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SYNOPS1IS

For stable operstion of an invartor, a certsin
amount of reactive power is noc:s@ary. The smount of reactive
»power dip.nds mainly upon the overlap angle \7 « A8 8 matter of

fact, this overlap angle 1s affected by various system para-

metors snd load conditlons.

In this dissertstion, the éffﬂct of various system
paxrameters and load conditiéns on resctive power demand has
been studied, It also doale with the use of capacitors and
filtnx‘clrcuits for reduction of commutation angle and hence
the reactive power consumption, Reiatlve advantages snd dise
sdvantages have bean assessed, Different sspects of commutation
fallure and protection against it has been discunsud.-?ha_effect
of faults on the a.c, side on the resctive power demand has
been studied, The variation of current in an invertor under
different transiont situation has been analysed, In-«ach.ctsa

a suitable example has teen asssumed and anslysed,
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SYUMBOLS

Unloss othexwioe stated, following notations will

be used:

F e r.,mes. voltoge betweon phases of the transforaer.
oo a,m.f., on d.c. side.

El'ﬁz'ﬁ3 2 p.Mm.0. VOltogeo botween the phasco of the tronse
formor secondary corresponding to r.m.s. voltagos
betweon ReY, Y=B, B=R respectively.

0} 909004 © instontancous voltnges corresponding to 51*52
snd ES respectively,

Eg» Vg = D.C, 1line wvoltoge.

Vo = output d.c.voliage on no lozd with £ = o
B e Load voltogo.

Uewg = Foarwaxrd voltege-drop in o wvalve

I = r.m.s. value of tho transformor sccondary curront,
Id = d,¢. 1line current.

11.12,13 = 1nstantaneoua curronte in 3 commutation clircult
through electromagnotic snd oloctric induction
respectivoly.

is = instantancous short-clircuit current,

{ = Transtont curront

1(n)= Trensient curront ot n°" {nterval.

f(o)= output curront ot tho ch stert of tho transient process.
L = leskago inductance of & congortor.

LF = inductanco in o filtor circuit.

P = Gonorsl symbol for powor rating

P. = Roting of powor {noctor correcting capociter.

P, = System shortecircult copncity,

P redctiveepower on tho oa,¢. olde,
p. ° setivo-povor.,
5}
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comoutotion rooctance of one phase,

Transformer roazctance {Chapter 2) inductivo
reactance of » reactor (Chaptor 5).

inductive reactonce upon which commutntion anglo'Y
~mainly dopends,

Tronsformer resistanco.

Capacitance of the filter-circult,
Active componont of load power,
Reactive component of lamd-pownr.
delay ongle of valve €iring of a valve,

Advance angle of valve«firing of an invertor
ot tho start of transiont process,

Advence angle of valve firing of an invertor et
tho nth interval in transiont process,

angle of commutotion or angle of ovorlap.
sngle of commutotion of ot zero ongle of deloy
resultant cozmutation ongle,

onglo betwoen tho voltago zero ond the end of

‘commutation of an invertor.

delonizgtion anglo.,
inotant at which tronsient process starts,

instant corresponding to nth‘interval.

power-foctor angle.

logging powor~foctor sngle of an invertor.
load powor-¢actor sngle,

phose numbor

ordor of hammonices (Choptor 4), intervals 1,2,3,
4,% ete. (Choptor 9).

d.c.voltoge drop due to cormutation,



INTRODUCTION

¥ith increased demand of power at distant places,
it was necessary to ralss the t:ansmiésion voltage. This can
be met with h,v.s.c. or h,v.d.c. tranemigsion. D,C. trange
mission has its main application where distences are large
and where power has to be transmitted &n bulk form from'oﬁq
place to anothor and it is advantageous when & water bairier.
has to be crossed. In d,.c. there i8 no éasy way of transforf
mation of voltage as in a.c. For this reason, a.c. has been
universally accepted for distribution., Voltage can be stepped
up on the a,c, side of the converting station. In the case of
h.v.d.c.transmiasion, a.c, =~ d,c. static power convertor
- during noxmal operation can be controlled to allow power flow
in either direction. The convertor operating 9s an invertor
allows power flow from d.c, to a.c, sand the csse is reversed
with rectifier. The d.c. side of the convertor can supply
only active power whersas the a.c¢. side supplies both active
power and reactive power. when the convertor is operating
as sn invertor, it operates st 3 leading power factor, and
requires resctive power for aatisfgctqry operation. The
regctivo power demand 13 nét much under normal tange of
operation, but it xncroéoes ropidly as the load increases or
Lf power factor falls, Faults on the 8.¢. side decrease the
u;c. voltage and increases the diiact current therchy increa-
sing the commutation angie which results in an inéroasod
demand of reactive power, Under such conditions, invertor
operation will not be possihle if precautionry measures are

not taken to mest the reactive power demand, To overcome any



such difficulty, apprecisble reduction in commutation

angle and consequently saving in reasctive power demand can

be obtasined by connecting static capacitors {(or synchronous
condenser depending upon convertor rating)} to the secondary

' winding of the convertor transformer. In most large power
station ,capacitors are replaced'by cspacitive filter circuits,
'Filgar circuits filter harmonics present in the alternsting

current,

In anslysing transient behaviour, method of
difference equation has leen sdopted, because an invertor
has discretely and periodically varying parameters, The
method has heen applied to study the nature of quantities

under transient conditions,

The present study brings about the possibility
of connecting filter ci:cuita rather than static cepacitor
directly across the transformer secondary winding, where
they are electrically adjacent to the convertor. It4also
includes the analysis of output current under transient

condditions dus to possible disturbances.



CHAPTER = 1 (Ref. 1,2,3,4,7)



(a) BRIDGE CONNECTION
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D.C. VOLTAGE AND CURRENT WAVE-FORMS, WHHEN TRANS FORMER
WINDING REACTANCE AND F/R/NG ANGLE OF VALVES
ARE BEI/NG CONS/DERED

FIG.1.1- OPERATION OF A BRIDGE CONVERTOR
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1.2. OPERATION OF A BRIUGE CONVERTER (Ref. 2,4):-

In the case of convertor, three types of
valve arrsngements cen be adaptod.'cut of which the bridge
connoction makes the best utilisation of the transformer, A
three-phase bridge connection shown in the Fig.{l.1¥)has |
been accepted universslly, as the ltest connection for h.v.d.c.
convertors because this connection not only provides the
best utilisation of transformer but also it includes the
effects due to grid control and transformer winding
‘reactances. Flg.(1J2) represents the current and voltage

waveforme and the thick line represents the direct voltage.

in the operation of rectifier, grid control
s provided to control the output voltage, If o is the delay

angle, then the conversion -relation is given by:
vd ~§—Trr~§'!§ Cos< =. Vo ¢cos oC .,

where, |
£ = r.m.5. secondary voltege between phases
« = grid control angle, ' .
Vd = Direct voltage

Vo = Average value of the output voltage.

then one wvalve stops conducting and other
valve starts; the current can neither suddenly drop to zero
in previous value nor attain Sts full value Id immediately
after firing in the later valve, But it takes some finite
time < known as oyérlap angle or commutation angle, for
current either to drop to z2ero or to resch its full value

Id. This overlap causes reduction in the direct voltage.



‘ In the figure shown, the grid control and
transformer winding reactance (I;e.ac snd X ) hove been
taken into sccount, When velve 3 fires st the point P, valve 3
takes over conduction from valve 1 due to commutation, Thti
firing of valve 3 results 1n short circuit between the phases Y
and R. The increasing short circult current opposes the forward
current Id {n valve 1 until it reduces to zero. At the same
time it incresses the direct current in valve 3 to full valve

Id. The equation of this short circuit current is given by;

, dis

where, L = leakage inductance of one phase of transformer,

1,7 instantaneous short circuit current,

After integrating betwesn the limits:
when Wt = < i, "o,
8 Wt-oc«t‘/,iavm.

the solution s given by

zd‘f’fﬁ;—i '[Cosoc- cos (owvijzf»

By integrating and arranging the voltage -
waveform, the average output voltage relation is given by

the following expression:
, 312 Cos X & Cos {<+ Y )
va - 22 3

If the commutation sngle Y 1s neglected, then,

via 32 & conk = Vo Cos <. |

L

T
where,
Vo = max, no load output voltage with o= o,
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Fig. |2 (ad b):

We know that when bridge unit works ss a
rectifier and 1f the commutation angle is neglected,

Vd'Vo Cos C

From Fig.{l.2) wo see that when the contyol
angle « 15 increased beyond 60° there is some negstive
voltage.

"Mt < = 90%, the positive an negative voltsges

sxe equal and consequently the average voltege is zero.

At <= 1&0°. the «~ve voltage is equal to the
+ve voltage for rectiffer with £ = o,

Also, mathematically,
Vd = Vo Cos 180° = « Vo.

Now, 1f d.c. voltage ie app&lad'from some
external sour@é. which is sufficient to overcome this negative
area end forces the current, then the current flows in oppo~
sition to the 1ndu§ed e.m.f, 1.6, 1t flows from anode to the
cathode, It indicates that the power is supplied to the 2.c.
system, Under such circumstances the rectifler becomes

invertor,

to
It 1is important note that the current is still

flowing in the same direction, forced by the rectifier voltage,
Then the firing angle ia known as the angle of advance firing
and 1s glven by

aQtTf- B
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The conversion of}glectxical energy follows the
principle of transformer when the current flows in the direc~
tion of tho Induced ¢.m.f,, thon there is a zelease of energy
and the process is of iectification. But if the current flows
in opposite direction to that of the induced e.m.f, then there

is acceptance of onergy and this process 1s known as inversion

It is clear from the Fig,{1.4) thet the commutation
from the valve © to the valve 1 must be completed before the
point S, Actually angle Y accounts for the completion of
the commutation for thst particuler pgir of valves and so
s left for valve % to delonise. This angle $,1is necessary
to stop the further conduction of valve 5, Thus the valve 1
is fired at the point P, an angle P before the point &, For
the invertor operation, the grid control is essential because
the valve 1 is prevented from firing upto the point P by
negative bias on its grid,

In the case of rectifier operation, there is
slways some delay in valve firing in order to control the
output voltage and also finite time is roquired for commuta-
tion to be completed, therefore, in this case the convertor
operatiogtat lagging p.€f., and the power flows from s.c. to
d.¢, In caso of inversion, the firing must be done in
advance for commutation and deionisation to bo completed well
before the voltage is zero, thﬁrofaxe in‘this case the
conyextor operstes at leading p.f. For rectificstion due to
small sngle of delay, the reactive power consumed is small

or negligible, But in case of invextor, reasctive power
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supply {s required in order to run it on leading p.f, During
steady state, the roactive power required may de 40 to 50
percent of the real power, but during transients, the reactive
power required may be upto 75% of the real power. The a.c,
system may not be able to supply that much of reactive power,
therefore, to serve for this purpose special provisions sre
made In form of static capscitors, or synchronous condenser.
When the convertor rating 1s less than 1/5th of the system
capscity, static capacitors are used, otherwise synchronous

condensers are used,

1.4, VALVE CONNECTIONS (Ref.3,7):-

The maximum valve rating at present in case of
mercury arc valves is below 200 KV, Therefore, H.V.D.C,
terminal stations may require more than one valve. In con-
tradiction to universal practice of parbllal connection of
valves in case of a.c, stations, nowadays there is genersl
- tendency to connect the valves in serios where a d.c. termine
al statiod requires more than one valve, This is done in
order to facllitate taking ‘out' and 'in' of the valves in
case Lf some fault is developed. A byepass valve may slso be
connected acruté d.c. terminals to facllitate putting ‘in

or 'out' of a psrticular valve in the circuit,



C!";APTEQ - 2 (Hef. -‘-.4’5‘6|1l,

" Variation of reactiye power demand with system
parameters and load conditions”
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2.1, NEED OF REACTIVE PO¥ER:

A,Co~ D,C. static power converters are used in
many spplications such as in variasble speed drive in rolling
machines and high voltage direct current transmission scheme,
A converter can be operated as a rectifier orx as an inverter
depending upon the requirements. The grid control action in
'conQerter makes it possible to supply power in oither direc-
tion. Irrespective of the directioﬁ of power flow, the d.c.
side of the convertoxr can supply only active power wheresas
the a.c. side supplies both sctive ss well as reactive
power. The conaumpiion‘of reactive powsr in a converior
makes the requirement of reactive power quite essential for

stable operation.

| When operating ac a rectifier, there is élwuya
some delay in valve firing in order to control the osutput
voltage snd also finite time ts rkqulrcd for commutation to
‘be completed, tharef@re'in this case the convertor operates
at 1399ing p.f. Also power flows from a.c. to d.c, In recti-
fication, due to small sngle of delay, the reactive power
_consumed is very small if not neglected. Therefore, in this
case the reactive power together with the sctive power is

supplied by the 2a.c., system itsolf,

When operating as an invertor, the power flows
from d.c., to a.c. The firing must he done in advance for
commutation and deionisation to got completed well before
the voltage zexo, Therefore the invertor can be trested as

" powey

operating at a leading p.f. Therefore, the reactive,in this
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case s large. Thus the invertor is equivalent to a generator
working on leading p.f. and which can supply only active
power. Therefore, it needs some reactive power in order to

the requirements of reactive power,

During steady stalte the reactive power required
may be 40 to 50% of the real power, but during transients,
the resctive power raquired may be upto 75% of the real
power, The 3a.¢c, system may not be able to sﬁpply that much
of reactive power, thgrefore to serve for this purpose,
special provisions are made in terms of statlic capacitors,
or synchronous condensors. When the convefiar rating is less
than 1/%th of the system capscity, static cspacitors are

used, otherwise synchronous condensors sre more suited,

2,2, GENERAL EXPRESSIONS FOR REACTIVE POMEf:-

The relation between the alternating and direct

currant is given by,
1 al6
I= = Id
D.C. output voltage developed by the invertor is
Vd = 3]2 g Gos B * Coss Vo (cosg. + Cos 8)
T - ' S

Equating d.c, and s.c. powers

131 con # = 32 ¢ L8B3 Coss Iy

or, (3E ’% 1d Cos f= 312 g Gon B2 CosS 14

or Cos d - &g EE + Cos s

A.C. apparent poﬁer is given by
P= (3. E1 = vy 1d.
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Active power {which is d.c. powor slso)

P(0} = Vo 1d Cos # = Vo I1d 99.9.55133.8

Thorofore, ronctive powor s found ag
pir) = [ P2« PP(a) = v, 1d Stn A,

where, Sin £ = Sin [c,-oal Cos p; Cos g']

Alco, , E__ {Cos { = Cot B)

Substituting for ld,

2 .
Pr = 25 (Cos g - Cos B) Sin [ ot °°°%%m?3]

Also, from thé rolstion
Cog # = G005+ Cos B
| ’ 2

Cob Po 2Cosf = CooS

2 -
+te Pr ® Tgér 2 {Cos S «Cos B) Sin (Casl Coo #)

ae?
o %’%ﬁ- (Cos 5~ Cos #) Sin # (2.1)

6 E4
=5r (Coss=-Coo 4) sing  (2.1)
2,3. HReosctive powor undor difforent load conditionni-
Let,

B load voltago = constont
£ o powoy foctor ot invertor ond
#, = lood powor factor
Y » Transformor yosiotence which ¢on bo noglocko

X = Tronsformor resctanco,
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Let the reactance and rosistance of the transmission line
15 neglected. This depends upon the fact that the load is
situsted at the secondsry of the transformer, The diagram

is as shown. {1 2F

Lot, load power is = A + IR
whero, A = Active component
& R u.Reacuve component
therefore,
B = tonl % .
Also, from the vector dimgram,

E_ sin ﬂ!,_ + IX

ten f = "L
E, cos B, + T.%.

1f ¥ 1s »neglectcd then,

tan g = Fp 80 B + IX
“E, cos By

203{‘) cgge p T

{3} Pure resistive load (¥e€e R = 0, )
Then, sin ﬂ!. = 0, Cos ﬁLui

1 .

tan 8 = (2.2)
u

end E = E, + JI.X. {2.3)

The cuantity é-;—f- ropresents the percentage

reactance of transformer.

EXMPLEs

Let, EL = 1 p.u.

X = 0,3 peu,
§ = §,= 10° = const.
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450

OVERLAP ANGLE y/ (DEGREES)

REACTIVE POWER FOR INVERTOR P, P.U

3t 30
CURVE(1)
2r ( 20
\Q;%opu
X 03 PU
1l & = 10(CONSTANT) |30
7 Q=z0
1 2 3 a

ACTIVE POWER OF LOAD Pa P.U.

T 2 VARIATION OF REACTIVE POWER FOR INVERTOR AND
CVEHLAP ANGLE WITH ACTIVE POWER OF LOAD

AUk REZ'STIVE LOAD)



16

Let load be purely resiastive, so that the load reective
power = R = o
Cos go = 0,98%

# and E sare found from equations(2.2) and {2.3) for
different loads, Then Pr is found from the eaqn. (2.1). The
commutation sngle Y 1s found from the following relation .

2 cosff-cosg » cos (S + YV )

Calculations have beon done and shown in the Tables
2,1 end 2,2 tiapacuvoly.

23 ‘b) wl"

Now, we calculste the varistion of reactive

power with load power factor.

The power factor at the invertor end is given by,

w
EL cos 7,
{neslecting the resistance of the transformer).

Load power factor,

ﬂl. -t ‘51 % B\ﬂ Reactive Power
A = Active power

Substituting £ in((k}, we get,

a& <
von £ = B 80 (tah” B e 1x 0,

_El. cos '(taal % )
As discussed previously, reactive power raequired is given by,

2
Pr = 1%[ (cos G« cos #) sin &
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SO}

CURVE 4 (1=1.5 P.U.)

4.0¢

CURVE 3 (I=0.75 PuU)

3.0¢

EL = 1.0 PuU
X =03 U
§ = 10 (CONSTANT)

2.0

REACTIVE POWER FOR INVERTOR Py PER-UNIT

1-0

- . 1 e L ' o}

o — JO~S 1.0 1.5 2.0 2.5 3.0

RATIO & (= TAN @)
FIG. 2-3.VARIATION OF REACTIVE POWER WITH LOAD POWER FACTOR
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EXMPLE 1= We take the previous figure with tho same

parameters,

In this case reactive power will be calculated for

a particulasr value of current and different load power factors.

For different %b,ﬂ is calculated from (2.%) snd
thence cos # end Sin &. Thereafter, Pr is calculated for
two values of currents, ,

I =0,75 pou. & I = 1.9 pou,

Calculations have beon shown in Tables 2.3 and 2.4

for 1 = 0,75 p.u. and'L;a p.u. respectively.

s-ax_*‘ixx

For I = 0.,7% p.u,

E = 1,00 +J 0.7% x 0.3
. e 1,00+3 0,228
;. B = 1,025 _

For, I = 1.% p.u.
E = 1,00 ¢#J x 1.9 x 0.3
» 1,00 + J 0,49
B2 w1,

For I = 0,75 p.u

"
6F 6 x 1,62%

"rr"-'x BT‘ = _TT x 0. = 6'5‘4
For I = 1.% p.u .

2
6E 6 x 1.1
TT%695 = ™ % O, * * 7.0
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2,4, CONCLUSIONS=

Figures 2,2 and 2,3 give idea sbout the varia-~
tion of reactive power roéuired for invertor operation under
different conditions of loads.

Curve (1) shows the varistion of invertor
redctive power with active power of load, When load p.f, 1is
zero. Curves {3) and {4) show the varistion of resctive
power required by the invertor with load power factor.
Curve (2§ shows the relation between active power of lbad

and invertor overlap sngle.

From curves (1), when sctive power consumed by
the load s 1ncroésed. it ceuses increase in current drawn
f rom thi invertor., This increase &in current drawn is res-
ponsible for the increase in overlap angle.'as indicated by
curve {2), This incresse in overlap angle increases the
reactive power r@quixed by the invertor. In other words, as
shown in curve (1) that for purely resistive load, the
reactive power required for invextor operation is not cons~
tant, but it increases with the active power consumed by
the load. o |

Curve (1) shows that under normal renge of
voperqtion the dimand of reactive power is not much, As the
ldad increases, the reststive power demand also increases
and at higher values of active load. the curve becomes
more staap. snd therefore 1t becomes unpéonomical to supply
reactive power st such s high rate., However, st extremely
high values of load, the invertor may fail to cperéte‘snd

therefore under normal range of operation, it is not
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difficult to mect the reactive power demand,

Curves (3) and {4} which show the veriation of
reactive power demand for 1nverto§t§Lsd p.f. for two vsluéa
of load currents, (for 0.7% p.u. & 1.5 p.u respectively),
indicate that when the load powsr factoris poor, the load
will comparatively requirxe more resctive power. This s
becsuse, the reactance of the load will increaseo the overlap
angle of the invertor. High p.f. reduces the demand for -
reactive power for inversion and hence resistive loads can be

more conveniently supplied by the invertor.

Curves (3) and (4) slso show that high load current

16ads to larger consumption of reactive power.

In general, we csn conclude that invextor needs a
considerable smount of reactive power for its operation., In
all cases of loads, the resctive power demasnd ;s not high
undor normal range of operastion but it repidly increases, as
the load is increased or 1f power factor falls., Therefore,
to avoid troubles, it is necessary to take procautions to

meet the reactive powexr demand,
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CHAPTER « 3 (Ref, 1, 8)

* Commutetion failure and reactive-power demand in
case of faults on the a.c.system *

~
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3.1, tation f» te

The fnverter faults can be cntegnr&sad 8%

follows depending upon the nature of faults:=

1. Commutation failure,

2, Fire through or grid blocking failure,

3. Arc quenching and fallure of a valve to fire,
4. Inverter backfire

The most sovere invertor fault is 4s<be the
commut ation fellure, which will be discussed in details,

3.2, Commuytation fallure :« Commutotion fallure occurs
generally dué to:

i) Reduction in d.c. voltage during
commutation process,

£4) Exeitation failure.
These faults can ke very greatly reduced by

proper compounding of the inyertor.

Figure 3,1 shows how commutation fallure
(single commutation failure, double commutation failure)
occurs due to reduction in a.c. voltage or due to less
deteylonation perlod. At thes polnt A, where the valve 3 has
fired, commutation 18 expected to take place. From valve 1
to 3, it is supposed that commutation is not able to take
place due to any of the above ressons. Under such conditions
the ano&a voitage of 1 becomes positive w.r.t. that of 3,
Therefore after the pt. B valve 3 stops and valve 1 conducts
together with valve 2. After B, the back voltage, which is

voltages between phases R and B, is less than the value
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i
~J (6 ) INVERTOR BACK VOLTAGE
F/ DURING SINGLE
COMMUTATION FAILURE

{c) INVERTOR BACK VOLTAGE
DURING DOUBLE
COMMUTATION FAILURE

FIG. 31 _.COMMUTATION FAILURE
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which should have been in sbsence of sbove reasons., At C
valve 4 fires and commutation taskes place from 2 to 4, Thus
after the Pt, C, valves 1 & 4 conduct together and d.c.
shortecircult results. Therefore, the short circult current
does not pass through the transformer wigs. after the

point C, At the point E, where the anode voltage of % 1is
negstive w.r.t. that of conducting valve 1, nothing happens
when & fires, At the point F, current commutat®in from 4

to 6. Between ¥ and G, the'back voitege becomes negative,
After the point G, the bagk voltage establishes itseif and
short circuit is over, At the point H, commutation is expede
ted from valve 1 to the valve 3 and tﬁen the normal operae

tion éontinues without much disturbance.

The current rise betwsen the point B and C,
which 18 not great hecause of the transformer inductance
and smoothing choke, may bo sufficlent to cause a commutae
tion failure of valve 4 from 2. (Figures {(a) and (c) ). This
results in still more severe conditions, because after the
point D, the voltage between the phases B and R roverses
and then the a.c. voltage is no more back voltage, but it
adds up ‘'with the d,¢. Under such conditions s severe shorte
circuit of the d.c, and s.c. voltages through the transfore
mer winding results, Hence the ifnverter becomes a rectifier
in series with a rectifioer, ’

Undexr such severe conditions, at points E, F
and I nothing happens due to firiny of respective valves
becsuse the anode voltage of firing valves is negative than
that of those from which commutation {3 to take place, At
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the point J, the a.c. back voltage becomes positive and
establishes thereafier. At H commutation from 1 to 3

takes place snd normal operation is expected thereafter,

In cnse of double commutation failure only »
part of d,.c. pssses through a pair of v@lves. In this case
C D hecomes the commutstion time from valve 2 to 4 and back.
The current pasainq through the pair of valves, by-passes
the transformer winding for the interval C D, When double
commutation fallure becomes of permanent nasture, the only
romadylia blocking of the invertor valves and opening of the.
byepass valvea. In case of correctly compounded invertor,
1f such type of feilure occurs at all, the invertor may
even recover from such a fault. It is to be noted that the
short circuit by-passes the a.c, windings for 120 in a
single commutstion fallure and for the interval CD in double

commutation'failurq.

3.3‘ A0

1. By properly compounding the invertor these faults

are vafy greatly raduced._ |

| 2., By using a'rglay‘which compares a.c., and d.c.
currents, the a.c. current being factiflod, since the
short circuit current byepasses the transformer windings
for 3 longer pericd in case of single commutation fallure
then that of in ¢asé of double commutation falluie. there-
fore for every com@utaiién fallure, the d.c. will exceed
a.c. If this happens for two successive cycles, the invere
tor c¢an be blocked by s sultable arrangement. This is a

good method because in this case, the invertor can recover
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FIG 3.2. CHANGES IN COMMUTATION ANGLE AND VOLTAGE
DUE TO REDUCTION IN THE INVERTOR A.C VOLTAGES
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its normal state asutomatically,

3. In case of seyere faults, the inverter is blocked
by the opening of its valve and then unblocked after about
five cycles., This short time of interruption will have

1ittle ¢ffect on the reoceiving a.c. system,

4. By providing a large angle P during normsl operation
By doing so, some safe limit af.veltage reduction can be
provided so that upto that 1limit, the commutation is still
completed by an angle S. before the change of voltage
sign, Therefore, no commutatibn failure takes place for .

considerable reduction in voltage on a.c. side.

3.4, Reactive power recuirement under conditions of faults:-

Reactive power demand depends mainly upon the
commutation sngle. From Fig. 3.2, 1t is clear that faults
on the a.c.side decressge the a.c, voltage and lnc:aase the
direct current, thereby increasing the commutstioneangle,
Hence the faults on the a.c.side affect the resactive power
demand rogquired by the invertor seriously. During faults,
the firing angle B will increase sutomatically in come
pounded inyertor., This cannot he so in the uncompounded
invertor. Hence a laxge angla P 4s to be provided in case

of uncompounded invertor for stable operation, which needs
| more roactive power, Therefore, it 1s better to analyse
reactive power demand under the conditions of faults for

both compounded a2s well as uncompounded inyertors separately,
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Let s stable operation is required during fault
when 8.¢. voltage decreases from E to XE and the direct
current incresses from 14 to YI,. For this the angle § should
be at least 5 .

The loading power faoctor of the invertor is given

by Cos £ = cmg;cmsﬂ

N ‘ A
Let "V% is the inductive voltage regulation due to
commutation process. :

Then it can be shown (Ref. 1) thats

Cos ## = Cos S, = -%! { %’L =1 )} for uncompounded
° 4nvertor
' . ' LAY ¥ ,
& Cos #/ = Cos S, = %~ 5 for compounded invertor.
o
Exomple ¢t~ It is better to illustrate the reactive power

demand under fault conditions by an example.

Let -‘%2 - 0,08,
A ,

§= &= 10°
X = 052, Oo“g' 906. 0.8, snd 1.0
X = 1.0, 1,29, 1.5, 1,7%, & 2.0, 3.0, 4,0, 2.0 etc.

For these values of V%l, s Op and different sets of X and Y,
o

we determine Cos # from the above eguations for both compoun-
nsd, Then tan #,

258 can be detormined from Cos #, will give the ratio of
regctive power to the active power. The results obta&nﬁd

sre shown in the following Tables. The value of Sin # will

ded and uncompounded inyerters ms
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give the ratio of the reactive power required to the
KVA rating, Figures 3.3 and 3.4 show relaticnship between
X and Sin # for uncompounded and compounded $invertors

respectively,
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For uncompounded Invertor -%Y - 0,08, &= So' 10°
o
x Y | Sin 4
1.0 - 0.844
0.2 1.2 009585
1.78 - 0,98715%
2.0 0.9999
2,09 ' 1.0
1.0 ' 0.52
0.4 1.25 0‘69
1.%0 0.7%
1.7% - 0,82
- 2,0 0.845%
2.5 0,912
3.0 0.9%8%
3.5 ' 0.9871
.4,0 0.999
4,18 1.00
1.0 0.497
0.6 1.29 0.564
1.8D , 0.62
1.7% ' 0.666
2.0 D731
3.0 . 0.844
4,0 ' 0.929
.0 0.9787
6.0 0.999
6.27 _ 1.00
‘ 1.0 _ 0.415
' 1.2% 0.475
0.8 1.50 ~ 0.%3
_ - LTS 0,576
2,0 0.62
3.0 0,750%
4.9 0.844
6,0 0.9%8%
7.0 0.,9871
8.0 : 0.999
8,36 . 1.00
14” 00355
1.2% . 0.4
1.0 1.5%0 0,462
1.78 0.5
2.0 Q.25
3.0 0,677
4,0 0.773
5‘0 0.844
6.0 0.960%

7.0 | 0.942
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8,0 0,972
9.0 0.9908
10‘0 00999 '
10.4% 1,00
, Ay o
For ¢ unded I =7~ ® 0.05, § = So= 10
O
1.0 0,677
0.2 1.29 .74 |
1.%0 0.7925
2.0 0.874
3.0 0,972
3.% 0.9939
3.98 1.00
1.0 0.51
1.2% Q.56
1.80 0.60%
1.7% 0.642
ot‘ 200 On677
3.0 0.7928%
4,0 0.874
5.0 0.933
6.0 - 0,972
7.0 0.9939
7.96 1.00
1.0 .43
1.23 0.47
1.80 0.496
0.6 1T 0.548
3.0 0.678
4,0 0,758
5.0 0,834
6.0 0.874
7.0 0.9156
11.9 1,00
1.0 0.385%
1.2% 0,42
1.50 0.4%
» 1,75 0.481
0.8 2.0 0.51
3.0 0,603
4,0 0,678
%.0 Q.74
6.0 0.792%
7.0 0.836
1%.92 1,00

AR AD DA i A A EP e W A e s G O WA G TR e G U e NS D W A Y G Y NP S e LA B Y T 2 X L 2 ey PR Y Y XX
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1.0
1.2%
1.80
1.7%
2.0
3.0
4.0
5.0
6.0
7.0
19-9

0,355
0,383
0.41%
0.44
0,465
0.5%
0.62
0,678

0,728

0.772
1.00

58
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* Reduction of commutation angle and saving in reactivee
power demand by connecting static capacitors or filter
circuits on the transformer secondary windings *
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4,1, NECESSITY OF REDUCTION OF COMMUTATION ANGLE:~

The reactive powbr consuned by'tha invertor
during its operation is considerable which may not: be ohtain-
able from the a.c., system itself, Even with an ang;e.of
~advance sutomatically maintained at the minimum for safe
commutation, as is done in h,v.d.c., convertors, the reactive
power requirements may be as much as S0 ~ 60% of the power
trancnitted, Therefore, some special p:bviaians must be
made locally so 85 to reduce the reactive power concumed by

tho.lnvertot.

The reactive power required by the invertor

is given by the equation: A .
2 :
6E : =1 Cosd+Cog (> Y)
Pp = m [Co-sé - Cas(&; + Y')] 8in LCOS : %_ﬁ

F#om the above ecquation, it is seen thot 1f
S remain constant, then reactive power recquired mainly
depends upon the overlap angle Y . Then angle Y is rese
ponsible for varistion of reactive power demend for inversion.
It is also seen that Af .Y is reduced, éhen reactive power
rocquired is less, Therefore by coptxolling the angle Y ,we
can have desired value of reactive power éansumed; Before
going to various means of cont:olliné the overlap angle Y,
it is desixable to 1nvast1géte the effect of various system

parometers on this sngle.

4.2, VARIATION OF OVERLAP ANGLE:w

Overlap angle depends primarily on the
following factors:

1) Voltage at invertor transformer secondary
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2) Load power factor

3) Reactance of transformer
4) Losd current

5) A,C. system faults

Thus the changes in any of thé above quantities
is responsible for varlation of commutation angle. RBelow it 1s
discussed briefly how the shove factors sffect the commutation

angle:

1) Veolt

From the figure 3;2 it i3 seen that due to
reduction in the invertor s.c. voltage, there are changes in
commutation angle»and voltage. If direct voltage is to remain
constant, then the whole effect results in sufficient variation
in commutation angle Analytically: |

- e mteguite)

Eq
If direct voltage st invertor end is constant,

the overlap angle is incressed due to reduction in transformer

secondary voltage,

The following relation stands valid for trans~

former reactance and the alternating voltage: |
wi = E. [Cosbe Cos (5+ V) |
[2 1,
: : that

From the above rolation 1t is seen 1f E, I,
and O are constant, then an incresse in the transformer
leaksge resctance results in an increase in the overlep

angle,
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3) 3ad_power factor:~
| It has already been shown in Chapter 2, that
E, Sin 4, + X.X

ten 4 = et ¥
EL Cos L + I,
It 18 seen from above that a high losd power
factor tends to decrease the angle # 1.e, effect is to

decrease the overlap asngle and,hence reactive power demand

is less,

4) Load currsnts:e ,
Overlap angle and direct current are relsted
by the fbllowing emuation:

I, = 5‘2 [Cos% - Cos ( 5+ Y)__l
.YE' ¥ILoy

It is clear from sbove that incressing current

incresses the overlap sngle and hence for stable operation of

invortor more and,more reactive power is required,

5} A,C. system faultsi

' ' | In general, the fasults on s.c. system cause
either reduction or collapse of voltage. From Fig, 3.2, it
1s seen thst due to three phase or two phase faults, the
voltage available for commutation is decreased which'in turn

increasses the overlap angle,

Symmetrical reduction in three « phase voltages
occurs only during three-phase faults. However, unbalanced
faults on the a,c, side result iﬁ phase displacement 33 well
88 voltage reduction. In this case voltage reduction will

be lower than in the cose of thtoe-phase’faulta.ébmmut-tion.
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failure,which is result of A,C, system fault, will be doalt
with later on,
4,3, REDUCTION OF COMMUTATION ANGLE:-

1
Efforts to reduce resctive power consumed by

reducing commutatione-sangle are being done since ns early as
1942, Them offorts are based upon the fact that by connecting
static capacitors or filter eircults to the invertor transe-

\ former, the direct current changes, which results in reduction
of commutation angle thereby saving in reactive power demand,
‘Usual practice to obtain saving in reactive power i.e. reduc-
tion in commutastion sngle is to connect static capacitors or
filters on the primery side {i.e. line side) of the invertor
transformer or alﬁernat&veiy a8 tertisry winding is provided,
spoecially for static capacitors.elf however, these fillters
or static capacitors are connected to valve side (L.0. on
secondary side of the invertor transformer), the capacitor
discharge would assist commutation resulting in reduced
commutation angle, thus allowing the invertor to operate at
an improved power factor. By so doing, the invertor reactive
power consumptloh and generated harmonics are counteracted

s neay thefir source as possible snd no longexr flow through
the transformer. It should be noted, howeaver, that methods

to reduce reactive power demand are still in experimental
stage, so the discussion made below will give an idea about
the improvement in commutuiion aégla; The discussion made
will not welght up the advantages ond disadvantages in terms
of hexd cash, but the sdvantsges may considerably outweigh
the dissdvantages, |
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This method, which 13 the simplest and the

best of the methods avallable for improving commutation angle
by artificisl means, consists of connecting capecitors in
shunt or seriaes fashion on the transformer éccendary (Fig.4.1).
In our caso we consider series capacitors in the transformer -
secondéry windings, This method depends upeon the fact that
when two velves of different phases (say 4 and 5 of phases

R 4 ¥ respectively) are conducting througﬁ the phases R4 Y,
then one of the capacitors (CR in our case) is charged in
positive direction, other one (Cy) is charged in negative
direction end the third one (1.e. C,) is maintained in a
charged stste at a negative voltage aﬁd the voltages across
these ¢apacitars. which depend upon the magnitude of the
current, are superimposed upon the voltage betwsen the cathode:
of the two valves botween which commutation i1s commencing.

To mske the picture more clear, let commutation 15 to take
from valve 4 to valve 6. This is only possible ¢f the voltage
‘between the cathodes of 4 and 6 1s positive i.e, cathode of

4 is positive w.r.t. the cothode of 6. At some point, when
the voltage e hetwean the phases R and P Y may be negative,
the voltage between the cgthades of 4 and 6 remain positive
due to superimposed positive voltage of the capacitors i.e,
due to superposition of th 8V K- Thus the voltage betwaen
cathodes of 4 & 6 15 equal to vba~* VGY -8 and remains
positive so long as e < Vep * Ve
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This voltage V., + QCY remains approximately
constent during the commutation period and sfter that it
starts to decrease. The delionisation, therefore, must be
completed before VCR +Voy = @ becomes negative. Thus with
eufflciont capscitor voltages, the commutation angle may Le

reduced appreciably,

1t should be noted that the capacitor voltage,
which depends upon the magnitude of the current, may not be
sufficlont af reduced currents., Therefore the capacitor
voltage st nommal currents should be sufficiently high so
that it can give enough voltage st reduced currents for the
same power factor. This i{s what is reouired in this process,
If this requirement is not fulfilled, then the power factor
st lower currents will have to be reduced which results in

incressed reactive power demand,

For successful completion.of commutation and

deionisation, {Ref., 1)

Ver * ey T 0

_ Y _
or 2\fc- zvcgo_;ﬁ/g >{2 B sin (ﬂlf %-%)- {4.1)

« (4.2)

EXAMPLE 3= 1In this example, we show relation between direct
current Id and the corresponding commutation sngle Y for
safe commutation sssuming other parameters and then find
the relation between the same quantities when capycitors

are not used i.e, for nstursl éommutation. The comparision

of both results will show that there is sufficlent improve-



47

-men®. in commutation sngle by the use of capacitors.

Let . . T Vo ™ 1T
V -» .’. 9.!1- e E - . 1 = 0074
° * 372 ' 372 Peu,

L = 0.1 p.u. .
Cos # = 0,995 oo B =5,78°
, Vc = 0,3 p.u, for Id = 1,0 p.u

So = 10° = constant.
Y is found out from the relation (4.2), fof different

values of Id so long relation {4,.1) 1s satisflied. The

celculation here are prasented in Table (4.1):

Ta  1.00 095 0.9 0.8% 08 0.73 0.7 0,65

Ve 0.3 \28% .27  .28% 24,225 .21 L19%

N/2 3,78 3.83 3.88 3.94 4.00 4.08 4.19 4,31

v ° 7.56  7.66 7.76 T.B8  8.00 B8.16 8.38 5.62

VCR*VCY «932 «50% «A780 f4500, 424 .39 «37 « 344

-8y .35 331 .3%18  ,3524 .3%934 354 .357  .368

Ver* Yoy .182  .1s4 .1162 .09076 L0706 .041  .013 - .026

Table 4,1

It 5 cleor from the above table that the
relation {4.1) 1s not setisfied for Id less than 0.7 p.u.
- The reason is that the capscitor voltage, which directly

mot
depends upon the current Id, is sufficient for safe

P N
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commutation. Here power factor throughout is kept at‘a
value of 0.99%, In this connection we see that the capacitox
voltage at normal currents should be sufficlently high to
give enough voltage at reduced currents for the same power

factor

For natural commutation, {(Ref. 1)
1g = -E [Cos (R=Y)- Cos B

{2 WL

°F 14 = B [Co8 S - Cosp]
2 we

°F 14 = B (0985 - cosp)
2w 4

for same parameters, the overlap angle Y {s calculated for
14 varying from 1,00 p.u. to 0.7 p.u and for notural commu~
tation as shown in Table 4,2

1d 1.00 9% .90 .89 .80 N4 0.7

985% 191 .18l  .172 .162 J183  ,183 . 133¢
Cos p :

Cos B :794 804  .813 .823  .832 842 .85l

B 37,3 36,5 35,5 34,55 33.6 32.5 31.5

Y 27.8° 26,5 25,% 24.,%% 23,6 22.%  21.%

Table 4,2
For stable operation, as discussed, at the most:

/ So + Y
[ZESin (e x-S0y w2 v.|1.°0° ‘2‘] in case of secon
?g ¢ [ 120 dary connected
static capaci-
tors.
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For Id = 0.7 pu., g = 4.09° = 4.19%

For stable operation, at the most, |2 E sin 8+ 'z.-<50)-,3
1.412x0.72 aan (ﬂ + 4,19 « 10) = 0,37

or 5in (A '+ 4.10 « 10) = %ﬁvz - 0,263%
!
1.0, Sin (6 * 4,19 - 10) - 0.363%,
{
e B 44,19 1202 21,3°

# or £ =131,3«4,19 = 27,11

»

' [
."« Power factor mcos # = 0,89

This is the minimum power factor of the system in
this example in case of secondary connected static capacitors

for stabie operation.

Thus, the reduction in reactive powér 1s meinly

that
because of the fact.gihe static capacitors will improve
power factor of the system thereby reducing the overlap

angle,

In figure (4.4), curves(b) and (a) show the relation-
ship between Ig and Y  for the srtificisl commutetion and
for natural commutation respectively. By camparing them, it
is ¢lear that.the overlap angle can be reduced appreciably

by the use of static tapacitors In transformer secondaries,

4.5, MERITS: -

(1) static cepecitors are cheeper, have small losses
and low cost of operation. |

(2) Better utilization of installed capacity is
achieved because of 1mbrovcd power factorx. .

(3) Due to high capacitor voltage, in case of large

capacity of static capacitors, the voltage wave-form is



50

fmproved.

{4) Static capacitors reduce the possibility of commue
tation fallure, This is becau:e’of the large time constant,
the voltage sustained in cepacitors during period immediately
subsequent to fault or sudden load change conditions in the
a.c. systems, will not allow sudden voltage change, but it
will allow the valves to adjust thelr fliring angle with
grester facilitv. ‘ |

In practice KASHIRA « MOSCOW TRANSMISSION
 uses only static capacitors to supply reactive power.
4,6, DEMERITSi~

voltage
(1) From figure 4.1(d), 1t is seen that the, across

8 valve {valve 4 in this case) is the sum of the voltages
due to the transformer and the capacitor, There £s no increase
in peak value and thus there is no increasse in voltagg

stress aeroos the valve.

(2) The autput voltage, which is also the sum of
the voltages due to transfexm&r and tha capacitor, fis shown
by the dotted line in fig., 4.1(b). There is no change in
either the mean value or the wave-shape of thg output voltage,
Thus the voitaqeﬂhaxmonics on the d,c, side are similar to

those arising in the case of natural commutation,

(3} The convertor 1is very much liable to be sﬁbjectec
to commutation failu;o when the value of I, goes down. During
commutation fallure, the voltage across the capacitors may
rise above the rated value. Though the protection agéinst
thia can be provided by opnﬁing the by=pass valve and shorte
circuiting the direct-current side, but i£ is unlikely that
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L

the invertor would be able to resume the normal operation

automatically as in the case of natursl commutation,
(4) Sterting may also prosent some difficulties,

somc_of'thesc above-mentioned difficulties in case
of secondarye-connected static capacitors, are removed in case
of filter-circuits connected to the same side of the trans~

former.
4,7, SYNCHRONOUS CONDENSORS:

®hen the convertor rating is less than L/BthAbf the
system capscity, static cnpacltota are used, otherwisge
synchronous condensers are preferred. This is because synchro-
nous condensors have better characteristics from regulation

point of view,

The regulating arrangement, in the event when voltage
falls due to load incresse, will provide an increase in the
KVAr, and prevent the system from running down, However, in

this case the losses are more than in the case of static

capacitors.

The skematic diagram is shown in Fig.4.2. In this
method, capacitors are replaced by fillter circuits tunned

to different frequencies, Filters are connected in shuﬁt.

In this method, which remotes some of the difficulties
discussed in case of secondary-connected static capacitors,
8 particular harmmonic voltage at » suitsble angle is supere

imposed on the fundamentsl voltage in such s way that it
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improves extraecommutation ares where commutstion takes place
and delays the voltage 2ero at which the commutation and
deionization should be complete. This ensbles the {nvertor to
work at nnaéky unity power factor. The current contains some
harmonics, and hence by providing filter circuits, the vqltag§
of the required harmonics cen be obtained superimposed upon |
the fundamental., The filters thomselves must'tespond to the

harmonice present in the alternating current wave-form,

- With filter consisting of tunned circuits for a
single frequency, a capacitore-recharge oscillaﬁion occurs at
the end of commutation, Gﬁnwkally the tunned circuits for
higher frequencies contribute more to the total shortecircuit
current owing to their higher rate of discharge current rise
and by continuing the range of tunned circuits to cover
further frequencies, comnutation angle can be reduced to

extremely low value,

With a filter of tunned circuits for fifth,
seventh and eleventh harmonics as shown in Fig.4.3, 2 reduction

*

in commutation sngle of neaxly 70% can he obtalned.

It can be shown that in caso of secondary -
connected filter circuits in the fashion shown in Fig.(4.2),
(Ref,7) .

E__ {Cos (B - %) - Cos B
- A .

1
4 2w ‘ |
. 2
+> ;%.... 12 ¢ s1n B. % ig%'31"3 m?l" - (4.8)

wheréx ne % 7.11,13 etec, = ?hé order of harmonies
=K P+ 1., where p is phase no. and K §s

any integer, For a 3-phase bridge connection, p = 6,
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- CyLg are appropriste to the tunned circuit for each individual
frequency, -

?1 = Resultent commutation sngle in degrees,

Without filter clircuits:

I, & wnf jCosj(P—Y) = Cos P - (4.4} {Ref.l
i { ] '( ) (o‘ )

wvhere Y = commutation angle for natural
commutation,

EXAMPLE: « To i1llustrate the above method for improving

commutation angle,

Let L = 0,066 p.u.
.

VQ =} Psie e E= m VO = 0,74 PsU.

Id - 0. go% » 005 Y 0"?5 ™ 1.0 P.U.
C = 10 uF.

Lg » 40 mH, for £1 fth harmonic,
= 20 osH for seventh harmonic,

= 8,9 mH for eleventh harmonic,

Hera, calculations are made to find out commutstion
angle for different values of currents at first for each
tunned clircuit separately'and then for all the three flilter
circuits canne;tod togather from egqn, {4.%). These cslcula-

tions are made by trial,

" The some calculations are made for natural commutse-

tion frow the equation (4.4).

aAll calculations aze'breaanted here in tabuler

forms: : .
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(1) vhen filter circuit tunned to the fifth harmonic alone
in connected: Then C = 10 AF, Le = 40 mH,
n =58 (Cslculations shown 4n Table 4,3

xd' 0 0.28 0.5 0,75 1.0

Vifor : e
natural 0 C TeS 12.7 16,8 20,7
commut a= '

tion) in

degrees

/
. "”’35" kt | A
tunn ek
degrees -

Imﬁrovaﬁeﬁt
in angle 0 2.4 3.7% 4,6 o 5.8%
- y—v/

Table 4.3

{(11) For filter ckt tunned to 7th harmonics: |
G = 10 uF, Lg = 20 mit , n =7« Calculations
1“ Tablﬂ 4‘\43 ’

1, | J 0 0.2% 0.5 0.7% 1.0
Y 0 7.8 12,7 16«8 20,7
Y : 0 4,04 7.24 10,3 13.9
I - 3 " .
Y - Y 0 3.46 5,46 6.9 6.8

Table 4.4,
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| (111) For filter ckt tunned to lith harmonicy
C= 10 )JF. Lf “ B.% mH

14 , O 0.2% 0.9 0.75 1.0
Pcu E ]
. |
y ‘o 1.5 12.7 16.8 20,7
v/ v oo 2,49 475 7.3 10.9
]
NERVE ' 0 8.01 7.95  9.48 9.8
: .
Table 4.%

Thus we see that the improvement in commutation
angle in case of filter circuits tunned to higher harmonic,
is more thon in the case of fllter ckt tunned to lower harmonic
as stated earlier.
(iv} Yhen the three ckts are connected synultaneously, then
the results obtained are shown in the Table 4,6:

I, 0 0.25 0.5 0.7% 1.0

y 0 7.8 12.7 6.8 20.7

vl o 1.2 o 2.28 3.5 | P

v-v' ) P B.a8 8.5 16,2
Table 4.6

Thus we see® that the maximum saving results, when
2)11 the three filltexr ckts tuned to HSth, 7th and 1lth harmonics
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respactively, are connected simultaneously.

However, by adding the improvements in commue
tation angle from Tables (4.3), (4.4) and (4,5) & then come
paring with Teble {4.6), 1t can be seen that the saving in
commutation sngle due to all the three filter circuits
connected together, 1s less than the sum of the savings
obtained by connecting each filter circuit seperately. This
is because with filter consisting of tuned circults for a
single harmonic, n capacitor-recharge oscillatlion occurs

at the end of the commutation.

Thus due to fllters coansisting of tuned circuite
for different harmonics, spprecisble sasving in commutation

angle can ko schieved,

4,9, REACTIVE POWER CONSUMPTION AND ESTIMATED SAVING:

So far different methods have been discussed
to improve the commutation angle that is how to reduce the
raaatiée power demand required by the invertor for staeble
operation. Following paragrsphs will show how reactive

power depends upon under different methods,

It can be shown (Ref,7) that s.c. apparent,
sctive and reactive powers under normsl operating conditions

are given bhy:

Py = 13 B = vy, I, (4.6)

91(’) - vad . QeéﬁngQm!é (4.7)

A . 2Y4 510 25« &in 2
Pylr) = Vo1, r) (tbsgz‘ Cos B (4.8)
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Vo= 1 pu ‘a) |
5 = 10 (CONSTANT) 128
L =01PuU

Ve = 0.3 P U FOR 74 =10 pU

"
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(8] o
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i
[ 4 0 N A , a
0.7 075 0.8 0.-85 0-9 095 1.00

PER-UNIT POWER Py

I L $ 1

0.7 0.75 0-8 0.85 0.9 095 1.0
CURRENT 14, PER-UNIT

CURVE (Q). 2 VS Iy WITHOUT CAPACITORS
CURVE (B) - VYV VS Iq4 WITH CAPACITORS
CURVE (C) - R VS F, W/THOUT CAPACTTORS
CURVE (ok) - B, VS Pu WiT+ CAPACITORS
ALL VALUES ARE IN PER UNITS
FIG. 4.4-/EFFECT OF SECONDARY CONNECTED STATIC CAPACITORS ON

COMIMUTATION ANGLE AND INVERTOR REACTIVE POWER
CONSUMPTION
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Equation (4.8) gives the value of resctive power
demand for known values of Y . Here § will be assumed to be

constant at D0 = 10° throughout,

Case 1 :~ Vthen capacitors sre used for lmproving the

commutation angle, the resctive power consumption calculated
from ean. (4.8) for V, * 1.0 p.u. and 5= § = 10°, is shown
in Table 4,7:

Id 1,00 0.9% N.9 0.8% 0.8 0.,7% 0.7
Y (without A -
Cﬂpﬂ@’.‘ 27.% 2605 25.8 24¢55 2306 22.5 2105
tors)
, ,
N {with -
capaci- 7.56 7.66 776 7.88 B.00 8.16 9.33
tors)
Table 4,7
Pu{p.’u) 1000 0095 909 0.35 9‘8 Ou?b 0.1
without 0.43 0,409 0,378 .349 <3183 ,203 = L2656
capaci- .
tors .
Pr{p.u) : - .. ‘ .
with capa~ e 242 « 226 2147 206 +1904 ,18% «378
citors,

Case 2 3~ ‘hen fllte:a‘coasisting of tuned circuits are
"connected to the transformer secondaries for improving
commutstion angley the reactive power duménd calculated
frpm'equation (4.8) for'vo = 1,00 Pelly,6m5, = 10°, is shown
in Table (4.8):
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I,(p.u) 0 0.25 0.5 0.78 1.0
V (without 0 7.8 12,7 16.8 0.7
filters) _
Fraatn .
¥ et one) T W 2,25 2.3 4.8
Table 4.8

Using these values of Y & Y’

s Pr is calculated from the
equation (¢) for both the ceses, The results obtained are

as follows

Pu(p.@) : 0 0.2% D9 0.7% 1.0

Pt(poU)

without

0 0.101 _0.182 0,268 373
filters :

Fr(Pou)
i th 0 0,081  0.102  0.1%2 0,206

filters

Relationashipsse Flgures 4.4 and 4.5 show the nature of
varistion of commutation angle for safe commutation and
reactive power demand of an invertor with direct current,
Curves {a) and (b) 4in figure 4,4 shows the nature of commue
tation angle with respect to direct current for natural
commutation and for the case when capacitors sre used res-
pectivaly. Curves (¢} and (d) have been plotted betwaen A.C,
power and reactive power denand for the same cases, Curves{a),
(b}, {e) and (d) in figure (4.%) indicate the aboverelationship:
respectively for the case when filter circuits have heen

used in place of static capacitors.
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FIG.4-6 INVERTOR WITH RESONANT COMMUTATION
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4,10. CONCLUSIONS:

~

(1) Appreciasble improvement in commutation angle and
saving in reactive power demsnd is obtained by connecting
static capacitors or filter circuits to the transformer

secondary windings,

{2) Comparing the results obtained in case of filters
and static cepacitors, we see that the improvement in commue-
tation angle and consequently saving in reactive powér demand
is more in case of filters than in the case of static |

capacitors,

{3) From figure 4,6, it is seen that the peak value of
voltage, in case of tuned eircuits, is increased because of
the superimposed hsrmonics. Therefore the voltege stress on
the valve will be increased. thérehy reducing the rating of
the valve, Fig, 4,1{d) indicazes that there is no such advane

tage in csse of bank of static capacitors,

{4) In case of tuned circuits, the convdrtor can operate
stably for all values of currents, whereas in case of satatic
capacitors convertor 1s very much liable to bhe subjected to

commutation failure,

Automatic tuning srrangements for the filter circults
are to bhe provided to allow for variation in the supply free
quencig., No doubt the cost of the filter circuits and asutomatic
tuning arrangements will be quite comparable to the cost of
the capacitors, but seeing sbove mentioned advantages, it is
‘expected that filters consisting of tuned circuits will replsc

static capacitors not in too cdistant future,



CHAPTER = 5  (Ref, 1,9,10)

" A method of analysing transient behaviour in circuits
containing rectifiers, inductances and E.M.F's *
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S.1. In analﬁsing transient phenomenon in case
of {nvertor, which 15 o device with discretely and periodiceall
varying parameters, the method of “difference equations”

has been applied. The cases when the time intervals are
constant in length with éifferént parameters and also when
the length of time intexvals varies according to the nature
ofthe transient phenomenon, have been discussed. The method
daveloped for different cases of transients, has been demonge
trated with sulitasble examplea,

The mathod has been developed for 6 - &

convertor,

Fig. 5.1, 9, e, and e, are three phaio symmetrical e.m.fs,
Xy is the inductive reactance upon which the commutation ang{f
mainly depends, X 1s the inductive reactance of a reactor
inserted in the line. This X limits the current rise through
the invertor. It is required to detarmine the nature of the
current 1 for different cases., To extend the method teo
wider range of problems, it is slso assumed that the angle of
advance B of the valves varies under the influence of grid

control device.

The transiont process starts st the
instant Oy. The valve which comes into operstion at the
instant Qg has got an angle of advance PBo and it is B, for

the next valve and so on.

One interval between the transients
On and @p+l 1s considered. At the instant on the valve 2
of the phase B and at 8p+l the valve 4 of the phase A start
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firing with the angles of advance Bn and Bptl, respectively.
The whole trénsient process ié divided into such intervals
betweon the firing of one valve to_the firing 6f the next,
This overall 1nte§val is again divided into subeintervsls
which are the commutation period ~Vp and the “"extra commuta-
tion® period. During the ¢ommutation period both the values

6 and 2 are conducting snd during the extrascommutation period,

only valve 2 is conducting,

Assumptionsgse
{1) Forward voltage drop in the valve does not depend

upon the magnitude of the currents, therefore
Vewa ™ canstant.
{1£1)The 1nv¢r§o current of the valve is zero.
{111)In the transient process,
Ya< On*l' On |
{iviThe transiont process starts with the firing of s
valve at%n = o, |
(v)The current 1, throughout the overall interval

8n = 8n+) is greater than zero.

(vi)Equatlon{ﬁ) below, holds slso for overall intervals
for whtch“?n = 0, Of course, this interval comes first on

]
connecting the convertor,

Filg. 5.2¢ The valve 2 firee at the start of the oversll
interval @p+l” n, By passing along through the circulit of
‘the current 4§ and through valve 2, the initial oquations'
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- are represented gs ;

di
(X + x¥} g%' ¥ xy aag . f (O) tesecsonsene (1)

whezre ‘f (9) - 02 - 9« 2 Vfﬂd. ‘Svesssvses e (2)

The sqn. (1) holds good both for the commutation
subinterval as woll as extra-commutation subinterval. For the
commutation interval 1 = &, ¢+ ig ond for the extrs~commutae
tion interval 1 =1, Therefore it 1s Justified to integrate
the eqn. (1) throughout the overall interval 1.e. between
Gn.and on+l, |

After integration: '
2 Gn"‘l! | 941 Ontl
(X Xy) | 1] Xy {1, = §f(e) de. (3)
on 8n en

Let, 1‘(en) = 4(n) oand 1(8pn+1) = & (n*1)

Also, 1,(0n) = 0 and 1, (8ns1) = & (9p+1) = & (n41)  (4)
After substituting (4) &n (3),we get,
A Qnt+l
(X + Xy + Xy) £ (n+1) « (X + Xy) 1(n) = (€ (@) do.
. on
Let, X + Xp=a and X =D
Then from above,
éntl |

(D*b) ;8 {ﬁ*x) - B i (“) - g f(Q} dQ sesssanne ‘5)

. On

A= 0,3.2.3..;..atc. and represents the successive tnsiants
of firing of the valves It is assuﬁed for the sake of |
simplicity that the transient process starts with the firing
of a valve at 6 = o, Then from the staxt of the transient

process, Opn & 8pt+l are given by angular units as belowt
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on = 2R - +po
| n‘%'-‘-.,. - Bn *ﬁo
& 8nsd = 258 « Prey ¢+ Po

*‘T%& * Bne¢i + Bo

oooootcoood.(&)

Bl Gl WAl Sl Al gl

Now in eqn, (2) the e.m.f. e will be constant
or variable in time, But Vg, and e in the function f(e)
Awill be the same in any overall intervel. This system of the
phase e.m.f's 48 symmetrical. The general expression for
{(Q) which holds for anl}y overall interval with bounds given
by the expression (6) is thus: '

£(0) = I3 EmcCos (8- 2~ Po- g-)-@=2Vg

Thus, the ean, (%), taken along with expressions
~{6) and (7), is the different squation for the transient

conditions for a 6-phase invertor.

-

Substituting the value of f(6) from the eqgn.(7)
in eqn.(%), we obtain, | |

: _ 8n+l
(a+b)L (ne1) = ai(n) = J31Em |5in( 0 - 32 -pg — %-T- )| o
. en
Omyy yﬁnﬂ
-2 V - ede
fwd O on

Aftér substituting the values of 6n and ép+l

from expression(6),
(atb) & (n+l) = 2 & (n) .

"ﬁ.&![ﬁln(ltg'*' g-r-ﬁn«ol*pﬁ' “‘g'f’o" jg"’ )
- sin(TL-g-"?n '*Bo"ﬁgﬂ" Bo = g"’]
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| 9

N\ n+l

""‘Vfwd‘ga"" Pntl *Pn) = § odp
8n

“=13 Br [Sin (g= Bne1) = Sin (=Ppr =% v "+ 7
=§3 En [stn (By ¢ g=) 4 Sin (gm- Ppad]s 0+

=13 m[zsm("g-'-* Bo = Potl yeos Boi Botd L2

= 213 Bm sin(%—'-‘* E'“'-'-—%“i’-‘) cos ?..’l..f.é&‘ll

- On+1
= 2Vgyq (3= Bnel * Pp) = gne 80 cavvess(8)

%.3, ANALYSIS OF

DIFFERENT TYPES OF TRANSI

The analysis of transient behaviour for

difforent casos is discussed helow:

Case 1:~ The convertor opermtes as an invertor and on the d.c.
side, there i3 s constant e,m.f,

eaw—VYd = const,

The angle of advance for each valve being
the same.
Thus, B, = -pn*l = B = const.
e & = Vd, -
Subsﬁituting these valves and eqn. {6) in eaon.({8) we get,
(asb) % (n*1) = a & (n)
=273 En 5in T%—-.c@s B e 2 Ve ?—«\Vd?—-

1'3_3 Em %—T" Cos P = 2 Vg4 ¢ Vd}J

Rl

[9%:3-& Cos B = 2 Ve oy * va] - (9)
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Since Vd and B are constant, therefore, eqn. (9)
wﬁich.describes the transient behaviour in this case, 18 a
first order linear difference ;quatian with a constant right
hand side, The solutien is, thernfore. found in the form
iln) w { (n} * 1{n} when i(n) is a partisl solution and

i(n} ls the general solution of the homogeneous equation,

To find eut the partial solution, in eqn.(9) we
put the condition
/
| 1{n+1} = £{n) = 1 (n)

Thus,
(n) = *ﬁcm B- 2 Vewg * Vd

i
Now, let 1(n) @ C X, Then the general solution of
the homogeneous difference equation obtained from (9) is

SR

Thus, / -
i(n) = 4(n) + C ) .
To find out the constent C, it is assumed that at

the start of the transient process (i.e. at nwo),

i(n) = ${o0). | o
Then C = §{o) =~ ifn)/
*xo,

Ln) = 4(m)'+ [100)-1 (m)/ ]{m—-ﬁ
5 .
Substituting for a and, in above, finally we get,

n
. sseenae 1
L) = 1(m)+ [100) = 1) ][R 2K | (12)

From eaqn. (12),discrete values of the current 1{n) in the

transient process can be éalculated.
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£ 210" (CONSTANT)
B =45 (COVMSIANT)
Upwed = 2075 p.U.

Y4 20 ES7T P U '
x =066 PU
X'y = .33 pU. :
lte) = @.3 pP-U. | !

- CURVE (1)

"<ANSIENT CURRENT L OR REACTIVE
. _VUWER CONSUMFTION Py OF INVERTOR-P.U.

i CURVE{(2)

¢ ’ . " ! ;
‘ _~l_ﬂ _ n=o 1 2] 3 g’ 5!

Bn =PBpaqc 3 =CONSTANT

G.54_VARIATION OF TRANSIENT CURRENT AND REACTIVE POWER
DEMAND OF INVERTOR (€ =Vq = CONSTANT, /3 = CONSTANT)
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*

Such type of transient process is caused by 3 step
type change at the start of the transient process in the
following quanuties whieh pffect Hn), vd, fm, B and Xy.
EXAMPLE = |

. T
Let Vo s ]} PeU, ,SQE - m vo hod 0174 PeUe
Bn e [28E = {2 x 0,74 = 1,047 p.u.

Tpking the voltage drop due to values inte account,
Vd = Vo Cos B + 2 Vgy |
Let By = Ppyy = B = 45° (say)
Vg = 0075 p.u.
Vd = 0,857 p.u.
‘' Let X = 2Xy

X = 0‘66 «J ) | ( say,; 3‘; XY = 0033 P.u,
Let at the start of the transient process i.e,
st n =0, 1(n) = 1(o) = 0.3 p.u.

From above at f!rst 1(n)/is found out, and then
the eqn.(12) enadbles to calculate for L{n). The expression

for the reactive power is Pr = Vold 2)' + 5in 2 S”S’f ? B
4  (coes= Cos B)
under steady state, Assuming 5= Sy = 10° = const. the

above eqn, enables us to find out the value of reactive
power required for the points n = 0, 1,2,3 etc, only. The
results are tobulated ss below:

S% Sp = 10°, Bew=as®, V= 35% Vg = 1,00 pou.

n o 1 2 3 4 s

£(n) 0.3 0,403 0.482 0,578 0.593 _ 0.6162
Pele .

Prip.u} 0.1518 0.2038 0.243% 0.29 0.300  0.311%
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The nature of varistion of i(n) and Pr with respect
’to n has been shown in Filg.%.4 by curves (a) and (b) rese
pectively,
Case 2 1=

The convextor 1s operating ns an invertor and on the
d.¢. side, there s a eonatant'e.m.f;

e = - Vd = const,

But the angle of advance of the valu#s is changing during

the transient process,

Such case occurs when the firing angle of the
valves can vary under the influence of qrid control devices,
sucth that the current i is a function of the angle of

firing of the valves.

Let the invertor 1s operating in stepdy state with
‘some sngle B, and the transient process starts at n=o. To
obtain the relstionship in closed form a linear relationship
between the angle B and n is sssumed. Let in course of p
intervalsthere be 2 gradual linear increase in the angle B,
ITE
t~'g%:r} ne

Pn = By * ¢

-Bo*{glh if o< n <p.
, «es(13)
Pasy = Bo * T g (011) |

i |
Bn =By "B, * (3=)p 8f n>p

Nt g NP et el el

After substituting for ©n and 8n,) from (6) and
Boe Bpyy fzom.(La)Jeqn. {8) under above conditions results

ins
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7 (a*ﬁ) 1{n+1) =« 8 1{n) |7 .
mn
=23 sta|g-+ -3 3 (o) ]

‘ Tr t 7
x Cos 2ﬁ°f2;—-—§£’ M z‘vnzvfwd(rﬁ {3-")

¢ W (g - )

= (1 1) 3‘; (Vd - 2 Veud)

+ 2]3 Emsm(g-»- E-g-}xcos (Bo*{ng“*tg"

= (- D) 1%—- (Vd = 2 Vg ) + 2]3 P sinj(1-1) g—}(‘:os

(BQ*EETL+ {;ln} ceee.(14)

Eaqn.(14) i a lst order Iidear difference ean,
One part of the right hend side is a constant quantity -
and the other part of lt‘vamiea cosinusoldally ﬁith n.,

The partial solution of (14) is found in the form

T
1{n) = A ¢+ L Cos ‘Pa 6;4' ﬁr n)

+ N sin (B, * g- 3- n).
The solution of this eqn. is
- / 1
1({n) = 4(n) + £(n)
- €T ‘
= A+MCos (Bt g-=V+ ﬁ;{, n)+ cx"- (14

where A = ‘—L——%—-‘-E—-—Z-——'—d-)-“ f {vd - 2°f
-1T 1

2
M w 213 Em, sxnu-t)

(84b) [1+ 2\")\Cos 1‘1?

255 Bm Sin (1) 2=
(x+2 xqﬂz + 213 » Cos P 3 +,\§
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T
+ A= arc tan g
;\4Co%£§r_~

e X+ Xy

NToan T gy,
at nw=o, 1(”3 =((0%
Then from eqn. (14s)
C=1(o) «A- M Cos'(Po + {%—_ -t

Substituting for C in 14(a), we get,

i(n) = A + M Cos (B, + eg:_.\;r._; ‘t}n) + t{o} N,

=A™ - # Cos (B, + ‘gm=~ V) A"

- L g
= Al1-N) + 1 [CQE (By* {g- Y+ “g~.n)
- cos (B + fgl « I+ 140) >\n~(;53
EXAMPLE: =
For illustrating the transient process, we take

At n=o, $(n) = ${o) = 0,} p.u.

B, = 45°, X =0.66 p.u., Xy= 0,33 p.u.
Ba =Py * Lg-n = By + 1n  (say)

From above {,A ,~} and then A & M are calculsted,

~ The current 1(n) &s calculated from eqn.(15), after substie
tuting the values of (A, X, V', A and M, for n = 0,1,2,3,4,
S between the interval 8, = 0;. Thereafter the angle P is
constant during the transient proaass."rhorefére the current
1 betwaen 6; - 0, is calculsted from eqn,(12)., The reactive
power required is calculeted as previously for vov-x.czo Pel,
and Su SO- 18%, The results obtained gre tabulsted as:
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§ = 15 (CONSTANT)
B = 45°
Upwd = 0075 pU.
Vd =0875puU.
x c066pPU. CURVE (1) ‘
X)« £ 033pU. ’ H
[ ‘
[

L) =03 pU.

e
o

PER-UNIT

©
tn

OF AN INVERTOR,
°
D

'CURVE(2) |

TRANSIENT CURRENT ¢ OR REACTIVE POWER CONSUMPTION Py
o
w

o
N

FIé.S.S_VARIATlON OF TRANSIENT CURRENT AND REACTIVE POWER
CONSUMPTION OF AN INVERTOR (€ =-Vy = CONSTANT, Bn=Ro*11n)
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Cage 3 1
The convertor operates as an invertor. The angle
of advance of the valves remains constant throughout the

transitﬁt behaviour, but the em.f. on d, ¢, side varies,

let e = @ vb during the steady state process.
Then at some instant which coincide with the firing of one
of the valves in succession, the voltage on the d.c. side
begins to vary acﬁordinq tos

- a-m
o= Vi + (Vie Vol e 27T «  {16)

Here the time constant U is messured in relative units (the
-~ duration 3#E-of the overall interval being taken as refee
rence). The e.m.f, varies from = v, to vd. The limits are
such that the valves have got sufficlient delonisation angle
during the transient behaviour to avold the commutation

faillure due to short circuit of any phase,

In this case, Bn ® Byey = B = const,

As before,

™ o R
8 * -3 Pa*Bo

T{ne¢1) |

| ®ner” | Paer * By
Onel en+i |

fedo = [ [=vse+(ve- Ve L T
én en nel

il L o - 0 -0
e Vde (WY T o T
_ (16=8)

After substituting the eqn. {(16-a) in eqn.{8), the difference
oquation reduces to:
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(a4b)} 1(n+1) - aiin)

“=J3 mm Cosp- £ Vewd + - va ¢ ‘g-t(ws-vo)

i 5 22t n*l s g_j
(s*b) 1(n+1) =2 &{n) = 3..{9._.. Em Cos B-2 Vg,q + Vd)|
k. 2
o-r’t(t.rd.vu){ - )1-(,;,

The solution of the difference equation(17) found
as before 19

/
i1{n) = 4(n) + N

&F’

+ [1(0) - i(n} - !\!] (;;5-)

vi{n)/*ﬂ T ¢+ [1 }-un)-n]{%—?l&n

¥
Where,
313 Vet
1y « 22 anic;s E - 2 Vfwd + vd
313 oo v
s B2 .EmcCosB- 2 Vrwd + wa
) {17=-a)
¥ Xy
and P §
N ,gT{Vg-Vo)(l-eY)
a - (a+h) o =3
r— L (%,—Fo) {1 = o"% o
- 3 (Bg¥o) (1 ) - {17-b)
(x«»xvy-(xl&zxﬂe'éc
'_ EXAMPLE: «
Let \‘,’;J:[ 0.07% p.u,
X = 0,66 P,
Xyﬂ 0,33 Pally
Vo= 1,00 p.u.
Then, '

Em = 1,047 p.u.

I© BRI

FESRAL UTRATY UNIVERSITY OF posres
. ROONRKEE
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g ¢

3¢

8L

FOR CASE (3) FOR CASE '4)
5§ = 10" -CONSTANT & - 10T (CONSTANT)
3 = 65 = CONSTANT B = 45 (CONSTANT)
Ufgd=0075'/°£/ U{.‘wd=o.o75 pru.
°S Em=1047 p.U. Em = 1047 pU.
Va =0 5726 P J Vd = O-8SpU , LO)=10pU.
X =0.66 p-u- X =066 pU.
Xy =0.33 pU Xy = 0-33 p.U. !
1:(0)=O3/;;U. CURVE(3)
Vo=1pu.
i FOR CASE (4) 1e. ‘
- FOR CURVES (3) AND (4 )
€= -Vy =CONSTANT F
. Bn+1 =3y <CONSTANT
- MISFIRING QF VALUE 2 ;
" CURVE(4)
FOR CASE (3) t.e.
i FOR CURVES (1) ",’.“3,,22’
€= ~Vg +(Vd-Vo ) € =77
Bps:=Bp =CONSTANT {
i !
0 :
t N :
O, ‘.‘ l
OCURVE(1) *
: ® CURVE()
|
, | ; , . -
0 1 2 3 4 5 3 )
8o

FIG.5.6-VARIATION OF TRANSIENT CURRENT AND REACTIVE

POWER CONSUMPTION OF AN INVERTOR
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The suitable vaiues of the time constant T and
the angle of advence P are assumed to be 0,28 and 65°
respectively. | |

Vd = v, Cos B + 2V wd= 0,8726 p.u,

At, n w0, let i(n) = §{o) = 0.3 p.u,

The valﬁos of 1(n) and N cslculated from {17-38) end
(17-b) are found to be 0,033 and 0.091.

Substituting the sbove values in equation (17), the

current 1i(n) for n = 1,2,3,4 and % is calculated,

The reactive power required for the operation of

the invertor is calculated as before for Vb = 1,00 p.u.
S= S,= 10° B =632,

The results obtained are put in the table :

n o T 2 3 P 5

1(n) 0.3 0,165 0,132 0.1076  0.0886 0.075
Peu : : '

Pr 0.1995 0.1098 0.0879 0.0716 0.059  0.0499
Petie ' :

ros

Curves (a) and (b) in figure {9.6) indicate the
nature of variation of 1(n} and Py with respect
to n '

Cose 4:-

Let the convertor is operating as an invertor
with B = const, end ¢ = « Vd, Then at a certain instant,
thero is misfire on one of the valves. In our case let it

be valve 2, which cecases to fire. Due to this reason, a
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transient process starts. A new steady-state 1s settled with
five valves, i.e. valves 1,3,4,5,6 in operation, The current
1 does not drop to zero because of the large inductance of
the reactor when the valve 2 ceasaes to fire, In this case the
oversll interval, which 1s the intervsl between the firing

of one valve and the firing of the next, consists of seversl
intervals., Referring to the Fig. ({5.3) the overall intervsl
has got &6 sub«intervals which are O~1l, 1«2, 2«3, 3«4, 4«% and
tw=6 respectively., The inteival D=1 13 the interval of misfire
of the valve 2 to the firing of the valve 4, the subeinterval
l=2 i3 between the firing of the valve 4 and the firing of |
the valve 6. Tﬁt béunda sf any overall interval from lst

misfire are:

®p = 27n  and fh = 2T (n41).

_ Let the current 1 at the bounds 0,1,2,3,4,5
and 6 are 1(n), 1%, X%, 47T IV 4V and 1(n+1). Let us
find out the difference equation relating 1(n) and 1(n+l),

Since the valve 2 does not fire at the instant,
therefore between n«1, the volve 6 is 'ON', From Figs. 1 8 3
for the intarval 0«1, we have : |
(a+b) §& = o + E=2 Vo

: : T .

=]3 Em Cos {8~ 2Tn-PB+ z=) +Vd -2V

The limits of integration for above ores

‘a,,umrn.&el-zﬂn#r 3&;-1-"2““* —g-

After integrating the sbove:
/ : _ /
(a+b) £ = {a+b) f(n} = A
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] oy 2h 4 3
where, A = |3 EmlSin (6 =2™n = B + 3')‘

2Tn
4 o (Vd -2 Vg )
=13 Emistn ( I5-B) - sin (z- - B+ 5~ (Vd-2Vfwd!
=138 25in g~ Cos (f-oﬁh}(w‘zvfwi
In the interval 1~2. the va1v§-4 1s 'ON', therofore
st 4+ % = e Va2 Vg

«[3 BncCos (8-2mnap -~ L) va-2vV,,.

=13 EnCos (0= 2Mn = P =) ¢ Vd = 2 Vg,
Limits of integretion are:
8 = 2 + g—-to 92~2Hn+ 537:- for the

boundary valwes for the currenteg { and 11. After integrating
the above we get:

(a4b) 1= 8 1'® B cvmmeas(18)
whare. |
anzﬁmmn 3- Cos B + &~ (u-av,wd)
= 5—33-3 B %sp*Vduzvmd}
Ean, (18) and eqn. (9) coincide. This is expected,

For the rest of the intervals, analogous sguations

are obtained as followss‘

1T = 1 (n) = a )
11 I = B )
JIL X o ;
JIV JI1, o ) =emmeeemaes(19)
. JV . g )
$(n+1) = ntY « B ;



where A= ;%B” ® %‘%‘%iiﬁ

Ae A o 2[3 Bx Sin g Cos ( 3~ <B)+ g (Vd-2 fwd)

— —

X+ 2 Xy

— = =x 22 m Cos P+ Vg~ 2Vewd }
X + 2 Xy

, N
By eliminations, ix. 111. 1111, ixv.bfrom eqns {19)

We get, -

i (n*l)l-)\s £{n) = x> A + é:bi B weemcvsnsens {20)
; T .

and hence

) w (A . 2 5n Sn
1 (n) ;f:%,, v I B (M 41 (0) N emeen (21)

EXAAPLE s~
The transient behaviour is 1llustrated by an exsmple

with the following assumed values:-

X = 0,66 p.u, X ve 0.33 p.u, Em = 1,047 p.u.
vd = 0,85 p.u. B = ag°

From these assumed values A & B are calculated from
their expressions and are found to be 0.%32 and 0.178%
respectively. Let the current 1(n) during steasdy stste

operation be 1 p.u,

At n= o‘; 1 =1i(o) = 1,00 p.u,

. nel, =31, aaa gV
ne2, §esld ne s, 1=y
ne3, 1= n = 6, L =4 (ne1)

From the ean.{21) the current 1(n) is calculated

for the values of n = 1, 2, 3, 4, % and 6. Then the reasective
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power recquired for the above points for Vé = 1 p.u. and
B =a3% and G = S = 10° 15 calculsted.

The results obtained axc_ahown in the Table :

n = 0 1 2 3 4 ] 6

1(n) 1.00 0.468 0.835 0,871 0.879 0.8793 0.88
Pe.u |

W OO A G GO VO U 20 N G TG G OD D WD D N P A Gl o D Gl S0 B G S B G B WGy D PR R TP Q-’”-ﬂ“ﬂ‘

Pr(p.u) 04505 00 2364 00422 0044 00“3 004434 44443

| Relationships between n vs. i(n) and n vs, Pr
have been shown by curves {¢) and {d) respectively in
Fig.(5.6). '

5.4, CONCLUSION:

(1) By forming (in seccordance with the second

Kirchoff's law) and solving the difference esguation in the
circuits under considerstion, the discrete values of the
output current in the transient behaviour have been obtained,
The cases dealt govern all possible disturbances, viz,
different changes of the e.m.f, at the input and output of
the convertor and also disturbances of noxmal operationsuch

as arc hacks, breskdown and misfiring. .

{1%) The solution of the linesr difference equation
gives the discrete values of the output current at instants

of firing of the valves throughout the transient behaviour,

(g441) The difference squstion 1s linesr 44
Pn ™ constant or if B = f(n),
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In the coses when By = f{1), the difference

| equation is nonelinear.

(Lv) Graph nos. (54,55 S6) drawn between i(n)
and n for all the four cases, illustrate the nature of the
output current during the transient behaviour for a 6=

phagse bridge invertor within the limits of asaﬁmptlons made,
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NCLUSION

In this work an attempt has been made to discuss
some important aspects of reactive power consumption required
by an invertor for stable operation. Also transioﬁt behaviour
of output current has been analysed under diffexrent conditions.
A brief summary of Backgtouna and present status of the
problem has been glven Anelytical expressions for reactive

power demand and traasieﬁt current have heen derived.

Effect of different parameters on the reactive
power demand has been studlied. The reactive power demand
varies with load conditions and system parameters, It has been
studied that when loaé reactive power i3 zero, the reactive
power demend is not much under normal range of operation, As
the load increases, the reactive power demand increases and
beyond active load of 0.8% p.u., the rate of increment of
reactive power requirement is large. Invertors, however, may
not be operated at such a high load and hence it is not
difficult to mect the reasctive power demand under normal

range of operation.

Faults on the a.c. side of the invertor decreases
the a,c. voltage and increases the direct current and there-
fore rea;tiva power demand incresses, It is seen that under
such cases, the reactive pawtr'damand 15 less in case of
compounded invertor than that in case of uncompounded invertor.
It is observed thst the reactive power demand in fault condi-

tion is very large.

By connecting filter circuits or static capacitors

to the secondary winding of the convertor transformer,
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appreciable improvemont in the commutation angle and saving
in veactivo-power conoumption is obtained, It ig observed
thot In tho coge of filter ciréuits. soving is more thon

in tho cagc of stotic copocitors. In cose of tunned circults
" the peok velue of the voltago 1s incroasod becosuse of the
supcerimposod hormonics., Therefore, the voltago strecs on
the valve will be incressed, thoreby reducing the gating
ond glzo of the volves. Thore Is no such advantage in tho
cogso of bank of stotic capopcitorn. An inyertor with filter
circuitg con be oporated staebly for all value, of currenys,
but in tho caoe of connectod otatic capacitors, the inver-
tors con operste stobly only for highor'vaiues of current,
Automatic tunning srrangemonts for the filter circuits

arc to be providod to allow for veristion in supply fre=-
quency. No doubt, the cost of filter circuits snd sutomaotic
tunning arrongements will be nuch moro thon the cost of
capacitqrs alone, but 1t is exprctod that due to abbve'mon~
tioned odvantages, the filtor circults will replace static

copacitors in not too diotant future,

In anélysing tho trensient beheviour, mothod of
difference equations has boen sdopted, By forming and solving
the difforenco equastions in circuite undor qonsidcratlon,
the dincrete values of qutput current t@xeugbout the tranaienf
behoviour have boen obtained. Mfferent curves draem ahow'
the nature of varlstion of output currong during the
‘trann}ent process for 2 six=phose inyortor within the limito

of'assumptions modo,
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