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SYN 0  

For stable operation of an invertor, a certain 

amount of reactive power is necessary. The count of reactive 
power depends mainly upon the overlap angle y . As a matter of 

fact, this overlap angle is affected by various system pore- 

meters and load conditions. 

In this dissertations  the effect of various system 
parameters and load conditions on reactive power demand has 

been studied. it also deals with the use of capacitors and 
filter circuits for reduction of commutation engi. and hence 

the reactive power consumption. Relative advantages and dis- 
advantages have been assessed. flifferent aspects of commutation 

failure and protection against it has been discussed. The effect 

of faults on the s.c. side on the reactive power demand has 
been studied. The variation of current in an invertor under 
different transient situation. has been analysed. In each case 

a suitable example has been assumed and analysed. 
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' 	 Yt` A R 0 . 

Unloos otherwise stated, following notations wi l 

be used: 

a r.m. s. voltage between phases of the transformer.. 
o a o.m.f. on d.c. s .de. 

a r.m.c. voltsges botvieen the ph ►ses of the trons-
formor secondary corresponding to r. . s. voltages 
bott700n R..Y, V.43„ fl.*R reapectivoly. 

01,+ 2,03 a Instantaneous voltage€ corresponding to E,E2 
and E3 respectively-. 

F-d' Vd a D.C. line voltage. 
NO 	a output d.+c.voitago on no load with c a o 
F,L 	a Load voltage. 
Uf 	o Forward voltoc o-drop in a valve 
I a r.s . s. value of the transformor secondary current. 
Id = d.c. line current. 
LJ ,~.2913 a instantaneous curronts in s commutatton circuit 

through electromagnetic and eloctrI c Induction 
respectively. 

instantaneous short-circuit current. 

I a Transient Current 
i (n)a Transient current at n h̀ interval. 
i (o) m output current at the ob st a rt of the transient process. 
L 	leakago inductance of a convortor. 
.. = ind: ctenco In a filter circuit. 
P a c onoral symbol for power rating 
Pc 	Rating of poor factor correcting capacitor. 
Ps a System short-circuit capacity. 
p , a raacttve-pot or on the a.c. side. 
~, a active-power. 

s 



KC 	a commutation rnsctencG of one phase. 
X 	o Transformer reactance (Chapter 2) inductive 

reactance of a reactor (Chapter 3) . 

Xy 	0 inductive reactance upon which commutation anglo 1' 
. mainly depends. 

r 	a 
 

Transformer test stance 
a Capacitance of the ftltor circuit, 

A 	a Active componont of food power. 
R 	 a Roac 1yi o component of toed-powci . 

cC 	0 delay angle of valve firing of a valve. 

ft A vance angle of valve.firing of an invertor 
at the stem of transient process. 

0 Advance angle of valve firing of an in',ertor at 
the n Interval In transiont proceso. 

' a angle of ccrnutati.on or angle of ovorlap. 
a 

 
'} 0 anglo of commutation 	4 at zero angle of delay 

a resultant co nutation angle. 
S anglo hotwoan the voltsgo zero and the end of 

cormutstion of an invertor. 
5o a doionitation anglo, 
0~ instant at which trcnstent process starts. 
►n instant corresponding to r th intervol. 

! powor- cctor angle. 	 - 
logging poworfoctor angle of an invortor. 

01. load powor.foctor angle, 
0 phnso number 

n order of harmonics (Chapter 4). Intervals 1,2.3, 
4 95 etc. 	( 	optor -5). 

AV a d.c.voltogo drop duo to cocriutntion. 
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With increased demand of power at distant places, 
it was necessary to raise the transmission voltage. This can 
be met. with h..v.s.c, or h.v.d.c• transmission. D'C. trans- 
mission has Its main application There distances are large 
and where power has to be transmitted in bulk form from one 
plat* to another and it is advantageous when a water barrier, 
hss to be crossed. In d.c. there is no easy way of transfor-
mation of voltage as In s.c. for this reason, s.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.tl;ansmission, s.c. - d.c. static power convertor 
during normal operation can be controlled to allow power flow 
in either direction. The convertor operating as an invertor 
allows power flow from d.e. to a.c. and the case is reversed 

with rectifier. The d. c. side of the convertor can supply 
only active power whereas the a.c. side supplies both active 
power and reactive power. ' Dhen the convertor Is operating 
as an invertor, It operates at a leading power factor, and 
re ,Tires. "active power for satisfactory operation. The 
reactive power demand is not much under normal range of 
operation„ but :t increases rapidly as the load increases or 
if power factor falls. Faults an the a.c. side decrease the 

e.C. voltage and increases the direct current thereby increa-
sing the commutation angle which results in an Increased 
demand of reactive power.. Under such conditions, invertor 
operation will not be possible if precautionry measures are 
not taken to meet the reactive power demand. To overcome any 



such difficulty, appreciable reduction In commutation 

angle and consequently saving in reactive power demand can 

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

winding of the convertor transformer. In most largo power 

atation,capacitors are ri placed'by capacitive filter circuits 

Filter circuits filter harmonics present In the alternating 
current. 

In analysing transient behaviour, method of 

difference equation has been adopted*  because an invertor 
has discretely and periodically varying parameters. The 

method has been applied to study the nature of quantities 

under transient conditions. 

The present study brings about the possibility 

of connecting filter circuits rather then static capacitor 
directly across the transformer secondary winding, rere  

they are electrically adjacent to the convertor. It also 

includes the analysts of output current under transient 

conditions du* to possible disturbances. 



_ 	(a.f. 1.2,3,4,7) 
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(a) BRIDGE CONNECTION 
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2 

FIG,1.1- OPERATION OF A BRIDGE CONVERTOR 



3 

1.2. PER T ON Of .  A aRw ►GE oNV RT 	(nef. 2,4) s- 

In the case of convertor, three types of 
valve arrangements can he adopted,, out of which the bridge 
connection makes the best utilisation of the transformer. A 
three-phase bridge connection sho In the `i . (J..lt()has 
been accepted universally, an the est connection for h.v.d. c. 
convertors because this connection not only provides the 
best ut&lUsation of transformer but also It includes the 
effects due to grid control and transformer winding 
reactances. Fig. (x.12) represents the current and voltage 
waveforms and the thick line represents the direct voltage. 

In the operation of rectifier, grid control 
is provided to control the output voltage, if ac is the delay 
angle, then the conversion -relation is given by: 

Vd n Tf • E cos 0c = • Vo cos _c 

'W~t1Rr11,~ 

9 o r.m.s. secondary voltage between phases 
oc grid control angle. 

Vd a Direct voltage 
Vo * Average value of the output voltage. 

when one valve stops conducting and other 
valve starts, the current can neither suddenly drop to zero 
in previous value nor attain its full value Id i ediately 
after firing in the later valve. But it takes some finite 
time oC,known as ovOrlap angle or commutation angle, for 
current either to drop to zero or to reach its full value 
Id. This overlap causes reduction in the direct voltage. 
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in the figure shown, the grid control and 

transformer winding reactance (1,... ç. and X 	have been 

taken into account. When velvio 3 fires at the point P, valve 3 

takes over conduction from valve 1 due to commutation. This 
firing of valve 3 results In short circuit between the phases V 
and R. The increasing short circuit current opposes the forward 

current Id In valve I until it reduces to zero.. At the same 

time it increases the direct current in valve 3 to full valve 
W. The equation of this short circuit current is given by; 

2. 	• 	E sin wt. 

where, 1., • leakage inductance of one phase of transformer. 

is= Instantaneous short circuit current. 

After integrating between the lixaitsz 

when 	Wt = ° - • t e  tri ,o. 

a wt a or,+Y,is  Id, 

the solution is given by 

Id 	- — Cos °C . cos (°.+ ) 
WL 

1y Integrating and arranging the voltage 
waveform, the average output voltage relation Is given by 

the following expression: 

Vd 

If the commutation angler 	is neglected, then, 
Vd s 	E 00 a 0 	VO Co s d . ti+ 

where, 
Vo a max. no load output voltage wi th oc 0. 



(et) OPEMl7/On/ Ate' AN 
/A b' . role. 
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(b /~Yf,QrO4 ovrvvr voIroll er 
.~~P Cv9.yE.vT, 

FIG. i•2 



l•" 

1.3.  O ERPTI 	F U At I rRTOR  (Ref. 1,2,3,4,7) i.. 
Fitt. 2 Ca 

we know that when bridge unit corks as a 
rectifier and If the commutation angle is neglected„ 

Vd -V0  Co*oC 

from Virg. (1.1) we see that When the control 
angle oG I a increased beyond 600  there is some negative 
voltage. 

At oc = 900 The positive an negative voltages 
are equal and consequently the average voltage is zero. 

At 	= S800, the -ve voltage is equal to the 
+ve voltage for rectifier with ac a o. 

Also#  mathematically*  

Vd 'M V0 CO a 180°  W .a Vo.. 

Now, if d.c. voltage to applied from some 
external source, which is cufficient to overcome this negative 
area and forces the current, then the current flows in oppo-
sttton to the induced e.m. f . i.e.  it flows from anode to the 
cathode. It indicates that the power to supplied to the s. c. 
system. Under such circumstances the rectifier becomes 
invertor. 

to 
It is tmportant,-n*tie that the current is still 

flowing In the gams direction, forced by the rectifier voltages 
Then the firing angle is known as the angle of advance firing 
hnd is given by 



The conversion of electrical energy follows the 
9-~ 

principle of transformer. -an the current flows in the direc- 
tion of the induced •. rn. f. p then there is e release of energy 
and the process is of rectification. Put if the current flows 
In opposite direction to that of the Induced •.m, f . then there 

is acceptance of energy and this process is known. as inversion 

It is clear from the Fig. (1.4) thet the commutation 
from the, valve 5 to the valve 1 must be completed before the 

point S. Actually angle Y accounts for the completion of 

the commutation for that particular pair of valve* and so 
Is left for valve to d•iontse. This angle Sa i s necessary 
to stop the further conduction of valve 5. Thus the valve 
is fired at the point Pp an angle p before the point . For 
the invertor operation, the grid control to essential because 
the valve I is prevented from firing upto the point P by 
negative bias on its grid. 

In the case of rectifier operation, there is 
always some delay In valve firing In order to control the 
output voltage and also finite time is required for commuta-
ti.on to be completed, therefore, in this case the convertor 
operetionat lagging .p.f. and the power flows from a.c. to 
d.c. In case of inversion, the firing must be done in 
advance for commutation and Biel oni nation to be completed well 
before the voltage is zero, therefore in this case the 

convertor operates at leading p.f. For rectification due to -

smell angle of delay, the react ve power consumed is small 
or negligible. But in case of invertor, reactive power 
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supply is required In order to run it on leading p.f. During 
steady state, the, reactive power required may be 40 to 5 
percent of the real power, but during transients, the reactiv4 
power required may be upto 7'5 of the real power. The a.c, 
system may not be able to supply that much of reactive power, 
ther.foro,, to serve for this puree special provisions are 
made in for + of static capacitors, or synchronous condenser. 
When the convertor rating is less than .1/ ath of the system 
capacity, static capacitors are used, otherwise synchronous 
condensers are used. 

1.4. VA 	'IQN ( tf.3 ,7)x 

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 then one valve. In con- 
trediction to universal practice of parallel connection of 
valves in case of a.c. stations, nowadays there is general 
tendency to connect the valves in aeries where a d.c. termin• 
el station requires more than one valve. This is done in 
order to facilitate taking 'out' and 'in' of the valves in 
ease if some, fault is developed. a by-psee valve may also be 
connected across d.c. ter finals to facilitate putting '.in' 
or 'out' of a particular valve In the circuit. 



Variation of reactive power demand with system  
parameters and lo*d. conditions* 
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2.1.  

A.C. - D.C. static power convertors are used in 
many applications such as in variable speed drive In rolling 

machines and high voltage direct current transmission scheme. 
A converter can be operated as a rectifier or as an inverter 
depending upon the requirements. The grid control action in 
converter makes It possible to supply power In either direc- 
tion. irrespective of the direction of power flow, the d.c. 
side of the convertor can supply only active power vrheress 
the e.c, aide supplies both active as well as reactive 
power. The consumption of reactive power in a onvertor 
makes the requirement of reactive power quite essential for 
stable operation. 

When operating as a rectifier * there, is always 
some delay in vsly, firing In order to control the output 
voltage and also finite time is required for commutation to 
be completed, therefore in this ease the convertor operates 
at legging p.f. Also power flows from a.c. to d.c. In recti-
fication, due to sell angle of delay, the reactive power 
consumed is very small if not neglected. Therefore, In this 
case the reactive power together with the active power Is 

supplied by the s.c. system itself. 

When operating as an invertor, the power flows 
from d.c. to s.c. The firing must be done In advance for 

commutation and detonise.tion to got completed well before 
the voltage zero, Therefore the invertor can be treated as 

~OW GY 

operating at a leading p.f. Therefore, the resctive,~in this 
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case is 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 state the reactive power required 
may be 40 to 5t of the real power, but during transients, 
the reactive power rewired may be upto 75 of the real 
power. The e. c. system may not be able to supply that much 
of reactive power, therefore to serve for this purpose, 
special provisions are made in terms of static capacitors 
or synchronous condeneore. When the convertor rating is less 
than L//th of the system capacity, static capacitors are 
used, otherwise synchronous condensore are more suited. 

2.2. (EE 	IAL EXPRESS ON 	.FO  

The relation between the alternating and direct 
current is given by, 

	

1 	Id 

D.C. output voltage developed by the invertor is 

	

vd* TT 3J12 	 v0 

Equating d. c. and e. c. powers 
F3EI toe jf: 	2  

TT 

or, F 	IdCosØ 	E cossId 

or Cos i . Coe.  

A.C. apparent power is given by 
P a . I d a V0 Id. 
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Active power (which is d . c. pawner also) 

P(o) a Vo Id Coo paVOIck 	+9 S 

Thorofore, rooctive power is found as 
P(r) P~ P2(a) V0 Id Sin 15. 

sere. Sin i 	Sin [cop  I 

Also, 	
1d c 	E ..(Cos 	Coo 3) 

Substitutingfor Id, 
2 

Pr 	(Coo aCoop) Sin LC6 0 	 1 

Also, from the relation 
Coo % coos Coo p 

Coo 1 	2 Cos a Coo 

.' « Pr ° T 	tt (Cos Is »Con )) Sin (offs Coo 15) 

2 
(Coop. Coo ) Sig, 15 	(2.1) 

..2 (CosSw Coo1) Stn 	(2.1)  TtV. 

2.3.. Roecttvs poor under difforont load ca.nd t onsz ' 
Let a 

EL a load voltage a constant 
1 apowor factor at invortor and 

L m load power factor 

fY- a Transformer resistance which ran bo noglocto+ 

X = 

 

Tronoforioor rooctonco, 
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E. 	 Re 	In 	 I 	EL 

OH {_.i __ 
LOAD 

EL 

INV 

E 

VARIABLE RESISTIVE LOAD 

FIG. 2.1 
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Let the reactance and resistance of the transmission line 
is neglected. This depends upon the fact that the load is 
situated at the secondary of the transformer. The diagram 
is as shown.' -"~' 2" 1 ' 

Let, load power is 0 A + JR 
ere, A * Active component 

a Reactive component 
therefore 

	

IJL a tel ' 	. 

A.so from the vector diagram. 

tan ' EL $Inf L +I 
EL CO* L + ..'w 

If IT is neglected then, 

tan 0 EL, ai_ Jd_ 
EL COS L 

2.3(a) Vis- 

(a) Pure resistive load 	(ij.o. R * 01 ) 
Then, sin 0L 0. Cas L71 

tan 0 4 	 (2.2) 
L 

and E * 	+ JZ. X. 	 (2.3)  

The quantity X represents the percentage 
L 

reactance of transformer. 

Let, 	F 	I P.U.  

X • 0.3 p.u. 

	

o 	100 * const. 



w w 

w 
0 

3 

2 

1 

w 
z a 

Lu 

0 

ACTIVE POWER OF LOAD Pa P.U.. 

- ARcATloN OF REACTIVE POWER FOR INVERTOR AND 
0=. k LAP ANGLE WITH ACTIVE POWER OF LOAD 

JE RE.;'STIVE LOAD) 
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Let load be purely resistive, so that the load reactive 
power 	o 

cos S o +s X7.985 

15 and E are found from equations x`2.2) and (2.3) for 
different loads. Then Pr is found from the ern. (2.1). The 
commutation angle Y is found from the following relation 

2 0090d.cosça cos (S+Y) 

Calculations have been done and shown In the Tables 
2.1 and 2.2 respectively. 

2.3(b)  
Naw,, we calculate the variation of reactive 

power with load power factor. 

The power factor at the invertor and is given by, 

Sino + I tan 15 a 	I. 	L 	 (2.4) 
cs øj 

(neglecting the resistance of the transformer). 

Load power factor, 

	

L W tong' 	 R a Reactive Power 
A A' Active power 

Substituting 	oL in(}, we get. 

tan 15 a EL *In (ts7n 	+ XX 	(.' ) 
Co. (tend 

As discussed previously, reactive power required is given by, 

Pr 	(eos ~ .. cae 	n 15 



5.0 

I- 

R 

RATIO A (= TAN #L ) 
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F1G.2-3_VARIATiON OF REACTIVE POWER WITH LOAD POWER FACTOR 



rr r 

t- We take the previous figure with the same 
parameters. 

.In this case reactive power will be calculated for 
a particular value of current and different load power factors. 

For different 	is calculated from (2.3 and  
thence cos 0 and sin 0. Thereafter, Pr is calculated for 
two values of currents. 

I "0.7 p.u. & I .a 1.5 p.u. 
Calculationss have been shown in Tablas 2.3 and 2.4 

for I = 0.15 p.u. and 1.5 p.u. respectively. 

'.a EL +.Tx 

For I a 0.75 p.u. 
R a1. 	+'3 0.75 x 0.3 

a 1.00 + 3 0.225 

E2  a 1.025 

	

Far, T 	1.5 p.u. 
E 1.00+Jx1.SxO.3 

+1.00+30.45 
• I.  , x01  

For I a 0.75 p.0 

6F 2 	6x 1.02 	6.54- 

	

}T x 	-rr X O. 
For 1 a  

6E2  is  6 	i .. +7.0 
TT 	3 	Tr X o,;  
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2.4, COMCLusIoNS:.. 

Figures 2.2 and 2.3 give idea about the varia- 
tion of reactive power required for invertor operation under 
different conditions of loads. 

Curve (1) shows the variation of invertor 
reactive power with active power of load, when load p. f. is 
zero. Curves (3) end (4) show the variation of reactive 
power required by the invertor with load power factor. 
Curve (2) shows the relation between active power of load 
and invertor overlap angle. 

From curves {l), when active power consumed by 
the load is increased, it causes .increase in current drawn 
from the invertor. This increase in current drawn is resy► 
pone .ble for the increase In overlap angle, as indicated by 
curve (2) . This increase in overlap angle incr+aesea the 
reactive power required by the invertor. in other words, as 
shown in curve (I) that for purely resistive load, the 
reactive power required for invertor operation is not cons► 
tent, but it increases with the active power consumed by 
the load. 

Curve (1) shows that under normal range of 
operation the demand of reactive power is not much. As the 

load increases, the re+ Live power demand also increases 
and at higher values of active load, the curve becomes 
more steep, and therefore It becomes uneconomical to supply 
reactive power at such a high rate. However, at extremely 
high values of load„ the invertor may fail to operate and 
therefore under normal range of operation, it is not 
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difficult to meet the reactive power demand. 

Curves (3) and (4) which show the variation of 

reactive power demand for Invertor Alosd p.f. for t%vn values 
of load currents, (for 0.75 p.u. & 1.5 p.0 respectively), 
indicate that when the load power factoris poor, the load 
will comparatively require more reactive power. This is 

because, the reactance of the load will increase the overlap 

angle of the invertor. High p.f. reducer the demand for 
reactive power for Inversion and hence resistive loads can bsr 
more conveniently supplied by the irwertor, 

Curves (3) and (4) also shop that high load current 

loads to larger consumption of reactive power. 

In general, we can conclude that invertor needs a 

considerable amount of reactive power for its operation. In 
all cases of loads., the reactive power demand Is not high 

under normal range of operation but It rapidly increases#  as 

the load is Increased or If power factor falls. Therefore, 

to avoid troubles, It Is necessary to take precautions to 
meet the reactive power demand. 
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CHAPTER - 3 	(Ref. is  8) 
" Commutetton failure, end ;restive-powar demand In 

case of faults on the a.c.system * 



	

3.1. 	ogmutatI n fi t ur _ s- y 

The inverter faults can be categarieed as 
follows depending upon the nature of faults:- 

1. Commutation failure. 
2. Fire through or grid blocking .failure. 
3. Arc quenching and failure of a valve to f ire. 
4. Inverter backfire 

The most severe Inverter fault is See the 
commutation failure, which will be discussed In details. 

	

3.2. 	rnttop fall 	;• Commutation failure occurs 
generally due toi  

1) Reduction In d. c. voltage during 
commutation process. 

.) 'Excitation failure. 
These faults can be very greatly reduced by 

proper compounding of the invertor. 

Figure 3.1 shows how commutation failure 
(single commutation failure, double commutation failure) 
,occurs due to reduction in e. c. voltage or due to loss 
det,a~ .patio+ period. At the point A, where the valve 3 has 
fired, commutation is expected to take place. From valve I 
to 3, it Is supposed that comutstton is not able to take 
place due to any of the above reasons. Under such conditions 
the anode voltage of 1. becomes positive w.r.t. that of 3. 
Therefore after the pt. 8 valve 3 stops and valve 1 conducts 
together with valve 2. After B, the back voltage, which is 
voltages between phases R and B r to less than the value 

26 
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(6) INVERTOR BACK VOLTAGE 
DURI G SINGLE 
COMMUTATIO04 FAILURE 

; , ; /J///J7 (c) INVERTOR BACK VOLTAGE 
DURING DOUBLE 
COMMUTATION FAILURE 

if 

FIG. 31 _COMMUTATION FAILURE 



which Should have been In absence of above reasons. At C 
valve 4 fires and commutation takes place from 2 to 4. Thus 

after the Pt • C, valves I IL 4 conduct together and d. c. 
short-circuit results. Therefore#  the short circuit current 
does not pass through the transformer v dgs. after the 
point C. At the point E, where the anode voltage of 5 Is 
negative w.r.t. that of conducting valve 1, nothing happens 
when 5 fires. At the, point P, current commutat *e from 4 
to 6. Between F and G, the back voltage becomes negative. 
After the point G, the bade voltage establishes itself and 
short circuit is over. At the point 14, commutation is exped-
ted from valve 1 to the valve 3 and then the normal opera-
tion continues without much disturbance. 

The current rise between the point F end C, 
Bch is not great because of the transformer inductance 
and smoothing chok , may be sufficient to cause a commute. 
tion failure of valve 4 from 2. (Figures (a) and Cc) ). This 
results In still more severe conditions, because after the 
point t O  the voltage between the phases 8 and R reverses 
and then the a. c. voltage is no more back voltage, but it 
adds up 'with the d. e. Under such conditions a severe short-
circuit of the d.c. and e.c voltages through the trensfor- . 
mer winding results. Hence the Inverter becomes a rectifier 
in series with a rectifier. 	 • 

nder such severe conditions, at points E, F 
and I nothing happens due to firing of respective valves 
because the anode voltage of firing valves is negative than 
that of those from which commutation is to take place. At 
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the point 3, the a.c. back voltage becomes positive and 

establishes theraofter. At H commutation from 1 to 3 

takes place and normal operation is expected thereafter. 

In case of double commutation failure only.  a 

part of d.c. posses through a pair of valves. In this case 

C T) becomes the commutation time from valve 2 to 4 and back. 

The current passing through the pair of valvae, by-passes 

the transformer winding for the thterval C D. When double 

commutation failure becomes of permanent nature, the only 

remedy Is blocking of the invertor valves and opening of the -

by pass valves. In case of correctly compounded invertor, 

if such type of failure 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 commutation failure and for the Interval CO in double 

commutation failure. 

3.3. 	%çition esins c 	ti n 	eta- 

i. By properly compounding the , invertor these faults 

are very greatly reduced. 

2. By using a relays which compares a.c. and circ. 

currents, the e.c, current being rectified, since the 

short circuit current bye-passes the transformer windings 

for a longer. period In case of single commutation failure 

then that of in case of double commutation failure, there- 

fore for every commutation failure„ the d.c. will exceed 

a.c. If thfs happens for two successive cycles, the invor* 
for can be blocked by a suitable arrangement. This is a 

good method because in this case, the invertor can recover 
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its normal stets automatically. 

3. In case of severe 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 

little affect on the receiving s. c. system. 

4. By providing a large angle P during normal operation; 
By doing so, some safe limit of voltage reduction can be 
provided so that upto that limit, the commutation is still 
completed by an angle So before the change of voltage 
sign. 'Therefore, no com,nutation failure takes place for a 
considerable reduction in voltage on a.c. aide. 

3.4, Rescte owe _ 	t u de c di  tis  of fecette:- 

Reactive power demand depends mainly upon the 
commutation angle. From fir. 3.2, It is clear that faults 
on the e.c. side decrease the s.c. voltage and increase the 
direct current, thereby increasing the commutation. angle. 

Hence the faults on the a.c.eide affect the reactive power 
demand required by the invertor seriously. During faults, 
the firing angle p will increase automatically in com-
pounded invertor. This a cannot he so in the uncompounded 
invertor. Hence a large angle P is to be provided In case 
of uncompounded invertor for stable operation, which needs 
more reactive power. Therefore*  it is better to analyse 
reactive power demand under the conditions of faults for 
both compounded as well as uncompounded Invertors separately. 
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Lot a stable operation is required during fault 

when a. c. voltage decreases from E to XE and the direct 
current Increases from ld  to d. For this the angle S should 
be at least o. 

The loading power factor of the -invertor is given 
by 

cos O a Coad + Cos 
2 

Let 4Y is the inductive voltage regulation due to 
commutation process. 

Then it can be ebo (Ref. 1) that: 

cos 0 a Cos S 0 	 'i )  for uncompounded 
o 	invertor 

Cos 95 - Cos b o 	for compounded invertor. 
0 

arnoXe * . It is better to illustrate the ""active power 
demand under fault conditions by on example, 

Let - 	- 0.05, 
0 _ S o 140  

X = 02, 0.4, 0.6, 0.8, and 1.0 

1.0, 1*259 1.!, 1.7 , 1 2..0, 3.0, 4.0,, 5.0 ate, 

For those values of I 	Cc o and different seta of X and y-. 
0 

we determine .Cos $ from the above equations for both compoun- 
ded and uncompounded inverters 	4tLed, Then tan 1f,, 

• as can be determined from cos 95, will give the ratio of 
reactive power to the active power. The results obtained 

are shown In the following Tables. The value of Sin 0 will 
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give the ratio of the reactive power required to the 

KVA rating. Figures 3.3 and 3.4 Show relationship b*tween 
X and $in 0 fox uneompounded' and compounded inv,rtors 
respectively. 
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For uncompounded Invertor I - 0.05, 	Sa * 140 
- 	 = - 	 ___________ 

.1.0 0.844 
1.25 0.912 

0.2  1.5 0.9585 
1.75 0.98715 
2.0 0.9999 
2.09 1.0 

w 	 ..* r~r r.M rr+fin Q►r.1.. w-w+~ar 

1.0 0.62 

0.4 	1.25 0.69 
1.50 0.75 
1.75 0.82 
2.0 0.845 
2.5 0.912 
3.0 0.9585 
3.5 0.9871 

. 4.0 0.999 
4.18 1.00 

O.ftow ._ 

0.6 	1.25 0.564 
1.50 0.62 
1.75 0.666 
2.0 0.711 
3.0 0.644 
4.0 0.929 
5.0 0.9787 
6.0 0.999 
6.27 1.00 

wrrr.rwr~.w►rrwr+iswraswrwyr*ramww'mMraw 
1.0 

-rosnrOrrwrrr:rwrwwrwrrrrrwf ft"ftfrrr.~wrrfrar.rr 
0.415 

1.25 0.475 
0.8 	1.5+.~0 0.83 

Ii[7 0.578 

2.0 0.62 
3.0 0.7505 

• 4.5 0.. 	44 
5.0 0.91.2 
+.0 0.9585 
7.0 0.9871 
8.0 0.999 
8.36 1.00 

**,4. * 	 ** * 	uV ar a}wo A~wariw+►MM 	vw ewAwrMw jlh 	M Ai r ww MM11N 

1.0 0.355 
1.25 0.4 

1.0 	1.90 0.462 
1.75 0.51 
2.0 4.55 
3.0 0.677 
4.0 0.773 
5.0 0.844 
6.0 o.9o05 
7.0 0.942 
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8.0 0.972. 
9.0 0.9908 

10.0 0.999 
10.45 1.00 

Fox' comooundIg 2s rto11" '.°..' 0 o. os, 8 a So . 10 

1.0 0.677 
0.2 	1.25 0.74 

1.50 0.7925 
1.75 0.636 
2.0 0.674 
2.5 0.93.' 
3.0 0.972 
3.5 0.9939 
3.98 1.00 

Irlw.firw~4~~rup 	 - 	 - 	 w u.- 	-- -- 	Iy w.r --rll,s 

L.O 0.{5i 

1.25 0.56 

1.50 0.605 
1.75 0.642 

0,4 	2.0 0.677 
3.0 0.7925 
4.0 0.874 
5.0 0.933 
6.0 0.972 
7.0 0.9939 
7*96 1.00 

1.0 0.43 

1.25 0.47 
1.50  0.496 

0.6 	1.75 0.545 
2.0 0.575 
3.0 €3.678 
4.0 0.758 
5.0 0,834 
6.0 0.674 
7.0 - 0.9156 

11.9 1.00 
40MIr MIII#►4M/ 41►1rR!ri+WftIl-OlMwr4MS!wwylFr►AI►~A IIr it _s+w_Ia___o-O___wY 	r►OS#OMMM'+IIF __ moo* Moos_ ARU►_f/ Io 

1.0 0.385 
1.25 0.42 
1.50 0.45 
1.75 0.481 ~y 

0.8 	 2.0 0.51 

3.0 0.603 
4.0 0.678 
5.0 0.74 
6.0 0.7925 
7.0 0.836 
15.92 1.00 

.040 Y~lrwwrrrrw ri swa►./-/i-w --w. W-swr-.►r -- -- .rap r/w /r.-ra. r►ar -Wft err -- r .r awl-frw*r Mr.! 
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1.0 0.355 
1.25 0.383 

1.0 	1.50 0.415 
1.73 0.44 
2.0 0.465 
3.0 0.55 
4.0 0.62 
5.0 0.678 
6.0 0,728 
7.0 0.772 

19-9 1.00 



4 	(Ref.1, ,4 , ,6,7,L ) 
Reduction of commutator angle and slaving in xaactive-
power demand by connecting ststic capacitors or filter 
circuits on the transformer .secondary windings 

Q 
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4.1. I4 CES► SITY OF REDUCTION 0F C I EATIQN A LFs- 

The reactive power consumed by the invertor 
during its operation is considerable which may not be obtain-
able from the ó.c. system itself. riven with an angle of 

advance automatically maintained at the minium for safe 
Commutation, as is done in h.v.d.c. convertors., the reactive 

power requirements may be as much as 50 - 6O of the power 
transmitted. Therefore, some special provisions most be 
made locally so as to reduce the reactive power consumed by 
the, invertor. 

The reactive power required by the invertor 
is given by the equation; 

r 	rW 
0" 
O [Coos - s S * V)} sin I  Lc o 1e 	2 

From the above equation, it is seen that if 

~ remain constant, then reactive power required mainly 
depends upon the overlap angle Y . Then angle Y Is res-
ponsible for variation of reactive power d+ mand for inversion 
It is also seen that if , Y is reduced, then reactive power 

required is less, Therefore by controlling the angle Y we 
can have desired value of reactive power consumed. Before 

going to various .means of controlling the overlap angle V 
it is desirable to investigate the effect of various system 
parameters on this angle. 

4.2. VARX -A I0N OF OVF:.F LAP A LEt- 

Overlap angle depends primarily on the 
following factors! 

1) Voltage at invertor transformer secondary 
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~1 

2) Load power factor 
3) Reactance of transformer 

4) Load current 

5) A.C. system faults 

Thus the changes In any of the above quantities 

is responsible for variation of commutation angle. Below it is 
discussed briefly how the above factors effect the commutation 
angle: 

1) VoJtaae.at he 1ertozIrnfornr Second y: 

From the figure  3.2 It is seen that due to 
reduction in the invertor e.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: 

3 	E COS__8_ _Cos .I__s _+. 
Td 	iT 

If direct voltage at invertor and is constant, 
the overlap angle Is increased due to reduction in transformer 
Secondary voltage. 

2) tance e ' Aci.l o Trajormr: W► 

The following relation stands valid for trans-
former reactance and the alternating voltages 

WL 	E,.,, ~toosS • Cos (~+ Y 1 

thatt 
From the above: relation It is reen A f , +EO xd 

and 6 are constant, then an increase in the transformer 

leakage reactance results In an increase in the overlap 
angle. 



3) Los opw.r fact9r: 

It has Already been shown in Chapter 2, that 

tan  EL Sin ? + I.X 

It is seen from above that a high load power 
factor tends to decrease the angle 0 i.e. effect is to 

decrease the overlap angle and ,hence reactive power demand 
Is less. 

4) ,oed eurr,nts• 

Overlap angle and direct current are related 
by the following enustion t 

Id "` 	..... [Coss-  - Cos ( + Y) ] 
WL 

it is clear from above that increasing current 
increases the overlap angle and hence for stable operation of 
i nvortozr more and more reactive power is required. 

5) 4, ç. system fauZts,~r- 
in general, the .faults on s.c. system cause 

either reduction or collapse of voltage. From Fig. 3.2, it 
is seen that due to three phase or two phase faults, the 
voltage available for commutation i4 decreased which in turn 
increases the overlap angle. 

$ymmetricsl reduction In three - phase voltzYges 
occurs only during three-phase faults. However,, unbalanced 
faults on the s.c. side result in phase displacementt as well 
as voltage .reduction. In this case voltage reduction will 
be lower than in the case of three.phase fsults.Eommutation. 
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fai.lure,which is result of A.C. system fault, will be dealt 
with later on. 

4,3. F crLQN OF cC utlJ A'TI 	iLE#". 

Efforts to reduce reactive power consumed by 
reducing commutation-angle are being done since as early a.s 
1942. 'Theea efforts are hai+ d upon the fact that by connecting 
static capacitors or filter circuits to the Invertor trans-
former,)  the direct current changes, which results In reduction 
of comnutatton angle thereby saving In reactive power demand. 
Usual practice to obtain saving In reactive power i.e. reduc- 
tion In commutation angle is to connect static capacitors or 
filters on the primary side, U... line side) of the invertor 
transformer or alternatively a tertiary winding is provided, 
specially for static capacitors.a f however, these filters 
or static capacitors are connected to valve aids (i.e. on 
secondary side of the invertor transformer), the capacitor 
discharge would ass at commutation resulting in reduced 
commutation angles  thus allowing the invertor to operate at 
an Improved power factor. By so doing, the i.nv*rtor reactive 
power con*umption and generated harmonic* are counteracted 
as near their source as possible and no longer flow through 
the transformer. It Should be noted*  however, 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 commutation angle. The discussion mad* 
will not weight up' the advantages and disadvantages In terms 
of herd cash, but the advantages may considerably outweigh 
the disadvantages. 
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4I4. 

This method, Which is the , simplest and the 
best . of the methods available for Improving commutation angle 
by artificial means, consists of connecting capacitors in 
shunt or series fashion on the transformer secondary (Fig.4.l) 
In our case we consider series capacitors in the transformer 
secondary wtndings. This method depends upon the fact that 
when two valves of different phases (say 4 and 5 of phases 
R 4 V spectively) are conducting through the phases R 4 Y, 
then one of the capacitors (CR in our cane) is charged in 
positive direction, other one ( ) is charged in negative 
direction and the third one (i.e. 	) is maintained , in a 
charged state at a negative voltage and the voltages across 
these capacitors, which depend upon the magnitude of the 
current, are superimposed upon the voltage between the cathode, 
of the two valves between which commutation is commencing. 
To make the picture more clear, let commutation Is to take 
from valve 4 to valve 6. This is only possible if the voltage 
between the cathodes of 4 and 6 is positive i.e. cathode of 

4 is positive .r.t. the cathode of 6. At some point, when 
the voltage ai between the phases R and P V may be negative* 

the voltage between the cathodes of 4 and 6 remain positive 
due to superimposed positive voltage of the capacitors i.e. 
du# to superposition Of VCR & Vc ,., "hue the voltage between 
cathodes of 4 & 6 is equal to ' , P + V~ • ey and remains 
Positive So long as sl < VCA + V. 
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This voltage VCa + VCy remains approximately 
constant during the commutation period and after that it 
starts to decrease. The deionisation, therefore, must be 
completed before VCR + V 	ei becomes negative. Thus with 
sufficient capacitor voltages, the commutation angle may be 

reduced appreciably.  

It should be noted that the capacitor voltage, 

which depends upon the magnitude of the current, may not be 
sufficient oo reduced currents. Therefore the capacitor 
voltage at normal currents should be sufficiently high so 
that it can give enough voltage at reduced currents for the 
some power factor. This Is what is required in this process. 
If this requirement Is not fulfilled, than the power factor 
at lower currents will have to be reduced which results in 
Increased reactive power demand. 

For successful completion of commutation and 
delonisetion, 	(Ref. 1) 

V R +V >,1 

or 2V - V 	7 f'2 E Sin ( 4 Y • 6o) - (4.1) 

2VV (1.- '~ 	F2 	In / 
	 v (4.2) 

E 	* in this example, we show relation between direct 
current Id and the corresponding commutation angle 1' for 
safe commutation assuming other parameters and then find 
the relation between the same quantities when cepecitor* 
are not used i.e. for natural commutation. The comparision 
of both results will show that there is sufficient improve-, 
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•mont in commutation angle by the use of capacitors. 
TT Lot 	.• 1 p.u., .'. E a 	wa a T  . 	• 0.74 

L « 0.1 p.u. 

cos 15 	0.995 	.'. 0 *5.7 °  
Vc 0.3 p.u. for Id = 1.0 p.0 

s o  - 100  a constant. 

is found out from the relation (4.2), for different 

values of Id so long. relation (4.1) Is satisfied. The 
calculati©n here. are presented In Table (4.1): 

Id 1.00 0.95 0.9 0.85 0,8 0.75 0.7 0.65 
p.0 
V 0.3 .285 .27 .255 .24 .225 .21 .195 

	

3.78 	3.83 	3 , 88 3.94 	4.00  4.08 	4.19 4.31 

7.56 1.66 7,76 7.88 8.00. 8.1,6 8.38 8.62 

'SCR ,tVV .532 	. 505 	.4780 .4500. 	.424 	.395 	.37 	.344 

	

.36 	.351 .3518 .3524 .3534 .354 .357 .368 

V CR* V 	.182 	.154 	.1162 .0976 	.0706 .041 	.t}13 - . ; 

Table 4.1 

It is clear from the above table that the 
relation (4.1) is not satisfied for Id loss then 0.7 p.u. 

The reason is that the capacitor voltage,which directly 
%of 

depends upon the current id, tosufficient for safe 



commutation. Hare power factor throughout is kept at a 

value of 0.995. in this connection we see- that the capacitor 

voltage at normal currents should be sufficiently high to 

give enough voltage at reduced currents for the some power 

factor 

For natural commutation, 	(Ref, 1) 

Id 	 Gos p1 
A2WL 

or Id * .. ,_ Coq S 	Cor I 
!L 

C°.983 	or 
WL 

For same parameters, the overlap angle Y is calculated for 
14 varying from 1,0 p.u. to 03.7 p.0 and for natural commu- 

tation as shown in Table 4.2: 

Id 	1.00 	.95 	.90 	.85 	.60 	.75 	0.7 

.985- .191 ,1181 .172 .162 .l3  .143 .133! 
Cos 

	

Cos P 794 	5134 	.813 .823 	.832 .842 	.8514 

37.5 38.5 35.5 34.55 33.6 32.5 31.5 

	

27. 5 	26,5 	25.5 24.55 	23.6 22.5 	21.5 

Table 4.2 

For stable operation, as discus d, at the most: 

Sin t * 	a 	/ 1 .. 0 	7in case of $*con 
T 	" J dery connected 

static capaci-
torl. 
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For Id a 0.7 p.u., 	4.19° 	4.190. 

' For stable operation, at the moat„ T2 E. Sin 	+ Y7 = 
1.412x0.72 Sin (0' + 4.19 10) a 0.37 

or Sin +4.19 	10) "' 	:12 .?2 	0.3615 

i.e. :Sin (0 '+ 4.19 - 10) 0 0.3635. 

... 	° 4.19 	10 ' 21.3 

0 or J • 31. «► 4.19 • 27.11 

• Power factor cos if ' 0.89  

This is the minimum power factor of the system in 
this example tn ease of secondary connected static- capacitors 
for stable operation. 

Thus, the reduction In reactive power is mainly 
t 

because of the fact,Athe 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 Id end . 1~ for the artificial commutation and 
for natural commu of on respective y. By comparing them, It 
to clear that the overlap angle can be reduced appreciably 
by the use of static cepsc3tors In transformer secondaries. 

4 + 	tw t «► 

(1) Static capacitors are cheaper, have smell losses 
and low coot of operation. 

(2) Better utilization of Installed capacity Is 
achieved because of improved power factor* 

(3) Due to high capacitor voltage, in case of largo 
capacity of static capacitors, the voltage, wave*farm is 
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improved. 
(4) Static capacitors reduce, the possibility of commu-

tation failure. This is because of the large time constant, 
the voltage sustained in capacitors during period Immediately 
subset uuent 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 their firing angle with 

greater facility. 

Zn practice KASHIM - MOScOW TRAH9ISSION 

uses only static capacitors to supply reactive power. 

4.6. QRITSs 
vote e 

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

a valve (Volvo 4 in this case) is the sum of the voltages 
due to the transformer and the capacitor. There Is no Increase 
in peak value and thus there is no increase In voltage 
stress across the valva. 

(2) The oUtput voltage, which is also the sum of 

the voltages due to transformer and the capacitor, is shown 
by the dotted line in fig. 4.1(b). There is no change in 

either the mean value or the wav shape of the output voltage. 
Thus the voltage harmonics on the d.c. side are similar to 

those arising to the case of natural cc utation. 

(3) The convertor Is very much liable to be subjactec 

to commutation failure when the value of 1d  gc ss down. luring 

commutation failure, the voltage across the capacitors may 
rise above the rated value. Though the protection against 
this can be provided by opening the by-pass valve and shortw 
circuiting the direct-current side, but it Is unlikely that 
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FIG.A.2_INVERTOR WITH SECONDARY CONNECTED FILTERS 

40mH 	A20MH 	8.5mH 

OPF 	T101IF 	T10,UF 

FIG.4.3_FILTER BANK PER PHASE 
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the invertor vmuld be able to resume the .normal operation 
automatically as in the case of natural commutation. 

(4) Starting may also present some difficulties. 

Som* of these above-mentioned difficulties in case 

of secondary-connected static capacitors; are removed In case 

of, filter-circuits connected to the some side of the trans-

former. 

4.7*  JY 	 s 

when the convertor rating is less than l/Sttth of the 
system capacity, static capacitors are used, otherwise 
synchronous condensers are preferred. This is because synchro-
nous condensers have better characteristics from regulation 
point of view. 

The regulating arrangement, in the event when voltage 
falls due to load increase, 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, 

4.8. 
I .L,,7, 

The skemetic diagram is shown In 11g.4.2. In this 
method, capacitors are replaced by filter circuits tunnel 
to different frequencies. Filters are connected In shunt. 

In this method, Which removes some of the difficulties 
discussed in case of secondary»tonnected static capacitors, 
a particular harmonic voltage at a suitable angle is super-
imposed on the fundamental voltage in such a way that it 
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improves oxtra.colmutotion area where commutation takes place 

and delAys the voltage zero at which the commutation and 

deionization should be complete. This enables the invertor to 

work at nearly unity power factor. The current contains some 
harmonics, and hone* by providing filter circuits, the voltage 

of the required harmonies can be obtained superimposed upon 
the fundamental. The fliers themselves must respond to the 

harmonics present in the alternating, current wave form. 

With ' ltor consisting of tunned circuits for a 

single frequency., a capocttoa rochorge oscillation occurs at 

the and of commutation. Generally the tunned circuits for 
higher frequencies contribute more to the total short-circuit 

current owing to their higher rate of discharge current rise 
and by continuing the range of tunned circuits to cover 

further froquonc es, commutation angle can be reduced to 
extremely low, value. 

With a filter of tunned circuits for fifth, 

seventh and eleventh harmonies as shown in Vig.4.3, a reductior 
In commutation angle of nearly 7% can be obtained. 

It can be shown that in case of secondary •- 

connected filter circuits in the fashion shown in Fig, (4. 2), 

n..c.i) 

I 
2 

+~ n 	 E Sin 3. 	Sinn?' 	(4.8) 2 

where: n a ' ,7,11,33 etc. - The order of harmonics 
kP+1. awherepisphao*no. and Kis 

any integer. for a 3 phase bridge connection, p + 6. 
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C,Lf  are appropriate to the tunned circuit for each individual 

frequency. 

Resultant commutation angle in degrees. 

Without filter circuits: 

id 	-... ....  CO ( -1) cog 	= (4.41 (Ref.1) 

where Y • comutetion angle for natural 
commutation. 

EXAMPLE: 	To illustrate the above method for Improving 

commutation angle,, 

Let 	L w 0.066 p.u. 

	

V0  0 1 p.u. • • 1 	 V0  - 0.74 p.u, 

id  a 0. 0.25 , 0.5 , 0*75 . 1.0 p.u. 

+C w i0 F. 

Lf  w 40 mH, for fifth harmonic. 
a 20 mH for seventh harmonic. 
0 8.5 mH for eleventh harmonic. 

Hare, calculations are made to find out commutation 
angle for different values of currents at first for each 

tunned circuit separately and then for all the three filter 
circuits connected together from eqn. (4.5). These +calcula- 

tions are mad* by trial. 

The same calculations are made for natural conte-
t3on from the equation (4.4). 

All calculations are presented here In tabular 
forms: 
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(1) When filter circuit tunn.d to the fifth harmonic alone 
is connected: Then C s 10 X-t'p, L a 40 mH, 
n a 5. Cs1cca1ations shown in Table 4.3* 

Id 	0 	0.25 	+0.5 	0.75 	1.0 

• (for 
natural 	0 	7.5 	12.7 	16.8 	20.7 
commute. 
tion) in 
degrees 

' ' (when 
turned ekt 	d 	5.1 	R,95 	12.2 	15.15 u s*d i n 
degrees 

Improvement 
in angle 	0 	2.4 	3.79 	4.6 	5.55 

Table 4.3  

UI) or filter c t tunned to 7th harmonicas 
C a IQAIP, L a 20 m14, 	n I CaLculettons 

In Table 4.41 

I d 	0 0.25 0.5 0.75 1.0 

0 7.5 12.7 168 .? 

0. 4,04 7.24 10.3 13,9  

Y - 

	

I 	0 3.46 5.46 6.5 6.8 

Table 4.4. 
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(iii) For filter ckt tunned to 11th harmoniC; 
C 0 10 fir', 	L f  0 $.5 M14 

Id t 0 0.25 0.5 0.75 1.0 
p.0  

Y 0 7.5 12.1 16.8 20.7 

I ,  0 2.49 4.75 7.35 10.9 

: -Q 5.03. 7.95 9.45 9.8 
,... 

Table 4.5 

Thus we see that the Improvement in commutation 
angle In case of filter circuits tunned to higher harmonic, 
is  monmore than In the case of filter ckt tunned to lower harmonic 
as stated earlier. 
(iv) When the three ckts are connected sy► ultnnsously, then 
the results obtained are shown In the Table 4.6: 

0 0.25 0.5 0.75 1.0 

y 0 7.5 1.2.7 36.8 20.7 

Y 1  0 1.2 2.25 3.3 4.5 

0 	6.3 	8.45 	15.5 	16 

TOM* 4.6 

Thus we sear that the maximum saving results, when 

all the three filter c-kts tuned to 5th, 7th and 11th haruontcs 
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respectively, are connected simultaneously. 

fowever, by adding the improvements in commu-
tation angle from Tables (4.3), (4.4) and (4,S) ft then com-
paring with Table (4.6), it can be seen that the saving In 
commutation angle due to all the three filter circuits 
connected together. Is less than the sum of the savings 
obtained by connecting each filter circuit separately. This 
is because with fIlter consisting of tuned circuits for a 
Single harmonic, a cepecitor- recherge oscillation occurs 
at the end of the commutation. 

Thus due to filters consisting of tuned circuits 
for different harmonica, appreciable saving in commutation 
angle can be achieved. 

4.9. RCtXVE POWER CONS1PTIOW AN'q $T MATEI SAV:  t 

o far different methods have been discussed 
to improve the commutation angle that is how to reduce the 
reactive power demand required by the inv.rtor for stable 
operation. Following paragraphs will show how reactive 
power depends upon under different methods. 

It can be shown (fief.?) that a.c. apparent, 
active and reactive powers under normal operating conditions 
are given by: 

P1 i  d J El 

P'1(a) 

P1(r) '0 Void  

me V® td' 	 (4.6) 

(4.7) 

2f+ 	 (4.8) 4 (coss,a COs i 
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0 
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Ui 
a 0 

0.7 	0.75 	0.8 	0.85 	0.9 	0.95 	1.0 

CURRENT Id , PER-UNIT 

CURVE (0) - Y VS I WITHOUT CAPACITORS 

CURVE (b) - JJ VS Id WI TN CAPAC/TORS 

CURVE (C) - P,. VS Pu WIT/lOUT CAPACTTORS 

CURVE (d) - Py t/5 Pu WITH CAPACITORS 

ALL VALUES ARE //V PER UNITS 

FIG. 4.4 _ EFFECT OF SECONDARY CONNECTED STATIC CAPACITORS ON 

COMMUTATION ANGLE AND INVERTOR REACTIVE POWER 
CONSUMPTION 
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Equation (4.8) gives the value of reactive power 
demand for known values of 	. Here S will be assumed to be 
constant at 5 o 	lO°  throughout. 

Cas e4 :- When capacitors are used for improving the 
commutation angle, the reactive power consumption calculated 
from eqn. (4.8) for Vo w 1.0 p.u. and 	So" 1t3o, I s shown 
in Table 4.71 

ld 	1.00 	0.95 	0.9 	0.85 	0.8 0.75 0.7 

Y (without 
capaci- 	27.5 	26.5 	25.5 24.55 23.6 22.5 23.5 
tors) 

(with 	7.6 	7.66 	7.76 7.88 8.00 8.16 8.38 capaci- 
tors) 

Table 4.7 

Pu (p.u) 	1.00 	0.95 	0.9 0.85 0.8 0.75 	0.7 

Pr(P.u) 
without 	0.43 	0.409 0.378 .349 .3183 .293 	. 2 66 
coped- 
tors 

 1.   

with cape- • 242 	.226 	.2147 .206 .1904 1.185 	.175 
citor's. 

Case s- When fliters consisting of tuned circuits are 
connected to the transformer secondaries for improving 
commutation angio; the reactive power demand calculated 
from ecuation (4.x8) for Vo  + 1.00 p.u., W o  '" 10o, is shown 
In Table (4*8): 



(C) W a 
16 
0 

I
0 
h 

8 / 

W 

12 Z 

Uo 

{ 	O66 NSTANr) 

0 

0 

i' 

0-S 

Q? 

p 0.4 

w 

0.3 

0 
~ a2 

LU 

U 

p 0,1  

cuR~, ~~RENr td 
 

e (6) 	Id 	 hf r 
C~+f'Vcc 	v vs  

_ - Vs P wiry F~~r~f~TE,4, C/pC~ 

( Q) 

s EFFECT OFl Pr V$ p4 	fR E~ c frs frs 
ANGLE 	 S c or:Y CON [r~4 Cf

,Q~V s~U~TS 
RTOR REAC CTED 

Flt TeR 

E POWER OONS{IK 0, GOMMU 



61 

ld (p.u) 	0 	0.25 	0.5 
	

0.75 	1.0 

(without 	0 	7.5 	12.7 	3,6.E 	20.7 
filters) 

Y~ ~Cwlth 	4 	1.2 	2.25 	t.3 	4.5 filters) 

Table 4. 

Using these values of Y & Y 	Pr Is calculated from the 
equation (c) for both the cases. The results obtained are 
as follows$ 

0 	0.25 	0.5 	0.75 	1.0 
- 	 .- 	 - 	 :. 

Jthout 	0 	0.101 	0.182 	0.268 	.371 
filters 

with 	0 	0.051 	0.102 	0.152 	0.206 
filters 

Reisti.onshis,s:- Figures 4.4 and 4.5 show the nature of 
variation of commutation angle for safe commutation and 
reactive power demand of an invertor with direct current. 
Curves (a) and (b) In figure 4.4 shows the nature of commu-
tation angle with respect to direct current for natural 
commutation and for the case when capacitors are used gyres- 
pectivoly. Curves (c) and (d) have been plotted between A. C. 
power and reactive power demand for the same cases. t, urves (a) , 
(b), (c) and (d) in figure (4,5) Indicate the shovorelationshfp< 
respectively for the case When filter circuits have been 
used in plsca of static capacitors. 
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FIG.4.6 INVERTOR WITH RESONANT COMMUTATION 
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4.10. cONCLU$int s 

(1) Appreciable improvement in commutation angle and 
saving in reactive power demand 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 capacitors, we see that the improvement in commu-
tstion angle and consequently saving in reactive power demand 
is more in case of filters than in the case of static. 
capacitors. 

(3) From figure 4.8„ it is seen that the peak value of 
voltage, in case of tuned circuits, Is increased because of 
the superimposed haarmonics. Therefor* the voltage stress on 
the valve will be increased, thereby reducing the jFattng of 
the valve. Fig. 4.1(d) indicates that there is no such advan-
tage in case of bank of static capacitors. 

(4) In ease of tuned circuits#  the convertor can operate 
stably for all, values of currents,whereas in case of static 
capacitors convertor is very much liable to be subjected to 
commutation failure. 

Automatic tuning arrangements for the filter circuits 
are to be provided to allow for variation in the supply fre- 
guencV. 	doubt the cost of the filter circuits and automatic 
tuning arrangements will be quite comparable to the cost of 
the capacitors, but seeing above, mentioned advantages, it is 
expected that filters consisting of tuned circuits will replac,  
static capacitors not in too distant future. 



C APTER r_ 5 	(Ref. 1*9,10) 
" A method of analysing transient behaviour in circuits 

containing rectifiers, inductances and S.M.F's '" 



.1. 	 In analysing transient phenomenon in case 

of invertor,, which is a device with discretely and periodicell 

varying parameters, the method of *difference a ations" 

has been applied. The cases when the time intervals are 
constant in length with different para etors and also when 

the length of time intervals varies according to the nature 

ofthe transient phenomenon, have been discussed. The method 

developed for different cases of transients, has been demons-* 

trated with suitable example*. 

The method has been developed for 6 

convertor. 

Fig. 5.1.: 	#10  *2  and e3  are three phase symmetrical e.m.fs, 

Xy is the inductive reactance upon which the commutation antf 

mainly depends. X is the inductive reactance of a reactor 
Inserted in the line. This X limits the current rise through 

the invertor. It is required to determine the nature, of the 
current i for different cases. To extend the method to 

wider range of problems, it is also assumed that the angle of 

advance of the valves varies under the influence of grid 
control device. 

The transient process starts at the 

instant 0 ,. The valve which comes into operation at the 

instant *0  has got an angle of advance P:o and it Is jBf  for 

the next valve and so on. 

One interval between the transients 

On and 9n41 is considered.-  At the instant On the valve 2 
of the phase fl and at 6n+1 the valve 4 of the phase A start 
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firing with the angles of advance ,Pn and 3ri4l,  respectively. 
The whole transient process is divided into such intervals 
betweon the firing of one valve to the firing of the next. 
This overall Interval to again divided into sub-  intervals 
which are the commutation period Yn and the »extra commute-
tio,n" period. During the commutation period both the values 
6 and 2 are conducting and during the extra-commutation period, 
only valve 2 is conducting. 

5.2. DEVTATIQN OF 	F ,t 	.UATZ N2 

Alsu options:- 

(i) Forward voltage drop In the valve does not depend 
upon the magnitude of the currents, therefore 

V fwd  WX constant. 

(ii )The inverse current of the valve is zero. 

(iii )in the transient process, 
"en c -Qn  1 'n 

(iv) he transient process starts with the firing of a 
valve et ♦n o. 

(v)The current i2  throughout the overall interval 
An * +1 is greater than uro. 

•(vi) uatton(5) below,, holds also for overall intervals 
for which in a .0. Of course, this interval comes first on. 
connecting the convertor. 

'Fig. 5.2.: 	The valve 2 fires at the start of the overall 
interval en +l on. By passing along through the circuit of 

• the current i and through valve 2, the initial equations 
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are represented as i 
di 

x + xy) aw + Xy 	(g) 	••i.rs.•...• 	(1)  

where f (a) *e2 • • w 2 1f 	i.•..f....f. 	(2) 

The eqn. (1) holds good both for the commutation 
subinterval as well as extra-commuts.tion subinterval. for the 
commutation interval i a 12 + II and for the extra-commuta.► 
tion Interval I w l2. Therefore it is Justified to integrate  
the *qn.0 (1) throughout the overall interval 1.e. between 
an and 0n41. 

After integration ' 	 An+i 
' Xy) I I I On+i + Xy { t2 1 	+~ a 	S f (a) d8. (3) 

stn 	 o 	On 

Lot. i (On) w I (n) and i (en+),) 	I (nfl) 
Also, I2 (On) a, 4 and 	(a, .)  - i (9+l) 	 i 4 n l 	(4) 

After substituting (4) In (3),we get, 

(X + Xy + Xy) I (nfl) - (X + Xy) 1(n) - 	S f (a) da. 
an 

L*t, 	+ v a a and qtr 0 b 

Then from above, 
4n+1 

(am) I (n+) . * I (n) 	S f (a) dQ 	.... • # 	(5) 
an 

n O,,L,2,3' , ... •etc• and represents the : successive instants 
of firing of the valves 'it is assumed for -the sake of 
simplicity that the transient process starts with the firing 
of a valva, at n w o. Then from the start of the transient 
process, On & 8n+1 ar. g ven by angular units as below: 
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sR 	.• .pn 

	

& Gn+l 	! pry+1 + 3o 

Now In eqn. (2) the e.m. f. a will - be constant 
or variable in time. But Vfwd and a In the function f(Q) 
will he the same in any overall Interval. This system of the 
phase e.m. f * a is symmetrical. The general expression for 
1(e) which holds for only overaU interval with bounds given 
by the expression (6) to thus: 

f (a) a 	T 3 F.m Coa 	(0 ~- - -. '. a 	2 

Thus* the win. (5), taken along with expreaeions 
( ) and (7), is the different equation for the transient 
conditions for a 6-pheae invertor. 

Substituting the value of f(Q) from the •qn. (7) 
in eqn.(), we obtain, 	

On♦1 

(s+b)I (n+i) - *I (n) = S31En \ in( 0 • 	»-P. — .- 
8n 

t9~~ Qn+1 
i. 2 Vfwd ' S ode 

em an 

After substituting the values of Qn and 9n l 
from oxpx esslon (6) 

(a+b) I (n+1) - a I (n) 

8C {sin O 	+ 	j 	3o 	~-^iip4u 	 } 

• sin ( 	- Pn + '13o 	"or ,. 	®- 
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' 	2 Vf 	'..," "n 1 	*n 	"' 	S n ode 
On 

•T3 n 	[sin (TT • n+t) • Sin (-pg- F 	+ 	+ 

T3 E 
	

Tsn  (J3n + 	) + Sin ( 	- Pn+i )] + 	„ 	,) 	. " 

8n L 2 Sin ( - + 	. 	ft's 	) ca s °~ 	.I 	+ 

2 Sin (' +' 	" 	'' 	
) cos  

TV 
3n+l + Pn) S e dQ . 4♦• 1 • M 8 

an 

5.3. 	A 4LYSIS. t°Of DIPPF ENT Ti ES OF T t: 	S Sa 

The analysis of transient behaviour for 

different cases is discussed below: 

I- The convertor operates as an investor and on the d.c♦ 
atd*# the" is a constant e.m.f.. 

e - —Vd m coast. 

The angle of advance for each valve being 
the gem*. 

Thus, 	I n - t 	- 3 m 	const. 

e 	- d . 

Substituting these calves and ern. (6) in eqn. (8) we got. 

11  rT  17 2 T3 Ea Si n 	-' CO e [ ' 2 'fwd 	* Vd 

• en
T - 	es P M 2 fwd: • 'd)J 

. ~ .~... 	Cos P o. 2 Vfwd + Vd] 	(9) 
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Since Vd and are constant *  therefore, eqn. (9) 
which describes the transient behaviour in this Dasa, is a 
first order linear difference equation with a constant right 
hand side. The solution is, therefore, found in the form 

t ) 	I (n) • 1(n) when 1(n) is a partial solution and 
11 

1(n) is the general solution of the homogeneous equation. 

To find out the partial solution, in eqn. (9) we 

put the condition 
i(n+1) w i(n) a i(n) 

Thus,, 
o s 1- 2 V f;I  + 'fid 

1  
,r 	II 

Now, let 1(n) - C h . Then the general solution of 
the homogeneous difference equation obtained from (9) is 

Thus, 	 / 	-n  
I(n,) 	1(n) • C 1\  . 

To find out the constant C, it is assumed that at 
the start of the transient process (i.e. at n*o) , 

(n) - 1(o).  

Then C • 1(o) - I(n)
/  

o 0 	 n 
i(n) * 1(n) + [t(o)-i(n') '  1 

b 
Substituting for a and in above, finally we chat, 

r x x n 	...... (12) 
i(n) a i(n) + [i(o) - 1(n) 	+ ° Xy 

From eqn. ( i 2) , di screta values of the current 1(n) in the 
transient process can be calculated. 
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?o 

S -1O (CONSTANT ) 
4 5" CON.S'fANT) 

Ufi✓d - -'O75 P.U. 

✓a ;L)657 P14. 
x =066 pa 
Xy = n. 33 P.0 - 
(cc. = 0.3 P-U- F-? 

60 	 0  

(3n.•1l  = f3 = CONSTANT 

G.5.4_VARIATION OF TRANSIENT CURRENT AND REACTIVE POWER 
DEMAND OF INVERTOR (e =V CONSTANT /3 = CONSTANT) 
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Such type , of transient process is caused by a step 
type chang at the start of the transient process in the 
following quantities which affect 1(n), Vd, Tm, P and X. 

Lot V0 - I P.u. 	S:. F. 	VO a 0,74 p.U. 

~* f '2E 	T2 x 0.74 a 1.047 47 p.ir. 

Taking the voltage drop due to valves into account, 
Vd V0Coa, +2VfWd 

Lot 	= f 	450 (say) 

V, fwd a 0.075 p.u. 
Uhf a 0.857 p.u. 

Let X a 2 Xy 

X W 0.66 p.0 ( say), ►o, Xy 0.33 P.U. 
Lot at the start of the transient process i.e. 

at n -w 0, 	inn) = itis) a, 0.3 p.u. 

From above at first i (n V i s found out„ and then 
the eqn.(12) enables to calculate for i(n). The expression 
for the reactive power I a Pr a~tQl' Sin 2 S -Sin 2 13 

4(cos - Cvs 
under steady state. Assuming * Sn•a 100 a const, the 
above en. enables us to find out the value of reactive 
powerr required for the points n a Q, 1,2,3 etc. only. The 
results are tabulated as below: 

	

S o $• o it3 , P a 4.5 , 	:35°, °fin 	1,00 p.u. 

n 	0 	1 	2 	3 	4 	5 

i ( ) 	€3.3 0.403 0.482 0.575 0.593 	0.6162 
p.u. 

Pr (p. u) 0.1515 0.2038 0.2435 0.29 	0.300 	0.3115 
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The nature of variation of i(n) and Pr with respect 
to n has been shown in F .g.5.4 by curves (a) and (b) res. 
ptctive2y. 

2 

The convertor is operating as an Invertor and on the 

d.c. side* there is a constant e.m.f. 

e * - Vd a const, 

taut the angle of advance of the values is changing during 

the transient process. 

Pouch case occurs when the firing angle of the 

valy+ s can vary under the influence of grid control devices, 
such that the current I Is a function of the angle of 
firing of the valves. 

Let the invertor Is operating in steady state with 
some angle 160 and the transient process starts at n-o. To 
obtain the relationship in closed form a linear relationship 
between the angle 'An and n is assumed. Let in course of p 
i ntervaisthere be a gradual linear increase in the angle Pn 

set 

pn *PO ~( 	. 
If O;n1p•  

"n+1 Po + 	(n+l) 
Ign* p '" o + { 	)3 	If n> p► 

After substituting for On and 9fl.l from (6) and 
Bne Bn, 1 from (l3) ,en. (e) under above conditions results 

Int 
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a+b) i. (n+1) » *1(n)  
2~ Em Sin { — +  

x Cos 	2 Pc, * 2 nt 	+ 	» 	wr 	'.~"» 
T ~C Tr 

d  

1.. 	(vd-2r,,I r 

+ 2 	Em Sin tom- ~ ) x Cos ~  +fin 	+ 	) 
1' e 	-. (Vd 2 Vfwd) 2,F3 Em Sin .1- 	1 Cos 

Eqn. (J4) Is s lot order linear difference earn. 
One part of the right hand side is a constant quantity 
and the other part of It varies cosinusoidelly with n. 

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

1(n)A + L Cos (~ + Tr + 	n) 
o  s n f[3, 	n). 

The solution of this eqn. is 

	

I 	II 

• A + M Cos 	 n) + C >~» (14 

	

+wham A * • t 	 d  

~ ii iii mu ~ 	_wig u rur. rr~F:r.+- 

	

11 	 'r 

M 	21-3 	. in:(1» ) 

(asb) i +_2 ACOS 	+ r2 

2 	Em Sin (1-E) 

(X+2 X ') I + 2TS )\ Cos 	+ ~~ 
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IJ 	arc tan 	•' Sin 
7+ CoS~ 

  X * X a 
X + .2 X)7 

at nwo, 	1(nl *j(Ø), 
Then from •n. (14a) 

Substituting for C In 14(e), we get 
(n) 	A • M Cos (Po + 	'4 + t .i n) • 1(o) )\ n. 

AC lu.  >) + M [con f Jho+ 	- '1'+ 	. n )  

Con (Po* t - 	`~ ~~ • 1.(o) 	(1s) 

E 	:- 
For Illustrating the transient process, we take 

	

ltd a 0.85 p.u. 	Vfwd a 0.075 p.u. 
4 

At no, 1(n) '° 1(o) P 0.1 p.u. 

45, X z.0•6 p.u., 	XY a 0.33 p»u. 
T-r 	a 4 Vit.1 n 	(say)  

Vrom above -t sly ,+ and then A & •M ax. calculated. 
The current 1(n) Is calculated from eqn. (15), after substi- 

	

tuting the values of [,A , 	, 'f', A and M. for n - 0.1, 2, 3,.4, 
5 between the Interval. Øo - G. Thereafter the anglo 13 is 
constant during: the transient process. Therefore the current 
I between 01 - ►2 It calculated farorn eqn. C ,2). The ►e r*active 
power required is calculated as previously for V 01.QO p.u. 
and ~ = 5 o = 150. The results, obtained are tabulated as: 



58.9 58.9 `58.9 58,9 60  60; 60 60 
-- .+. .. L. te ~}• -r .,r- --I--- 

1 	n=0 1, 2 3! 4 	i2 _ L 2j 31 4  

60  el  e2  e 

1g0_45 	(n=(3o-r1.1n 

1 0 

t(o)o 
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o 0.3 
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0.2 

6 = 15 (CONSTANT 

/3 :45b 

Uiwd :0075  p u. 

'Id = 0.875 p. U. 

x = 0.66 p.cL 
Xy 0.33 P.u.  

03 P u. 

CURVE (1) 

CURVE(2) 

/ W 

FIG.5.5_VARIATION OF TRANSIENT CURRENT AND REACTIVE POWER 
CONSUMPTION OF AN !NVFRTOR (2 = -Vd =CONSTANT, fan = F3o+1.1 n) 
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ase a_ 

The convertor operates as an invertor. The angle 
of advance of the valves remains constant throughout the 
transient behaviour* but the e.m.f. on doe. side varies. 

Lot a - V'o during the steady state process. 

Than at some Instant which coincide with the firing of one 
of the valves In succession, the voltage on the d.c. side 
begins to very according tot 

ea_Vd+(VdVo)e2T1t. 	(16) 

Here the time constant -, is measured in relative units (the 
duration 	of thø overall interval being taken as ref e- 
runce) . The •.m.#. varies from • Vo to Vd. The limits are 
such that the valves have got sufficient deionisation angle 
during the transient behaviour to avoid the commutation 
failure due to short circuit of any phase. 

In this case, 	'• n#i ' 	- const. 
As before, 

Trf 
ens ~n Po 

On l  Pn+l ro • 

e 	 Vd + (Vd - VQ) 	iTi d P 
On  a 

* .M 	Vd - 	(Vd. • Vo,)  

1 (16*s) 

After substituting the eqn. {16*a1 in en. (8). the difference 
equation reduces too 



(a+b) I (n+i) 	AI(n) 
ma 73 	Cos i3 	Vfwd 	'1 'd + TT ~ (Vd.• Vo) 

( + ) i (n+l) -m ,(n' a 	C 	Em Cos j9-2 Vfwd • Vd}~ 

~' (Vd . vo) T ; 	•• 	j i(l7 

The solution of t'he difference a shar(l7) found 
as before la t 
j(pct) 	a 	 n)1 	4 N ; n I+ 	[t(o)  "' i(n)/ » w, ':b) n! 

f n) r + N a + 	1(o) - fin) 	fid]{ 	y 

Where, 
Em Co s - 2 Vfwd + #fid 

r  n C - 2 Vfwd + V'd 

and 

a - (e+b) 	e 4 
Ci - e• 4, 

{17-b) 
(X+X) (X+2Xy)e* 

Let V 	0,075 	p.u. 
X a 	0.66 p.u. 
X 	0.33 p.u. 

Von 	1.00 P.U. 
Then,. 
Em " 1.047 	p.u. 

1R,?1 1I1'PA.rY UNIVERSITY br pm' -r 
KOORKEE 
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FOR C45E (3) 	 FOR A5E f4) 

6 = 10 =CONStANT 	 c - 1O' ¼ )N5TAIvT ) 

/3 = 65'= CONSTANT 	 45(CON5TANT) 

Ufwd = 0 o75p U 	 U1 d = o.075 p,U. 

0 
J_ 	

E ms, = 1047 p.u. 	 E," = r.o47 p-u. 

Vd-05726pJ 	 Vd = O.85p•U., L(0)=1.Op•L1. 
X = 0.66 p.U- 	 X = O.66 p•U. 

Xy - 0.33 p•cl 	 Xy = 0.33 P.U• 

'9 	t(o)= 0 3 w U 	 CURVE(3) 

Vp = 1 p u. 

coR CASE (4) 2.e. 

FDR CURVES (3) AND (4 )  

-V = CONS TA/V T 

13n-ti = /3 n =CONSTANT 

'7 	 M15F/R/NG OF VALUE 2 

6 	 I 

3 	 i 

CURVE(4) 

4 

3• 

FOR CASE c3) ti. e. 

i FOR CURVES (J ) BIND (2 ) 
Gm 	

2 CONSTANT 

i 	E 

~.1 

i 	 CURVEM 
CURVE(2)f 

0 
= 0 	1 	2 	3 	4 	5 	6 	8 
60 

PIG.5.6_VARIATION OF TRANSIENT CURRENT AND REACTIVE 
POWER CONSUMPTION OF AN INVERTOR 



The suitable values of the time constnnt 	and 
the angle of advance 9 are assumed to be 0.2 and 6 0 
respectively. 

Vd a V0 Cos P • 2 Vivpd a 0.5726 p.u. 

At, n a' o, let I (n) = i-(o) a 0.3 p.u. 

The values of 1(n) and N calculated from (17•a) and 
(l7•b) are found to be 0.033 and 0.091. 

Substituting the above values in equation (17), the 
current (n) for n 1,2.3,4 and 5 is calculated. 

The reactive power required for the operation of 
the invertor is calculated as before for do 1.00 p.u. 

10 ,..  

The results obtained are put in the table : 

n 	b 	1 	2 	3 	4 	5 

1(n) 0.3 	0.16 0.132 0.1076 0.0886 0.075 
p.v 
fr'r+.►M~+r+M~r.r +we+rrrrw~.:w►wir ~r+►r r~ww+~„re ~rwerrrM~.wr~rr~rr.~,Fwrwrwwsirwr w+~wwf~r w^aww r+r~ww.www~~rw 

Pr 	0.1995 0.1098 0.0879 0.0716 0.059 0.0499 
p.u. 

Curves (e) and (b) in figure (.6) indicate the 
nature of variation of 1(n) and Pr with respect 
to n 

Lot the convertor is operating as an I nvartor 
with 13 w comet. and a •a • Vd. Then at a certain instant, 
there is misfire on one of the valves. In our case lot it 
be valve 2, which ceases to fire. Due to this reason. a 
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transient process starts. A new steady-state to settled with 
five valves, i.e. valves 1,3,4,5,6 in operation. The current 
I does not drop to zero because of the large inductance of 
the reactor when the valve 2 ceases to fire. In this case the 
overall Interval, Which to the interval between the firing 
of one valve and the firing of the next, consists of several 
Intervals. Referring to the Fig. (s.3) the overall Interval 
has got 6 sub-int.rvals which are 4-1, 1-2, 2-3, 3-4, 4.5 and 
s-6 respectively. The interval 0-*1 is the interval of misfire 
of the valve 2 to the firing of the, valve 4, the sub- nterval 
1-2 is between the firing of the valve 4 and the firing of 

the valve 6. Th. bounds of any overall interval from let 
misfire, aces 

2mn and In1 a 2 C 1. 

Let the current I at the bound* 0,1,2,3,4,5 
and 6 are ,i(n), iz, ii1̀ 0  1i1T !  I IV*  1V  and i(n+1). Let us 
find out the difference equation relating tin) and i (n+l) . 

Since the valve 2 does not fire at the instant, 
therefore between 1, the valve 6 is '0$'.  From Figs. 1 & 3 
for the interval 01, we have : 

a+b) 	*3 + E-2 Vfwd 

The limits of Integration for above ares 
On  _ 2lTn , P 01  	2 non + 

After integrating the aboves 
(e+b) i l - (ate) 1(n) a A' 
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Where$ A $ ajsin (e --2Wn 	# 	J 

2 IT n 
(Vd.2Vi►d) 

S3 am 	Sin ( ) - Sin (-- - U) + (Vd1-2vfwd', 
a T3 Bm 	2 S# n - Cos ( 	- ~3) + I- (Vd . 2 Vfwd ) 

In the interval 1.2, the valve 4 is 'ON',  therefore 
dix 

01 'd 2 V Vdf 

T Cwte (t 	- 7rn- ~» 4)+Vd -2Vf 

• V +J Em Cos (e ' 21 rn - SIM 	a 	) + d 
2 Y fwd 

Limits of integration ares 

2nn 	to 82 * 2nn 	- for the 

boundary valves for the currents I and I JL* After Integrating 
the above we get: 

Ii 	i 	I 	
(ie) 

Where, 

Eqn, (18) and •qn, (9) coincide. This is expected. 

For the rent of the intervals, analogous equations 
are, obtained as follows: 

S.' 	• t(n) 	x 	A 	) 
' 	B 

ix",# ill * 	s 

iiv ` 1111,, 	B 

IV - i"- a 

i(n*l) w XIV 	0 B 

........,.......,~,.... (i ► ) 



Where 	 : 

A a 	 2[3 aso stn V COS - (- T.- .B)+ , (Vd-2 Vfwd ) 

4 	
Y 

 ~V 

By eliminations, it, 112 0, 11119 SIV, from ens (is) 
We get 

I 	1) • T 1(n) a 	A + 	1" ~• " a 	 (20) 

and hence 

* 	'„ 	t3->, n) + 1 (0) h'" •...... (21)  

EXPLE *- 

The transient behaviour Is illustrated by an example 
with the. following assumed values:. 

 

X a 0.66 Paul 	X,• 0.33 p.u. 	a 1.047 p.u. 

	

Vd o 0.85 p.u. 	P w 450 

From these assumed values A & 9 are calculated from 
their expressions and are found to be 0.532 and 0.1785 
respectively. Let the current 1(n) during steady state 
operation be I p.u. 

At  n o,  1 0 1(o) a• 1.00 p.u. 

At 	a•I , 	j - il , 	1011 ` 
nal, lallt 	n= s 	1a IV 

n a3,jII 	n6,  

From the egn.(21) the current 1(n) is calculated 

for the values of n w 10 2 3, 4. 5 and 6. Then the reactive 



power required for the above points for V. * I p.u. and 
P a 450 and (oa S0 to 100 Is calculated. 

The results obtained are shown in the Table s 

n ■► 	0 	1 	2 	3 	4 	5 	b 

1(n) 	1.00 	0.468 0.835 0.87.1 0.879 0.8793 0.86 
p.0 

YIrNif Ifl~M/I~iM+IM 111E MrM41~UIhASM 1~'!DIY NP.--iN•r,4r'M11~~I1M-- -ASN 	 M-+Y.My- 	 --ISR  

Pyr (p.u) 0.505 0.2364 0.422 0.44 0,443 0.4434 .4443 

Relationships between n vs. i(n) and n vs. Pr 
have been shown by curves (c) and (d) respectively In 
fig. (5.6). 

5.4. M± ] x 

By forming (in accordance with the Second 
Kirchoff's low) and solving the difference equation In the 
circuits under consideration, 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 •.m.f. at the input and output of 
the convertor and also disturbances of normal opa:ationsuch  
as art books„ breakdown and misfiring. 

(t t) 	The solution of the linear difference equation 
give: the discrete values of the output current at Instant* 
of firing of the valves throughout the transient behaviour, 

(Ili) 	The difference equation Is linear if  

Pn a constant or if Pn • f(n). 
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in the case* When 3. w f (..i) , the difference 
1 equation is non-linear. 

(iv) Graph nos. (5.4, 95,  S-6) drawn: between 1(n) 
and n for all th. four cases, Illustrate the nature of the 
output current during th.s transient behaviour for a 6 
phase bridge invertor within the limits of assumptions made. 

6 



cO USI ONS 

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 transient- behaviour 

of output current has been analysed under different conditions. 
A brief summary of background and present status of the 
problem has been given.1naiytical expressions for reactive 
power demand and transient current have been derived. 

Effect of different parameters on the reactive 
power demand has been studied. The reactive power demand 
varies with load conditions and system parameters. It has been 
studied that when load reactive power is zero*  the reactive 

power demand is not much under normal range of operation. ►s 
the load increases, the reactive power demand increases and 
beyond active load of 4.8 p.u., the rate of Increment of 
reactive power requirement is large. nvertors, however$  may 
not be operated at such a high load and hence it Is not 
difficult to meet the reactive power demand under norm l 
range of operation. 

Faults on the ac. side of the invertor decreases 
the e.c. voltage and increases the direct current and there-
fore reactive power demand increases. It is seen that under 
such cases, the reactive power demand Is less in case of 
compounded invertor than that In case of uncompounded invertor. 
It Is observed that the reactive power demand In fault condi-
tion is very large. 

By connecting filter circuits or attic capacitors 
to the secondary winding of the convertor transformer, 



apprectablo improvemont in the commutation angle and saving 

in „eectivo.par:sor consumption to obtained. It is observed 

that in the c000 of filter circuits, saving is more than 

in the caoc of static . copocito rs. Zn coca of tunnel circuits 

the peek value of the voltage is increased because of the 

superimposed harmonica. Therefore, the voltage ctreos on 

the valve viill be increased, thereby reducing the rating 

and size of the valves. There to no such advantage in the 

case of bank of static capacitors. An Invertor With filter 

circuits con be oporoted stably for all values; of cons, 

but in the case of connected static capacitors*  the Inver- 

tore con operate stably only for higher value of current. 

Automatic tunning arrangements for the filter circuits 

era to be provided to allow for variation in supply fro- 

quency. No doubt*  the cost of filter circuits and automatic 

tunning arrangements will be such more then the cost of 

capacitors alone, but it is expectod that due to above Monty 

tionod advantages, the filter circuits will replace static 

capacitors In not too distant future. 

In analysing the transient behaviour, method of 

difference equations has been adopted. By forming and solving 
the differenco equations In circuits under consideration,, 
the di,ocroto values of output current throughout the transient 
behaviour have been obtained. flifferont curves drown thou 

the nature of variation of output current during the 

transient process for a six-phaco invertor within the limits 

of assumptions mode. 
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