. The wave shape is however periodic and therefore can be analyzed

into a mains frequency component and higher (multiple order) harmonics.

The harmonics] are found to be of the order of:

h=opn+1 | (2.1)

where, p - Pulse number of the converter (6 or 12 usually)
and n - is a +ve integer

Fig. 2.1 shows the schematic circuit for the analysis of a
6-pulse bridge converter. Fig. 2.2 shows the wave-shape of one half:cycle of
a line to neutral voltage and of the corresponding line current on the
valve side of the converter transformer for single overlap, that is, for
overlap not exceeding 600. The origin of the angle 6 = wt is at the

positive crest of the voltage wave. The next half cycle is exactly the

same except that the instantaneous values of voltages and currents are
negative.

The instantaneous value of the voltage is given by

e, = Emax_cose (2.2)
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For the other two phases b & c, the currents as well as
voltages tag those of phase a by 120° and 240° respectively.

For the analysis, phase 'a' current wave-shape is divided
into four segments I to IV as shown in Fig. 2.2 (b)}. The instantaneous

value of the current in each segment is given by the following equations
(Kimbark], Appendix A, Page 484)

Segment Limits _ Equation
I a-60" < 8 < 8-60° ip = T ,[cosa - cos(6 + 60°7 (2.3)
II §-60° < 8 < a+60 i = Ed = ?sz(cosq - cosS) (2.4)
111 o+60° < 8 < §+60° 11y = Lepfcos(e - 60°) - cos81(2.5)
IV §+60° < 8 < 04120 {Iv.g 0 (2.6)

where, I_, = crest value of S.C. current between any two
phases during commutation

=‘/§'Emax/2wL

The magnitude and phase angle of different harmonics are deter-

mined by representing the current wave by fourier series. The complex

form of such a series is

o
F) = 2 Ay, /he (2.8)
h:..oo -
1 m |
where, Ah = 5 J F(e) /-ho db (2.9)
-
_ .jhe _ ..
and /h8 = e’ = cos(he) + j sin(h9)

The wave shape being symmetrical, the value of AO component

is zero.
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Also, for the wave-shape in question since F(6) = -F(6 +m)
only odd harmonics exist.

Therefore equation 2.9 can be rewritten as

A =

" fﬂ F(6) /-ho de (2.10)

0

|-

The crest value and phase of the hth harmonic are given by

ZAh
_ o +120°
V2 Ih == i(6) /-h6 dd (2.11)
a-60"
Where I, is the complex r.m.s. value of the hth harmonic

h
current and i(6) is the value of the instantaneous current. The phase

of the current is expressed as advance with respect to the 1ine to

neutral voltage.

Substituting the value of i(6) in all four segments and

applying the appropriate limits for integration

_ 20 8-60° % i .
/2 I, = 1T[ Isz{cosa cos(6 + 60 )} /-ho do
OL—60d
+60°

+ Isz(cosu - ¢cos8) /-h6 do

§-60

(64607 ~ .

+ TISZ{COS(G - 60 ) - cosS} /-hd do]

oc+60°




o (6-60° o
or Ih = ==T {2 cosa - 2 cos(6 + 60 )} /-he do
ven o
o-60
a+60°
+ 2(cosa - coss§) /-ho do
§-60
§+60° .
+ {2 cos(6 - 60 ) - 2 cosS§} /-he de]
o+60°
J5 A o /-(h+ Na - /-(h+1)§
or Ih = =1 5 sin(h60 ) [
mos (h +1)
/-(h - Va - /-(h - 1)6]
(h - 1) (2.12)

The details of the calculations are shown in Appendix A.
The derivation in equation (2.12) is only valid for harmonics of charac-
teristics order h. Characteristics harmonics are those of orders given
by equation (2.1).

In equation (2.12), the phase of the harmonic current is =
with respect to respective line neutral voltage and not with respect to

respective commutation voltage as defined by Kimbarkl.

sin(h60") =-%2 for h

t
o1
-
——t
—
-
—
~
»

ol ol

for h =

I

~J
-

—_

w
-

—

O
")
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“From rectifier theory

A Id

s2 ~ Cosa - 0SS | (2.14)
_ /6 -

Iy == 4% 1o (2.15)

where, IL] = fundamental rms a.c. current at any overlap

L10 ~ fundamental rms a.c. current at no overlap

4
I

I,, =1 = Oo; I, . is however, approximately equal to

L1~ g dty L1
IL10 for normal operating values of u. The error is less than 1% for

u = 30o and Tess than 4% for u = 600.

Substituting for Id in equation (2.14) from equation (2.15)

~ a1
Is2 = 5 Cosa - coss (2.16)
Let cosa - cosS = D (2.17)
Substituting in equation (2.12) we get A
IL] /-(h+ 1a - /-(h+1)8§ /-(h - 1)a - /-(h - 1)8
= *og [ - 1 (2.18)
(h + 1) (h - 1)
+ sign for h = pn + 1
- sign for h = pn - 1

Equation (2.18) gives the magnitude and phase angle of the
harmonic currents of the characteristics order h, phase being referred

to respective Tine to neutral voltage. Comparison of the results of

equation 2.18 with those obtained by Kimbark show that phase angle of
the harmonics is with respect to respective line to neutral voltage and
not with respect to commutating voltage. It is stressed that the phase

angle of the harmonics h = pn - 1 will have a phase shift of 180° as
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obtained from the expression in his book (equation 23, page 305). It
appears that his main concern has been the magnitudes of harmonics and
not the phase angle, hence the neglect of a negative sign.

Equation 2.18 may be rewritten as

I Ky

h =2 =2m

h (2.19)

20t o - 2t V6 /s Vo - - Vs
(h+ 1) ) (h - 1)

where F]

The p.u. magnitude of these harmonics and their phase angle
are computed by a computer program (Appendix C) for SB and DB connec-
tions. Figs. 2.3 to 2.14 shown the variation of the harmonics magni-
tudes for different values of out-put direct current for SB connection
and Figs. 2.15 to 2.20 for DB connection.

It is very difficult to compare the magnitude of a particular
harmonic component for the SB and DB connection for a particular operat-
ing condition, because the harmonic magnitude depends upon the delay
angle and commutation reactance. In all above calculations, for a par-
ticular value of a, the change in IdC is brought by changing the overlap

angle u keeping the secondary voltage and commutation reactance constant.

2.2 Per Unit Representation

To be consistent with the technical literature, and present
the results of this thesis in an acceptable form, all the quan-.
tities are used in their p.u. form in the subsequent chapters. The base

parameters for all the quantities are defined as below.
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(a) A.C. Side
Power: P =3 El N IL1 cosd (2.20)
Voltage: ELN = Rated 1line to neutral voltage
(r.m.s. value)
Current: IL] = Rated fundamental a.c. line current
(r.m.s. value)
(b) D.C. Side
Power: Pd = VdId (2.21)
Voltage: Vd = Rated D.C. voltage

Current: Id Rated D.C. current

From rectifier theory

_ 3/6 ,cosa + cosé
Vd = ( 5 ) ELN (2.22)
o~ /6-
and IL1 = ~E'Id (2.24)
Using the same power base on both A.C. and D.C. side
Py = b, (2.25)
Io = L (2.26)
Vg = E coso (2.27)

The curly underline represents the p.u. quantity.  From section
2.1, the per unit harmonic current is therefore given by

F

I
R
Iy = I, " X7 (2.28)
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From here on all parameters are represented only in p.u.
therefore no curly underline will be marked.

Ih can also be represented by a cosine function as

1h = Ih cos(h8 - oh) (2.29)

where, ¢h = phase angle with respect to 1ine to neutral voltage.

Double Block Connection

DB connection works in a 12-pulse operation and HYDC conver-
ter is composed of two 6-pulse groups fed from sets of valve-side
transformer windings having a phase difference of 30° between the fun-
damental voltages, (i.e. one transformer is connected A-A and the other
- transformer A -\/). Currents of orders 5, 7, 17, 19, etc., circulate
between the two banks of transformers, but do not enter the a.c. Tine.
If there are two valve windings and one network windings on each trans-

former, these harmonics appear only in the valve windings.

The p.u. magnitude of these harmonics and their phase angles
are computed for Xe = 0.24 p.u. for DB connection and Xe = 0.36 p.u.

for SB connection, where xC denotes the commutation reactance.

M q‘t?‘*‘\‘
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CHAPTER 3

ROTOR LOSSES

3.1 General

It has been shown in the previous chapter that the converter
operation gives rise to harmonic currents of the order of h = pn + 1
in the a.c. lines. In unit schemes, since filters are not provided,
these harmonic currents must flow fhrough the generators. In the ab-
sence of harmonic currents in the stator phases and when the machine
runs at synchronous speed, the rotor damper windings carry no current.
The circulation of the harmonic currents of pn + 1 order in the stator
give rise to currents of pn harmonic order in rotor electrical circuits.
These therefore cause additional heating loss which must be evaluated
accurately to determine the extent to which a given machine can be
loaded without exceeding the rated temperature rise.

In addition to the 12R losses in the rotor circuits, there
would be additional iron and stray load losses in the machine. It is
very difficult to estimeate the iron losses accurately, particularly
under variable Toad operating conditions and since there is no published
data available on this aspect of the machine performance, at best on]y}
an educated guess can be made. The details of calculation Tie clearly
outside the scope of this thegis, hence, no attempt for the calcualtion

of iron losses is made.
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3.2 Current Harmonics in the Transformed Model of Generators

To find the effects of these harmonics on the rotor circuits
of the synchronous generator connected to the converter, the d - q
axis model of the generator is used. By d - g - o transformation]O
these harmonic currents in phases a, b and ¢ are resolved into d - qg-o0

current components.

d - g transformation in p.u. is

1hd = coso cos(6-2m/3) cos(6+2mw/3) |11

ah

ihq = 2/3| -sin6  -sin(0-2n/3) -sin(6+27/3) 1bh,
ihO = 1/2 1/2 1/2 ich (3.1)
where 6= eO + wt (3.2)

Where eo defines the position of rotor d-axis with reference
to the axis of phase a at time t = 0, as shown in Fig. 3.1

Let 6' = Angle of g-axis with phase a-axis

8 + m/2

eo + ot + 7/2 (3.3)

From synchronous machine theory

8' = wt + 8
m

where s, Angle between g-axis and a rotating reference frame

(usually voltage of phase a)

Load angle of the machine

8, + /2

0
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In terms of 5m

0 = wt + 8, - /2 (3.4)
The load angle Gm can be found .- from the steady state phas-
or diagram8 of the generator shown in Fig. 3.2.(a).
For the converter
coso = %—(COS@ + ¢c0s8) (3.5)

From the phasor diagram in Fig. 3.2 (a)
IL](comp1ex r.m.s.) = IL](cos¢ - J sing)

E'= v

e F J ILJ Xq | (3.6)

i

where Y

& Terminal voltage of the generator

The phase angle of E' with respect to terminal voltage Vi
(reference) gives generator load angle 8-
The instantaneous values of the harmonic currents in phases

a, band c is represented by cosine function as follows:

an /§'Ih cos(hwt - ¢h)

i

bh /ﬁ'Ih cos[h(wt - 2n/3)w-¢H]ﬁ

iy, = v2 I cos[h(ut + 21/3) - ¢,] (3.7)
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Using d - g - o transformation, d - g - o current components

are
1dh cos(mt+6m-w/2) cos(wt+6m—w/2—2ﬂ/3) cos(wt+6m—ﬂ/2+2w/3)
iqh =n% cos(wt+6m) cos(wt+6m—2w/3) cos(wt+6m+2ﬂ/3)
Ton 1/2 1/2 1/2
I cos(hwt-¢h)
I cos[h(wt—Zw/B)-¢h]
I cos[h(wt+2ﬂ/3)4¢h] (3.8)
The magnitudes of idh and iqh from eqn. 3.8 will be r.m.s. values
for h=opn-1
Tgn = I cosl(h + 1) wt - ¢ + 8 - m/2]
= I, sin[(h + 1) wt - ¢ + 6] (3.9)
iqh =1, cos[(h + 1) wt - ¢ * Gm] : (3.10)
for h=pn+1
igy = I, cos[(h = 1) wt - ¢ - 6 + m/2]
=-I, sin[(h - 1) wt - ¢, - 6] (3.11)
iqh =1, cos[(h - 1) wt - ¢y = Syl (3.12)
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The d - q components of the fundamental a.c. current are

g = Ipq sin(s, + ;) (3.13)

o - g cos(s, + o) (3.14)

A1l the currents idh and 1qh are of pnw fregquency, i.e. the
harmonics h = pn + 1 in the stator windings when transformed into d - q
components turn out to be the currehts of pnw frequency. As the stator
and rotor are inductively coupled, the harmonic currents of pnw fre-

quency will be induced in the rotor circuits. The harmonic currents of

pnw frequency due to h = pn - 1 and h = pn + 1 should be added vectorially

because these are of the same frequency.

: - _ /=8 - ¢ /6 - ¢

1dpn Ipn+1 m h + Ipn—] m h (3.15)

. _ /-(d, + S_) /-0, + 8

1qpn Ipn+1 h m’ + Ipn-] h m (3.16)
3.3 Detailed Transformed Model of the Generators

In section 3.2 the harmonic currents injected into the stator
windings of the generator are transformed to d - g - o components. The

currents induced in the rotor circuits can be calculated by considering

the synchronous generator as a multiwinding transformer with given cur-
rent in its primary winding.

For a synchronous generator with k number of damper circuits

on each axis, the per-unit voltage equations for field and damper cir-

cuits are as f011ow59:
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(3.17)
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Similarly for quadrature-axis

I%q1q Mgt - - ISX1q
Jsx Jsx - - r + jsx
gkq “11kq - kkg kkg

I
qs
I1qs 0
=1 (3.18)
qus 0

In equations 3.17 and 3.18 s denotes the slip which is
equal to pn. The base quantities for the stator windings are the rated
phase voltage and rated phase current. For normalization of circuit para-

10 is chosen.

meters Xad base
With the X3d base, the base current in any rotor circuit is
taken to be that current which induces in each phase a direct-axis voltage

Jf'xad Ip on no Jload. Xad is the armature reactance in ohms/phase and Ip
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is the rated r.m.s. current. The same base can be used for the quadrature

axis rotor circuit.

Xad

Xd1d

X
dkd

The chosen xad base makes

X =X =X =X =X =X (3.19)
ad dfd kfd fkd 1kd k1d

and

X _ X X =X (3.20)
ag gqgkg klg Tkq

Equations 3.17 and 3.18 may be rewritten as

r
£f
—-— +. X X - X
N kfd
r .
11d
- + -
1 Jen T g K1d
r
X X - *IS—I-(—%*'X
fkd Tkd IPM - kkd
Idpn
prn
Iy gpn| = O (3.21)
Ldpn
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r

gy - - X
aq I 1 klq
r
X X - - kkq
qkgq Tkq IR vk
I
gpn
I1qpn
_ = Q (3.22)
qupn

In equations 3.21 and 3.22, Idpn and qun are known (Egn.:3:15-and
3.16). When all elements of the impedance matrix in equations 3.21 and 3.22
are known, the harmonic currents in the rotor circuits are calculated. In
the above equations the d.c. voltage source in the field circuit is assumed
to be of zero impedance. If, however, a finite value of this impedance be
known it can be lumped with Fee + jxff without any loss of generality.

Should the actual current in the damper bars be required, it is
calculated by using equations 3.23 and 3.24.

Figs. 3.2 (a) and (b) shown the arrangement and current flow in
the damper bars. |

For leading bar I, =1 -1 (3.23)
b kdpn (k-m)qpn

+ 1 (3.24)

For Tagging bar I = Ikdpn (k+m)gpn




- where Ib = Actual current in the bar
m = Number of circuit on d-axis which the bar under consideration
forms
k = Total number of nested circuits (on each axix same number)

The above analysis may be used for an accurate calculation of

rotor 12R Tosses.

However, usually only designers of machines have
access to all values of the impedance parameters of rotor circuits. In
the absence of this data a simpler model of one damper circuit on each
axis is used.

G]ebov7 has also done a similar type of work but adopting a
different approach. According to author's knowledge, Glebov is the only
one who has done such type of work but his method of calculations is

somewhat obscure.

3.4 A’Simp]er Transformed Model of the Generator

Such a model has one damper circuit on each axis. Fig. 3.3 (a)
shows the physical model, while Fig. 3.3 (b) and (c) show the equivalent
circuits. For the model in question, the equations 3.21 and 3.22 simplfy

to

For direct-axis

dpn

r

£
Xad Fon t Xff X1£4 Leon |

= (3.25)
.
11d I

Xd]d. X£14 3pn X11d 1dpn




Fig 3.3(2)d-q axis model

d-axis

- 52
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Similarly for quadrature axis

I
gpn
il
2 ijn + Xq1q| |Tgpn| = © (3.26)

The circuit parameters of the impedance matrix in equation 3.25

and 3.26 are calculated from the given designer's data as shown in Appendix
B.

Idpn and qun are calcualted from equations 3.15 and 3.16, the
s I]dpn and I1qpncanbe determined. I I and 1

currents If 1dpn Tqpn

pn fpn?

are the r.m.s. values of currents of pnw frequency induced in the field,

damper circuit on d-axis and damper circuit on g-axis respectively, due
to the harmonic currents pn + 1 in the stator circuits. The stator and

rotor losses may be obtained from the following expressions.

Stator Losses = ) (lIdpnl? rq ’qun’? rq) (3.27)

2 .,

Rotor Losses = e T |I1dpn1"r11d'

I
~1
—_
—
—h
e
S
-~

('I1qpn|2 ’ r]]q) (3728)

In the above expressions, resistances used are the effective

resistances to account for the skin effect. These resistances are

function of frequency as summarized below:

(1) R' = 3(f)

where R' is the resistance and f is the frequency.

(2) Same relationship .should not be used for all machines since

the frequency dependance of festtahce‘deﬁen&s;upon the‘¢onfiguratioh of

the rotor conduétbrs [Babb and Hi]iiams]]]ﬁ
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(3) Best approximation in the absence of data is:

R' = R /pn [Krishnayya5, Fitzgera]dg]
where R' = Effective resistance at frequency pn.
R = Effective resistance at fundamental frequency.

The Tosses calculated in equations 3.27 and 3.28 are the addi-
tional losses in the generator if the harmonics are allowed to flow into
the generator. Without these harmonics, Tosses in the stator will be due
to the fundamental component of a.c. current and in the rotor due to

steady-state d.c. field current as in equation 3.29 and 3.30:

2 2
S = 1115 + 11 .. .
tator Loss I d]‘ ry , q]l g (3.29)
_ 2
Rotor Loss = 'If’. Ve (3.30)
G]ebov7 has given some expressions for the calculation of

rotor losses for the same type of generator model as has been used here.
In his work, assumption has been made that harmonic components of the
stator currents of the order of pn + 1 and pn - 1 create m.m.f.'s,
which pulsate with respect to the rotor along the axis forming an angle
m/4 with the direct or quadrature axes. This assumption is not justi-
fied because it depends: upon the magnitude and pﬁase;ang]e of these

harmonic components..

It is very difficult to make use of his results for compara-
tive evaluation for the simple reason that he neither gives the parameter
values of the machines nor the particulars of the converter operation,

e.g. 0, U, Xeo etc. This in effect justified partially the need to take
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up the investigation as described in this chapter.

3.5 Rotor Losses (SB and DB Connection)

These type of connections have been discussed in detail, in
chapter 1, as shown in Figs. 1.3 and 1.4 respectively. Harmonics of the

folTowing characteristic~ order -.appéar in SB and DB connections.

h=5,7,11, 13, . . . . . (SB connection, 6-pulse operation)

and h

[l

11, 13, 23, 24, . . . . (DB connection, 12-pulse operation)

The rotor losses can be calculated by using equations 3.27 and
3.28. A computer program has been written, as shown'in Appendix C, which
calculates the magnitude and phase angle of these harmonics and the rotor
losses.

The rotor losses for these connections have been examined for

the following operating conditions:

[+

(1) a«=10", 15, 20

—
N
L
—

I

= 0.4 p.u. to 1.4 p.u.

dc
(3) Xy = 0.12
(4) x% = 0.2375

The variation of the rotor losses with the change 1in Idc are
plotted for SB connection in Fig. 3.4 and for DB connection in Fig. 3.5,
for different values of a. In all the above calculations, the secondary
voltage and commutation reactance are kept constant. The change in Idc
is brought by varying the overlap angle u as sHown in the following

equation 3.31. The power on the d.c. as well as a.c. side of the converter
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changes by changing Idc as X, has been kept constant.

-3 E -
Idc == X (cosa - cos(o + u)) (3.31)
Xo = xa * Xy (SB connection) (3.32)
Xe = xd/2 Xy (DB connection) (3.33)

The results of Figs. 3.4 and 3.5 give an idea of the rotor

losses of a particular system under certain operating conditions. The

rotor losses in two typesof unit connections are summarized - . below

for one operating condition.

Type of Operating Additional Rotor Additional Total
Connection Specification Losses p.u. Losses p.u.
' o, I
? “dc
single-block 15, 1.0 p.u. .0012168 0.001589
double-block 150, 1.0 p.u. | .0000498 0.000071

Similar losses also occur in a conventional scheme when the
filters go off-tune or are taken out of service due to system fault and

can be calculated by the method described above.

As is clear from Figs. 3.4 and 3.5, the rotor losses, in the
case of SB connection, are enormously high as compared to DB connection.
This is because of the presence of predominant 5th and 7th harmonics in

SB connections. Figs. 3.6 and 3.7 show the variation in load angle of

the machine for various values of Idc'

If these losses are more than the permissible losses for which

the generator is designed, to Timit the rotor heating, the generator will
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be under-rated for satisfactory operation. This aspect of the generator

will be dealt with in chapter 4.

3.6 Summary

(1) A method for the calculation of rotor losses for a genera-

tor with any number of damper circuits is described.

(2) A simpler model of the generator with one damper on each

axis is used for calculation.

(3) The circuit parameters are calculated from machine de-

signer's data as shown in Appendix B.

(4) Rotor losses for SB and DB connections are calculated for

different operating conditions.
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CHAPTER 4

DERATING OF GENERATOR

In unit schemes on account of the absence of filters, current

harmonics generated by the converter flow through the generators and
give rise to additional losses. These additional losses in the rotor
and the stator of the generators due to the flow of harmonics have been
calculated in chapter 3. In order to accomodate additional losses with-

out overheating the machines, the full Tload rating of the generators

must be lowered. The procedure for calculating the derating factors
for generators is described below using the generator described in

Appendix B as an example. Derating factor is defined as:

Actué1 rating of the machine in MW
Norma] rating of the machine in MW

Derating factor =

4.1 Double Block Connection

The procedure for calculating the derating factor involves the
computation of total losses for the stator and rotor circuits of the gen-

erators with and without harmonics respectively.

Losses (without harmonics): Under steady state conditions,
damper windings carry no current. The only Tosses are therefore due to
the rated a.c. current in the stator windings and the rated d.c. field

current in the rotor field circuit and are calculated by using egns. 3.29

and 3.0 respectively.
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v ) - _
stator losses = 'Idll Lrgt qu]I fq (ry = rq)
_ 2 2
= ta]”* a7 - T
2
= lIa| LTy
= (1?2 . 0.00365 = 0.00365 p.u.
rotor field loss = (I )2 r
£ Tef
_ 2
= (1)% . 0.000702 p.u.
"total losses = 0.004352 p.u. (4.1)

en Equivalent resistance of the generator for normal operation

0.004352 p.u.

Losses (with harmonics): These losses include losses in sta-
tor due to rated fundamental a.c. current, losses in the field due to
~excitation current and additional 1osse§ in the étator and rotor cir-
cuits due to harmonics. The losses in the field circuit due to excita-
tion current with harmonics will be more than without harmonics due to
increased excitation current required to provide the reactive power
which in a conventional scheme was supplied by a filter.

In case of DB connection p.f. = 0.841

p.f. for which generator is designed»= 0.92

As the generator will operate at 1owér p.f., the reactive
power demand on the generator will increase which means increased exci-
tation. The increase in excitation in this case approximated as

1.20 x 0.09 = 0.108 p.u., where the factor 1.20 is used to take saturation
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into account because the generator is operating near the saturation
Timit and 0.09 is the change required in the generated voltage to meet

the reactive power demand.

The net field current is therefore = 1.0 + 0.108
= 1.108 p.u.
Additional stator losses = J (’I IZ Lyt II |2 .r)
dpn d gpn q

n=2

1]

0.0000131  (by use of equation 3.27)(4.2)

00

Additional rotor losses = ) (II

2
n=2 '

fon| - Tre t |I1dpn|2""nd

¥ ‘Impn'z'rﬂq)

0.0000498 (by use of equation 3.28)(4.3)

Stator losses due to fundamenta1 a.c. current = 0.00365 (4.4)
Rotor field losses due to excitation current = (1.108)2. 0.000702
= 0.000862 (4.5)
Total Tosses with harmonics = (4.2) + (4.3)

+ (4.4) + (4.5)

0.0045749 (4.6)

-
1}

eh Equivalent resistance of generator with harmonics

1

0.0045749
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The losses in equation 4.6 should not exceed the losses in
equation 4.1 for satisfactory operation, therefore, value of current

must go down. The new value of current is then

:f-. e
I, =/-=0- 0.004352_ _ o 4975 of normal current
Tn Yan ¢ 0.0045749

where I]n = new current rating

Therefore new megawatt rating = 120 x 0.975 x 0.841

= 98.43 MW
Mw rating for which generator is designed = 120 x 0.92 .
= 110.40 MW
s _ 98.43 _ 9
Derating Factor = T70.40 - 89.15%

The above derating factor means that the generator should be
loaded only to 89% of its rated capacity. As the generator is normally
designed for certain negative sequence load (say 15%) and converter
operation is purely balanced and symmetrical, the tolerance for negative

sequence load can be used for the temperature rise in the rotor caused

by harmonics. So the above calcualtions highlight the fact that the
generator of normal design could.be used for DB connection without any

derating. The operating p.f. of the given generator is 0.92 but the

generator is designed for 0.85 p.f. the reason for which may be that in
the eventuality of failure of filters, the generator will be able to

supply the required reactive power.
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4.2 Single Block: Connection

In the case of SB connection p.f. = 0.7787
p.f. for which generator is designed = 0.92

The increase in excitation approximated for this case, for the

same reason as explained in section 4.1, is 1.20 x 0.15 = 0.18.

The net field current is therefore = 1.0 + 0.18 = 1.18 p.u.

Losses without harmonics = as calculated in equation 4.1

0.004352 (4.7)

Pon = 0.004352

Losses with harmonics Losses in stator due to rated fundamental
a.c. current + Losses in the field due to
excitation current + Additional 1qsses due

to harmonics in stator and rotor circuits

0.00365 + (1.18)2 x 0.000702 + 0.0012168

+ 0.0003499
= 0.006194 p.u. (4.8)
r . = 0.006194
eh
. ‘/F; 0.004357
I]n = new current rating = o = J0 006794

= 0.838 of normal current

New megawatt rating = 120 x 0.838 x p.f.

120 x 0.838 x 0.7787

78.3 My

Megawatt rating for which generator is designed = 110.40 MW.
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. _ 78.3 - 719
Derating factor = 0.4 X 100 = 71%

It means generator should operate at 71% of its normal rating.
Even if the generator is designed for (say 15%) negative sequence load,
still the derating factor will be 86%.

The above figures clearly illustrate that the viable operation
of unit connection is 12-pulse operation. For SB connection, the derat-

ing of the generator must be done for safe operation.
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CHAPTER 5

EVALUATION OF UNIT SCHEMES

This chapter deals with the technical and economic advantages
and disadvantages of unit schemes as compared to the conventional schemes.
In the following discussion the word "valve" is used for thyristor valve.
There are clear indications that in future development of HVDC technology
only thyristor valves will be used [12]. In fact some Teading manufac-
turers have already disbanded the manufacture of mercury-arc valves., A
thyristor valve of 250 kV rating has undergone testing at the INGA-SHABA
intertie in Zaire. The momentum of research in the thyristor field, as it
is today, will produce thyristor of much higher voltage and current rat-
ings. These higher ratings of valves will alTow the parallel arrangement

of bridges instead of series arrangement as is adopted today.

5.1 ~ Technical Evaluation of Unit Schemes

The unit type of connections have been described in detail in
Chapter 1 with illustrative figures. The main features of these connec-

tions are:

1. No a.c. filters.

2. No circuit breakers.

3. No a.c. switchyard, 138 kV or 230 kV.

4.  Bridge by-pass .iselator:. is not needed, if parallel

arrangement of bridges is useds, as shown in Fig. 5.1.
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(a) Filters

A.c. harmonic filters which are used in the conventional
schemes to supply some of the reactive power and to keep the harmonic
distortion on the a.c. common bus to an acceptable level, are a source
of a lot of technical problems such as the possibility of resonance with
the Tocal system, behaviour of filters when going off-tune, i.e. when
the frequency departs from its nominal value and overvoltage during
switching operation. Unit schemes do not suffer from such a drawback

due to the non-provision of filters.

(b) Generators

As the filters are not provided in the unit connections, there-
fore the generators will have to absorb the a.c. harmonic currents, which
will cause heating of rotor circuits as described in Chapter 3. The de- '
rating factor of generators has been calculated in Section 4.1. For 12-
pulse operation, there is no need to derate the generator, as the tolerance
for negative sequence load can be used for temperature rise in the rotor
caused by harmonics. For SB connecfion, i.e. 6-pulse operation, the gen-
erator will have to be derated for satisfactory operation even when:-using the
tolerance for negative sequence load, to keep the rotor losses within per-
missible 1imits. For the present day HVDC projects, 12-pulse operation is

considered the most suitable technically as well as economically.

(c) Commutation Reactance and Reactive Power

Commutation reactance in the case of unit arrangement includes
the generator sub-transient reactance and reactance of converter trans-

former, i.e. x. increases in the case of unit arrangement which results
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in theApoor p.f. of generator, increased reactive power demand on gener-
ator and higher excitation. Calculations for the given generator

(x; = 0.24, Xy = 0.12 and o = 15°) show that for DB connection, reactive
power is 64.3% of the real power and for SB connection reactive power is

80% of the real power.

In the case of DB connection with the given reactances, x. is
0.24. Fora = 15° and Xo = 0.24, the angle of overlap is 29.38°. For
i

the safe operation of converter, say u = 25°, the generator reactance X4

| must go down which is about 0.16.

(d) Transformer

The generator transformer will also be acting as a converter
transformer, so it has to be designed for overstresses due to the flow
of harmonics. There is no need of tap-changers as the change in voltage

will be taken care of by the excitation control of the generator.

(e) Station Control

The controls 1inking each generator with its converter bridge
will be greatly simplified in the unit arrangement, which is quite com-
plex for conventional arrangement.  In a conventional scheme, the over-
all station control comprises: the co-ordination of filter control with
the generator control as well as with the converter control which is very

complicated.

As regards protection, the faults within the station will be

cleared by the field suppression of the generator and faults on the d.c.
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line will be dealt with as in the conventional scheme ' -

It is expected that fhe higher effective impedance of the sys- |
tem will control the level of over-current arising out of the internal
faults such as valve flashover. Of course, in the case of unit schemes,
the excitation system of the generator will have to be really fast and

hence static excitation must invariably be used.

(f) Reliability

Due to the fault in one bridge of a DB connection, the whole
out-put of that unit will be Tost. Moreover, S.C. reactance of the a.c.
system for unit scheme is more than the conventional scheme, so the gen-
erators over-rating capacity will be less than the conventional. On the
other hand, a fault in the a.c. filters or a.c. busbdr in the conventional
scheme may result in the collapse of the whole system. On account of the
~a.c. isolation of generators, the oscillatory effect of one generator with
the other is absent, so there are less stringent requirements on the re-
gulating systems on turbines. For conventional schemes, large changes in
load will bring large changes in frequency, which makes the design of the
economical filter more difficult and the frequency independence of the

h.v.d.c. ‘transmission is lost. Unit connection has no such problems.

(g) Other Operational Features

With the thermal units of large out-put such as 500 MW and the
development of thyristor valves of 250 - 300 kV rating, the two bridges
of one 12-pulse unit may be connected in parallel with the two bridges of

the other units. Such an arrangement is shown in Fig. 5.1. With the
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parallel operation of bridges, there is no problem of insulation co-
ordination as in the series connection of bridges. So, for a single
bipole, the working voltage will be + 500 - + 600 kV. This arrange-
ment gives a lot of flexibility for building a project in stages as
each pair of bridges may be added as the unit is completed but still
working with the optimum voltage of the system which gives low trans-
mission Tosses and hence»greater'efficiency. Also each unit may be
operated at different current rating. There will be some complication
in the converter station control since any signal received indicating
the change in current order derived from change in power?order would

need to be divided between parallel connected units.

For hydraulic stations, where generator units are not big
enough (typical rating 100 MW) as compared to thermal units, the cur-
rent rating of the thykistor for a voltage of 250 kV may not prove
optimum. In that case, a combination of series and parallel arrange-

ment of lower voltage rating bridges may be suitable.

(h) Telephone Interference

‘The unit scheme relies upon locating the converter station in
a close proximity to the generating station. The generator-converter
transformer is considered = a part of the power station. So the con-

nection from the transformer for taking the power out to the converter

will be by cables and therefore no danger of te1ephone,interference.is envisaged.

Most of the time, the generating station for which unit arrangement is
suggested will be in remote Tocalities, where there are no open tele-

phone lines, hence no danger of telephone interference. This point is
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13 in the Nelson River De-

illustrated by an example of Radisson Station
velopment, where no restrictions are imposed to 1imit the telephone noise
even though there is one mile of 138 kV overhead a.c. line. This follows

from the fact that there are no open telephone lines in the area.

After discussing the technical aspects of unit schemes, the

economic features are highlighted next in this chapter.

5,2 Economic Evaluation of Unit Schemes

The exact evaluation of a Unitvscheme'is only possible by selec-
ting a specific example of practical nature where the cost of each compo-
nent is known. Efforts were made to obtain such a cost data so that exact
cost analysis of the unit schemes may be presented in this thesis but did
not succeed. The percentage cost figures presented in this thesis are

based on the work done previbusly by others.

According to the cost estimation as shown in various manufactur-
ers' data and technical literature, for a conventional HVDC converter sta-
tion the cost of fiTter circuﬁts, converter transformers and a.c. switch-
yard is approximately 40% [141 of the total station cost and could be

saved with unit type of connections.

As is common, the cost of the generator-converter transformer is
included in the power station cost and its cost could increase by a maxi-

mum of 2% of fhe total station cost [141.
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For the generator data in this thesis, at o = 15° and the rated
value of current, overlap of about 29° is obtained. For the satisfactory
operation of the converter (say u = 25°) the reactance of the generator
should be lower which is calculated as 0.16. According to various manu-
facturers' data, the decrease in reactance from 0.24 to 0.16 will result

in a cost increase of about 8.8%. of generator.

Also in the Titerature, it has been illustrated that for a ther-
mal plant the increase in generator cost for the unit concept of 500 MW
rating can be estimated to be 10% as compared to the conventional arrange-

ment or an a.c. application.

In the case of parallel arrangement of bridges, no isolating
switches are needed. But the control arrangement to divide the current
order derived from power order between parallel connected units could off-

set these savings.

In the unit scheme, extra costs could occur due to special aux-
illiary equipment and adapted sizes of generators which would not normally
be used. From the figures availablel%a 25 to 30% savings in cost of a

rectifier station may be a good guess.

From the above comparison, it can be summarized that the unit
arrangement of the converter station has both the technical and economic
advantages over the conventional arrangement. The actual savings in cost

can only be estimated by designing a project of practical nature.
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5.3 Suggestions for Further Investigations

In the unit arrangement due to the flow of harmonics into the
generator, there is going to be voltage distortion at the converter ter-
minals which may effect the firing angle characteristics of the valves.

The voltage distortion level at the converter terminals must be investi-

gated to ensure proper operation of the converter.
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CHAPTER 6

CONCLUSIONS

The following conclusions are drawn on the basis of the theo-

retical results obtained in this thesis and data collected from the

Titerature.

1. In unit connection, due to the non-provision of filters,

harmonics flow into the generator and cause additional losses in the

rotor circuits.

2. A simple d-q model of synchronous generators representing
the damper circuits by an equivalent coil on each axis is found satisfac-

tory for the evaluation of additional losses due to harmonic currents.

3. A detailed representation of the dampers by nested cir-
cuits is needed when the heat Toss in each bar or end ring segment is

required.

4. On account of large magnitudes of 5th and 7th harmonic cur-
rents the Single-block arrangement gives rise to many times higher addi-

tional losses as compared to Double-block arrangement.

5. Harmonic currents of the order of pn + 1 in stator windings
should be taken into account for the calculation of additional losses in
pairs with their proper phase angles, as these induce harmonic currents of

pn order in rotor circuits for which vector addition is necessary.

6. For DB connection, generators of a conventional design
could be used at 100% rating because the additional losses due to harmon-
ics are usually Tess than the permissible limit for negative sequence

Tosses. .
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7. For SB connections, generator must be derated for safe
operation as the additional rotor losses exceed the permissible toler-

ance for negative sequence losses.

8. Due to the development of thyristor valves of higher vol-
tage rating, parallel arrangement of bridges of different units is pos-

sible which is flexible and efficient for a growing system.

9. Technically, unit arrangement is reliable and less com-

plicated as compared to conventional arrangement.

10.  Unit arrangement is more economical than the conventional
as the cost savings are achieved due to the elimination of a.c. harmonic

filters and a.c. switchyard.

11.  Cost savings.of about 25 - 30% are ekpected from unit

arrangement, the exact savings will depend upon each individual case.

12. Unit schemes appear practical and technically sound and

should find application in near future.

13. Generator can be overdimensioned to take into account the

additional losses caused by harmonics for a desired power out-put.
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APPENDIX A

Analysis of A.C. Current Harmonics by Fourier Series

Any periodic quantity may be represented by a Fourier series,

the exponential form of such a series is

F(e) = ) A, /ho
h=-eo M T
-] i
where, Ah = o J F(8) /-ho do
=T
and, /ho = ej(he) = cos(he) + j sin(hd)

Refering to Fig. 2.2 (b), the wave-shape of the current on
the a.c. side of the converter is not sinosoidal, however, wave-shape
is periodic and therefore can be analyzed into a mains frequency compo-
nent and higher (multiple) order harmonics by fourier series analysis.
The peak value and phase of the hth harmonic are given by 2Ah.

As defined in Kimbark', h is odd and also from Fig. 2.2 (b),
F(e) = -F(e + 7).

Therefore, Ah can be rewritten as

-| ™
Ah == [ F(6) /-ho do

m
= %- J i(8) /-ho de

where, i(6) = value of the instantaneous current.
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The peak value and phase of the hth harmonic are given by

2 A

therefore V2 I, = %- i( ) /-he dé

=

where Ih = complex r.m.s. value of the hth harmonic current. Here the
| phase angle of the harmonic current is expressed as phase advance with
respect to the line to neutral voltage.

Substituting the value of i1(8) in all the four segments and

applying the appropriate Timits for integration.

o (8-60 o
V?'Ih == [J IsZ {cosa - cos(6 + 60 )} /-h8 do
o-60
u+6O°A :
+ Isz(cosa - cosS§) /-he de
5260
§+60 A o
+ Isz{cos(e - 60 ) - coss} /-he do]
o+60
2 §5-60 °
therefore I, =—=7] {2 coso - 2 cos(® + 60 )} /-he de
/2'”' °
a-60
oc+60°
+ 2(cosa - cos8) /-he do
§-60
8§+60° "o '
+ {2 cos(6 - 60 ) - 2 cos§} /-ho do]

ot+60




el k"0 3 4V N
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I a+60 §-60 o

or V27 = = J 2 cosa /-he do - J 2 cos(6+60 )/-ho de
I
s2

=]

a-60 a-60

]

5+60 . 5+60
+ 2 cos(6-60 )/-ho do - 2 cos§ /-he do

o+60 8-60

from trigonometry

2 cose = /6 + /-6 /6 = &30
therefore 2 cosa = /o + /-a
2 cos(6 + 60 ) = /6 + 60 + /-8 - 60

2 cos(6-60)=/6-60 +/-6+ 60

2 coss = /8 + /-8

therefore ’

I, at60 5-60 o o
vem = J (/o + /-a)/-h8 do - J (/6 + 60 ) + /-0 - 60)/-hp do

s2 ° o
=60 0-60
§+60 . ] | §+60
+ J (/6 - 60 + /60 - ©6)/-he d6 - (/8 + /-8)/-he d6
60 §-60

60 5-60 . .
- ] (/o - h + /-0-h8)do - { (/(1-0)0 + 60 +/-(h+1)0 - 60 )do

(] (=]

o-60 a-60
§+60 . §+60
+ J (/-60° - (h-1)8 + /60" - (h+1)8)do -
0+60 5260

(/8-h8 + /-8-hB) d6
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\ oc+60o . o .
~J ' J J
= /g 1o + /-a-h0] o + [- _ (h-1)6 -
h[/a /-a ]a—GO [ 15:77760 (h-1)8 TheTY
o 6-60o
/-60 - (h+1)6] o
§-60
; o ; o §+60
+ [W /-60 - (h-1)6 + W /60 - (h+])9]0c+600
§+60

+[- %—/6—he‘ - 3 /-6-he]

§-60

= & fa-ho-h60_ + L /-a-ho-h60 " - %~/a-ha+hed’- %-/-a—ha+h60°

- i /8-hs-neo” - %-/-a-ha-hao + %—/6—h6+h60° ¥ %-/—a-ha+h60°

- (h- oo d °y
ThoTy £2(h=1)8 + h60 - rpsqy /=(h*1)8 + h60_ + i

/-(h-1)a + h60  + TE%Ty-/-(h+1)a + 160"

J (e _ ° J _ _ ° ]

/-(h-1)a - h60 - TE%Ty-/-(h+1)a - h60"

1
:-'Iu.

/=(h-1)o (/-h60 - /h60 ) + %-/-(h+1)a (/-h60 - /h60")

+ L /-(h-1)8(/h60" - /-h60) + & /-(h+1)s(/h60" - /-h60")

+ TE§T7-/—(h-1)a (/-h60 - /h60°) + 15%77-/—(h+1)6 (/-h60 - /h60")

+ (_h‘z_]_)_ /—(h—])OL(/h60° _ /-h60°') + ﬁ%—]—y /-(h'ﬂ )OL (/h60° - /‘h60°)
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I /-(h-T)a /-(ht1)a /-(h-1)§8 /-(h+1)8

/7?—?-= j(/h60 - /-h60 )[- . - — + — + =
s2
/-(h-1)8 /-(h+1)8  /-(h-T)o  /-(ht1)a
S 5 D I €= b R ¢ b e (r¥s Dl
j 0 o /=(h-Ta - /-(h-1)8 /-(h+1D)a - /-(h+1)8

o /o) = /() J=(h-T)a = /=(h-1)8
52 (h+1) ) (h-1)
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APPENDIX B

SYNCHRONOUS GENERATOR DATA

Generator Designer's Data

MVA = 120.0 Xpotier = 0.171 p.u.
MW = 102.0 Xq = 1.106. p.u.
p.f = 0.85 xq = 0.642 p.u.
kv = 13.80 xé = 0.301 p.u.
RPM = 90 xa = 0.233 p.u.
s.c. Ratio = 1.0 xa = 0.242 p.u.
E(MW-sec) = 410.39 Xy = 0.231 p.u.
H(MW-sec/MVA) =  3.42 Xy = 0.165 p.u.
H Factor = 26.31 Ta = 0.0395 sec.
Ta = 0.712 sec. T&O = 4,105 sec.
T& = 1.123 sec. T&O = 0.0195 sec.
w = 377 rad/sec. Tao = 0.048 sec.
Data for Parameters
Direct-axis Quadrature-axis
Xad = 0.935 p.u. : xaq = 0.471 p.u.
X31d = 0.935 bp;u. r|1q = 0.03065 p.u.
Xe1d = 0.935 p.u. x”q = 0.55460 p.u.
Xeed = 1.08599 p.u. rq = 0.00365 p.u.
r11q = 0.03469 p.u.

X11d = 1.05353 p.u.
r, = 0.00365 p.u.

Peed = 0.000702 p.u.




Machine Designer's Data

Reactances:

Time constants:

Inertia:

Resistances:

Xqo Xq’ Xqs xa, xa, xa

TII

T q0°

Ta> Tae Tdao> Taoe

r (could be calculated

Constants to be Derived

Reactances:

Resistances:

Inertia:

X,Xax ,X 9X
d®> "gq’ "ad® “ffd 114

Ys Teq> Md2 Mg

88

if T s specified)

s X5 X
11q aq

H, not needed in the thesis

Definitions of Machines Designer's Data

Derived reactances (in p.u. of rated volts and MVA)

+
Xad

2
Xo ¥ (Xaq 17 Xgq)
Xt Xag 1/ Xeq 11 Xqq)

+ X

T % T Xaq

Xp + (Xyq /7 %74)
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Time-Constants (Seconds)

(Xey + X
d-axis transient T'. = ——131———13§) (B.6)
do w.r
fd
d-axis sub-transient T* _ *1d * Xaq !/ g4
d0 w.r (B.7)
1d
X19 ¥ *a
q-axis sub-transient T" 6 = —3 34 (B.8)
q0 wy- T
1
q
xa + x"
~ Armature T, = o (B.9)

The equivalent circuit of the d-q axis model of the synchro-

nous generator is shown in Fig. 3.1.

Reactances
EQQ_ fgg_= Xq = Xp (B.10)
tfd  Xffd T Xad * Xrd (B.11)
X., . X
xy = X, ad . de
Xad T *fd
from which g =g
rom whic Xe, = =X .
fd ad X4 = Xp = Xyq

(B.12

1]
—
x
o
1
x
[ T
~—
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+ X

*ffd ~ Xad T *fd
2
(x; - x,)
- 2t (B.13)
d d
X .o .
11d Xq = Xp * X4 // Xeq // X14 from equation (B.3)
C 4 Yad * *fd * *1d
£ Xad *¢d ¥ *ed X1d T X1d Xad
Solving for X14d
X X
d fd
(x4 - x,)( 2515
o4 TE Xt Xy
14 Xad  *eq (X! - x0)
x_ ., +x..) ~ X4~ %
ad fd
from equation B.?2
X X
1 ad ° fd
Xt - x, = ——0u—=
L
Now substituting in the above equation
- (xg = xp)(xg4 = x,)
1d (xd - XK) - (xd - Xﬂ)
By definition of X11d
*1Md = Xad ¥ X4
(x4 - x,)0{(x} - x,)
d 2 *"d £
= (X - X ) + v i (B.]4)
d £ (xd - xﬂ) - (xd - XZ)




aq

Solving for x]q gives

Substituting for Xy

X1q =

By definition

"

*11q

q from egn. B.15

(xq - XE)(Xa - xz)

(xq—xq
Xaq + X1q
(x_=x,)(x" - x,)
(Xa - XE) + — (xﬁ-xﬂ) .
' q q
2
(X - XK) :
X Xll
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(B.15)

(B.16




red from equation B.6

.. _ffd
fd = w. Ty,

"11d from equation B.7

Xqq T Xaq /1 Xgy

Yy 4= il
11d w . TdO

e

™1 from equation B.8

*11

req,. = 0
119 w . qu

r from equation B.9

Xq + Xg

r‘ =
2.0 .Ta

In p.u. system r = rq= 7"
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(B.17)

(B.18)

(B.19)

(B.20)

(B.21)




{ JAN 75 )

PTICNS: vca.‘o;OHJ;;“APo;GCgTMTo,oS NAME(“AIN)gnPT(C)gLC(6“4).AD(NON J;FLAG(I

:EFFECT:_NAME(MAIN)

.. CDMPLEX IH,CMPLXyCEquSA'QH XG TIFUL,VT ,ET, VD;A?vA3’C2’C3OBZ¢R30----':?*
102303f]DHQIQHOIDNoIQN¢‘FN.IIDN1IIONQAI’.yA22

, 1IDH(#O),IQH(QO)‘AL(IO)aIDC(101)9D=L(101)-LOADA(
"ZRFTL(IGI)’VDP(IOI)oLQADI(]Ol),LGADZ( 01),L0AD3(
L. 3ROTL2(101).+ROTL3{101).
D TMENSTON M5{2;110) sH7{3+110)aH11{3,110) JHI3C3,11¢
1H19(3,11P),H23(3.110).st( »110),H29(3411 C)aH31(3
LPHITLR,110)
. DIMENSION .COMM{110)- e e
DIMENS IONTBUF (7000 »XP(103) s YP(103)- -
READ(Ss101) (AL(I)sE=1,43) . =

101
i
S Bela]

ABNDA

A

XPU=XT+YDD~
L P1=32+1415883 .. .
L AULPHA=—~ANGLE OF “DELAY

APPENDIX C
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0S/7360 FORTRAN.-H EXTENDED

NGDPT!“I?E LINECOUNT (654) SIZF(MAX)
SOURCF -EBCDIC NOL I ST NFDFCK OBJECT MAP NOFORMAT GOSTMT NOXREF NOALC Nt

AUTGDBL(NUNE)

REAL TI571+12-,134744515,T1TDC, LCADAgLOADI LCAD2 L 0AR3 "

~REAL.-IK

L DIMENSTON-TH{40)+TTI{40) , PHI(40) . SYD{40) ,SYQ(40)

FORMAT (21047}

‘gQEAD(S,IOZ)(IDC(I),I 1.101)

EORMAT{ 1L.6F5 ,2)) ‘ '
vREAD(q,IOS)XAH,XAln,XFlh;XFF,PI1D.X1ID BD, 0

FORMAT{SF10.47) :

.XQ= CMpLx(o.,o.642)

CXT=0.12 o

XDD= 0;2375.

U~~=ANGLE GF NVERLAP

DEL-——GEN L OAD ANGLF

VALUE DOF IDC 1S IN-PeUs ON GEN MVA
VT=140 PeUs—=TEPMINAL VOLTAGE DF GEN
NO 10 1=143. .

CALPEAZALTT)

DO L20 J=1,101
A= "\.""'3’(ALF’H;‘\)--(YC('(J)“‘XDU*PI/'z )
UsaRCosS{ &) ~-ALPHA

COMM( J)=U*1RO,/F]

PHI 1= ARCOS(O-5*(COS(ALPHA)+COS(ALPHA+U)))
11 FU===FUNDAMENTAL COCMP QF A,C.
11FU= IUf(J)*(NPLX(CCC(PHII)o-SIN(PHll))

"nFLTA—AtpHA+u
‘ERGM.THE VECTOR CIAGQAM FCR GEN
~VT—rMDLX(1.o.c 09~

VD=X0xT1FU

ELEVTHVD

DEL{J)“ATANP(ATVAG(FI),REAprl))
VOC S )=YTRCOSIRHTL )
LBADA{J)= DFL(J)*ISO/PI

ROTLLS)I=040

STATL(J)=0.0
DO 30 K=14.6
N1=6%K~=1
N2=6%K+1
!‘ON:‘Q.

STON=

no 40 N NI sN2y2

DD=COS(ALPHA )= CPS(ALPHA+U)

Al=={N+1)Y*xALPHA -
Bl=—{N=1)¥kALPHA

AZ=CMPLX(0esAl)

FD,XAQ.pxlo,erQ;QQ

1AA’(IFC(J)*SQQT(2 )*SIN(N*I.OQ?IQ?))/(SOQT(& D*DD*N) i s e e




-C3) /(N+1)—(EB—D’)/(N-1))

2I-~u
et Nt

X
c ) ’ L
SYD(N)==PHY ( DEL(J) Pl/?

SYQ{N)=~PHI(NIADEL{J) -

IF(NGEQ. N2 svo(N)--PHr(N) DFL(J)
CSAIN)IZCMPLX(0es:SYDIN) ). .

S SBENYZCMPLX{ O s SYQUN) )
IDAHIN)I=TETAN)*CEXP (SA(IN))
!OH{N)—II(N)*CEXP(SE(N))
o IDN=IDN+IDHINY .o .
““ION’ION+IGH(N)‘”
CONTIMNUE s o -
ROTOR“RESISTANCE

bbb bbb bt tbbL bl £t cs

007D s IKE 60 RK
0076 T AT I=CMPLX(XEE, ~RED/SART L 1K)
2077 ; A12=XF10 ;

0078 AZ1=AL2
0G79 22= CMPLX(leo,—Rlzo/seRT(IK))
. 811 XAQ :

~B12= CMPLX(XIIQ,—PIlO/SQRT(IK))

LL b L&l il
&
o
20
o

0081 e, ,
et SO T IEN, TYDN S 11 ONCURRENTS . INDUCED IN ROTHAR CKTS OF G*K FREGUFNCY(
~Q082wwm,~mywu~WIFN—(IDN*(XAID*A19—XAD*A22))/(A1l*AZZ—AZlmAIZI o
o-cR3 IIWN‘((—IDN*XAn)—(QII*YCN))/AIZ

BnN8s o TLON=(=B11%IQON)}/B12 .

C DPTL'QﬂTﬂD 1. NSS¥S

: C o STATL= STATCR LCSSES

oe8ss - T1= CABQ(TDN) ‘

DO RGE 12=CARBRS{TQN)

087 : TI=CABRS{IFN)

DOBR ] Ta=CcagsS{ T1DON) ;

00Rg9 V S IB=CARS{ T1ON) _ . . Lo
G090 I O RT=SORTCIKINROLI3) %2 o %ARECHI T4V %X2.%R1IIDHCISIR%2 %RITQY. ..
0091 - B o ST=SORTLIK)YXR(( 11 )%x2, *RD+(!2)**? *RQ) ) Coe S
o092 . e o STATLL L Y=STATLLJY+ST

oe93 — TROTLIJY=RATL{ J) 4RT

0oL . 30 CCNTINUE ‘

ReRalels) S IF{T+EQWl)Y GG TC 1 :
0087 e IF A T 6 EQ @2 ) GO TG 2 v s i L

“009¢ i IF{1+EQe3) GN TO 3 - 5

2101 1. RCTLILII=RCTLLI)Y :

102 o LOADI{J)I=LCAPAL )
: G0 TO 20
2 RETL2(JY=ROTLJ)
LOAD2({ J)=L0OADA(J)
GO 1O 20
ROTLZ(JI=ROTL(I)
LﬂAﬁ’(J)—LOADA(J)
20 . CONTINUE
10 ‘CONTINUE
. CALL PLOTS(IBUF «7000)
CALL PLOT(0ss~11:,23)

'ZZZZEHZZZZZUZZZZZJﬂzZZZZUZZZZ
Q
fo
)
0

BDOOOOOOTHDD
Ll e e ot
O OOOOOD
N0 D~NDO W

IFI(NJEQN2Y) - svofN)—-pHi(N)-DFL(J)+91/2i

TCHANGES WITH FREQUENCY - :
'ROTOR RESISTANCE HAS BEEN MODIFIED BY A FACTOR OF SQRT(6%K)
TO ACCOUNT FOR SKIN EFFECT-——-EFFECT IVE. ROTOR: RESISTANCE
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.’1'923)‘

e

NODO DA
Do ¢ 00 ~

. e {‘r'\ﬂOOUOO

» 000D8) ’
EHQCTOQ Lass VS DIRECT CURPENToO.oZv
HHBLOCK - CDNNFFTIONv0o916) o

CALL SYMEB!
- CALL SYMRO
Do 72C I=1.
T po 710 9=t

"‘f\).

. wwGO T0O 750
730+ ¥YP{J)=ROTL2(
- g TO 2SC. .
YP({J)Y= RDTLB(J) R T . e s .
XP(J)y=IDC(JI) . . : B .
CONTINUE N AR s S
glF(ItEQol) GO.-.TB 760
TF(I+EQe2) GO TR 770
IF(X.EQ.B) GG To 780 ’
SCALL LINF(XP,YP,IOI.I'lO.?)
v“;GD B L0
.”QCALU“ !NF(XDtYp’101y!,10,3)

NI RN NI NN e s bt 12 3t et
JANBUNROID NN S

L.
i
i
}.
!
!
!
b
"
g

AOVAR . TOO;NCGNTINUF
AT e T AL anT{Q.,O.v—3)
‘xo(1021~r 0

- Yp(10’3*500 S .

- CALL. DQAG(S-'70’Oo0, G o3 ,D.G’S 0)
CALL "SYMBROL {De5 +R» 0 14 4 28HL OAD . ANGLE VS DIRECTY. (UFQENT Q.,zr
CALL SYMB L(loy7059c 14 olFHQLDCK CﬂNNECTIONu0.916) L . )

5 GO TO (F2NVR3N,R40). T
sS4 ... .82¢C YP{JI=LNADL(JY)
55 : 60 TN RSN
830 YRPOJ)Y=L FADQ(J)
240 Yp(d):LﬂﬁDB(J)
‘B850 XP{ J)=1DC{I)
810 CONTINUE o
IF(TI+FQ.1) GO TOHAK0
e IF LT wEQe2) GO TC 870
7°W!F(I.EO.3) ‘GNTC 880 '
B0 CALL LINV(XP YD¢1“1,1.10'2)
GN - TO ROD
SCALL LI\F(Xpony1A19191007)
: aooTOo 800 -
880 -CALL LINF(XDpr910191;1n 59

b o N0 X0, N6 RO RV N4}
W=D N

[£))

ﬂHﬂnwﬂwwﬂuwwuwHHH~wv_fg'<Tﬁf

NNNNNNORO
e L R

2 800  COMTINUE

3 - CALL FLPT(Q..O.,OQQ)
4 - STOP

5

WZCZﬂi4{Z2ﬂ5Z?ZQHLALcn:LLxrcCﬁﬁzﬁfgﬁg““;“‘

"END
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coo2z2 s ' QUHQQU?INE DQA GIXL s YLAaXMINGXINC sYMIN,YINC) ‘
DOO3 . CDIMENSION XP(IOB),YP(IOW) - e
0004+ R - T CALL CAXISU0,4+0e9? ’s" XL'0'9XMIN9XYN(’
CCALL AXTS{QOssYLs?* o T 339Xk o0es XMINLXINC)
CALL AXTS{Ce3sD0er? P, YL s G0e s YMINLYINC)
CALL..AXI ! ! e=3s Y990 s YMINLYINCY) o

N=XL 41, -
M-YL+105¢
'DX‘XL*XINC/I”O-
DY=YLXY.INC/1C0...
XL 102 YP=XMIN
YPLIO2YSYMIN
CXPL103)=XINC
XYP{103)= YINC.

D0 50,351,101 _

TISN- 0018 S B ()= T=1 YRXTNCHXMIN

o TSN 00190 - B0 e YPL J)=(I=1 ) XDYHYMIN.

‘TSN D020 - T CALL LINECXE,VP4101414040)
ISN O UE-

TSN J=1.1o1;, .

s PGN ‘ = 1) ROXFXM TN
_ISN . lI—l)*vIMC+YMIN
1SN 0026 o “CALL.LINF(XQ.YPgIOIaIsOcﬂ)

o ISNG027 . .. 60 ... CONTINUE @ . : : T L T NP
TSN po28 Ce "RETURN SR : S
ISN 0029 o END 4 .

LEVEL 2.1 ( JAN 75 ) DRAG . ... DS/3B0 . FORTRAMN H EXTENDFD

: i DRAG / s1ZE aF -
NAME TAG TYPE .ADD., NAME . TAG vpr ADD.
I SF Yok DC0178 3 SE %4 00C17C
DX SF oo cR&4 . COQ1TRBS o DY SF © 0 RX4. . 00018C
YL SFA R*x4 000194 : YP SFA oRwA . 0003483 0 o
LINE SF XF ... .. ;000000 . XINC §FA . . -.. R%x4 .. 00019C ...~

¥YMIN SFA Rk Y 0001AR




