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ABSTRACT

Advantages of HVDC transmission over a.c. transmission are d'is-

cussed Un'it-type of connections (Single-Block and Double-block) for the

conv/ ter layout in HVDC transmission are discussed in detail. Due to

thr intermittent operation of the converter, characteristic harmonic cur-

r ,rts of the order of h = pn + I are generated on a.c. side of converter.

¡.h r.lnit type of connections, harmonics are allowed to flow into the gener-

ator. The magn'itude and phase.angle of harmonics with respect to respec-

tive line to neutra'l voltagearecalculated. A simplified theoretical

method is developed for calcu1ation of addit'ional losses in the stator and

rotor cìrcuits 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 circuÍts 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*B1ock con-

nectiono derating of the generator ìs needed.

Technical and economic evaluation of unit schemes as comparþd

to conventiona'l schemes is made. Apprroximate sav'ings in cost of the con-

verter station in unit arrangement as compared to conventional of 25 - 30%

is expected.
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CHAPTER I

T NTRODUCTION

l.l HVDC Transmission

In general terms, High Voltage D'irect Cument (h.v.d.c.) trans-

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

firÉt by converting- a'.c; to"d.c'. and then d.c. to a.c.. At present, the

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

I ines ' is restri cted to" cases'where"power must be' transmitted over long

"-distances." A few situatjons'where h.v.d.c. provìdes an attractive alter-

native are discussed below.

(a) HVDC can'be economically attractive, where larqe vo1umes

ofwatercan.beusedto.produce.jnexpensjvee1ectricÍtywhichmayproVe
.to.becheaper.than.the-1oca-]1yproduced'e]ectricity,'inspiteofthecost

of transmìtting it'over''long distances."' Specìf ic examp'les are I'4 N.lron

River Scheme,2 x ì620 Mlil",-+ 450 kV transmittinq'over 900 km and one in

Africu2 fon'1920 Ml^I, + 533 kV transmitting over 
.1400 

km

.rt:-'-
:.'. -:'-:-.-

(b) Mine mouth generation: where the cost of tra.nsportÍng ';"'"'"'';'

'electricity'is-cheaper than transporting the raw material (fossi'l fuel)

itself. Particular exampie is Ekjbastuz centre plant in Russja which is

in the pìanning stage being bujlt for ultimate generation of 6000 MÌll, t,"'

t 750 l(V over 2500 km. ïn the above cases, the h.v.d.c. enioys its

economic superÌorìty'over a.c. due to the long-distances involved.

' ;ìY- j--'
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(c) HVDC Iink al'lows the additjonal load to be fed without ""''';

raising the short circuit capacity- of the'system beyond the interrupt'ing

capability"of the existinq circuit.breakers. Alsoo it js preferabìe

where the condjtions in the dense'ly popu'lated areas require underground

cables, due-to'the non-avaiìability-of right of'way for-'overhead 'ljnes. .': .
t,,t.t, 

-t-.--t...- -,:-,a. :: .: i.

(d) Another attractive applicatìon of h.v.d.c. power infeed

is in pumped-storage schemes. -Under certain circumstances, h.v.d.c. ., ., ,

';lri. : :: :.::

- enables the frequency-at" the potnler. stat'ion end to be madè variable, thus 
"'11 

-.,ì,,

permitt'ing pump turbines.'to' be operated" about the optìmum effic'iency 'in 
...¡,,,,.,,;,,,

both direct'ions, i.e. at various"sþeeds, and therefore bring about a cer-

tainìmprovement.]in.their.costeffect'iVeness

(e) Also, hydro-electric-generating stations, when connected

to a'load centre through' 1ónçj''¿'.c'. lines,'must-have qenerators with ab-

normally low transient reactancês or"abnormally high'moment of inertíà

in order to raise the stability limit. These restrictions raise the

cost of the generators and could'be avoi'ded if d.c. transmission is used.

(t), HVnC transmission'has been competr'tive with a.c. only

when large amounts'rof'power"are to'be transmitted over lonq distances.

D.c. transmjssion enjoyed"'its economic supenionity over a.c. on'ly above

certain distance, called break-even distanceo below which a.c. is econo-

mical as shown fn 'Fig. I .1 .

(g) For cables crossing bodies of water.
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(h) For interconnectinq a.c. systems having different frequen-

cjes, or where asynchronous'operation is desjred.

(i) Faster control of power and better utilizat'ion of the cross-

section area"of conducÈor,.due to-the absence"of skin effect. 
Ì,,

The maîn drawback' of'd".c. is the 'cost of its termina] equipment.

If efforts are made to-reduce the cost-of'the term'!na1 equipment the break-

even distance"could'be iowered-to-make HVDC more attractive. Accordjng to ,':,,":,r

the avai I abl e 'l îterature3, break-even di stances. are approximately 830 km ',,.,,r,
t.. .i.-.:

(515'miles) for overhead 1jnes,64 km (40 miles) for underqround cab'ìes.

Some of the'other"disadvantages-of HVDC transm'ission are in-

creased' reactive, comosion' of' underground-metallic parts," due to the use

of ground' return;'interference' wjth, teìephone circujts and generatìon of

harmoni cs .

This thes'is is devoted to'the evaluatjon'of unit schemes (where-

ever it is applicable)'for l-lVDC"converter stàtions, and the caìculation of ,,,.,,,,,:-
L.'.::.::: ll

the derating'factor of 'genérators dùe'to':the'f1ow of harmonÍcs. '.':::::;:::. :.: : : - :-::::::_':..
:.:.:;' : . t

" 1'. 2' - Converter'-Layout
':

In convehtional HVDC schemes, rectifiers are connected through 
lr,i...;:,,:

converter transformers to" a common-a.c'. bus'which .is fed by a group of '1":"..'

- generators.' Th.is'amangement is called a.c. collector system. A.n examp'le

of such an'amangement'is the Nelson River Deve'lopment4. F'ig. 1.2 shows
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the basic features of the systêm by a single line diagram. Essentialìy

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"voltaqe of the a.c. common busbar sinusoi-

dal . Conventional HVDC' station' has its certa'ìn drawbacks. First of a'l'l ,

the failure of a.c. filters'or their going -off-tune durt'ng certain fault

conditjons; cause overstresses-on the connected''equÍipment and fi'lters.
' Also associated with it'are the problems'of'the'stability of the qenera-

tors and'the' provisjon'of''on.Ioad' tap:s¡rtters- on-'the convertér transfor-

'mer.. " To overcome these problens';- to reduce the'cost' of the terminal

equipment and to' improve the penformance-of"''the" I'IVDC'power'stations, Unit

or Block-type of connections'.have been suggestedz'5'6. These types of

connectîons are discussed"ìn deta'i'l' Ín this chapter.

^ ' 1 .3" " Uni t" or' B"l ock -Connecti on

Uni t connectj ons5- are-shown i n ' Fi g. I .3 . The important features

of these connect'ions are:

'l . The converter station is to be 'located in close proximity

to- the' qenerating station.

2. Onìy'onê'transformer'' ís' to' be' usêd'which serves as

generator:-converter transformer-and is' designed as a con-

verter transformer, No' tap-chanqers are prov'ided.

3. A.c.'harmonÍc filters are not provided.

4. The rectifiers'used are 3 - 0, 6-puìse bridge rectifiers

wj th contro'l l abl e val ves assaþe :'noi'¡ù.al ilyttisêd :iätJHVDC

transmi ssi on .
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FiS 1.3(c¡r Single-Block Connecïion

Single-tine diogrom

G-Generqtor

C - Converter. Trans former

R- Reclif ier

Fig I.3 tbt Double-Block Connection

Single-line diogrom
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S'ing'le-Bl ock' (SB) connecti on operates on 6-pul se whereas Doub'le-

Block (Og) connection has 12:pu]se operat'ion.

In the case of'Sing1e,-Block connection (fig. 1.3(a))' a singìe

generator feeds a'3 - 0,6-pulse bridge rectifier through a generator-

converter-transformer'; In Double-tslock connection (fig. 1.3(b))' a single

generator feeds a 12-pu1se cascade-connection of two.bridge rectifiers

through two separate two-windjnq transformers or through a-s'ingìe 3-windinq

transformer.

Due to'the absence of filter-circuits, the generator sustajnS a

'lr'ne to 1ìne short-circuit'durÍng"commutation-.-The commutation reactance

is the sum of transformerr'leakage reactance'and the generator sub-transient

reactance. The equ'ìvalent,circuit' repreSentation of b'lock connections is

shown' in Fig. 1 .4. The most'doml':nat'ing'factor in''the' design of Double-Block

connections is::the generator sub-transient'reactance, For the satisfactory

operat'ion'of' the converter, the overlap angle of'300 is reached for minimum

delay, angle "of''l0O With the generator- sub-transient- reactance5 of 0.24,

together wi th' the transf ormer- l eakage''reactance'' of 0 .l p . u . .

'i.1.,:,.,

So the generator sub-t¡ransient reactance should not exceed 0.24

with a minimum''delay angle of .l00'; for satisfactory operation.

l:4' Advanlpges''of'Uni't 9onnections

Disadvantages of the' conventional" arì.an.gement' are' the advantages

ofunjt,arrangement.As"indicatedear]ier,the-transformeractsasa



Xc=Xd * Xt

Fig 1.4(o) Equivolenl circuil of

Single- Block Connection

x"- l$¡2 + x¡

Fig l.a(b) Equivolent circuil of

Double- Block connection
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generator -.converter transformer and. hence'only one' transformation stage

is'requ'ired and therefore'a savfng in cost is achieved.

Fault in the harmonic filters in the case of a conventional

scheme may cause'the breakdown'of the who'le system and, of course, a 
1., ,,,,,,

headache to the'utility engÍneers. There are no'"filter problems with the

unit connection"thus'making"the'l-IVDC station far more independent of the

frequency. This could'be-a b'lessed advantage where HVDC infeed is used :. : :.

for.damping f'luctuations in'the power slrstem; making better use'of the ;'',"t"1:';:;':'

stored energy. i n the rotati ng' maSs . Al so' i n the ' case of pumped-storage 
,:., ,.,.t.r;

schemes, there are'no filters'for-readjustment for change-over to pumping

operation,at a different frequency.

In the case'of fi'lters'as in conventional schemes, if power fire-

quency, and therefore also the harmonics which"are typicål for static con-

verters, become d'isplaced, there ìs danger of'resonance which could over-

load the fj 1ters, the.generators and' generator transformers.

Due'to the elimination,of a.c. common bus, there is a lot of

sav'ing in the switchyard'space and equipment'such''as' circuit-breaker be-

tween generator-transformer and'a.c';'bus and circuit=breaker"between a.c.

bus and converter transformer,'etc.. However, the unit'connections have

certai n I imitati ons wh'i'cFi are discussed bel ow.

1 .5 Di sadvantages ,o

As there.are no fi,lters pr"ovided, the'generators have to be
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overrdimensioned'to absorb harmonics and supply the who'le reactive power

for the converteroperation. "Due to the"higher effective commutation re-

actance, tlie ratìo of no-load-voltage to rated vo'ìtage on d.c. side 'in-

creases, so the valves musù-be desjgned for higher overvoltages.

{s regards' relìability; unit connection (ng) suffers, due to

the fact that if one"bridge'of'a converter"becomes faulty, the whole un'it

wil'l have to be shut off thus losìng the-double'output due to the rigid

connectjon' between"the' gerieràtor. and converter:transformer but this i s

compensated''by the'reduced"probabi-'lity'of'the-'fault in the'a.c. switchyard.

The main control system, whÌch iS quite"conplex"in the case of

a conventjonal' scheme, -could be cons'ìderably' simpìÌfied.

Since the-harmonics are not filtered,"some telephone interfer-

ence"is expected-but Ís minimt'zed"and^ is not a'larminq due to the close

pnoximi ty of the' converter" statjon' to the' generating station.

1:6 General',Objectii ves, of, :Researeh

Due to the"absence,of harmonic filters in'the unit connections,

harmon.ics are of the orderl of (pn + 1) in'the-statorwindings, where p

denotes the pulse number and'n'is a positjve integer. In this thesis in

Chapter 2, the p.u. nagnitude of each harmonic component, as well as its

phase' ang'1e' wi th respect' to 1i ne' to .neutral' phase vol tage" i s cai cu'lated.

The harmonic cuments of.the order of pn + I induce currents of
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1l

frequency pn'in the rotor c'ircuits. As these high frequency induced cur-

rents are confined'to'hìgh'resistance rotor surface paths, they cause

considerab'le losses and hence rotor heatinq. These rotor losses have been

calculated by GlebovT, by app'ly'ing'the theory of forward and backward ro-

tati ng f i e'lds .

Glebov's'results', however, cannot be used dìrectly because,he

has'not specÌfied al'l'parameters'for whjch'the results are presented. In

order to'-evaluate the.undemating'of"the :generators to-allow 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 t.rtith the con-

venùiona1 schemes is made"in ehapter'5. The conclusions of the findings

are presented in Chapter 6.
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CHAPTER 2

A. C. CURRENT I.IARÎ'IONI CS

2.1 Analysi s

In HVDC transmiss'ion, 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 hjgher (multip1e order) harmonics.

The harmonicsl are found to be of the order of:

¡=pn+1 (2.1)

where, p - Pulse number of the converter (6 or 12 usua'l'ly)

andn-isa+veinteger

Fig. 2.1 shows the schematic circuit for the analysis of a

6-pu1se 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 sjngle overlap, that is, for

overlap not exceeding 60'. The origin of the angle 0 = of is at the

positìve crest of the voìtage v,,ave. The next half cycle is exactly the

same except that the instantaneous values of voltages and currents are

negati ve.

The instantaneous value of the voltage is given by

au = t*u* cose (2.2)
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For the other two phases b & c, the currents as well as

voltages,lagthose of phase a by 120" and 240' respectively.

For the analys'is, 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 cument in each segment is given by the following equations

(t<imuarkl , Appendix A, Page 484)

Segment Limits Equati on

I q-60'< 0 < ô-60' t, = îrr[cosq, cos(.o * OOl:] (2.3)

II ô-60 < e < e+60o iII = îa = î.r(coso - cos6) (2.4)

III o+60o <0< ô+60' iIII =îrr[.0.(0 - 60') - cosô](2.5)

IV ô+60 <0<o+.|20 i¡u:ct (z.o¡

^where, Is2 = crest value of S.C. current between any two

phases during commutation

= ,Æ E^u*/zuL

The magnitude and phase angle of different harmonics are deter-

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

form of such a series is

F(o) = f A"/hQ
h=-*

't (Twhere, Ah = h- [ F(o) /-no ¿o
L" 

)-,

and /h0 = eiho = cos (rro ) + j si n (rro )

(2.8)

(2.e)

The wave shape being symmetrical, the value of A., component

is zero.
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Alsoo for the wave-shape in question since F(o) = -F(e +n)

only odd harmonics exist.

Therefore equation 2.9 can be rewritten as

A, = ] t F(e) /-ho do (2.10)
h tl) 

-0

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

2an

^ ra,+120 ..: ,.
ñ r, = L Í t(e) /-ho do (z.ll ) r,.,:,nlr 

)"o-60 ,,-:,,,.,.
:. 

,: :;;j.:,::

þlhere In is the compiex r.m.s. va'lue of the hth harmonic

cument and i(0) is the value of the jnstantaneous current. The phase

of the current is expressed as advance with respect to the line to

neutral voltage

Substituting the value of i(0) in all four segments and

applying the appropriate linits for integration

lz rh = +l f-60" îrr{.oro - cos(o + 60')} /-he do

)"
o-60

d+60o ^+ 
,J . 

Irr(coscr - cos6) /-rro ao

ô-60

¡ô*.60 ^+ 
"[ . 

irr{.ot(o - 60') - cosô} /-ho dol

o+60
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or Ih =

IsZ . fô-60
I

/ñ )"
s-60

rcr+60+l
)"

ô-60

{2 coso - 2 cos(o + oo )} /-fig ¿o

2(coscr - cosô) /-fre ¿o

[2 cos(o - oo ) - 2 cosô] /-he dol

/-(h+l)o-l-(h+l)ô

rô+69+l
)"

o+60

_/2
1T

or Ir,
^oIr, s'in(h60 )[

/-(h - l)c, - /-(h - l)ô

(

I
(h - l) (2.12)

The details of the calculations are shown in Appendix A.

The derivation in equation (2.12) is on'ly valid for harmonics of charac-

teristics order h. Characteristics harmonics are those of orders qiven

by equation (2..|)

In equation (2.12), the phase of the harmonìc cument 'is

with respect to respective line neutral voltage and not with respect to

respective commutat'ion vo'ltage as defined by Kimbarkl .

for h = 5, ll, 17, etc.

for h = 7, 13, 19,

h + l)

o/1
sin(h60 ) = -3

-rß
2

etc. (2. I 3)
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'From rectifier theory

î=Id
'sZ - ¿õscr-:-cõsE

I' = * to = rlro

(2.14)

(2.r5)

where, ILI = fundamental rms a.c. current at any overlap I r r"

ILl0 = fundamental rms a.c. current at no overlap

I' = ILIO at u = 0o; Ill is however, approximateìy equal to ,,,,.,,,,;,,
.'1,.:.,:,:-.,

Ir.,O for normal operating values of u. The error is less than l% for ;::'r: : :

u = 30" and less than 4% for u = 60"

Substituting for I, in equation (2.14) from equation (2.15)-o

î^=4 ttt 
. (2.16)'s2 6 coso - cosô \L'rv¡f

Letcoso-cosô=D (2.17)

Substi tutì ng i n equat'ion (2.12) we get

/-(h + l)c* - /-(h + l)o /-(h - l)q - /-(h - l)ô_l (2.18 )
(h + I ) (h - I )

+signforh=Ph*t 
,";..,,.''.,',,;'

-signforh=pn-l ',',,,1,-.,.'

:..t: rt:i:t,'i::t::

tquation (2..l8) gives the magnitude and phase angle of the :' : 1

harmonìc currents of the characteristics order h, phase be'ing referred

to respective line to neutral voltage. Oomparison of the results of
,,.,.,, 

,.,,,,,,

equat'ion 2.18 with those obtained by Kimbark show that phase angle of ¡',,,',,.'.,,'..,,

the harmonìcs js with respect to respectìve line to neutral voìtage and

not with respect to commutating vo'ltage. It ìs stressed that the phase

angle of the harmonics h = pn - 1 w'ill have a phase shift of lB0'as

rn=1Ht
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obtained from the expression in h'is book (equation 23, page 305). It
appears that his main concern has been the magnitudes of harrnonics and

not the phase angle, hence the neglect of a negative sign.

Equatìon 2..l8 may be rewritten as

I r-l Fl
t=+'h (2.1e)

/-(h + l)c, - /-(h + l)ô /-(h - l)o - /-(h - l)ô
where Fl = [ :=_::==

l)(h -

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. ?.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..l5 to 2.2C lor DB connection.

It is very d'ifficult 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 o, the change in IO. is brought by changing the overlap

angle u keeping the secondary voltage and commutatjon reactance constant.

2.2 Per Unit Representation

To be consìstent with the technical l'iterature, and present

the results of this thesis in an acceptable form, all the quan=

tities are used in theìr p.u. form in the subsequent chapters. The base

parameters for all the quantities are defined as below.

(h + I )
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and

(a) A.C. Side

Powert Pu = 3 ELN ILI cosQ

Vo1 tage, ELN = Rated I i ne to neutral vo1 tage

(r.m.s. value)

Currentr ILI = Rated fundamental a.c. line current
(r.m. s. val ue)

(b) D.C. Side

Powerr Pd = VdId

Voltager Vd = Rated D.C. voltage

Currentr Id = Rated D.C. cument

From rectifier theory

uo=*t@å@) Er_¡¡

Iu =Fto
Using the same power base on both A.C. and D.C. side

(2.20)

(2.21)

(?.22)

(2.24)

(2.25)

(2.26)

(2.27)

P. = P-o -a

I¿ = Jlr

VO = E cos$

The curly underl i ne represents the p. u . quant'it.y. . Frorn. sect'ion

2.1, the per unit harmonjc current is therefore given by

hFr
lrr =ir., =lzhD (2.28)



From here on alì parameters are represented only in p.u.

therefore no cur'ly underline will be marked.

In can also be represented by a cosine functìon as

in = /2 In cos(no - Ofr) Q.29)

where,0h = phase ang'le with respect to l'ine to neutral voltage.

Double Block Connection

DB connection urorks 'in a '12-pu'lse operation and I{VDC conver-

ter is composed of two 6-pu'lse groups fed frorn sets of valve-side

transformer winCings havìng a nhase difference of 30'between the fun-

damental voltaqes, (i.e. one transforrner is connected A-A and the other

transformer ¡ -Y). Currents of orders 5, 7, 17, 19, etc., circulate

between the tr,ro banks of transformers, but do not enter the a.c. line.

If there are two valve windings and one network windin.qs on each trans-

former, these harmonics anpear only ìn the valve wìndinqs.

The p.u. magnitude of these harrnonics and their phase anç¡'les :

are computed for *. = 0.24 p.u. for DB connection and *. = 0.36 p.u.

for SB connect'iono lvhere xa denotes the comrnutation reactance. .',:..,,;.'..,

: :-:.-...

21
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3.1

CHAPTIR 3

ROTOR LOSSES

General

It has been shown'in the previous chapter that the converter

operation gìves rise to harmonic currents of the order of h = pn + I

'in the a.c. lines. In unjt schemes, since filters are not provided,

these harmonic currents must flow through 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 camy no cument.

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 I2R lorr", in the rotor circuits, there

would be additional 'iron ancl stray load losses in the machine. It'is
very difficult to estimeate the iron losses accurately, particularìy

under variable load operating conditions and since there is no published

data available on this aspect of the machine performance, at best only

an educated guess can be made. The details of calculation lie clearly

outside the scope of this thesis, hence, no attempt for the calcualtion

of iron losses is made.
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3.2 Current Hannonics 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

ax'is model of the generator is used. By d - q - o transformationl0

these harmonic currents in phases a, b and c are resolved into d - q - o

current components.

d - q transformation in p.u. is

thd

tno

j

'ho

= I coso cos(0-2nl3) cos(o+znl3) 
l l iur,

= 2/3 | -sine -sin( 0-2n/3) -si n(e+Tn/3) 
I I 

ton

= I 1/2 1/2 1/2 lch

where 0= 0O + u¡¿

(s.l )

(3.2)

Where 0O 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 0' = Ang'le of q-axis with phase a-axis

=0+tt/Z

= 00 * wt + r/2 (3.3)

where ô* = Angle between q-ax'is and a rotating reference frame
(usually voltage of phase a)

= Load angle of the machine

= oo*'/2

From synchronous machine theory ..',,':.

,.t.j, .,.

0' = t¡t * U ',.i,t'.:''- -m :



t:.4:.4,:r..?

In terms of 6,

0=r¡t+6m-'ir/2 (3.4)

The load angle 6, can be found . from the steady state phas-

ør diugrurS of the generator shown'in Fig. 3.2.(a). 
:..;.1;;::

For the converter '':r 
':r'-

cosQ =|(.oso+cosô) (3.5)

From the phasor diaqram in Fig. 3.2 (a) ,,.,.,,

.,',.i,t,,

Ir., (comp'lex r.m.s. ) = Ir., (cosO - i si n0) 
¡,i:.i:,

(3.6)E'= ut * i ILt *q (3.6)

where ut= Terminal voltage of the generator

The phase angìe of E'wìth respect to terminal voltage v,

(reference) gives generator load ang1. ôr.

The jnstantaneous values of the harmonic currents in phases

a, b and c is represented by cosine function as follows:

43

jah= Ærncos(hurt-0f,)

ibh = Æ tn cos[h(ot - 2r/3)- 0.]

ich = lZ Ih cosfh(ot + 2r¡/3) - 0f,] (3.7)
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are

Using d - q - o transformat'ion, d - q - o current components

co s (ot+ô* -r /2) cos (ot+6, -r /2-2r /3) cos (urt+6r-n/ 2+2tr /3)

cos (urt+ô* ) cos (urt+ô*- 2r / 3) cos (ot+ô* +2r /3)

1/2 1/2 1/2

ldh

i qr'

'oh

_2-3

In cos(hot-Qn)

I n cos lh(ut-Zn /3 ) -$frl

I n cos lh(ut+Zr /3 ) -Arrl

idh = In cosl(h + l) ot - ôh * ô,n - n/ZJ

= In sin[(fi + l) ot - 0f, * ôr]

iqh = In cos[(n + l) rt - Oh + ôm]

¡=pn+ì

idh = In cost(h - l) ot - Oh - ôm + n/21

=-Ihsin[(h - l)t¡t - Oh - 6m]

iqh = In cos[(h - l) ot - Oh - 6m]

(3.8)

The magnitudes of i.n and iqh from eqn. 3.8 will be r.m.s. values

for ¡=pn_1

for

(3.e)

(3. r 0)

(3.1I )

(s.r2)



The d - q components of the fundamental a.c. current are

i¿l = ILI s'in(o* * 0l) (3.13)

iql = ILt cos(ô, * 0l) (3.14)

All the currents i.n and iqh are of pnur frequency, i.e. the

harmonics h = pn + I in the stator windings when transformed into d - q

components turn out to be the currents of pnur frequency. As the stator

and rotor are inductively coupled, the harmonic currents of pno fre-

quency wi'11 be induced in the rotor circuits. The harmonic currents of

pnur frequency due to h = pn - I and h = pn + I should be added vectoria'l'ly

because these are of the same frequency.

3.3 Deta'iled Transformed Model of the Generators

In section 3.2 the harmonìc currents injected into the stator 
::::.:::

wind'ings of the generator are transformed to d - q - o components. The ,,:,:.,,,,,,',;.

currents induced in the rotor circuits can be calculated by considerìng ,;..,,,...,,.¡,',,-,....,,
:.:: -.i:.::.-': 

:: ) l

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 followsg ;

45
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Direct axìs

it*dtd .ff * isxft ir*lro - ir*kfd

47

J t*dr 
d

j ttdko

j t*fr d tr

j tlrr¿

¿ * jt*ild- jt*krd

isx,,, - ¡ +jsx
I Ko kkd kkd

(3.17)

Id,

I.rs

Ird,

0

0

I kd, 0
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Simjlarly for quadrature-axis

it*o]q rllq*it*llq isxktq

it*ooo isxl kq - 
"kko*itloo

I qs

t, 
o,

t kn,

(s. r 8)

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 cument. For normalization of cjrcuit para-

meters xuo baselo is chosen.

f,{ith the xu. base, the base current in any rotor circuit is
taken to be that cument which induces in each phase a direct-axis voìtage

/î *ud IO on no load. xad is the armature reactance in ohms/phase and Io
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is the rated r.m.s. current. The same base can be used for the quadrature

axis rotor circuit.

The chosen xad base makes

x = x = x - x = x = x (3.19)
ad dfd kfd fkd I kd kl d

and

X -X =X =X
aq qkq klq 1 kq

Equat'ions 3. I 7 and 3 . l8 may be rewri tten as

(3.20)

l"--xad #**r, îro
X

kfd

xdrd xrd i]lo-- - xJPn ild krd

x x x - "roo*"
dkd fkd I kd JPn [r.¿

ï.
opn

I ï̂pn

Ildpn

I 
kdpn

-0 (3.21)



r..
x-- -,1]9** xaq JPn llq klq

l . 
t:t:..-.:
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(s.zz¡

XX
qkq I kq

troo 
* *

J pn 
kkq

I qpn

I-
I qpn

I.
Kq pn

=Q

In equations 3.21 and 3.22, tdpn und lqpn u.. known (Eqn.:3:lS,and 
:

3.16). When a'll 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 equat'ions the d.c. voltage source in the field circuit is assumed

to be of zero ìmpedance. If, however, a finite value of this impedance be

known it can be lumped wìth rr, + ixff without any loss of generality. ..'i'tt.
..:: ::1.:

Should the actual cument in the damper bars be requjred, 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 l,,,,,,,

For leading bar IO = Ikdon - L . (3.23)
t K-m / qpn

For tagging bar Ib = Ikdpn * 
to**)oon

(3.24)
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where IO = Actual current ìn the bar

m = Number of circuit on d-axis wh'ich the bar under cons'ideration
forms

k = Total number of nested circuits (on each axix same number)

The above analysis may be used for an accurate calculation of .', ;',,.,'-'
,lt,-,'. tt,',t,",i',,'

rotor l2n losses. However, usually only designers of machines have

access to all values of the Ímpedance parameters of rotor circujts. In

the absence of thìs data a simpler model of one damper circuit on each :...;,..:. ¡,;

axis is usgd .""''" 
':" ""

l.:_:_::1.:::: :

GlebovT has also done a sjmilar type of work but adopting a ..'¡,¡.:,,.',..,,r,.;

different approach. According to author's knowledge, Glebov is the only

one who has done such type of work but his method of calculatìons js

somewhat obscure.

3.4 A Simpler Transformed Model of the Generator

Such a model has one damper circuit on each axis. Fig. 3.3 (a)

shows the physical mode1, 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-axìs

rff
xad ffi*xtt *lf¿

v v 
tild 

-^dld ^fld jpn ^l ld

I,
opn

I ï̂pn

Ildpn
= 0 (3.25)
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Similarìy for quadrature ax'is

The c'ircuit 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.

I,-- and I^^- are calcualted from equations 3.15 and 3.16, theopn qpn

currents Ifpn, Ildpn and Ilqpn.un be determjned. Ifpn, Ildpn und Ilqpn

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

damper circuit on d-axis and damper circuit on q-axis respectively, due

to the harmonic currents pn + I 'in the stator circuits. The stator and

rotor losses may be obtained from the following expressions.

l- "llq . .

l^uq -lpË * *tlq

StatorLosses=I(

Rotor Losses=l(

toonl? "o* Itoonl? 
ro)

tron |' 'r, * I 
ttoonl ? "rd'*

I qpn

I"
I qpn

-0 (3.26)

(3.27)

(¡.ze)(l11qpnl2 
"rro)

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:

(l ) R' = ,J,(f )

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

(2) Same relationship,shoul.d not be used for all machines since

the frequency deoendance of resistance depends upon the configuration of

the rotor conductors [Babb and r,,Ji I i I u*r l I ] .
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(3) Best approximation in the absence of data is:

R' = R /pn IKrishnayya5, FitzgeraldS]

where Ri = Effective resistance at frequency pn.

R = Effective resistance at fundamental frequency.

Ïhe losses calculated in equations 3.27 and 3.28 are the addi-

tional losses jn the generator if the harmonics are allowed to flow into

the generator. L,lithout these harmonics, losses in the stator will be due

to the fundamental component of a.c. cument and in the rotor due to

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

Stator Loss =

Rotor Loss =

Iarl?.0 * 
Itorl? "o

-12ttl' tff

(3.2e)

(3. 30 )

GlebovT has given some expressions for the calcuration 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 cuments of the order of pn + I and pn - I create m.m.f.'s,

whÍch pulsate wìth respect to the rotor a'long the axis forming an angle

r/4 with the direct or quadrature axes. This assumption is not justi-
fied because,ít depends'upon the magnitude and phase angle of these

.harmoni c components .

It is very difficult to make use of his results for compara-

tive evaluation for the s'imple reason that he neither gives the parameter

values of the machines nor the particulars of the converter operation,

ê.9. o, u, Xc, etc. This in effect iustified partially the need to take
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up the jnvestigation as described in this chapter.

3.5 Rotor Losses (SB and DB Connection)

These type of connections have been discussed in deta.i1, .in

chapter 1, as shown in Figs. 1.3 and 'l .4. respect'ively. Harmonics of the

fol lowing characteristjc' order ..aopearin sB and DB connections.

h = 5,7, ll, 13, (SB connectjon, 6-pu1se operatìon)

and h = ll, .l3, 23, 24, (DB connection, 1Z-pulse operat.ion)

The rotor losses can be calculated by using equations 3.27 and

3.28. A computer program has been wrjtten, as shown in Appendix c, which

calculates the magn'itude and phase angle of these harmonics and the rotor

I osses .

The rotor losses for these connections have been examined for

the f ol I ow'i ng operati ng condi ti ons :

(l) q, = loo, .l5", 
20"

(2) Id. = 0.4 p.u. to 1.4 p.u.

(3) x, = 0.i2

(4) xi = 0.2375

The variation of the rotor losses with the change in IO. are

plotted for SB connection in Fig. 3.4 and for DB connection in Fig. 3.5,

for di fferent val ues of cr. In al l the above cal cul ations, the secondary .. ,,,:..:

voìtage and commutat'ion reactance are kept constant. The change in Io.

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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Fig 3.3(b) Equivolent circr¡it d-c¡ris

fig 9.3(cl Equivnlent circt¡it q-axis
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changes by chanoing Idc as xc has been kept constant.

I¿. = * f- {.oro - cos(o + u)) (3.31)
c

*. = *ä + xa (sB connectÍon) (3.32)

x, = x')/2 * *t (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 type.,s of unìt connections are summari zed . below

for one operati ng condi t'ion .

Type of 0peratìng Addjtional Rotor Additional TotalConnection Specification Losses p.u. Losses p.u.
0' Ida

sìng'le-block l5', .|.0 p.u. .0012168 0.001589

double-block l5 , 'l .0 p.u. .0000498 0.000071

Similar losses also occurin a conventional scheme when the

filters go off-tune or are taken out of service due to system fault and 
.

i-::_:.: 
_-:.

can be calculated by the method described above. ,",,,,,'

As js 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 variatíon in load angle of :::::::::.::::
r'::::-';

the machine for various values of IO.

If these losses are more than the permissible losses for rvhjch

the generator is des'igned, to ljmit the rotor heating, the generator ur.i11
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be under-rated for satisfactory operation. Th'is aspect of the generator

will be dealt with in chapter 4.

3.6 Summary :

(l) 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 Appenclix B.

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

different operat'ing conditions.



!,:L:,1: ! -- t - . :!:. :/." -.J :':.-S /l
r:).ii.jjii.1

63

CHAPTER 4

DERATING OF GENTRATOR

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 addit'ional 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 load 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:

Deratins facror - åctua] rat'!ng oI the macþine '!n 
ltl¡l

Normal rat'ing of the machine in M}'l

4.1 Double Block Connection

The procedure for calculatìng the derating factor involves the

computation of total losses for the stator and rotor cìrcuits of the gen-
..j.::... 

.-'.'

erators with and without harmonics respectively. ':::::"¡::'

' 

t, 
tt., ..'t.

Losses (without harmonics ) : Under steady state conditions, ;,ì,.¡,.,ì:,

damper windings carry no current. The only losses are therefore due to

the rated a.c. cument in the stator windinqs and the rated d.c. field

current in the rotor field circuit and are calculated by using eqns. 3.20 ,.:,.,.:
;t.-r.,,,.'.

and 3.0 respectively.
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stator losses = tor l' td * Iql ' ,o (ro = ro)

"dI 
tot

tl2al

1)2

2 + 
Itot

2)

rotor field loss = (tr)2

.rd

0.00365 = 0.00365 p.u.

' tff

=(

= (l )2 0. 000702 p. u.

total losses = 0.004352 p.V. (4.1 )

r^.^ = Equivalent resistance of the generator for normal operation
en

= 0.004352 p.u.

Losses (wjth 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 losses in the stator and rotor cir-

cuits due to harmonìcs. The losses in the field circuit due to excita-

tion curyent with harmonics w'ill be more than without harmonics due to ,, ''.'"
.''.'. 

'':

increased exc'itation current required to provide the reactive power l¡',:i,:',,'",,",,

:

which in a conventional scheme was supplied by a filter.
In case of DB connectjon p.f. = 0.841

p.f. for which generator is des.igned -- 0.92 
¡,,,:,:;

As the generator will operate at loler p.f., the reactive ':':"::'

power demand on the generator wìll increase which means increased exc'i-

tation. The increase in excitation in this case approximated as

1.20 x C.09 = 0.108 p.u., where the factor 1.20 is used to take saturation
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jnto account because the generator is operat'ing near the saturation

limit and 0.09 is the change requìred'in the generated voltage to meet

the reactive power demand.

The net field current is therefore = 1.0 + 0.108

= .l..l08 p.u.

Additionat sraror losses = I; (ltoonl' . 
"d 

* Itoonlt "q)n=L

= 0.0000131 (by use of equation 3. 27)(4.2) , ,. ,': :

Additionat rotor tosses = ,'l; 
(llrpnl' . ,r, * 

lrropnl' 
. ..,.,0

+ lI ,2 \

I I qpnl ' t'' ''o ''

= 0.0000498 (by use of equation 3.28)(4.3)

Stator losses due to fundamental a.c. current = 0.00365 (+.q)

Rotor field losses due to excitation curi^ent = (l.l0B )Z . 0.000702

= 0.0045749 (4.6)

Feh = Equivalent resistance of generator with harmonics

= 0.0045749

= 0.000862 (4.5)

't 
t. 

"t't;'ì
Total losses with harmonics = (4.2) + (4.3) 

,,:.:..,,

+ (4.4) + (4.s) 
ir:1::::::::'
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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

Iln =J# = /*m = 0'e75 of normal cuffent

where I".^ = new current ratingln

Therefore new megawatt rating = 120 x 0.975 x 0.841

= 98.43 Mf^l

lulw rating for which generator is desìgned = 12Q x 0.92

= 110.40 Ml,rJ

Deratins Factor = ##äå = Be.iE%

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 
ir..,r,,,,

sequence load can be used for the temperature rise in the rotor caused :,,,,,,,.i,,,,,

by harmonics. so the above calcualtions highl ight the fact that the ':"""'l'':
, ],.

generator of normal design could be used for DB connection without any

derating.Theoperatingp.f.ofthegivengeneratoris0.92butthe
,,tt_,,tt, ,ì,,

generator is designed for 0.85 p.f. the reãson for whìch may be that jn .,.,',',.,.r

the eventuality of failure of fìlters, the generator will be able to

supply the requ'ired reactive power



4.2 Sin0,1e'.Block; Connection

In the case of SB connect'ion 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..l, is 1.20 x 0.lb = 0.18.

The net field current is therefore = 1.0 + 0.18 = 1.ì8 p.u.

Losses without harmonics = as calculated in equation 4.1

= 0.004352 (4.7)

..n = 0.004352

Losses with harmonics = Losses in stator due to rated fundamental

a.c. current + Losses in the field due to
excitation current + Additional losses due

to harmonics in stator and rotor circuits

= 0.00365 + (l.lS)2 x C.000702 + 0.0012168
+ 0.0003499

= 0.006194 p.u. (4.8)

Feh = 0.006194

In

Iln = new cument rati'n = /* = /*f3##
= 0.838 of normal current

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

= 120 x 0.838 x 0.7787

= 78. 3 Ml..f

Megawatt rat'ing for which generator is designed = 110.40 Mhl.

67
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Deratins factor = #-o:å x 100 = 7t%

it means generator should operate at 71% of its normal rat'ing.

Even if the generator is designed for (say l5%) negative sequence load,

still the derating factor w'il1 be 86%.

The above figures clearly illustrate that the viable operation

of unit connection is '12-pulse operatìon. 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 conventiona'l schemes. r::r::.

In the fol.lowing discussjon the word "valve" is used for thyristor valve.

Therearec.learindicationsthatinfuturedeve1opmentofHVDCtechno1ogy

only thyristor valves witl be used t121. In fact some leading manufac- ,::,':,,',:,',¡,

turers have already disbanded the manufacture of mercury-arc valves. A 
,,:,.:.:.,::

thyristor valve of 250 kV rat'ing has undergone testing at the INGA-SHABA ' r. r

intertie in Zajre. The momentum of research in the thyristor field, as it
is today, wil'l produce thyristor of much higher voltage and current rat-

ings. These higher ratings of valves will al'low the parallel arrangement

of bridges instead of series arrangenent as is adopted today.

5.1 Technical Evaluation of Unit Schemes

The unit type of connections have been described in detail in
Chapter'l with illustratíve figures. The main features of these connec- ,i,,.,.,.,.,

..:' .

tions are: :....:

,i,'..,i.,','

l. No a.c. filters
2. No circuit breakers

3. No a.c. switchyard, .l38 
kV or 230 kV.

4. Bridge by-pass ,,i,sol,4to,nl , is not needed, 'if paraTlel

arrangement of bridges is used6, as shown in Fig. 5.1.
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(a) Fil ters

A.c. harmonic filters which are used in the convent'ional

schemes to supply some of the react'ive power and to keep the harmonic

distortion on the a.c. common bus to an acceptable leve1, are a source

of a lot of technicaÏ problems such as the possib'i1ìty of resonance with .;,:.
- 

"'t, 
.,t,','

the local system, behav'iour of filters when go'ing off-tune, i.e. when

the frequency departs from jts nominal value and overvoltage during

switching operat'ion. Unit schemes do not suffer from such a drawback 
,,,,,,,,,,.,,,,

due to the non-provision of fi'lters . :""'t,t':"

(b) Generators

Asthefi]tersarenotprovided.intheunitconnectíons,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- 
i
i

rating factor of generators has been calculated in Section 4.1. For 12- 
l

pulse operation, there'is no need to derate the generator, as the tolerance 
1

l

for negative sequence load can be used for temperature rjse in the rotor

caused by harmonics. For SB connection, i,e. 6-pulse operation-, the gen- 
..::,.,

erator will have to be derated for satisfactory operation even whén,usi:ng -the '::',,'.

tolerance for negative sequence load, to keep the rotor losses within per- ',,.,,,,:,:,,',,i.,

missible limits. For the present day HVDC projects, 12*pulse operation is

considered the most suitable technically as well as economìcaÏ'ly.

[c) Commutation Reactance and Reactive Power

Commutation reactance ín the case of unit arrangement includes

the generator sub-transient reactance and reactance of converter trans-

forner, i.e. x. increases in the case of unit arrangement which results

70



71

in the poor p.f. of generator, increased reactive power demand on gener-

ator and higher excitation. Calculations for the given generator
il

(xd = O-24, *t = 0.12 and e = l5o) show that for DB connectìon, reactive

power is 64.3% of the real pourer and for SB connection reactive power ìs

80% of the real power.

In the case

0.24. For s = l5o and

the safe operation of

must go down which is

of DB connection with the given reactances, x. t's

*. = 0.24, the angle of overlap is 29.380. For

converter, SâV u = 25o, the generator reactance xl

about 0.16.

(d ) Transforrner

The generator transformer wil'l also be act'ing as a converter

transformerr so it has to be des'igned for overstresses due to the flow

of harmonics. There js no need of tap-changers as the change ìn voltage

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

(e) Station Control

The controls linking each generator with its converter brÍdge

wil'l be greatly s'impf ified in the unit arrangement, which is quite com-

plex for conventiona'l arrangement. In a conventiona'l scheme, the over-

all station control comprises: the co-ordjnation of filter control with

the generator control as well as with the converter control which is very

compl i cated.

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 w'ill be dealt with as in the conventional scheme i,' ', , ,' Ì ., ':
It is expected that the higher effective impedance of the sys-

tem will control the'level of over-current arising out of the internal

faults such as valve flashover. 0f course, in the case of unit schemes,

the excitation system of the generator wìl1 have to be real1y fast and

hence statjc excitation must invariabl.y be used.

(f) Rel iabi I iry

Due to the fault in one brìdge of a DB connection, the whole

out-put of that unjt will be lost. Moreover, S.C. reactance of the a.c.

system for unjt scheme is more than the convent'ional scheme, so the gen-

erators over-rating capacity will be less than the conventional. 0n the

other hando a fault in the a.c. filters or a.c. busbar jn the conventional

scheme may result in the coliapse of the whole system. 0n account of the

a.c. isolat'ion of generators, the oscillatory effect of one generator with

the other is absent, so there are iess stringent requirements on the re-

gulating systems on turbines. For conventional schemes, 'large changes in

load will bring large changes in frrequency, which makes the design of the

economical filter more difficult and the frequency independence of the

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

(g ) Other Operationa'l Features

hlith the thermal units of large out-put such as 500 Mlil and the

development of thyristor valves of 250 - 300 kV rating, the two bridges

of one 12-pulse unjt may be connected in para11e1 with the two bridges of

the other units. Such an arrangement 'is shown in Fig. 5.1. l¡lith the



DC Reoctor

Fig. 5.t Unit orrongement with parollel connection

of bridgcs
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paral1e1 operation of brÍdges, there Ìs no prob:lem of ínsulation co-

ordinatjon as in the series connection o,f bridges. So, for a single

bipole, the working voltage wíl1 be + 500 - + 600 kV. This arrange-

ment gives a]ot of flexibility for building a project in stages as

each pair of bridges may be added as the unit is completed but still

work'ing with the optimum voltage of the system which gives low trans-

' mission losses 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 receiyed indicating

the change in current order derived from change in power order would

need to be divided between paralleI connected units.

For hydraulic stations, where generator units are not big

enough (typical rat'ing'100 MI,{'I as compared to thermal units, the cur-

rent rating of the thyristor for a voltage of 250 kV may not prove

optimurn. In that case, a combination of series and paral'le1 amange*

ment of lower voltage rating bridges may be suitable"

(hI Telegþone Interfer.ence 
i,,,,.,,.,...'' , ,_'

The unit scheme relies upon locat'ing the converter station in l,t',¡:,:r,.

a close proximity to the generating station. The generator-converter '::': 
;::::::i

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 telephone interference.is envisaged. i".t':t:lti'

Most of the time, the generating station for whjch unit arangement is

suggested will be in remote localities, where there are no open tele-

phone lines, hence no danger of telephone interference. This point is
;.; :.::¡:: :, : --;:
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illustrated by an example of Radisson Stationl3 in the Nelson River De-

velopment, where no restrjctjons are imposed to l'imit 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 technjcal aspects of unit schemes, the

economic features are highlíghted next in this chapter.

5.2 Economic Evaluation of Unít Schemes

The exact evaluation of a unit scheme is only possible by selec- ,",,'.

ting a spec'ific examp'le 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 previously 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 filter circuits, converter transformers and a.c. switch- 1

:

yard is approximately 40% Il4l of the total station cost and could be 
"'lt,t

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 the total stat'ion cost t]41 .
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For the generator data in this thesis, at o = l5o and the rated

value of cument, overlap of about 2go is obtained. For the satisfactory

operation of the converter (say u = 25o) the reactance of the generator

should be lower which is calculated as 0.16. Accord'ing to various manu-

facturers' data, the decrease jn reactance from 0.24 to 0.16 will result

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

Also ìn the literature, it has been iTlustrated that for a ther- 
,,,,.,,,.,,.

mal plant the increase in generator cost for the unit concept of 500 [)4I^J ,',,,,.',,,',,-',

'

rating can be estimated to be 10% as compared to the conventjonal arrange- 
;,,;....;,:,;:,;,,

ment or an a.c. applicatjon.

In the case of para'llel arrangement of bridges, no isolating

switches are needed. But the control arrangement to divide the cument

order derived from power order between parallel connected units could off-

set these savìngs.

In the unit scheme, extra costs could occur due,to speciaï aux-

ilf iary equipment and adapted sizes of generators which would not normally 
,.,,,i,,,

be used. From the figures availab1el,4 a 25 to 30% savings in cost of a ,,,t.,1,,-
l.:.j-:: :,: :,:

rectifier station may be a good guess.

From the above comparison, it can be summarized that the unit

arrangement of the conyerter station has both the technical and economic

advantages over the conventional arrangement. The actua'l savings in cost

can only be estimated by designi:ng 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-

m'inals which may effect the firing angle characteristics of the va'lves.

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

gated to ensure proper operation of the converter.



t.:.'.1...

CHAPTER 6

CONCLUSIONS

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

retical results obtained in this thesis and data collected from the

I i terature.

7B

l. In unit connection, due to the non-provis'ion of filters,
harmonjcs flow into the generator and cause additional 'losses jn the

rotor circuits.

2. A s'imp1e d-q model of synchronous generators representing

the damper circu'its by an equivalent coil on each axjs is found satisfac-

tory for the evaluation of add'itional 'losses due to harmonic cuments.

3" A detailed representation of the dampers by nested c'ir-

cuits is needed when the heat]oss in each bar or end ring segment is

requ i red.

4. 0n 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

pa'irs with their proper phase angles, as these induce harmonjc currents of

pn order in rotor circuits for which vector addjtjon is nec'essa,ry'.,

6. For DB connection, generators of a convent'ional design

could be used at 100% rat'ing because the additìonal losses due to harmon-

ics are usually less than the permissible limit for negative sequence

I osses.
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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 thyrìstor valves of higher vo1-

tage rating, paral1e1 arrangement of bridges of different units is pos- -..,:.
: :: :

sible which is flexible and efficient for a growing system.

9. Technically, un'it arrangement is reliable and less com-

pl icated .as compared to conventíona'l arrangement. 
:,:, ,

.'.:.-'':.''.l0. Unit arrangement is more economical than the conventional .,.,,

as the cost savings are achieved due to the elimjnation of a.c. harmonic '"""r¡'

filters and a.c. switchyard.

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

arrangement, the exact savings will depend upon each indivúdual case

12. Unit schemes appear pract'ica1 and technical'ly sound and

should find application jn 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 exponent'ial form of such a series is

F(o) = I* A, /ho
hl--

_T

and, /he = .j (h0) 
= .or(rre) + j sin(he)

Refering to Fig. 2.2 (b), the wave-shape of the current on

the a.c. side of the converter js not sinosoidal, however, wave-shape

is periodic and therefore can be anaìyzed'into a mains frequency compo-

nent and higher (multjple) order harmonics hry fourier series analysis.

The peak value and phase of the hth harmonic are given bV 2An.

As defined in Kimbarkl, h is odd and also from Fig. Z.Z (b),

F(01=-F(e+n¡.

Therefore, An can be rewritten as

where, Ah- I (n
2r) F(0) /-h0 d0

A,
n

= I l" F(e) /-rro ¿otr)

0

(T1

= I I ire) /-r¡o ao
¡t)

0

where, i (e ) = val ue of the i nstantaneous cument.



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

B3

24.
n

where In = complex r.m.s. value of the hth harmonic cument. Here the

phase angle of the harmonic current is expressed as phase advance w'ith

respect to the line to neutral vo'ltage.

Substitut'ing the value of i(0) in all the four segments and

applying the appropriate limits for integrat'ion.
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'. :: ::::.a..-

- fn+I /-(h-l)o (/noo" - /-h60 ) . ft*¡; /-(h+l)cr (/h60 - /-h60 ) ,,,.':,', ,' ,
. _:ìt:.t. 1 - ì
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t^ tl{lTl x- =

I
ŝ¿

/- (h-l )cr

86

/-( h+l )ô

---ñ-

=i
h

i(/noo' - /-h6o )f-

/-(h-l )ô /-(h+l )ô /-(h-l )cr

--(T:l)- - --fñ+lf + --{_h:T)- +

oo
(lnao - /-h6o )[

/- (rr+l )cx /- (h-l )ô_---ñ-+h+

tn = 4îr, sin(h60
o /-(fr+l)a - /-(h+l)ô

-

(h + t)
/-(n-t)s - /-(h-l)6

(h - I )
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APPENDIX B

SYNCHRONOIJS GENERATOP. DATA

Generator Designer's Data

MVA

Ivll,{

p.f

KV

RPM

s.c. Ratio

E(Ml^l-sec)

H (Mt¡l- sec/lt{VA )

H Factor

1?0.0

102.0

0. 85

r 3.80

90

1.0

4l 0. 39

3.42

26.31

0.712 sec.
.l.123 

sec.

377 radlsec.

0.171 p.u.

1.106 p.u.

4.642 p. u.

0.30.l p. u.

A.n3 p.u.

0.242 p.u.

0.231 p. u.

0.165 p.u.

0.0395 sec.

4. 1 Cl5 sec .

0.01 95 sec.

0.048 sec.

poti er

X,
o

X
q

xi

x,l

x"
q

*z

*o

Tä

Tåo

Täo

Tll

'qo

Data for Parameters

Di rect-axi s

Tu

Tå

û)

Xad = 0.935

Xald = 0.935

*fld = 0.935

xffd = I .08599

tlld = 0.03469

xlld = 1.05353

.d = 0.00365

rffd = 0.000702

p.u.

p. u.

p. u.

p.u.

p.u.

p. u.

p. u.

p.u.

Quadrature-axi s

*uq = 0.471 p.u.

.tlq = 0.03065 p.u.

*llq = 0.55460 p.u.

"q 
= 0.00365 p.u.
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Machine Designer's Data

Reactances: *d, *q, Xl, xj, x[, xO

Time constants, Tu, Tä, Tå0, Tä0, TOg, Tå

Inertia: H

Resistances: r (could be calculated if Ta is specifjed)

Constants to be Derived

Reactances : *d, *q, Xad, xffd, 
T.,0, Tr o, 

*uq

Resistances: r, rfd, rld, .lq

Inertía: H, not needed in the thesis
a,

Definjtions of Machines Designer's Data

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

*d = *n- * *ud (B.t)

*å = r¿ + (xad // xrd) (8.2)

*ä = *¿ + (xad // xro // xrl (B.s)

*q=*¿**uq (8.4)

*ö = *¿ * (*uq // xrr) (8.5)
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Time-Constants (Seconds)

d-axis sub-transient T" *ld * *ud // *fd

d-axis transient 11^ - 
(xt¿ * xad,

'd0 , . rfd

q-axis sub-rransient ,äo = îi- lq
x'l + x"

Armature Tu = fr;L

(8.6)

(8.7)

(8.8)

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

nous generator is shown ìn Fig. 3.1.

Reactances

xad 
þ=Xd-X¿ 

(B.lo)

(B.e)

(B.ll )xffd xffd = xad * xfd

xi =^,I*ffi
from which v = -v 

(xå - x¿)
*fd=-xad{-1*o
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xffd=xad+xfd

_ (*¿ - *t)'
(8.13)

*ild

' = *L*

Sol vi ng for x.,O

*fd // \a from equation

xad *fd *l 
d

"fd *rd + xld xad

= *L* *uA // (8.3)

xad xfd n

xrd

from equation 8.2

*å-*¿=

Now substitutìng ìn

(xä-*rrrþf$)
xad xfd 

,r-ffiþ- ('ä - *L)

xad xfd
xad + xfd

the above equation

(*ä - xr)(xi - *t)
^ld (xd-*n-)-(xi-x¿)

By def i n j ti on of x., .,0

*rd=xad+xld

=(xd-xu)+
(xä - xn) (xi - *t)
(xå-*,t)-(xi-x¿) (8. r 4)



'_..'4.r.'-ir'1: - :.':'1a : a -'.: !: lal.
:'

9t

X
aq

uq=*q-*¿

= *L*

= *L*

(xuo // x., 
o 

)

(8.15)

(8.16

ILq

From equation 8.5

x"
q

Sol vi ng for x.,O 9ì ves

=aq*lq *uq -

Substituting for xuo from eqn. B.l5

X

*ilq=*uq**rq

- *t-)
-xL

*rq=W
By definition

(*o xr) +

(xo - *z)2

1t;=T)



rfd from equation 8.6

tlld f.ot

*ffd
'fd - ,D.q;

equation 8.7

o9

(8.r7)

(8.18)

(B. r e)

(8.20)

(8. 2l )

*ld * *ud // *fd
l :='lld ûr Täo

l;':

:Ug from equation 8.8

r^ := 
*llq

'ltq ûr . täo

from equation 8.9

F =*ä*"öI -Z.,.q

In p.u. system r. = roq
x'l + x"oq
2.u.I-

ct

r, =
o

r-

r=
q
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APPENDIX C

{JAN75) RSl360 FORTRAN. H EXTENDED rJATE

trTICNSi TFBTTTTORJTTMAPTTGCSTMT'rrSrNÂME(!4r\INlrOtrT(GlrLC(654).AD(tq0liEl. TFLAGLL

'FF.FECT: NAME('VATN) NCOPTI$IZE LINECOUNT(65 4I S-IZEIMAX} AUTC.DBL(NffNE)
: SOURCF EBCDIC N$LIST Nf-rf)EC( 0RJECT MAP NOFOQ'uAT GOSIÎì¡T NOXREF NOALC Ni

: 
coMptjEx rHrcMpLXrcEXprsÀrsBtxG'r rlFUrvrrEtrvD ¡Ãz¡À3rc ztc3çBZçE3r'--ll '-

lD2rD3r IDHr tOnr I DN¡ I ONr I FNr I lDN+I lONrAl I rA?2
REAL IIr f IçI?rf -lif 4rI5' IDCTLCÀDATLOADtrLOAD2rLt'!ÄD3

:.-r..:!-:..:::;¡:a:i..., -.DIirrENSION.-Il,.l{4O.t., I:tl4O)rtrHf,f 4C¡,<yg{4O)
j I IDH(40) r IQH(40) rAL( l0 ) " IDC( 1Ol ) rD€L( 1Ol

'"' zRelL{'lCIt ) rVfJC,{ l Cl ) 'LOADI (l Ol } 'L0AD2{101i,.^., .1-. :., 3ROTLZ(lO1 ).¡,R-(].TL3{lOl-)...... : :... DI¡UENSIOTN t-t${3rllO) rt{7(3rIlO}r,Hl
1F.119(.3r l Iî) 'H23( 3'l lO) rH25(3rl1C,l
?H37{,3'lIe)'

Ð,I M6NS I0N :CO.MM ( I 1O ).. . ,, , .

'':: '' DIM]FN,SI{,ìN,r"f BUF(-17000) r:.XP( l03) 'YP( to3}
RFAD(5r lJl ) ( AL( I)r I,=l r3 )

lOf FCtr¡,| ,âT(3ì-:1Ð.7| :

.READ(5r 1O,2 ) ( IDC{.f ) ''I=1',101}l02 trnRMÂT{16F5.?) ..

I READ( 5 ' IO.5),.XÂD rXÀI D' XF lll.r XFFrRl ll)rX1'l DrPDI QFf)r XAfioRl1O¡ Xl, l:Grtr-O 
l

tO5 FCRr,fATlSFlO.T)- 
iõ=c¡lPLx ( ó. ,o .642) ..

I -.. XT=crl2 ; 'ì I

i , : XDD=O .2-l'?5 i::ir.'::; .;..': .. \ .': lj.i,, , ' iì-- ' ' xPU=x T* >'p¡¡ "r"' :' " '':' i

r. prl:.i+ràé: .,,,]
C ALPI.¡A-.'-ANGLF TIF DEL AY :

i C U---ANGLI- AF CIVERLAP 
Ir ç DEL---GFN t_eôD rrN'GLF i

C VALUÉ nF IDC IS IN.P.U. CN GEN vVA 
:

I c vf=l.o p.u.--TEF:MINAL vcLl'AGE fltr GEÌ{ i

DCJ 1O I=lr3
aLP.t¡A=AL ( f )
l)n 2C ;.1 =.1 ,IOl

; 4=Cfls(ALPHÁ)-{ IDCf J)*XPU*Pl/:13.'l
tJ=A.RCCS{ ê)-ALPHA

i , Cnu¡l(J)=U*1F-4./PI
ÈHr riÃnccsiö.s+ t,õos( ALPH.A ) +co,s,l ÀLPHA+u) ) ) .

C IIFU---FITNDAMFf\iTAL CC¡,lf: [lF Ä¡Co
1 .. I lFU=I DC ( J ) *(CiVPLX( CCç ( PH T 1 ) r JS I N (PHI 1 } )
I ÐFt.TA=at-PHA +'l-,

r C lRûM:THE.V,E'CTÐR..DIAGRAM FGR GfiN
,..,.." .;:. VT=CUPLX( l,rOrlrO)'i¡ j - ''..

VD=XC* f 1 FU
,= | ; \jrTl{\./f)
DEL (.J )'=ATANz ( A I MAG(,E1 ) r REAL { q1 ) t
VDC ( J ) =Vf,)lCOS ( t¡HI'1 )
LnAD A ( J )=DÉLt .J ),+ t:'80 /p I
'aOTL( J )=0. C
STATL(.1 )=C.C
DO -?O K=L r 6
N 1=6*K- I
\12=6*K+l
IOtti=Or

.ION=O'
.D,fJ 4O N,=¡ I r lv2 r ?
DD=CCJS ( ALFJHA ) -CaS (:ALPH,Â,+U )
AA= ( IÐc{ J ) *SORf (2. ) *S lN(N*1 .'O47 t97) }./( SORT(..6.
Al=-lN+l )*ÀLPHA .

Bl=-(N-l )*ALPt{A
A2-CMFL_X(O.iAl ) .

,svo (4o ) r SÂ ( aQ ) 'SR(:4ó ¡ ' -

);LOADA( lOl ) TSTATL( lOl] r
) rLOAD3( lOl ) TRDTLI ( I OI ) r

l{?'l1:ß}'Hl
tH?9(3rt1C)

. :... jl r j.r..t: :

3( 3r I lO ) rl+t7{3r,t 1O) i ' "' '
rH31 (3r ltO ) rH35( 3¡ tlO )r".

t.-.-
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! oc4a
^- o04q\l ocSc\ ooSl'
N oo52\ 0c53\ GC54{ ocì55
\ 0D56
N 0057! cosa
\J oo59
N 0060"\t 0cót\¡ c062
N 0063 .

ñ ..O O 65, ¡.ìr ¡.. , i, .. ::,i:.
\¡ ,'OO6{5 "':.i;i'-' - . ri-:
N,0068 SA(ò¡)=CMPLX(C.r,SYD(N) ) -, :.,
¡¡ fOõOS.. i ., . :, SA(NtrCMpLX(O.rSyOfN)' -,;, .

itJ, ,0 07O"" ,i:r:::::Ì.*,-;::,,-,-.,,',r¡ .f DH( N ),= I I'{ N }*CEXP ( SA( N,l I
N OO 7 1 

.. i.,.;.:''.":.i''., i:t';:':-;;i." f OH { N.}='I I. ( N ) *CE XP ( S e ( ñ} }

g'2=CVPLX( C' rBl )
þ2=(tr XP ( Ä2 )
Bf=CExP(tr,Z)
C1=-(N+I )*DELTA
D!=-(N:l )*DELTA
Ç1=(vPlX(O. 'C,l ')
D?-=CttPLX(3.rDl)
C==er=Xe I C.2 |
D3=CExp(C2)
IH(N )=A-A*( ( A3-'C3 ),/( N+I )-( 83-D3) /(N-1 ) )
X=RÊAL(IH(Nll
Y=AtVAG(IH(N))
PHl(N)+ATAN2(YrX) - ' :- .-:¡'
ff(N)=CABS{IH(N))
SYD ( N) =-Pr-ll ( N ) +DEL ( Jl -Pl /2
I F ( N. EO . N2 )'SYD,{ N ) =-PH I ( l'l ¡ -¡6t I J r +Pl'/ 2
syo(N )=-PHI ( N)-+ÐEq ,( J ) .,..-....--."-,.,, \ :.i. --. ',. ::,:

irt Ñ¡eorNtZ|" sYo(N')==PHr (N'-DEL( J)': ' -:

\¡ .0072 .

N-OO73 "'
N oo74.¡- .j-,1,:. .4o.*..CONTINUE.. ..i

.,..,,. '.-' ¡ ,..,.,-,,;Ì'.,p¡1T OR-.'RFSI STANCE
c ..,. ,,.,,. RoroR RESrSTANCE -

C ,' . T'O ACCOUNT. FOR SK

', r l:t. :i::r. _1' ''-l ': ; ,.- .' 
,

CHANGES -.II 
T TH. FtrEOUENCY

HA.S ,SEE.N MOÐIFIED Bv A FACTOR OF SORT(6*K)
IN FFFECT'----EFFFCT IVE RCJTOR' R,ESISTANCE

. _1 I-n! ¡, j. rl.. - -

' 1..,. -

N .o0,75
N ,.0:O?6
N .o,o.77
N o'o7'8

N 0 08'5
N ,oc86
N O'OÊ7
N O.O,8a
N OOB9
N OOSO
N OO9l
N 0c92
N ÐCS3
N 0'o94
N,O09s
N ;O097 ..
N OC99
N 0101
N tj lo?
N CIDS
N Ol04
N 0105
N clo{5
N o1c7
N O10A
N 0109
N 0110
N Oltr
N clI2

. I K=6r*K .

Â1ìl =,CM.r.LX ( XFÊ' -'FFD,/SCtrT ( IK I t
Al2=XFID
AP1=A12

.,., Aàa,=cuÞux(xtt.Dr-R.tlDlsoRT(tK)) ..i . . l' '1 "Rll=XAo ''"

I 1'ON= (-81 1*I ON) /el2
PCTL=RîTOP I ASSFS
STÂTL= STATea LCSStrS \
f l=CâES:( TDN) i'¡
I ?=CARS ( I CIN )
Tl=CABSI IFN)
I4=CABS( IIDNt
I5=CÀBS( llON !

I'F(I¡'8O.1) GC îD 1

, .-' IF(I.EO.Z) GU TC ?' - 
:

IF(IrEQ..3) Gn TC 3 I 'i

1 RC-L1{.I)=çCTL(Jì i
LßâDI{J).=LGAÐA{J) I

6C TO 20

812=Cl''tPLX( Xl t O r-tr,l I O/SORTf IK t,), !FN E I 1DN..I 1 OÑCIJRRFÑTS I NDUCED IN ROÎRR CKTS Otr 6*K FREQUENCY
. IFN=( IÐN*{ XAl,D*41.2-XAl}*,À,2.2'll,/( Al tr*A22-42tr*Al2} : .: ..',- '

f I QN:=.( 1- J ¡¡*XAtl )- f A t 1* f =N ) ) I ^72 :

C
c

RT=S,GRT ( IK )*{ ( I3) *¡t2.'k'RFD+( 14)+*2.*RI 1 D+( I 5I**2.*RL tQ}
5T=SORT{ I K }*( ( t I }**2.*RD+( Î2)*È2.*RO}.sT,ATL(Jt--slArTL{J)+sT. : . : ; ...

RNTL(J)=ROTLIJ)+RT
3O CCIiT I Nl,'E

ry,r,ï.. .,,r-r!ri+',: r .:...rr.r..lii:a,,

RnTL 2 (,1 )'=Rl-rTL l,J )
L-cAD2( J,) =LoAD,1( J)
G¡ TO ?Q
ROTL3(J)=RCTL(J)
Lr]AD.3( J }ÊLDAÐA{ J)
CONT I NUF
CCN T I NUE
CALL PLfITS( I -ÐUF.7CCD)
CALL trLnÎ(O..-11.r23)

2.4
to



95

0.1 r3
cll4
c11s

' oll6
0t 17

CALL trLDT(O. '1 ' ¡231
. XP ( l.? ) =n'.C

X!-r( lC3)=C.3
YP( 1C3)=O.OCC4
CALa DRÀG(5 i ç7. rC. rO.1'O. rC'OCO4)
ðatu ivt¡BoL ( o.5'8. . c. l4 ¡2 8HRcrcR

., c¡LL syvFìoLll "7'5ro.14;l6HBLocKDO 7CC I:1¡3
DD 710 .t=1'r101
Ge TO (72Ot73C'2401rI

7 2O,,, ;yp.( J t =ROTL t ( J )
,,. GO TO 750

LCSS VS DIRFCT CURtrENTrO.r23
CONNtrCTfONTO.rl6)

ol18I cl19
t ot2e
I ol21
| :,o l'?2
t. 0 123
I Q!24"' '

I o125t ot26
I :,0127 

;;.:,,..
1"0t 28 "-:''i"''i
I ..O 1.29 rr.ìirii:,r:i: :.
:l ,,0:l 3O :f i:';ì::''
:l-'1O1.õr1.,.,,:r,.r¡.ul1tr,.:j

¡.-:9'1 ? ?' ",r";;;:;'r.
¡ ol35
i r,orl'.37 : "

730 ''1'YP ( J ) =ROft-2 ( J )
. .,.,.G9 To 75C

74ç.;rir.:yp¡ J ) =ROTL3 ( J,
/g$1¡,;XP( J ) =I DC( J )

'7 te'- "'c oN T I NIJE
IF( L-EQ..l l Go.,f ß 760 .:i' -'*;.ì1,ìtF(f ¡Eo.?) Go 1'2'770 :'Ì'

; IF( I.EQ.3) GO TC 78O
76O- tALL tUtxr( XPr YP'r1.Ol r I r1 o r2)

FÎ' I"9i''1$Ê', n",ypr1or r t rr or3)

i -- i .' "''.',''' Tgo"cAL¿i;;rLlwr(xP'Yprlol'1 rlo''.5)'''
t.,.o142. 7ao coNTINUE_jf,i4l:;- CALL PLnr(8.ro.'-3)
,J;C.14;4 Xc)(1O2),=CaO
i 0145 XP( 103)=1.3
,r 0146. , Yf.(19,?l=9.9 ,

,r oi+z,,, YÞtlo3l?S.O
'l O148 CA!.L ORAG(5'r7"OtOrO'3¡C'O¡5'O)
ü ðïãõ '"' ð;iLI év¡¡ooL{o'5''8'r.o'l4r2erlLoAD
rl:,g1.1,5O...".... çALL SY1\1BSL(1.r7.5'C'!4r1ÉHBLOCK
rj",6i5t t)o,8oo r=lr3
,l Ol,S2 Dn 81C,J=1'101j or:Ëì Go Tìn (P?nr'831r84olrf
$ oib4 , nza YP(Jì=LflAD1(J)
i óiÈs Ge rn 851
¡ õiãã s30 iPt¡i=r-riADz(r)
.t o,1 5 7 GO Tn a5{ì
{ ßl'58 840 Vpr;}=t-{iA.D3(,J)
i ñ iãõ esn xp( r ).= I Dc{.J }
.¡ o1ó0 81C CONT.INUE
,{ O161 IF(I.:FO¡1ì Gq I1F1'9.i ói¿å rF( r ¡8o.2) Gp Iq ?Z!i öi6È tF( trEÕ.3) Go lc 88o
i óiaz '860 çILL-Ll'f:{xP'Yprlol r 1r1o'2}
v ot68 Gn TC 8O0
N ,'.0 169 €7O''.CALL L I NF ( X'P'YiP ' I C l ' 1 t 1'O ' )

i oltÀ '. ,.", ' tl Tc e'on
\ g17l 88'Ð' iqlu LINFl:¡p¡YPrlolrlrtor5ì
\ Dl72 soo ç6¡¡ r'f\ll-lE
N 01?3\ 0174 sToP
N C1?5 END

. ,..l
ANGTE VS DIPEef cUFFÉNÎ'¡o.'¡'2'E
CCNNECTION'O..¡16). '. ,,"l'''....-;

1'i



ISN QOdz "
ISN O0CI.3,.
f sN oo0 4'-"
ISN OOOS
ISN OCO6
trsN.,ocoz=',.,
ISN"Oçggr*i*
ISN OOO9*,:.,.'
ISN OOlO,,'i.

CALI- AXIS(0.rYLrt
CALL AXIS(O.rO.rt
CALL ,.AX I S( XL.r O.
N=xL+t r '-i:is:;':: :'

M=YLf I .

SUFROUT INE' !ìaÄG( XL r YL rXM I^\rx INC rYMINrYI NCI
DII'IENSIÐN XP( 103) r.YP( 103)
CALI- ÀXIS(O.r0.tr tr-3'XLrO"XMfÑrXINCl

I r3 r XL rO o r X¡, I.NrX INC'
I r3 rYLr ÇOr r YuINtYf NC'

,., f sN, o at 2:,1 '
.ISN,0013.
tsN oot 4

,,.:,I'sN,, O.O 15r*;-, ,.,-I,SN:OOltr::;
. ISN.OOTT,,,

ISN OOI I- tsN oo,1,9., ..-
, I,S N ,O,C 2fì
ISN OO2I
t sN 'oo22

" ISN ;0O23 . ,,
';'ISN''OO14'""' '

r,sN o o25
fsN oo26

,.rsN ao?7
lSN Oô.2A
I5t*l 0 C29

"DX= XL*X I NC/ 100.
.;,-i'::,,..i".r 

X p I I OZ.Ì:= X M I N
. YP ( 1O 2 ),=Yr.! I N

xP( tO3)=:XtrNC
YP(1C,3,)=YtNC

LEVEL ?.L ( JAN

NAME TAG
ÏStr

DX SF
YL SFÀ

LINE Str XF
YM T N SFA

f)or:4orr_jl=l rN-.
80,.5O,..J=tr1:Ol . : ..--.
xp ( J )=( I-1 

' 
tX lNc+XM rN

Yp { J ) = ( J-,1 ) rf)v+YM I N.. -:.: .

CALL LINFf XtrrYPrlOl rl rOr0)
CCNT'IN¡.UE
tl0 Ce l=l 'MDO 70 J=lrlOl
XO1.¡¡'1 =l J-l.t *DX+xM f N'''.
YP(J)=( I-l )*YIÀtC+YMf N
CALL,L l^\F( XPrYP r1 0l çI rO tO)
C.ONT.I NU,E
P'TtJRN
ENN

DRAG

"iiì
NÂ t¡f ,

J
DY
YP

XINC

/
T:.AG T./PE

SF T,E4
SF P*4
S,FA . R*4
SFA . R*4

=",,
4C

7.O

60

DRAG /
A[ìD.
otGlTc
oool8c
ooo34a
co0r9.c

SÍZF OF
l

.NAMF
M SF:

XL SFi-Axrs sFi
XM TN .SF!:

I

75) 05,/360 FORTRAN H EXTFNDED

TYpE ÂDrJr
,I ,*4 .OOO 178
P+4 000184
Rj*4 0C 0194

000000
R*4 000I A8

;ri1ì¡


