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ABSTRACT —

[}

- . S Sglld State Serles Tapping

of HVDC Transmisslon

¢

Md. Anisur Rahman ‘
A ) 7(

There are two ways of tapping power from a HVDC transmission link, l.e,

a serles taf) or a parallel tap. It has already been shown (7] that the setles tap
Is more economlical, when 1t Is small. The feasibllity of using a solld state

« forced commutated serles tap, when feedlng a weak ac system, 1s reported in

,ﬁéchnlcal Hterature [9, 10,16, 22]. In this thesls, a forced commutated tech-
| N .

nlque for serles tappling named short clr’cult method 1s proposed and analyzed.
Plﬂerent serle§ tapp{ng techniques are also investigated and compared. A har-
mpnlc analysls of the output ac current and of the-voltage on the dc side using
short clrcult method has been done. The harmonle redu;:tlon possibliity usling
s!nugoldal pulse width modulation (SPWM) technique a‘nd symmetric pulse
width modulation ‘Lechnique with more than two pulses per half cycle are'afso
Investigated. Although these technlques reduce the harmonle lgvelé, SPWM
‘. technique Is found to be more eflectlve In harmonic reductjon capabillcy than
. o
symmetric pul§e width modulation. A serles tap that usesln

N

clrcujt method 1s rnvesttgaied under small dlsturbanqe conditions and control

R

e proposed short

strategy for the successful operation of the tap Is evaluated.

L ———

t}::}
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CHAPTER 1 ~
INTRODUCTION

i ] ) ' . =
1.1 REVIEW. :

5

Since the begfnnlng of high .voltage direct current t:ransmlsslon, there ha;s
been a conslderablé Interest to lni,erconnect more than two termlnal Statlons
with a dc network. The Introduction of thyristor valves has Increased interest
in multiterminal HVDC $ystems. Multiterminal HVDC system can basically be

divided Into two categorles namely, parallel and serles- arrangements. Serles

-

and pz‘trallel arrangements 6f a three terminal system are shown In Flg. 1.1,
and 1.2. respectively. Kingsnorth HVDC system and Nelson river HVDC sys-
tem Include com,rolL characteristics which are vlrtuafni' multiterminal [3]. Work
on a few other mult.l,term’lnal projects Is golng on aroulpd' the world [23] - There

has been a conslderable Interest In serles tapplng In recent years and It can be

-

o

considered as a potentlal candidate for future muititerminal-operations. -
! . g ‘. :

A comparison between parallel and serles arrangements, shows that serles

f h
arrangement Is more economical for small taps of rating-less than 20% of the

o

dc system capabllity (7). Moreover, sincethe cost of a high-voltage low-

~

current valve 15 higher than the cost of &’ lowvoltagg high-current valve, 1t s

-

likely that serles tap may be cheaper than a comparably rated parallel tap.

There ar¢ two drawbacks-of a HVDC converter, r;amelyJ production of har-
monlcs and consumptlon of reactlve power. Two con"v?ntlo\nal met,h&ig\l.e
- filtering and increasing the number of pulses exist for reducing the harnion\cs.
Increasing the pulse numbéx’ beyo,ild 12pulse using phase shilting transformer

. . . ‘ ]
windings, Is consldered vto be uneconomic. -
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The reactive power s normally provlded by statlec VAr systems, synchro-

-
I3

nous condensers, capacitor banks, and pértlally‘ by fliter banks. Forced com- .

- .
4 .

mutated [nverters have been proposed 1n recent years as‘aln alternatlve tfo

llne commutated inverters. In many cases, these forced commutated inverters N
) -\

are capable of provlding thelr own reacglve power requlrements and do not
need an external source of reactlve power, rather Lhey can dellver reactlve

power to the ac systems. Moreover, It can feed an ac system’ without Its own

L3

generator or synchronous conde'ﬁsers Overvo)tages due to load changes and

i

electromecha.nlcal translents are no problem for these inverters and a qulck

restart Is possible after a fault [18].

(Y

.Forced commutated Inverters have some shortcomings malnly due to

Increaseg cost In station equipment especlally for the valves and commutation P

' : : e
circuits. In thls thesls, a novel serles tapplng technlque 1s proposed which Is s
easlier to Implement, and can feed a system without any ac generatlon. Thls'

. h ! \/"
method 1s deslgnated as short clrcult method [9]. This forced commutated

—n

scheme Is really pulse width modulation technlque with 2-symmetric pulse per

'

half cycle.

In power olectron!cs, modern technlques such as pulse width modulatlon
and_sinusoldal -pulse width modulation are avallable to reduce low order har-
monics, with or _wltho.ult output control of converters. With the developrrrent
of high power gate turn off thyristor's ( GTO's), such tecimlques can also be

applled to forced commutated HVDC lnverters.




@

1.2 OBJECTIVES

.~

There are two lnhérenn‘ drawbacks of an HVDC convert,e;'. namely, reac- °
tive power con'sumpt,lon and harmonic production, and these become more
Intense whNe converter operates as a serles tap l.e; oberat!ng at constant
dc llné cu‘rrent,.‘ r_at,her than constant dé voltag;a. Tt}e short clrcult method s
free from one drawback namely, reactlve power consumptlon, provided there Is
no overlap [8]. However, ‘ﬁarfnonlc generation Is still a problem of this method.

The methods of harmonijc reduction by the application of various modern tech-

niques are studled. ' :
The objectives of this thesls are as follows :
1. ' Comparl(ng serles tap with parallel tap

2. Developmeqt of the idea of short cireult method. .Its princlple of operation

and comparison /wlt,h dlﬂergntlal firing method. -

3. Study of harmonlc reduction possiblllitles.

4. Dynaﬁllc study of the tapping statlon and contro] of the tapping statlon.

1.3 COMPARISON BETWEEN SERIES AND P LEL TAPPING

~

Depending upon the application, series and parallel arrangements each
offers’ some advantage\over t,hé other. But the serles connected tappling has
been round to be more advantageous than the parallel cqnnected tapplng when

e

t.he tap Is small.

A parallel tap has to be rated at system voltage (with current rating less
than system current). A serles tap has to be rated at system current, not sys-
tem voltage The cost of a hlgh-voltage jow, currenL valve 1Is usually higher

/

than the cost of a low voltage hlgh-current alve As such serles arrangement

for small taps wlll be less costly than a para’,llel arrangement.



- | ; . 5 3
\ ' T . The parallel arrimgement, 1s not ecfmomlcal for small taps (less than 20%
& L of system rating) because the s_mall. parallel tap Is susceptible to system faults,

especlally to disturbances on Its own ac bus. This might cause commutation

falluré{ recovery from suchjfalhfre may be ‘dlff}cult, and may require a momen-

- ¥

tary.shutdown of the whole system. A serles tap however, Is less subject to
' ° / '

’ : 9

commutatlon fallure (7, 6].

.

Other genéral advantgges of serlés arrangement are indicated lnlrows 4, 5,

6, 7, 8, 9 of Table 1.1. But a sef'les_tap may also have some drawbacks as

}'t;dlcé,ted in rows 3, 11, 12 and 13, of Table 1.1.

'




DESCRIPTION

PARALLEL ARRANGEMENT

D

SERIES ARRANGEMENT]

Current rating

of tap

Less than sy.tem

current.

.. |At system current

Voltage rating

‘ of tap

At system voltage

Less than system .

voltage

Insulation level

1Tap Equipment

Line

At low voltage
The same along

the line

1At high voltage

| Different at each

section

Blocking of i single

Either all stations work
\

"INo reduction in

bridge in series at reduced voltage or that other stations "
~— ' -

connection station be disconnected voltage

Central control More fiexible if used Not needed’ Lo

D C Circuit Breaker

More ﬂexiblp if used

1/‘\‘-
Not fieeded\

\

. |Dependance on fast

, .
communication

to point system

Higher than point

More or less similar to

point to point system

L

. |Reversal of power

at any station.

Requires mechanical

switch operation

No mechianical

switch operation

. Commutation\ failure

in 4One station

May draw excessive
current from

other station

Is handled by main

rectifier a-control similar

to point to point system

. |Effect of system

fayle

Probability of commutation

fajlure high

Piobability of

commutation faflure low




of the tap

o

point to point

comparable coyerter in a

rstem

B 7 .
v v .
- B
‘{(recovery may be difficult ) with easy r!gcovex:y
11. | Transmission . [Minimized by keeping Minimized by letting the
josses the system voltage inverter with the highest
‘ Pyo
at rated valde ) set the current
Pdn
12 | Harmonic R Some what higher than Much higher than
magnitude comparable converter in a comparable convérier ina
(p.u) ac” point to point system point to point system
@ . :
R3.|VAr requirement Some what higher than Much higher-than -

comparable converter.in a

point to point system

k]

14.

Harmonic magnitude
ofdc in the

ranrige of operation

Slightly higher than
those of point

to point system

Much higher than those

of point to point

converters usually less on

line base

-



. . . . CHAPTER 2

SURVEY OF SERIES TAPPING TECHNIQUES AND PRINCIPLE
: OF OPERATION OF SHORT CIRCUIT METHOD

4 N .

l
2.1 INTRODUCTION

t 3
o . .

Serles tapping employing natural commﬁtatlon redulres,a large amount of
reactlve power compe'nsatlon and needs a sultable source of ac for commuta-
‘tlon. Forded comn,lutatloh can solve many p.roblems connected w_lth weak_
recelving end ac system..'FC Inverters do not requh"e ai)y reactlve pow;:r com-
pensation and thew can feed a system wltpout Its own: generatlon capabllity.
'Hybrld coqverters cons\lstlng of naturally commutated converter and forced’
commutated converter Inherlt the advantages and disadvantages of both.
Diode re.ctlﬁer' stations have‘bee'n proposed to transfer e.lectrlcal enef'gy of Iso-

lé.ted station to an HVDC system.

In this thesis, different serles tapplng techniques emploXng natural com-

. mutaLtlon, forced commutation or hybrid of these two are discussed.

A comparison of serles tapping between short clrcult method and

differential firing method 1s also presented.

‘2.2 SCHEME PROPOSED BY BOWLES, NAKRA AND. TURNER

The schematlc dfagram of the proposed station Is shown In Fig.2.1. There
are two maln parts in the statlon, the first 1s the unit to extract power from

the line consisting of converter bridges. The second part of the statlon 1s the

'ac machlne. One problem of this method Is that 1t will require an auxillary
drive for starting the machine from rest. \@ﬂthout the commutation voltage the

bridge cannot provide the accelerating torque [7].

-

5.
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.flow can be controlled 'and woulg thus regulate the taps ac voltage to sofrie

2.3 DIFFERENTIAL FIRING METHOD

o

When two or more sets of brldges In serles have different firing angles we
' ECS W

[

call the system a differentlal ﬁrlné” tem F1g.2.2. For explalning, approximat-
N . v oL PO "

S
f

Ing the ac current querorlh as a square wave F1g.2.3, If the.zero axls Is moved

¥ .
to tt_le right by the firlng angle plus 60 ’degrees, the waveform will be sym-

4

metrical about the zero axls and-the phase angle of all harmonlcs will be zero.

Therefore with the zero'axls as Indicated 1n F1g.2.3.-

s

) Fpr differential m:lng with.two brldges with firlng angles ajy) and Q)

-

L hgy=nlegte0t) s

]

\
’

) * “ ) R 02(" )==n (a2+600) A

-+ The approximate relative phase angle between the nth harmonlc currents

produced by the twWo bridges Is
60(13 )=92(” )-91(,, )-_—-"19 ((12—0.‘1)=n ba

N .

‘which holds for small dc line current.

. That means by maintalning a proper phase difference between two firing

¢

- angles a deslred i)hase shift between the two components~ef the nth harmonlc

currents can be achleved.' This phase shifting property can be utllized In

redu'clng~ha_1:monlc magnitudes similar to phase shifting -transformer, although

-

~ no characteristlc harmonlcs can be completely eltmlnated [6].

Alterna:tlvely, by adlustlné the firing anglesof both bridges reactlve power

extent. Higher voltage regulatlon can be obtalned by using more bridge.sets in

-

-
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serles. ) . )

2.4 SERIES CAPACITOR COMMUTATED TAPPING

.

The serles capacltor cominutated bridge Is one of the most suitable altef®

7

nath’(es amongst varlous posslble forced cémmutatlon techniques. Assuming
that a constant DC current 1s flowing and the system Is o‘peratlng in th.e
steady state with thyristors Tl and T o conductling, the capacltors in phiase; a
and ¢ charge with opposite polarity # shown in Flg.2.4'. When T, 1s fired to
take over from T', the voltages on C, and C, are of the correct pelarity for
commut‘atlon. After the commutation s completed T, and T, conduct with
voltage on C, decreasing and on C, decreasing with Mc‘onst,'ant current ﬁowlﬁg _

~

through them [21]. .
- . 2
, ‘Capacltors provide the commutation voltage, and firing angles beyond
180° are posstble. The V@l\fe stresses are higher. There afe some llmitations on
the rate of change of firing angle. The dc harmonics are conslderable. The 12th
and 24th could be as hl¢ /f)BS 15% which 1s quite substantial. This makes the
_ serles capacitor commutated converter unsultable as a majlor converter. How-

"+ ever It can be used as a serles tap on an HVDC llne with a small v‘oltage drop

\

(say, less than 10%) so that from the dc llnes polnt of view, the resulting har-

monlics are small [22].

2.5 HYBRID CONVERTER'’ T

p—

. ~ .
It has been shown (Fig. 2.5) that a connection of advance firing converter

G - ’ . )
with a delay firlng converter results In a high performance HVDC converter

called a hybrid converter [18]. K

s
f -

This arrangement requires no reactlve power compensation. ‘Within a cer-

P

‘ S ot g St
taln range real and reactive power can be Independently controlled and the ac
) A J

.
B
“ - “
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¢
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bus voltage can also beé controlled. It can feed a weak acfsystem wlthoui

sophisticated control.

» ‘ . N
.

Thf'e hybrld converter, belngﬂ a comblination of naturally commutated con-

IS

verter and artificlally commutated converter, Inherits both the advantages and

7’

disadvantages of both converters. *+ -~

[P

'2.6 DIODE RECTIFIER TECHNIQUE o LT

Diode r'eét.lﬂer stations -have been pr'cposed' or HVDC serles t,apx;lng (Fig.

2.6.). A ,likely application of a serles tapping statlon Is where the electrlf:al

energy 6£ rather small lsola!,c_sd source 1—.e, hydro électrlc generator, wind 'gen-'_

erator etc. I1s to be t}ansrerred to an otherwise polnt to \‘polﬁtx HYDC systexﬁ.

- Such a tap wlll operate 1n rectifigation mode only [4, 6].

’ ¥

2.7.1. PRINCIPLE OF OPERATION OF SHORT CIRCUIT METHOD

o
'
Y

A serles Inverter tap Is Inserted betui'een nodes X and Y In a dc lhe as

—_—

shown In Fig.2 7 Assumlng that a short.lng swlt.ch S Is placed and 1t 1s desir-
able to turn on and turn off thls switch S by meany pr‘a commutating circult.

<

By controlling the conductlng to non conductlng duratlon ratio of switch S 1t

18 posslble to control the average voltage across the tap (9]. . ’
x : o~ ity - .
o - Vg =l #Z,

(ton +toff )"

where,
toy = ON-time of ,switches.‘
torr = OFF ~time of switches .o

« Iy = dc line current assumenl constant. ] -

Sz =Equ£i)al¢r;¢ load impedence ) ) \‘

/ s
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" Flg. 2.6 Typical Diode Rectaﬂer Serles Tapping .’
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The mean power (P, ) fed lnt.o/t.he tap load Is
. N / '
Py = Vg *ly

" This met.hod will be termed the short clrcult met,hod The shorting func-
tlon of the« swlt,ch can be Incorporated Into, the lnverner Itself, as shown In

Fig.2.8. Slnce valveé T, and T,or Tgand Tgor Ts a.nd T, together at the

same time will cause a short circult across the tap. The by pass runctlon must

'
*

be rotated between the three Inverter arms comprising. of valves T, and T, or
N s . ¢

T,and T,, Tgand T,. L - N
The normal fifing perlods of a 6-pulse Inverter (néglecslng overlap) are
shown In Fig.2.9. These are modifled as shown In Flg.2.10, to Incorporate the

by-pass function, where the cross hatched perlods indicate when the tap Is by
passed. The maximum and minlmums and the duratlon of the by pass pef‘loqs

are shown In Fig.2.11. Theoretlcally D =60° and D =09, But practically
, max min

-

due to eflects of overlap these ranges will be smaller. When the short circult

a4

duration Is D ==D _,, the tap output wlll be zero and when D =D . fthe tap

output will be maximum.

.

7.2 SHORT CIRCUIT METHOD INVERTER COMMUTAT _~lCIRCUIT‘

A commutatlon clréult has been proposed for the short clrcult method
consisting of a bridge comprising four valves CT1, CT2, CT3 and CT4, a com-
. i3 ) .

mutation capacltor C and a % limiting Inductor L. This s shown in ﬁig. 2.12.

The valves CT1 and CTS &re fired simultaneously simllarly é’l‘a and CT4.
The capacltdr C 1s pre-charged vla a commutating elrcult (not shown) in the

\ o
polarity Indicated [9].

Commutatlon Is Inltiated by firing valves CT1 and CT2, with the polarlty

- of the capacltor qs shown. It will connect the charged capacltor across XY,
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_with 'tegnlnal Y more positive than X. The dc line current flows Into the

capacltor rather than the Inverter valves and turns the Inverter valves off.
! 4

The capacltor wlll now be charged and 1ts polarity will be reversed untll
the dc llne current Is transferred/back to the Inverter valves at the firlng of the
next Incoming valves. For the next commutation, valves CT3 and CT4 wlll be

’

fired, since Lhe“polarlty of the capacltor charge will be of the opposite polarity
) & . ) S .

to that shown in Flg. 2.12. The firlng pulses to the commutator bridge valves

are derived from the tralling edges of the by pass pertod. Alt,_ernate pulses from

this traln of pulses fire CT1 and CT2, CT3 and CTa.

‘

-
..

2.8 COMPARISON BETWEEN SHORT CIRCUIT METHOD AND DIF-
FERENTIAL FIRING METHOD o \ ' .

The serles tap With short cireult method has no need for reactive ﬂower'
compensation provided there Is no overlap. Since no reactlve power .compensa—
tlon Is necessary low cost high Impedance fillters are possible [9], thls Inverter
c;a.n feé‘d a dead l;aad with no generation capablllty. A featpré bg‘ thls Inverter Is
Its abllity to recover rapldly rrém most system faults. One major problem of
this method is the harmonics. The short clx:cult method uses the pulse width
modulation technlque. By increasing the number of pulses per half cycle , har-
monics can be reducea. Other dis;.dvantages of thls method are In¢reased

number ‘of components, requirement for a start.up circult, Increased valve

stresses and Increased complexity.

By the Eilﬁ‘erentla.l firing method the harmonles can be controlled and the
) - . . .
“reactlve power Of the bridges can also be controlled [4, 6]. Some voltage regu-
latfon on the tap's ac bus cap he exercised by differential firlng method. Vol-

tage regulation capa'blllty can be increased by Increasing’'the number of bridges

" In serles. This method can not feed ln'to g svstem which has no generatlon

capabllity. »
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CHAPTER 3 )

ANALYSIS OF HARMONICS GENERATED BYA SERIES TAP

N ]

3.1 INTRODUCTION

Harmonlcs will ‘be generated by a serles tap. These harmonlc§ will be gen-

.

erated Into the output ac current, voltage in the dc}plde and some harmonics
Nk e

wlll‘ also be ane(?ced lnt;o the dc llne current. \

The ac current harmonlcs generated by a forced commutated inverter are
usually higher than those of a llne commutated Inverter. There I1s always some

overlap In a practlcal conyverter, which also has an effect on- the harmonlcs.

-~

In order to determine the order and mégnltudes of the harmonics gen-

o

erated by the sysbein, an analysls ﬁas been ‘done in this chapter:

a
3.2 -HARMONICS - o ~ =
3.2.1 AC HARMONICS

In HVDC_books the magnltudés of the "characte'rlstld‘harmonlcs are usu-
ally plotted égalnst the overlap angle with ﬂring angle as a parameter. How-
ever, Ip our case the harmonic magnltude 1s plotted against the short clrcult

angie with overlap angle as a parameter.

L
. Yi
The theoretical waveform of the transformer current in one phase for a

line commutated conwrter 1s shown Fh F1g.3.1. The corresponding waveform

for ‘a 6-pulse'short circult method FC converter Is shown In F1g.3.2. The effects
of overlap have been neglected. The mean value of the current for the FC con-
verter can be varled by controlling the period d. As d approaches zero the’

‘two current waveforms become ldentlical. Fourler analysls of fthe FC converter

~
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A

current wave (neglecting overlap) reveals' the following components [23].

: n=inf 4] :
f(t)= 2" ..._"-{ - cosn (& - d) + cosn (— + d)}slnnwt- (8.1.)
, n=1577"7 2 8. '

2
Ld

where, ' , ¢

~

= order of harmonlec.

]
i

d =-;— short clreult perlod.

v
» * . - - . .

I;= dc llne current (assumed constant).
. ' . - . Ty

3.2.2 EFFECT OF OVERLAP ' | o

Equatlon 31 describes the harmonles present In the transformer current
assuming that there Is no leakage reactance and the dc line -current IS con-
stant. But 1n reality converter transformer has some leakage lnductali,ée (18-

4

20%). ‘This leakage lnductance causes rounding of ‘the‘gdggié of the cu"rrem o
o block. The rpundlng of the edges has different shapes for the4lead1'n'g and t.:;all-
. fng edges since dlherem. parts of the sine wave ‘are lnw{o}ved"when the current —
Is Increasing a.nd decreasing. A secondary eflect of this Is t,o émrz the center
?.xls of tixe current block as showﬂ in Flg.’sf.s. 'i‘lils phase shift 1s a reflectlon of

the reactlve bower. belng consumed by the converter t}anstormgr leakage. '

In order to 'simplify the analysls the effect of the overlap angle.ls !lnearly'
approximated by a trapezoldal shape as shown In F1g.3.4, the primary effect of

the overlap 1s to modify the harmonic content of the waveforms (23].

The trapezoldal waveform T(t) shown In Fig.3.4, Is comprised of three
colnponents. 4
e . | [ @)= (t)+] o)+ a(t) (3.2)

&

~
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where,

e~ B :
[a()= . o lgtdl st < [THd+s] (3.3.)

. . - ‘ - » 7
=0 , forthe rest of period

+
k3

[t)=1, [(-:-)+'d+s15_ti5[g-+d+s +p] - (34)
" = 0 , fotthe rest of pertbd

(t-(= srd-s-p)
- )=l - Pol(GHd+s+pl< ¢t <[(—)+d +25+p]

-

-+ = 0 , for the rest of period

(3.5.)

”

o

o ‘ ’ o ‘
It Is assumed that the magnitude of the d¢'current Iy Is constant.

The final expresston for the Fourler analysis of the wave Is.

k] i

8 =in
J (@)= 2 2. {slnn(—+ d + s)—slnn(—+ d') (3.8.)
’ ﬂnr 8k+1 T
~ « Q’ T -
o) '+slnn(-6—+d +5 +p)-slnn(-3-+d+2s + p) slngwt

where, p = —g-—bd -25

when s==0-Eqn. [3.8] becomes Indeterminate and 1t 1s necessary to utilize

" L-hospltals rule. This enables equatlon [3.1] to be derived from Eqn. (3.6].

Plots or harmonlc content versus d for different values of overlap s equal
- t0 0% 5° and 10° are shown In Flg 3.5, 3.8, and 3.7. The harmonlic magnl-

- tudes has been normalized by the maximum fundamental current magnitude

(I imez = %*cos-—) of the 6-pulse llie commutated Inverter.

\ LEd
It 1s evident from. the ﬂgures thatba.s the overlap Is Increased; - - -

Cl

(2) The runda.mem.al' peaks are reduced.

- o (b) The range of operation for d=D/2 1s reduced.

—_— -
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5. DC VOLTAGE HARMONICS
For de-t,er.mlnlng dc voltage harmonics the roilowlng analysls will be-neces-

sary. . | R | : ; | | ¥
The transfer function of a converterl can be expressed In terms of Its

Fourler serles. ‘ , -

5(6) = THysin(n 649,) (3.6).

Conslderlng the converter as-a set of modulating switches and assuming

’,

S,(8), S,(8), S4(8) as the transfer functionsof. the switches with respect to the

input port of the conver§ér and assuming the supply voltages as

V, = Esin(6) , ‘ | }' . ‘ -
V, = Esn(d - 120°) 4 .
Va= Esin(f - 240°) ‘ !

Output voltage expression becomes -

V) =V:OS@O) = o (3.8.)
Vo(8)'= F (O+F 0)+F (6) ' _
where, 4 . )
F\(6) = S,(6)E sin(f) . (3.8.)
- . F,6) = S,(6)Esin(f - 120°) « (3.10.) ‘
F 4(8) = S 4(8)E sin(6 - 240°) ‘ (3.11.)

By using slmple trigonometrical relatlons the average output ‘voltage

becomes

- e—

N Vi = %EH“ | (3.12.)

Following the same .procedure the m"' harmonic component of the out~ °

put voltage can be expressed as J
Vo = E ";“ cosmf - E ';" cosm § (3.13.)
EHm +1 m-1

cos(m 6 - m#120°)

EH EH,, _
+ -—;"-il-ws(m 6 - m#240°) - n-l

cos(m 0 - m* 120° )-

cos(m b - m#240°) - -
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3.4 HARMONIC REDUCTION

~

The‘ harmonic spectrum of the cufrent wave for the short clrcult method
ﬁre shown In Flg. 3.5, 3.6.‘ and 3.7. The harmonlc contents are quite high for
the low orl'd:e‘r harmonlc frequencles compared to the fundamental. Because of -
this tflgh harmonic content the fllterlng requlrement wtlll be severe and 1t

would be expenslve? The conventional method of harmonlc reduction 'ls to

‘Increase the pulse number. But Increasing the pulse number has llmlitations In

that It increafes the number of transformers In service and assoclated complex-
ity of connectlon. For a HVDC scheme only simple transformér connectlons °

are used. A pulse number of twelve Is obtalned with star/star and star/delta

transformer connections as shown .In Flg.3.9. For~ more than twelve pulse

\ 4
operation, thls method has been found to be uneconomic. *

14

3.4.1 SYMMETRIC PULSE WIDTH MODULATION

.Many technlques have been developed to reduce low order harmonles In
the Inverter output. The short circult method Is actually a 2-pulse per half

cycle symmetric pulse width modulation technlque. The harmoglcs In the out-

_put waveform of the Inverter can be limited by va'rylng the wldths of the °*

‘pulses symmet.rlcally'. “In thls arrangement the maximum conductlon Intervai
Fd

for each hair cyclé Is 120°. To vary the output from this maximum value, the

output wave shape Is divided into a number of symmetrical pulses whose

. widths are to be varled to achleve the desired contro! [20].

A computer program'h?s be;en developed to plot the harmonlic content vs
relailve pulse width for different numbers of pulses per half cyf:le. Figs. 3.12,
3.13, and 3.14 show mpectlvely"the harmonlc spectra for 4-pulse per half
cycle, 8-puise per half cyclf and 16-pulse per half cycle operation. From

F1g,3.12 1t 1s evident 4pu _per hglr cycle operatlon there Is
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tion the lower order harmonlcs decrease slgnlﬁcantlir. .

Pl

1}

1

I3 -

\_ " s N I3 [l
no significant changes In_the harmonlc con\\ent, of|the lower order harmonics.

The 5th and 7th harmonlics decrease but he 11 h and the 13th harmonlics
Incréase from that of 2-pulse per half cycle operation. From Flgs. 3.13 and

3.14 1t s evident that for 8-pulse per half cycle 16pulse per half cycle opera-
¥ 3 ‘ . \ y°

/
¥

. ‘ - \

|

* 3.4.2 SINUSOIDAL PULSE WID TH MODULATION o

_tap will decrease. . : . \

*

. For hg.rmonlc control the slnusoldal pulse width mbdulation technlque Is

presently the most popular and 'eflective. Fig. '3.15 shows the scheme for the
? I -

SPWM technlque [21].

-

The outputs 1n this ‘Scheme can be controlled by ‘controlling 't’he modula-

o

tion Index, l.e the controller will control the modulation Index according to the

o
) o~

deslred -output..

"
"~

A computer program has been developed to plot the harmonlc content vs
modulation Index for dlﬂ‘erent numbers “of pulsb.s# Flgs: 3.18, 3.17 and 3.18
show the harmonic spectra ror 4-pulse per half cyclL 8-pulse per half cycle and -
lo;pulse per half-cycle operatlon. respectively. F‘lg1 3.16 shows that the lower
order harmonlcs In 4rpulse per hal{ cycle operation are quite high. In the 8-
puls¢ per halr cycle operat,lon (Fig.3. 17) and 16-pulse per half cycle operatlon

the lower order harmonlcs are a.lmost,' ellmlnated The harmonlc content for

the same number of pulses per half cycle operaulon In this method Is lower

J LY

‘than that of symmetric pulsq wldth modulation technlque; le this method ls

more effective In harmomic reduction. But t-herefls one limitation of this

method; l.e ’the maximum achlevable output rating Is lower than that can be

achieved with symmetric pulse wldth modulatloﬁ, and the output. rating of the

-

1
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3.4.3 HARMONIC ELIMINATION
"The uydeslrable harmonics content of tixe' square wave 'can be ellminated

and the fundamental component of the output can be controlled as well by the

. harmonic ellmlination method. In this method notches will be created on the

square wavé at predetermined zingles.
, '
“The harmonlc elimination method can be convenlently 1mplemented to

ellminate and control the Inverter output current with a microcomputer using

L

a look-up table of notch angles At a certaln command current or output, the

angles wlll\be retrieved from a-look-up table and correspondlng pulse wldt,hs

'
wlill be generated. For successful operation mm\mum pulsé widths a.nd not,ch .

A

angles will be malntalned for commutation.

-

A corilput.er prog}am was developed to calculate the switching, angles for

speclfic.harmonic elimination (Flg. 3.19.).

3.4.4 DRAW BACKS OF UNCONVENTIONAL METHODS

There are p'raét,lcal problems assoclated with all these methods, particu-

i
)

larly thelr application In HVDC. A self commutating valve of high rating sult-
able for HVRXC application has yet to be developed. The maln problem Is due
to the Increased number of commutatlons per half cycle, The number of pulses
per half cycle will be limited by turn off requirement of the dev;ces and due to
thelr applicatlon iIn HVDC. A compromise will i)é necessary for an economlical

and efficlent system. 8-pulse per half cy~cle will be a reasonablé 6h‘olce consider~

ing harmonic reductlon.capabllity and due to thelr application In HVDC,
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. a, = 10.072

ay = 20.853, °

. o
ag = 42.817,

.5th, 7th, 11th, 13th, 17th, and Jmkh harmonlcs

s

(4

o, = 14.306,
' (4

- a‘ == 41-796'

Ay = 88.410,
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_ CHAPTER 4
DYNAMIC STUDY AND CONTROL OF THE TAPPING STATION

4.1, INTRODUCTION /

There will z'zlways' be some disturbance In the tapping station due to faults
In th&;tatlon or due to load changes. The‘re may also be some disturbance In
the maln dc_system':‘ All of these load changes or faults will affect the operatlon
of the tapping statloxr:“I\;Ioreo;er, the control of the tapping st,’atlon’ls alsc; -very
Important. The control and behavior of the tap d;zg to disturbances or load
changes can be studled by digital or analog sl‘rnulatl'on. But before the system
(Le tabplng statlon and assoclated dc line) Is to be simulated a small distur-
bance analysls of the tap Is Important for evaluation of the controls. With a
view to these the network for dynamlc study Is presented, control strategy dls-

cussed and a small disturbance analysls made in thls chapter.

' 42 NETWORK FOR DYNAMIC STUDY AND CONTROLS

&

Fig. 4.1, tllustrates a consta<ut«current, dc system in which IS inserted a

serles tap that wlll be consldered for disturbance analysls. -

The tap conslsts of two bridges acting as one twelve pulse bridge set ‘and
" the tap acts Into an 9;c system which has no other source of power. That
means the t,gp‘wm,act, as an Inverter. A synchi*oho(xs condenser Is used at the
;aps ac bus. The tap does not draw any reactive power so the synchronous
condenser can be of low reactlve power capaclty. The rated reactlve powér
supplled by ‘the synchronous condenser is 50% of the real power of the tap.
Tile filters (11th, 13th tuned & high-pass) supply part of the reactive power.

-

(Deté.lls of Fliter are given 1n Appendix-C).
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The tap’s ac bus ls connected to the load bus by a short llne which Is
represented by Its serles lmpedance. The load.Is represented by a resistance In
parallel with an inductance. The power factor of the circult 1s assumed to be

.85 lagging as seen from the taps ac bus excluding the power factor correcting

capacltors. Detalls data of the tappling statlon are glven In Appendix-D.

\\

~.
4.3 CONTROLS OF THE TAPPING STATION AND DISTURBANCE
ANALYSIS

\ LY

"The voltage at the tap's ac bus l.e, the terminal volt.age/or the synchro-
nous condenser Is to be regulated by the excltation control of ‘Xhe synchronous
condenser. A typlcal statlc exclter is used. The voltage regulator :or the tap Is
as shown In Fig.4.2. The tlme constant of tﬁe vdltage transducer Is assurr}ed

.01 sec. ) '
[ 1 o

* The speed of the synchronous condenser will be regulated@y controlling

< f
the short circult angle of the tap, with speed deviation as the error signal.

The mechanlcal power applled to the shaft of the synchrbnous condenser

p. and Its power angle § should be zero. The short circult anglé should have a

N rd

specific value at anyisteady state situation.

Assuming that due to some small disturbance the speed has changed by
Aw . The change In short clrcult angle, Ad , should finally settle at a constant
" value (usually non zero) [6]; 1., the short clrcult angle 1s derlved by Integrating

the speed deviation twlce. The following equations can be written.

/Aé = -2nf,Ow (Awin per ym’t) . (ti.l.)

"

‘ Ad = K A6 (where, K 18 the gain) (4.2.)

where, w I1s In pu. and 5 and d are In radlans. The dot represents
A



Lk

machine

' result,s In Flg.4.2.

differentlation with respect to time.

The following equations can be ‘written fpr’ the mechanlcal part of the’

1
Aw = Are (Ap, =.0) ’ (4.3)
- M pm - . . " ' )

where, M 1s the 'inertla' constant and D, the self damplné coemcle'nt,, Is

neglected. The power 1s assumed positive when absorbed by the machine.
. t
< For reducing the order of the transfer function the tlme constant.of the

voltage transducer Is comblned with the time constant of the exclter which .

.
>

;o ' - K, AV,
S AV, = ~ |
\ ‘ . . . [1+8(Tc 'F“Tvq '.k
. AV K, AV,
AV, =- ! et (4.5.) _

(T,+T,) (T,+T,)

- where, V; and V, are the terminal and fleld voltage of the machine respec-

-

tively (in pu. ).
Using a baslc machine model (neglecting the dampers and the armature

resistance) the following equations can be written (In d-q axes) for the electri-

cal part of the machlne [13]. ] . \

)

{AVI +(2¢ -—.'t; )Ald }

Ac, = — (4.8.)
. ) ¢ “(1+8TF,) . S
v {"A C’q +A Vf +($d —.’L‘; )Ald } , ‘
.’ "
. Ac’ = Td’o . (4'7.)

where, ¢}, 74, 75, iy and T, are the Internal quadrature axis voltage,

the dlrect axls synchrén‘ous- reactance, the direct axis translient reactance, the

¥

-



.1zed about any operating polnt for a small disturbance: as,
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direct axls current, ‘and the open circult fleld time constant of the machine.
The following machine equations will also be needed.

P = tgvp+1, v, I o (4.8.) .-
vy = T4, ) ’ o (4.9.)
v, = € +3314 : 3 . (4100
v? = vi+v,? : ' . (4.11)

where, v4, vq“'“t_ and :z: are the dlrect. axls voltage, the quadrature axis
A 4

voltage, the quadrature axls current the quadrature axls synchronous reac-‘

tance of the machlne The dlrectlon of the machlne curreht ls assumed from

terminal bus into the machine.

174
. [
-~

]

" At any operatlng polnt the following Initlal condltlons denoted( by the '

addltlona} subscript o may be assumeﬁ ror the synchronous condenser.

4

Vg = 1.0 pu
N . | v, =='00 pu '
vy = 1.0 pu . '
. . v, = 1.0 pu , ) , 4
¢ Lo . ! .o ' Y . g
‘ 0 = 0.0 pu — ~ "
. w, = 1.0pu
§, = 0.0 pu -

t

l

Ap, = i3, Ay +Ai, o - . (4.12.)
Avy = -z, Ai, ' . L (4.13)
Av, = Aeg+3y Aty - “(4.14.)
Ay, = Av, o - (4.15.)

Putting for Ap, In Eqn:(4.12) and then substituting for Av,; from

Eqn.(4.13) ;

. (1 ~ 4454 A,

Aw = ——— ' : (4;15.)

Uslng thege Inltial conditions, equations (4.8) through (4.1';) can be linear-
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v
]

Putting for Ay, In Eqn.(4.15) and then substltuting for Av, from
.Eqn.(4.14) result 1n \
Avp +K, A€ +K, 17014
‘ (T, +T,)
In'Flg.4.3, a. simplified representation of the tapplng station Is shown

At.)f = - g (4.17.)

where 1t Is assumed that all barmonlc currents produced by the tap are per-

fectly absorbed by the filters. The current and the voltages are represented by

L]
Q

thelr fundamental components and the ﬂltei-s by thelr capacitors at'fundamen-

—

tal frequency.only.

-~

Flgs.4.3, and 4.4, lllustrate the relatlonshlp between the machine current |

with the tapplng 1nverter current i; and the load current ;.
Flg.4,4, represents the sltuation In d-g.axes after a small disturbance.

The dc power of the tap = VI, _
. ] L Ve
L ' I = 44D

Vi

-where, V; Is the termlnal voltage of the machine ‘in pu.).

- r - d ‘ \ "
Vg ==V, 281n(— - —) ~ {4.18)
e 2 _ - o -
' where, V,, = -% 2V, 1s the rated no load voltige of the tap = 1.p.u
. 2 . - ’ R ,
o = Von
. vyl .
{I. L= d-d u , " o ) -
. 1 V‘ . ) Ve

%
[

é - Id [Von 25"1(% - ";'1‘)] ‘ (419)

Examlning the geometrical relationship of Fig 4.4, thé followlng equations

" can be written,

-
]

&

".‘ +1; sln(o; +6)+il s)n(¢, ";'b) =0 - | . _“ | '(4.20) S
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. . . . ! .7 | \“ ? ) )
:_:; ' -7 A : -
g +t, cos(¢, +6)+z, cos(¢, +6) = 0 cL ' (4 21)
- where, ¢;, and ¢, are t.he power ractor angles of the tap and the“load'
respectlvely '
o Py ’ ' w ‘ ~
A i +£,-sln(180+6)+i,sln(¢, +8) =0 A
. o i4—1; sthé+4) sin(¢; +6) =0 ) ‘
. ' u = §; sln6—usln¢1 0056-31 cos¢lsln6 =0 " S Vo (4.22) .
‘ " Sumlarly,’ ' |
S [ ) ’ ~
4 , . ' L P~ : .
'ty = 1;cosb~4) cosd; cosb-1; cosg; slnd ~ - © (4.23)
.~ o+ .7 iy = i;snbtk, cosb-L,sing . C (a24)
P R iy = i; cosb-1), cosbtlsiné . - L (4.25)
.7 where, - - . . |
oy =Lt = VG, (420)
SR ‘ Ly = -4 s, =V B(w) C T (a27)
s S , 1SN . V’ -
, LA transfer runctlon of unity !s assumed for the tapplng convemar (assum— *
7 ' . . .
—e ' Ing that there 1s 1o delay) )
! . G + JB Is the equlvalent. admittance of the load the caphclt,ors and the
3 . line as seen from the taps ac bus (Flg 1. 3.).
, . . . ‘f v ' - )
' ' .+ GpB? -
‘ G = . L '2 ~ , "(4.29)
. , ' (B"'BL "'B‘) +GR - . T ‘
L S (B;, - B; - B))B,*
. 'B= Bcp B, : s (4.30)
o (B. ~ By - By +Gp - -
2oL In per unit w. ' -
0 * * : -’ » - Ead /'
. . “ . B‘Q 4
s CL e Gp—~ .
. Coe . s w? o
;. - G W)= - : —5 (4.31.)
- " ‘ L t 2
; TRV (Bew ~ —= ~—)+Gp
El I' - ' /‘ -
F; . b K )
& . ) : :
m;‘ . ." 4 - , L, , .



*' R 2
b 5 PR N - N o B‘ BL Btz w
N ¢ " e (Bcw_ ) B i
b » & ¥ B‘ P. - w O) 0)_2/ N
. a ) B (w) = BCFw - ” - - Bt — .(4.32)'
. .. ) s , ' .- (B, w-—w— - By w)*+Gg '
) ’ . . ? . .
* 'l\he operatlng polnt, about which t,he Eqns (4. 19), (4 24), (4.25), (4,26)
and (4 27) will be llnearlzed for a small dlst.urbance 1s assamed.to be
. * - ) . e v
P; = .8p'u and I; = 1.0pu N . . )
\ ¢ v S
v *Thus the analys!s will be presented for the above mentloned operat.lng
P , polnt 6n13r. This operating polnt leads to the following Initial conditions,
’ I, =10 pu = ' - ’
- @, = .8,pu "
" Bero= pu . .
B, = 43 pu 3
zto = .3 pu i : - 3}
" By, =311 pu . “
h Gpo = 8 pu | @ ’ —
Fo B, = .120 pu N | ’
G, = —g—(ﬂl 317 e -
° ° /' ¢
A ’ Bo — dB (w)' 68 ’w' N . \ R ¢
- . _‘_______’_____ s
d, = 12.843" deg. .
Ly, = 8 pu : v - o
o Dy, = 128671290 py
L 84, = .12867219 pu _ .
: An}er linearization wijet. t.hg foliowing ed\iaplons
) ; Aid' = A‘I‘ +AIlq .t
" o A, = AL-8%,-Abiy, (4.34)
-~ Al = G, 8wt+G, Aeg +G, T3 A4 \ ‘ (4:35.)
Al, = By Aw+B, Ady+B, ] Aig i (4.36.)
. - d ’ \
o ;o Al =1y |Vecos(Z - ;;']Ad A.37)
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The synchrc;nous’ condenser used has the following data.

o

f

- 55

’ where, the maln system Is treated as'a constant dlrect'currenﬁ source.

1. }(2) pu
.02 ‘(1.84) pu
,2 (4) pu -
11

o.H =22

——
—_—

1.1 pu

y H 1s the Inertia constant of the machine.

o

‘ Substituting Eqns. (4.35)

H

det

, (4.36) apd (4.37) In Eqns. (4.33)

3

e

’

and (4.34)

\

and solving for As; and Aiq and then substituting for At; and Aiq In Eqns.

(4.7.), (4.16.) and (4.17.) results In three differentlal equatlons In terms of the

Ly, (438)

¢

-

h .
(4.38.)

[
space varlables, These three differentlals alchg with Eqos. (4.1) and. (4.2.) are
one set of the state space equatlons of the system which can be wrltten In
. matrix form as.
R N ¢ ) ' ' , —
4 - . z -Az -
. e )
> . w
Ay - . — ‘£
‘T = €
e ¢ { ~. Vf
4 ‘f L d J
% ‘ ‘ ’ - (A')
5 Q [
R Lt N ) — (¥4
>) . T = 1¢
\ . ) V/ 3 <
o -0 L d ]
And .\
\.- 2o =377 o0 o
N . ‘ .168 -76 -<1.03 0
» A= 0 .114 -0.78 .1
l, . 0 477 -1757.3 -16.67
. . . .| K "o 0 0
. J’ - - N ‘
* b . ! v
w

B
M) -

el e o
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From matrix the characterlstic equation of the system can be derlved as .
r 854 17.45* + 247.9653 + 1071.452 + 10466.47S (4.40.)
+ 423.748K [S? + 16.745 + 177.13] .

. ¢
As K lpcreases from zero jone complex conjugate palr of the roots of the

characterlstics equatlon enters the right half of s-plane. .-

- Adding two zeros to the open loop transfer functlon (l.e proportional sig-

nals In parallel with the Integrators ) may cause a stable situation. These zeros

[

should be. close to the jw axls. They have been set after several lteratlons at

»

S = -1.0 which results In T, = T, =1 6. A pole at S = -50 Is also added

to the open loop transfer function. (l.e T, = .025)

 Therefore the poles of the closed loop transfer function are the roots of

o .

the following equatlon.

‘e

j (S +50)(S° + 17.48* + 274:9653 + 1071.452 (4.41.)
+ 50#423.748K (S + 1)%(S? + 16.745 + 177.13) = 0

The root locus plot of Egn.(4.41) Is glven In Flg.4.5. Requiring
p= cosf > .5 for the domlnant complex cojugate roots. The loop sensitlvity

turns out to be k£ > .034. For k = .034 the settling time constant of these

6sclll'atory roots I1s 0.166 s with an osclillation frequency of 1 Hz.
%

The modified speed regulator of the t,apﬂ-ls showxi in Fig.4.6.
- ' 4
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) CHAPTER 5

> ' CONCLUSIONS - .

'~ .51 CONCLUSIONS

»

The objectfve of this thesls hgs been to Investigate the serles tapping of

-6 : ! :

power from a HVDC transmission line. A serles tap Is’compared with a parallel
tap. A serles tap Is more advantageous than a paralle] one when the tap Is

small.

A forced commutated technlque for serles tapping [9, 10], which Is called -

- -

short clrcult method, Is analysed. Harmonlc analysls of the output ac current

- and the de voltage on the Input % for the short clrcult method/ls\present.ed.

It has been observed that-the Increase In the amount of overlap decreases the
harmonle current magnitudes. These harmonics are found to be greater than
that of the line commutated converters. The possibility of harmonlc reduction

by the application of glnusoldal pulse width modulation (SPWM) and sym-
. F .

metric pulse width modulation technlques with more than two pulses per half —

cycle Is also Investgated In detall. The lower order harmonics are seen to be
N A

considerably reduced by the applicatlon of symmetric pulse width modulation

and sinusoldal pulse width modulation technlgues which 1s-evident, from Figs.

3.12, 3.13, 3.14, 3.16, 3.17, and 3.18. .

SPWM technique 1s more eﬂect‘,lve In harmonic reductlon capabllity than
symmetrical pulse width modulation which Is shown in Fligs.3.17, and 3.18.
Consldering the complexity of ﬁVDC application harmonic reductlon
capat;lllty; sinusoldal pulse width modulation (SPWM) techique with 8-pulse

per half cycle 1s a suitable 'cholce.

—

bt



.
Ne

50

In the SPWM scheme .the output fyndamental current magnlitude 1s less

than that could be obtalned by the propbse‘d short, clrcult method. As the out-

put yolﬁage magnitudes are the same In both the schemes, the power output of

the SPWM tap wlll be reduqed.

In pra?cﬂcqi systems with overlap certaln amount of reactive power com-
pensation will be necessary In order to control the system voltage. Irk the pro-
posed short circult method the lriverters do not generate or consume any reac-

tive power, when there is no overlap.

-

A small cilsturbance analysls of the system has been cairrlec\i out and con-
trol of the system studled. From the root locus plot of the closed loop system,
the loop sensitivity turns out to be k > .034. For k = .034 the settlling time
constant of the doinlnant complex conjugate roots 1s 0.186 s with an osclllation

frequency of 1 Hz.

The Short Clrcult method has some limitations; l.e, it requires some. spe-,

clal start up sequence which makes It complex and expenslve. Delays In

recovery from a dc line fault may leave the commutation capacitor In 8

dlécharged state.




5.2 FURTHER STUDIES

The followlng work needs to be done for evaluating the serles tap in a

o

HVDC line. |

1.

System studles using elther a digital or an analog simulator of a HVDC
gystem incorporating a prototirpe Short circult thethod serles tap, and:

st.ﬁdy of the effects of faults on the system.

Dynamlc study of the system uslrig Statlc VAr sources (SVS) for reactive

'pbwer control. Evaluating In terms of merits, demerits and costs.

Hybrld converter appllcations for serles tapping, In order to reduce the

harmonlcs and provide voltage regulation. -
Development of the control strategles for short circult method §eﬁes tap-

plng and Implementation of these strategles.

A typlcal deslgn aﬁd Implementation of a prototype experlmenté,l setup, .

to establish the practical limltatlons of serles tap. ;



10.

~ Garaway Limited, London, 1960.

62

REFERENCES

Kimbark, E'W., Direct Currenl Transmission, vol. 1, John Wiley & Sons, New

York, 1071. . ‘ .

J.Arrllaga,,\High Voltage Direct Current Transmission, Peter Peretzrlnus‘ Ltd.,

London.

Adamson, C. and N.G. Hingorani, High Voltage Direct Current Transmission,

“

.o S . —_— .
Tarnawecky, M.Z., *“T'apping of an HVDC Transmission,” A Preliminary Inter--

nal Report for B B C, Mannaheim, May, 1974. « ro

' Turanli, HM., R.W. Menzies, ‘and D.A. Woédford, “Feasibility of DC Transmis-

) sioh with Forced Commutation to Remote Loads,” IEEE Transactions on Power

Apparatus and Systems, 'vol. PAS-89 No-6, pp. 1120-1125, July/August, 1983.

Arabi, Saeed, Series Tapping of High_ Vollage Dzrjcl Current Transmission,

Ph.D Thesis, University of Manitoba, Winnipeg, 1984..-

“

Bowles, J.P., H.L. Nakra, and A.B. Turner, “A Small Series.Tap on. a HVDC
Line,” IEEE Transactions on Power Apparatus and Systems, vol. PAS-100 No-2,

pp. 857-862, February, 1981.

Azzo, John J. D. aind Constantine H. Houpls, Feedback Control System Analysis

and Synthesis, Mc-Graw Hill Book Company.
| =4

Sood, V.K., “Analysis and Simulator Evaluation of a DC Line Side Forced Com-
muta ted HVDC Inverter for Feeding a Remote Load,” Power Electronics Spe-

cialists Conference, Toulouse, France, June, 1985.

Sood, V.K., “A Novel Forced Commutated Thyristor Inverter For a Series Tap

in a HVDC Line,” International Conference on Compulers, Systems and Signal

a

b oak



... 63 | )

Processing, Bangalore, India, Dec., 1084.

11. Lamm, U., “Some Aspects of Tapping HVDC Transmission Systems,” Direct

s
1

Current, vol. 8,No-5, pp. 124-12¢0, May, 1963,

12. Pelly, B.R., Thyristor Phasé Controlied Rectifier and Cycloconverter, Wiley- In-

terscience, 1971.

13.  Yu, Yao-Nan, Electric Power System Dynamics, Academic Press, 1083.

14, 'Bergstorm, L., L.E Juhlien, G. Liss, and S. Svensson, “Simulator Study of Mul-
titerminal HVDC System Performance,” IEEE Transactions on Power Ap-
] 0 LY

1

paratus and Systems, vol. 97, Nov /Dec. 1078,

15. Krishnayya, P.C.S., S. Lefebvre, V.K. Sood, and N.J. Balg, **Simulator Study of
Multiterminal HVDC System with Small Parallel Tap and Weak AC Systems,”
IEEE Transactions on Power Apparatus and Systems, vol. 103, pp. 3125-3132,

Oct. 1084. ' —

16. Tam, Kwa Sur and Robert Lasseter, ““A Study of Hybrid HVDC Converter,”

International Conference on Power Transmission, Montreal, June, 1984.

17. Turanli, HM., R.W. Menzies, and D.A. Wobdford. “A Forced Commutated In-
verter as a Small Series Tap on 8 DC Link,” International Conference on DC

Power Transmission, Montreal, June, 1984.

18. Jotten, R. and W. Michel, “Control with an Inverter Applying Forced Commu-

tation,”” CIGRE Study Commilttee, Rio de janeiro, August, 1981.

10. Patel, Hasmukh. S.‘arfd R.G. Hoft, ““Generalized téchn'ique of Harmoni\c Elimina-
tion and Voltage Control ol in Thyristor inverters: Part-1 Harmonic Elimina-
tion,” IEEE Transactions on Industry Applications, vol. IA-9, No-3, pp. 310-317,

May/June, 1973. o




20.

-—21.

-

22,

23

64 P

Patel, Hasmukh S. and R.G. Hoft, "'Gengeralized Technique of Harmonic Elimina-
tion and Voltage Control in Thyristor Inverters Part-11 Voltage Control,” IEEE

~'Transact£on on Industry Applications, vol. 1A-10, pp. 688—873. Sept./Oct. -1974.

Ohnishi, Tokuo and' Hiroshi Okitsu, “A Novel PWM Technique for Three Phase

) §
LT LT s Owbichdt

mverter/eonverterfonrerem/ Record*IPE mm ,_ Tokyo, 1083:

¢

Gole, AM. and R.W:-'Menzles. “An‘alyuis of & Small Serles Ta.p on-a 'HVDC Sys-

A}

- , . d. ' 7 .
tem Using Forced Commu tation,” IEE International Conference.on Thyristor
and Varmble Stat:c Eqmpment Jor AC and DC Transm:sszon vol. IEE Conf

Record No.205, pp. 137-140 London Nov./Dec.,1980.

¢

PSSO

.

Sood, V. K. M, A'Rahman. and M.H Rashid, “An Assessment Of the Harmonjcs

Gererated by a small Forced Commutated Series Tap 1n a HVDC Line,” Inter-

national Conference on Power Syatems Harrn'onice ., Winnipeg, Manitoba, Oct ]

86. ‘

T te . . v

JFEN
3

FC 7 N



. .

. . .

e ) .
£

i ' .

Yo ’

Kl | . R

B Sy Tt

L ‘e . -
Y oo sy - halin - ek - >
o ! o~ gt » ¥, v e 2t -
4 "1‘&3‘.‘9‘« S T g e a1 i s LA Y S

IV SR

v

-

65
' APPENDIX
A. FOURIER ANALYSIS OF TRAPEZOIDAL WAVE
The trapezoldal wave shown In Fig [3.3.] Is comprlsed' of three com-
NS , ponénts. )
co . F)= [t + fot)+ folt) | Ay
' where, . SN
; 1, '« S I 7 ' ‘
t)=—(t -—d-s) , (—+d)<t <(—+4+d +5)- (A2
. S =2l -gede) L (R D S S ) - (a2)
L oo ' T '
- (tf_%;d_s_p) . . \-' ' ) ﬂ, ‘ o '
[at)=1[1- lo(g +d +5 +p) S LS (5 +d +25 +p)
. . . X _ A v ‘
N The wave shape satisfles quarter wave symmetry. It means f (t) conststs
' > of slne terms with odd ha;‘monlcs ghly. éo the Fourler coe‘fnc!eht. -
x
* ’ -4 2 ' . V ‘ , ' ' -
A, = ;-ff (t)sinntdt =X +Y +Z ' . (A-3)
- [\ ‘ ’ - ‘
. - Where,
‘ ° -g-+d+a ‘ . i
X =(3) [ Le-Z-d-s)smnt dt ' (A
T, J 8 6 - . . y
. '6—+
. ) %-+d+a ‘ ) | . o |
Y = % [ sinnt dt ' ' , o (A-5)°
C 1;+d+a ' o
, i 6 c
| ) L 1-{'-d-‘{-".'.s-l-p :
4 ° 1, 0w ' “
2 = = f [1—?(td-6--d -8 -p )sinnt dt N {(A-8)
‘ -:'-;b‘d+a+p ~
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. “ N ’
From’Eqn.(/‘g-s)
k n %"-+a(+a e ‘
, == [ =@-Z-dwmnt dt
4 s .8 G
-6—,+d . < |
Integrating and evaluat.lng, . o o o ’ o ’
4, 1,7 L TTIE T, DTN
. X = —[- —(=4d +5)cosn (—+d +5 )+=—sinn (—+d +5}) - (A-7)
"[, m(6+ +8 )cos: (e+,,+ )+n28,sm _(e+ +§) (A7\)
‘ 1.7 1 N RN T
- 4 —cos(=+d ) - ——sinn (—+d )
\+ oy (6+,)m o1, n’f(o'*' )

- 1w LT 1 .7 . 1r ‘
* ns(.f}fd)cosﬁ(o-}-d-l_s)»_ ns(-é‘-+'.d)c°s."(3’+d)]

From Eqn.(A-4). -

%—M +a4p . , 0 :

=% [ stontdt’ . . (A-B)
-:--f-d-#-‘a' ) .

e
c

Integrating and evaluating

4. 1 T, 1 T -
N Y=— — om— — d — ——
71-[ ncc.’in(ﬁ-‘-\ -}-s+p)+ ncosn(6+d+s)]

From Eqn.(A-5)
X rd+2s+p ‘
4% 1, o , ‘
—_ f [1 - =(t-—~d—s-p))sinnt dt
m, Y s 8
'é‘+d+3‘+P

Integrating and evaluating
Z = i[-1--cosr‘z (Z4d+s+p ) + [—-1—8 sinn (=+d +& +p ) - sinn (L+d 428 +p )]
TN 6 : n?. - 6 ' 6 ~ \

' From relation (A-7),(A-8) and (A-9)

A, =X +Y +2 e .
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- " . , v c s : ot "=:m ‘ .
: , : C o [(t)= 3 A,sinnuwt L
. ' ‘ C . . e n=135 . ,

=200 . . - ‘ ' AR
4 | 1 [stnn (-g-+d +8)-slan (-:-‘-l-,;i) + slnn (%+d +s+p)
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~ 'APPENDIXB :
B. DETERMINATION OF DC VOLTAGE HARMONICS

The transfer function of a converter Sy ean be expressed In terms of Its..

- Fourler series componeqt as:

- 5:(60) = DH,sn (0+4;)  F

' Consldering fhp converter as a set of modulating- switches and assuming \

51(03, S 2'(0), S 5(0) as the transfer function of the switches with respect to the

Input port of the coqverter

2 . b C
*Assuming t,he supply voltage as,

- o B - "‘\ &
V,= Esin(d) - : | . —-
'V, = Esin(d - 120° \ g /
"V, = Esin(8 - 240%) . .

) K
Thé output voltage expression becomés :

. V,0).= SV (0)S; (0) ,‘
Vo‘(ﬂu)"-—..-: F}l(o) + Fg(o) +/F3(0)

" where,

F () = S,(0)Esind
K Fy(8) = S,(6)Esin(f -120° ) e
F 4(8) = S4(0)E sin(8 -240° )

Using respective Fourter serles for the terms for tHe functlon, F(6),

4

-3

F o(0), and F 3(0). oan be Aeipressed as.

(0) = Esln0 E H, sln(n 0) ) T (BA)

& n=1 ' . t
=00 N '

F,(6) = Esin(6-120°) 3° H, sin(n 6-n+#120°) © (B5)

n=1 ’

’\ . '

F ;(0) = E sin(9-240°) 2 H sln(n 0—n*240°) - (B-9)
n=l

—————
3 . AY

s .

<

*
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- ' . . The output voltage components can be rewrltten by -using slmple trl-
-gonoﬁetrlcal ldent!ty. ) |
e [éqs(n -1)8 - cos(n +1)0] - (B-7)
/‘ . “ © -
-\' “( , ’
b n== n . . - ]
F,(0)= 2 [cos((n —il,:)(?—(n -1)#120° ) - cos((n +1)4 — (n +1)*1207))
o n =3 . i ' e -
o . o , l a ) (B-S)
CL T C m=co! H, o '
= Fi0y= 3 ET[cos((n -1)4 - (n —<1)*240° ) = cos((n +1)8 - (n +1)#240°)) -
o =1 , o R
s . : . ) ' ‘ 5 . p . R (B_g) ’ 1
' "+ Using Equs.(B-7), (B-8), (B-9) for n =1 w
N Output dc voltage V dc = —EH1
¢ : " Substitutlng n=1, 2, 3, 4 In the Eqns;(B-7), (B-8), (B-9)
o 4 First harmonle component. V,, =
- b 2nd harmonlc component ' - )
H, “EH,
Voo = E'—2--c0320 - cos2 , )
. EH, O Hy
+ = cos(20-2¥120° ) - E—2—COS(20rr: 2%120°)
- . e z . B ! H . H 'Y £
L C 4 E—-icos(2;¥ 2+240°%) — E—2-cos(20 — 2+240°)
’ . _ 2. - 2 - ‘ y
) r7 3rd harmonic component .
EH 4 H, ‘ e
Vog = cos3f - E———cos(30) .
. Lo, ’ N D H4 H2 “ .
R . + E——2—cos(30 3 * 120° ) E—-;—cos(30 34120° ) X
¢ o ‘ ¢ a* ~H‘ H2
+ E—2—cos(30 3 *240" ) ETcos(30 3+ 240" )
, §lxﬁllariy the m A harmonle component of the output voltage can be
exprmed' as * . — ‘ N . ’
- * . : . ! ‘z

- . '
N A
. M - 0
I - \ r . v , -
f .
‘4 - ~ L - i . ¥
X - . - \ -
- . . - - . - v
- i L - ke s s - A . . . - «

d
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~ APPENDIX
AC FILTERS WITH SHORT CIRCUIT METHOD

The cost of a filter tuned for a particular harmonlc varles as [1]

K = AS + BS™ - (C-1)

where,

K = Cost ($)

S = Size (MVAr)

A = Constant ($ /MVAr)

B = Copstant (§ /IMVAr)
Neglecplng the total cost of the reslstor the total cost of the filter Is

K =P, + Py ‘ (C-2)

where,

U, = Unit cost of Capacz'tor (8 /MVAr)
U, = Unit cost of Inductor (§ /MVAr)

The above constants can be derlved as

~

U, w o .
(S A = UC + -—l ' ) (C"3)
n? -
‘ o n T ooon
where,
i - V,= Fdn‘damc_ntal Voltage (kV /Phase ) .
I,; = nth harmonic current through the filter.
'\ ’ The size for mlnlmum cost Is found by equat,lng the derivative % to
L. zero. .
. dk . \
—_—=A -BS?2=0 Ct
15 B

-~

1 &

‘Whence, S(m‘n) =«(-§-)"‘ and substitutlon of thls-valge of: ¢ in‘g the



.12

. equation for cost glves the minlmum cost as,

"K i = 2VAB : (C-7)
- Assumlng, , N

®,, = Mazxsmum Network Impedence Angle = 75°
Om = Mazimumrperunit deviation of [requency’

Jvom tuned frequency = .02 -
‘ '

The optlmum quality factor-of the fliter (1] @ = 4'62-5- = 32.5 and the
’ m
nth ac harmonle voltage In per unit of fundamental voltage 1s
1 cos(—=) \
\ Vin) = 3.176, (n? + 2)% -
| (3n%)?

Thus,

>
Vi) = 0.88% < 1.0%
V(1ay = 0.800% < 1.0%

As the voltage Is le‘_ss than one percent there 1s no need to Increase the

-

size of the tuned filter beyond S . ,
-
For the serles tap In dynamlc studies.

t

' Vi = 9.815 kV |
I(l) = 1.608 kA . i

Layr = (=2-)* 1.6085ec(—2) = 380 kA
(11)F 1.1 . 2 .
v ,17 :
Iajp = (£==)#1.898sec(——) = .3306 kA
gy ' 1.1 2 \
| ('_1'21) and 11: ) are the maximum per unlt 11th and 13th harmonlc

P

-

current of the tap.
' >

Sy = 1.912 MVAr [phase = 12%
Say

C =
W W)

= 52.64%107° F
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p 1 . )
Ly =————=1.104 mH
(1) )
C(")w2n2
! Xo— 1 (L3
‘ o R, —--—=—————2=1409»oh17r—~~ -
\ (11) A Qa C)

) ' L088£‘1) = (wC(u)V(l)) R(l)) _ 5-345kW/phase

o - S (13)
: Cl
08 = wv 2)

= 41.24+10° F
M~

—

. ' . 1 -
' ; ) L T tmeme—— T— 1.0 mH
‘; ‘ '(la) C(‘l)anQ

| 1
\ ‘ Xo 1 L2

R(la) = —Q—o— = -a—c-; = .152 ol’tm

o L”%a) = WC15V(1))°R (13 = 3.530 kW /phase.
For decrea.slng the arlthmetlc sum of the voltage harmonles up to the

25th Incluslve to 2.5% the arlthmetic sum OY the 23rd and and 25th should be

1],
2.5 - (.88 + .809) = .82%

The arlthmetic sum of the 23rd and 25th harmonic current through the

high pass filtéFTs,
)

I(H Py = (— + ——-)Imsec(—) = .3695 kA \
"\' The magnitude of the Impedance of the high pass fliter_at the resonance

frequency (l.e at n=24) Is, f

'R
_ (H.P)
. Z = -

[Q(Q +1)7)

where, :

Q= “’"R(HP)C(HP)
N ' Assum!ng that t,he total reactive power supplled by the fllters should be .

y) ' . 24% of the real power of the tap.
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-l

Swpy= (4 - 3.409) = .5001 MVAr /Phase.

Cwpy=

74

S.p)
WV,
L(H.P) = .75 mH
R = 8.6250hms.

= 16.248 uF

3

o



75

D. DATA OF TAPPING STATION

" TAPPING STATION

Ratings : 25 kV/pole’ = 1.0 pu
2000 A = 1.0 p-u '

50 MW/pole = 1.0 pu

FILTER OF TAPPING STATION

AC High pass Filter »16.248 uF, .75 mH, 6.625 ohms
AC 11th iuned Filter : 52.64 uF, 1.104 mH, .1409 ohms.
AC 13th tuned Fllter : 41.24 uF, 1.00 mH, .152 ohms
- . ' . ! \
CONVERTER PTRANSFORI\ERS
Three phase MVA = 20.18
AC side voltage KV = 17.0 (LL) kV = 1.0 pu

Valve slde = 10.316 (LL) KV

\\_/ ' - : . ’
- El . .

SYNCHRONOUS CONDENSER
MVA=25 kV=170 [,=60H -
) \
z, = 015

' zg =2

T, = .02 o

P



o

Sy
Il

1.1M W.s /MVA

SPEED REGULATOR
K = .09

T1=T2=18 :

3

T,=.02s

“

" VOLTAGE REGULATOR

K, = 100 ‘
T, = .05s

.01s

!
Il

SHORT AC LINE

’R‘ = .IOhm. L' =23 7&1{ #

£33

C .
SWITCHABLE CAPACITOR

C = 200 vF =0.44pu
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