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In this dissertation the various aspects relating to 

the use of series capacitors in the power systems have 

been discussed. 

To obtain the best location and optimum compensation 

of the series capacitor, for a particular system, the cost 

calculation has been carried out. 

The method of protection of the series capacitor 

have also been discussed, 

Lastly the effect of series capacitor on various 

protective relays has been analysed an some suitable 

protective schemes' have been suggested* 
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zL 	a Line Impedance 

S  = source Impedance 

* Line Resistance 

* Line Reactance 

2x Reactance of Series Capacitor 

a Surge Impedance of Compensated Line 

a Zero Sequence Impedance of the Line. 

* Sending end Voltage, 

a Receiving end Voltage 

a Receiving and Pow 

* Po er angle. 

a Line Voltage 

• Line Current 

Load power factor angle. 

= Fault Voltage at relay terminal. 

a Fault Current at relay terminal. 

a Angle of Fault current. 

= Torque Developed In Directional relay* 

* Relay Constants 

Vbe  * Polarising Voltage of Directional relay. 

0C 	* Internal relay angle. 

!fir 	= Angle of Fault Current in Directional relay wr.r.t. 
Polarising voltage. 

* tumber of equal length of Line section* 

K 	a Degree of compensation, (series capacitor rea^tance)/ 

(Total line reactance) . 

K" 	a Degree of compensation by the capacitor located at inter- 
mediate bulbar for method 4. 
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UnsvitchM series capacitor in busbar of intermediate 
subdiata on. 

* Svitohed series capacitor in busbar of intermediate 
sub.a Cation. 

X' 	a Mho,, tripping relay. 

l H 	* Mho, blocking relay. 
OH 	a Mho relay, for starting phase comparison carrier relay* 

and Se Input Signals to static phase comparator. 

Z/ to Replica Impedance of the lie. 

Coincidence angle of static phase comparators 
a Limits of Coincidence angle for Static phase comparator 

Wo.1# 
a Limits of Coincidence angle for static phase comparator 

No•2, 
7  , 	Time delay given to Static phase comparator. 
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1.1. TMP©RTA t'"C OF qI S C 	4 	AWE 	ST t 

The series capacitor is used to improve the operation of 

both transmission and distribution circuits. In a distribution 

system, it is used to improve the voltage regulation and lamp-

flickering) whereas in a transmission system It helps to improve 

the line capability and to obtain the desired load distribution 

in parallel feeders. 

1.2. USE: OF SERIES CAPACITa 	DISI IH ION INE: 

In case of radial feeders with series capacitor compensat-

ion!  the voltage drop is given approximately by the following 

equations 

IRj  Coo 0 + 1 (i, X0)Sin 0 	... 	(1.1) 

where#  Rh, XL  are the resistance and reactance of the line, X0 

is the reactance of the series capacitor, I is the load current 

and 0 Is the power factor angle of the load. If XXC  (1.e. 100% 

compensations, the voltage drop becomes IR1  Cos 0 only. The 

equation (1.1) shows that the series capacitor can reduce the 

voltage drop only when the power factor Is lagging and it becomes 

more effective in case of low power factor angle. 

The series capneltor Is quite capable of reducing the lamp 

flickering. -  It is inherently automatic in operation as it 

Introduces a 900  leading voltage directly proportional to the 

current* This capacitive voltage compensates Instantaneously the 

inductive voltage for all values of current • thus reduces the 

rapid voltage dips and the lamp-flickering. 

1.3. WE Q SE IES CAPACImR IN T `ISM SSIO1 LINES 

In transmission line power transfer between the sending end 

and the receiving end, the line loss being neglected, is given 
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by 'equation (1.2) 

Pr 	s 	•-- Sin & 	... 	... 	(1.2) 

where 9  
Pr  a Power received at the receiving end, 

E i  Er  a Sending and and receiving end voltages. s 
XL  a Line reactance 

6 a Power angle. 

From the equation (1.2) it is clear that power transfer is 

inversely proportional to line reactance. 

The reactance of the overhead tr-,.nsmission line can be 

decreased by any one of the following four methods. 

(1) Higher voltage. 
(2) Multiple parallel lines 

(3) D.C. Lines 

(4) Series Capacitor. 

1.3.1„  high. Voltage.  

Extra high voltage transmission system has already been 

adopted to transmit large blocks of power over a long distance. 

The recent developments in high voltage technique, have made possible 

to design a line to operate at voltages as high as 750 K'!. 

But the large capital investment on extra high voltage line 

above 400KV may not be economically justified in all cases. More-

over, it is found that owing to stability limitations and reactive 

power requirements, most of the existing lines, can not be loaded 

more than 75%, of the magnitude required to develop minimum annual 

costs per Kwhro transmitted. 

So it calls for the consideration of the usefulness of other 

methods before adopting higher and higher voltages in a.c. 



(3) 
transmission., 

1.3.2. Parallel Fedors: 

With the increase of number of parallel feeders, the 

system .transfer impedance decreases, consequently power transfer 

increases. Stability limit of the system can be further increased 

by sectionalizing the parallel feeders at several points. Bt as 

the cost increases with number of parallel feeders and number of 

sectionalizing substations, this method does help appreciably in 

improving the economic loading status of the long high-voltage 

line 

1.3.3, D.0 	s ssia S to 

In d.c• system, power flow between the two ends is 

determined by the difference of magnitudes of the voltages at the 

two ends. It has been found that for the given circuits having 

the same conductor, sane insulation level and for the some 

transmission c, fi ienay1 the power transfer capacity in d.c. line 

Is twice than that of an a..e. line. F~irther there is no question 

of stability limit in a d.c. line. For the transmission of large 

amount of power over a distance longer than 500 miles, d.c. system 

is undoubtedly preferable to the present a.c. system. 

Disadvantage lies with d.c. system is that it is not 

suitable for supplying power to the intervening areas as there 

is no d.c. equivalent of an a.e. transformer. 

1.3.4.. Series Cat~aeitori 
The series compensation is the easiest means to 

decrease the line reactance. It can be obtained by using static 

capacitors In series with the transmission line. The power 

transfer with series capacitor in line is given by the following 

equation. 



(4) 
L «E Pr  *s 	

- • Sin 	... 	... 	(1«2)LU'XC 

where, 
Xc a Reactance of the series capacitor. 

Thus by the introduction of series capacitors, the active 
power transfer can be increased. The transient stability limit 
will also be increased, Over and above the surge impedance of 
the line is decreased, thereby increasing the surge impedance load. 
Ing of the line. The surge impedance loading is given by 
E Zas  where Er, is the receiving end voltage and Zo  surge 
impedance of the compensated line* 

1.4. k0 AD DISTRIBTflIOW OF R E 	D RS►: 
The load distribution of the parallel lines depends upon 

the RL/XL  (resistance/reactance) ratio of the line. Therefore 
for equal distribution of loads the series capacitors can be 
used with advantage. . 

l.8.THi SIZE. LO!ADION AND PROTrCTIO OF TI SF. $ CAPACITORS: 

Discussed in details in next chapters* 

1.6,, P +OR .., S ASSO(. At RD IJIt SE . I' $ cAPACIPORApPLVATIONs  
These problems are$ 

(1) Distorted and excessively large transformer exciting 
currents at the time of energisation of an unloaded transforms 
banks  commonly known as "?erroresonance". 

2« Hunting of lightly loaded synchronous motors. 

3, Self excitation of induction motor and induction start 
synchronous motor, 

"Ferroresonance"' can be avoided by shunting the capacitors 

with resistors or by having a certain amount of load on the load 
side of the series capacitors. 
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Hunting of synchronous motor becomes prominent if RY/XTJ  ratio 

of the system ipto motor terminal is greater than unity. This 

possibility is quite remote in transmission line because of the 

fact that the value of resistance is low and compensation does 

not exceed more than 70% in trans fission line. 

Due to presence of series capacitors in the line*  induction 

motor and induction start synchronous motor may fail to pull up to 

the normal operating speed at starting* This is known as "Self 

excitation". The effect of "self excitation" can be reduced by 

using shunt resistor across the capacitors. 

The problems discussed above are .mor© important for series 

compensated distribution line s  whereas protection becomes the . 

ma3or problem for the series compensated transmission line. Most 

of the conventional protective schemes do not work properly in 

series compensated lines. Depending upon the location and the 

degree of compensation, the series capacitors vil1 introduce 

various relaying problems, resulting in increased fault clearing 

time, loss of selectivity and incorrect relaying operation, 

	

1#7. 	SCAP4C1IT1QR PROJCSL ND..(PI1Vs 

Series Capacitor has already been adopted for the eompensat-

ion of long high voltage transmission l .nes in many countries. Som 

of the schemes are as follow 

	

1.7.1« 	dish Schemes 

In Sweden, the series capacitor compensation scheme for 

400KV trunk lines was first Introduced in 1054. The estimation 

made lateron that by the introduction of series capacitors in 

the trunk line, the total power loss is reduced by 15 )*Js and 

specific transmission boat by 15%#  Total 950 MVAr of series 

capacitor was installed in six 400 XV substations, Under Swedish 
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conditions the series capacitors were located out on lines near 

to the receiving end. To major trouble Is experienced so far in 

these installations. 

1.7«2. Russian Schemes 

The series capacitor installation of 486 MVAr was 

completed and put into operation in Kuisbiskev-Moscow transmission 

line in 1858.E It consists of three parallel lines of equal 

carrying capacity. In case one line is out of commission, other 

two lines will • be able to transfer the total power with the help 

of increased series capacitive reactance. 

Paper oil capacitors each having power rating of 50 !'VA, 

rated voltage of 600V and reactance of 7.2 ohms were used. 9720 

capacitors were necessiated to obtain the rated current of 2,250A 

and reactance of 32 ohms equal to 25% of the total line reactance. 

The following types of.protection were adopted. 

(1) Protection against the break-down of the plates and casing 

is given by cross wire connection made at every two series 
connected capacitors units in the phase and also by Install-

ing the capacitors in groups on platforms Insulated from each 
other, 

(2) Protection against the Internal short circuits has been 

provided by sectionalizing current limiting buses. 

(3) The protection against the excessive voltage across the 

capacitor, due to fault currents  Is provided by means of air 
blast shunting arrestor. 

(4) Damping arrestor of the order of 7 ohms in parallel with 

1.2 mH coil is used to damp out the oscillations which occur 

due to break down of the airgap of the series capacitor. 
Al I *k es r+ n to n . 4 4 	- -- 4 w .. i. -A 	 .. L - 
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voltage of 400/ / KV, It is found that the transfer capacity 

of the transmission system is raised by 350 Was 

1.7.3.  Japanese Schemes 

It is a typical example showing how desired load sharing 

in the parallel lines can be achieved, with tho help of series 

capacitors, by making nth/k ratio of the lines equal. 

In the Japanese 220 - 110 KV. Fukuoka and Oyodo loop system 

the desired power flow control is obtained with the help of series 

capacitors and the phase shifting transformers. 

FABLE No.i.1, 

Line Length I 	Impedance 	I R /X, I 	Remarks 
I (Xm) lCRL+J 	} ohms 

220KV 134.6 4*64+332.15 Transmission line 
Central trunk only. 
line 4.64+3100,45 Including, sending 

and and receiving 
end transformers. 

110KV Wast 15706 12,87+338,82 Transmission line 
only. 

110KV East 	186.5 13.7+342.94 	3- 	Transmission line 
only. 

As shown in Fig. (1.1) and also from the Table No.1.1, RL/X r  
ratio of 220KV line is much lower than that of 110KV line, To 
make the ratio RL/XL equal s  the use of series vapaoitor was found 
to be economical and 200% compensation of 22OKV line wcc required 

for this purpose. But instead 144% compensation and phase shift 
of 7.80  with the help of phase shifting transformer was given on 

relaying consideration. The series capacitor is installed at the 
receiving end together with the shunt capacitors to obtain the 
effective phase modifying operation. 
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Protection to the series capacitor is given with an air' 

blast shunt arrestor$ which is set to o~aorate at 2.6 times the 

normal voltage of the capacitor. The bypass switch is designed 

to protect the shunt arrestor from burning due to excessive 

fault ,current if it persists for more than 8 cycles. No 

disturbance of any kind was experienced in the above scheme 

during the staged fault tests. 

Hoover, there were some relaying problems. When the 

capacitor was installed at the receiving end$ the directional 

relay at that sub-station was found to give false operation for 

fault points a# b and c. shown in F'ig. (l.2a). To avoid this, 

mho relays with memory action were installed. The correct 

operation of the mho relay can be obtained by giving time 

delay to the relay operation as sheen in Fig. (l,2e), The 

relay (B) operates about 20 me ahead of relay (A) for fault 

occuring in the backward zone with reference to point 100 ,, 

whereas for forward fault relay (A) operates 20 ms ahead of 

relay (B). With the help of this time discrepancy of operation 

of relay (A) & (B)i correct relaying has been obtained. 

For 220KV main trunk line, carrier relay was used. 
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Another advantage f dm placing the capacitor at the middle 

of the line' is that the fault current will be less, and hence 

the size of protective equipment for the series capacitor will be 

reduced. 

Moreover $  it has been found that due to wave formation in 

the line, the effective teactance of the capacitor is loss than 

its rated value. However, the effective reactance of the series 
capacitor increases if it is placed at the Centre instead of at 

the ends of the transmission line. 

For double circuit line the eapaci-'cors can be placed at the 

busbars of the intermediate sub-stations or at the centre of the 

indivisual lines. 

2.2. 1RCAGE OF SERIES C 	 S T 0 s 

The main purpose of using the series capacitor is to Increase 

the transient stability limit of the line. In ideal case the 

amount of compensation will be such that transient stability limit 
approaches the most economical loading of the line. Therefore t  

the amount of compensation to be inserted for a particular system 

is decided by comparing the minimum cost of transmission of power 

for different percentage of compensation,. 

The transient stability limit of a series compensated line 

depends upon a number of important factors, such as type of system, 

type of assumed fault, percentage of transmission capacity 

removed when the faulted line section is cleared $  time of breaker 

operation, time of Short-circuiting the capacitor during the fault 

and reinsertion time of the capacitor after the clearance of fault. 

S.B. CraryI5  has calculated the transient stability limit for 

double circuit line s, for different locations of capacitors and 
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2.1. LOCftT, IQI F $JRES CAPACITOR: 

It has already been established that various benefits can 

be obtained by the use of series capacitors in the power system* 

The question of location and amount of line compensation arise 

automatically due to use of series capacitor in the system. 

Due considerations about the operational and protective 

relaying neeessiate insertion of large number of capacitors 

having small capacity, uniformly along the line. But it is not 

practicable due to economical reasons. 

Therefore for the single circuit line the series capacitors 

can be located at either of the three places, sending end$ 

receiving end#, or at the centre of the line. 

1. Leading sending end and receiving end power factors result 

with the capacitor placed at the sending end, 

2. Capacitor placed at the receiving end, gives rise to lagging 

sending end and receiving end power factors. 

3• When the capacitor is placed at the centre of the line, the 

sending end and receiving end power factors lie somewhere between 

the values of (1) and (2) , 

As the leading power factors reduce the capability and steady-

state stability of the synchronous generators and as most of the 

loads are lagging, the use of series capacitors at the sanding 

end is not desirable. 

In case the power flow is in one direction, the series 

capacitors can be placed at the receiving end, as it can operate 

at a lagging power factor„ 

But when power flow is in either directions, the bast location 
P.,. +ilii &,&"4 i 	1+#i. 4. nh 1ntia1ir of tha An41' n4' tho i1n~!_ 
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different percentage of compensation. These values are expressed 
in per unit of surge impedance loading of line and it is quite 

general and can be used for any voltage rating. 

2.3. 	ANALYSIs 4 

In view that 40OXV tie line connecting interstate grids will 

come up very soon in India; and in some of those lines, series 

compensation may be necessary. Therefore the cost of transmission 

of power is calculated for different location and different 

percentage of series compensation, to find out the best location 

and optimum compensation of series capacitor under Indian condition, 

The calculation is carried out as follows* 

The four different methods of applying the series capacitors 

have been considered. 

2.3.1. )tet hod 	 C 	to A 	o ents: 

e bpd L.  In this method the series capacitors are located to the 

buses of the intermediate stations. Here the capacitors are 

designed to carry the full load current. The over voltage protect-
ion is provided with the help of spark gaps#  

Mtn2r In this method the series capacitors are located in the 

middle of the line sections. Sometimes this method is also used 

to balance the loading of the transmission lines. 

Method as This method is similar to method no.1, The capacitors 

are located in the buses of the intermediate stations* There is a 

provision for switching off the part of series capacitors to 

Increase the series capacitive reactance, in order to compensate 

a portion of the increased line reactance resulting from the 

disconnection of faulty line section. 
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Method 41  This is a combination of method 1 and 2. A part of the 

series capacitors is installed in busy-bars of intermediate stations 

and the other part is in the line sections. The capacitors in the 

intermediate station buses are required to carry the continuous 

full-load current s  while the capacitors in the each line sections 
carry the continuous full-lead current when one parallel line 
section is switched out. 

Table No.2.1 shows the transfer reactance of the series 

capacitor compensated line for the different arrangements of the 

series capacitors, 

TABLR 

Method J_- 
Of 	All lines 	One line AChange In 	A  Total series 
arrange-) are in 	Isection is JTransfer 	I capacitor rating. 
went of service 	switched outreactance 
series I 	 I 	I 	 I 
aoacitgrs 

2 	a E1-()XL 	( 	) (i')XL 	 --(1u4C) 	2K,nt2X ►  

( 1+ n ( l.4C)) 	x- 	( n- ,)12X1  + 

K2 	 I X1X2  (n.1) 
 1;  

4 	n  (l-K)x, 	(n+1)  (l-K)icy_ ... (i-K)-XtRP nI2(2K K")XL  
XLK

n  

Where , 
n * number of equal length of line section in series. 
K a degree of compensation. 
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ea Cajacitor reatance  
Total line reactance 

K" a Degree of compensation by the capacitors located in inter-

mediate bus for method 4. 

= Reactance of the line section 

R1,X2= Reactance of Capacitor for method 3. 

From the Table 2.1 it is obvious that the change in transfer 

reactance in case of method 2 is less than that of method 1. 

However, the rating of the series capacitors for method 2 is 4 

times than that of method 1. In method 3 by making suitable 

adjustment of Xl  and X2  the change in transfer reactance can be 

made zero. In method 4 the change in transfer reactance can be 

reduced by keeping a part of series capacitor in the line. 

2.3.2.  Eeonomi c -As sump  yi Arts 
A 400KV, double circuit bundle conductor line of 480 miles 

in length as shown in the Fig.(2.5) has been chosen. Other 

detailed specifications are given in Appendix 1. 

Cost datas for 400KV line as obtained from C.t-'.P.C.y is also 

given in Appendix 1. 

The transient stability limit for different methods and 

different percentage of compensation is obtained from reference 15, 

the values of which are tabulated in Appendix 1. 

With this cost datas and transient stability limit, the cost 

of transmission of electrical energy has been calculated. Ta 

Table Na.A...5 to A.1.8, the cost of transmission per unit of 

energy has been given, The curves showing percentage of series 

compensation versus cost of transmission of energy are plotted in 

Fig.(2,6) to (2,9). 
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2.3.3.  f5flQB _ 
. In Fig.(2„6) to (?,9) it is seen that the cost of transmission 

per unit of electrical energy decreases with the introduction of 

series compensation. The reason is mainly due to decrease of 

annual charge of transmission line, But after certain percentage 

of compensation the coati again increases because the cost of 

series capacitor and the line loss increases more rapidly, 

2• From the graphs It is obvious that method 1 gives the most 

economical arrangement of series capacitor. In the method I,, the 

coat of transmission of energy becomes minimum with three inter• 

mediate substations and 45% series compensation. 

However, the above method with one intermediate substation 

and 60% of series compensation is equally attractive from the 

economical point of view. But for purpose of maintenance more 

numbers of Intermediate sub-stations are desirable. 

The method 3 provides the second best arrangement of series 

capacitor. With 12.5% of initial compensation and 100% of excess 

reactance compensation,, the minimum cost of transmission may be 

obtained by method 3. However, the complicacy of switching 
arrangement makes this method unsuitable# 
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3.2. .2 «  p imwt lOmentar _! FDA  C1 r  e Y: 

This should not exceed 150% of maximum continuous working 

current of the capacitor and the spark gap should not operate under 

such condition. 

34.3. 	ult Curren 	tte. Durtioi 

The expected maximum fault current and its duration is to be 

considered in designing the spark gaps # particularly the current 

limiting resistor connected in series with the spark gaps. 
0 

3 *2. 9RtOLTAGTd A 	CT OP 2 SiRXFS CAPACITOR: x 

Voltage across the capacitor increases with the increase of 

current flowing through the capacitor due to fault, As the capacitorf 

are designed only to withs',and 22 times the rated voltage$  there 

must be some devices to protect the capacitor from the damage due 

to over voltage. The protection of the series capacitor can be 

given by the spark gaps in series with resistors, connected across 

the capacitors. The gap shown in the Fig « (3.1.) breaks down when 

the voltage across the capacitor exceeds 2J times the capacitor's 

rated voltages. The resistor in series with the gap is designed to 

limit the discharge current of the capacitor to allow the repetitive 

break-down of the gap without damaging the capacitor, It has alread; 

been mentioned that after the clearance of the fault$  the series 

capacitor should be reinserted to the circuit as rapidly as possible. 

This is accomplis:ed by designing the special gap in such a manner 

that it will be subjected to constant air blast during the period of 

flow of current. As a result the are becomes unstable and It clears 

at each current zero. Thus the gap restrikes on each half cycle 

and is extinguished at each current zero so long as the line ' current 

is 280 or more of the normal value* .. When the short circuit is 

removed by a high speed relay and circuit breaker, the line current 
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again becomes the normal value and the gap ceases to operate. 

The air blast across the gap is initiated by the gap current. 

When the gap current ceases to flow the solenoid holding the air 

valve open, gets de-energised and closes the air valve. A time 

delay, is given to the operation of the air valves, so that 

sufficient air continues to flow to complete the de«energisation 

of the gap to restore the gap insulation level fully. 

3.3. OVrR .LAAO PR0'.F~CTxt~1t  

Over load protection is necessary for the series capacitor, 

because it is not desirable to operate the capacitor continuously 

above the predetermined value due to thermal reasons. The 

capacitor may be operated continuously at the rated voltage plus 

5% corresponding to the standard practice. It may be allowed to 

operate for 30 minutes at 135% and 5 minutes at 150% normal voltage. 

Therefore some mechanism has to be developed to operate the 

capacitors below this limit. 

An inverse time relay is installed to detect the overvoltage 

across the series capacitor through a potential transformer. This 

relay operates the by-pass switch to shunt the series capacitor„ 

Once the by-pass switch is closed it has to be reset manually: This 

by-pass.switch is a high-voltage indoor single-pole switch arranged 

to remain closed by spring pressure and to be opened by air 

pressure. The normal supply of the air In the air blast reservoir 

keeps the switch in the open position, :Ry shutting ofd the air 

supply from the cylinders the switch is made to close. Some times 

the voltmeter is also used to measure the voltage across the series 

capacitor. The arrangement is shown in Fig .(3.2)., 

3.4. OVER VO 	Dt1E TO PUS1 OPERATIONs 

If several capacitors are disconnected from the group due to 
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34. I.NTTROtMI  N= 

Series capacitors used in transmission lia+es are protected 

from excessive over voltages which appear across it during faults 

in transmission line, by the spark gaps connected parallel to the 

capacitors. It is not economical to design a capacitor to withstand 

an over voltage more than 2j times its normal rating,. 

90 the spark gap's break-down voltage is set at 2* times the 

normal rating of the capacitor. To obtain the maximum use of the 

series capacitor compensation of the line reactance*  capacitor 

should be short circuited only during the fault period, and to be 

reinserted immediately after the clearance of the fault. Another 

requirement of the series capacitor protective device, is that it 

should not operate when the line is energised again after it has 

been de energised even for a few cycles. With this type of 

protective device, the series capacitor can be ddsigned on the 

basis of maximum continuous current, and it allows a relatively 

close protection level. This close protective level does not. 

affect the transient stability of the systems  as the protective 

device operates only during the period of excessive fault current. 

In designing the protective device for the series capacitors, 

the following factors have to be given due consideration. 

3.1.1. Maximum Continuous. Line %arrant: 

It is the maximum continuous current which is expected to 

be present in the line to supply the maximum demand. This line 

current multiplied by the reactance will give the voltage rating 

of the capacitor$  and the product of the current squared and the 

reactance will give the KVAr rating of the capacitor. 
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blowing of the fuses, the remaining capacitors will be subjected 

to higher voltage owing to increase of reactance of the group. 

This problem is solved by dividing the capacitors in two equal 

branches as shown in' Fig, (3.3). The differential relays are used 

to compare the current in each branches of capacitors and It 

operates the air valves which in turn close the by-pass switch. 

The closed position of the by-pass switch is indieatod at 

ground level by the pneumatically operated relays located at the 

compressor stations. 

3.5.  CGMPBESSED AIR GAP: 

ltagram of,the compressed air gap in shown in Fig,(3.4). It 

consists of an inverted electrode of special graphite, fitted 

inside a porcelain insulation* The second electrode also made of 

graphite*  lies -along the. axis of insulator, which forms a gap in 

the cavity of this inverted cup electrode. 

The current flowing through the gap$  during its break down,, 

opens the air valve, as a result air flows to the bottom chamber 

from which it goes to the porcelain tubular insulating body, and 

comes out through the passage in the central electrode as shown in 

the Fig.(3.4). 

3.6,  OTHER PROrCTIV FRArTmjS: 

The other prota^tive features are$  the provision for the 

automatic closing of the by..pass switch in the event of loss of air 

in the reservoir, or the prolonged arcing of the gaps due to 

Inadequate air supply or the failure of air valve to open. 

A grounding switch is provided to drain way any static charge 

which may be formed on the platform and on the housing of the 

series capacitors. 
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3. '. QAOP14ION TIM1.: 
Tho spark gap operation time has an important effect on the 

operation of relays for the transmission line. 

The time of operation of the spark gap depends upon the time 
required by the fault current to attain the maximum value. The 
surface of conduction of the'spark gap is given a spherical shape 
so that for the power frequency voltage it will cause .break.'down 
exactly at the voltage for trhich it has been set. The maximum 
time required by the fault current to reach the peak value is *th 
of a cycle and therefore the gap will operate in Ith of a cycle* 

It has been experimentally verified by E.L. harderl0  that time 
of operation of the gap is *th of a cycle if tbo fault current 

exceeds 2 r times its riarmal value # when the spark gap's break-down 
voltage Is set at 21 times the normal voltage rating of the 
capacitor. 
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4.1.  I TRODTICTION: 

The series capacitors used in transmission lines t  affect the 

operation of Distance and Carrier relays which are most commonly 

used for the protection of high voltage transmission lines. The 

behaviour of above relays in a compensated line, depends upon the 

degree of compensation and the location of the series capacitors. 

In this Chapter the analysis of the operation of different 

types of relays used in compensated lines will be discussed, 

4.?. FFCT0F5ER15CAAC 0 0 DR 	©NAhE :ME d D3  

To study the effect of'series compensation on the directional 

element of the Distance relay, a system as shown in Fig.(4.1) may be 

considered. The capacitor is located near the bulbar A and a 3 phase 

fault occurs at F. It is assumed that the reactance of the series 

capacitor is greater than the reactance of the line from fault point 

F to bus A, i.e. X J > 1%, f l . Under this condition directional 

relay located at A will not operate correctly due to capacitive fault, 

But directional relay at B will operate correctly as the fault point 

appears to the relay as inductive. The operation of directional 

relay due to capacitive fault can be analysed as follows. 

For the directional relay 900  connection may be assumed. As 

shown in Fig. (4.2),) for the relay at Bus-bar At  the fault current 1L  
will lead the phase voltage IT by angle o which is given by 
tan's' 	f  t  where XC  is the series capacitive reactance and r 
rr  + JXar  is impedance of the line, from F to A. 

Torque developed in the relay is given by equation (4.1). 

T a K' bc.IL  Cos (Or  + d 3 	 .•. 	(4,1) 

where, 
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where, 
K' 	Relay constant 

Vbc = Voltage applied to the pressure coil of the relay. 

IL = Fault current at the relay terminal. 

or 	Angle between TL and Vbc 

C'(1 a Relay angle. 

By putting the value Of 0r equation (4,1) can be obtained as, 

T 	K' Vbc. xL Cos (90 + 	 (4.2) 

3Pow i f oC = 30'~ 

T = K' Vbo. IL Cos (90 + OL - 30) 

0 K'. Vbc. IL Cos (60 + !6L) 

.'.T =0or--vs. 

for -15©0 	~~ .300 

Therefore, for capacitive fault directional relay will not 

operate correctly when the fault current leads the voltage by more 

than 300. 

However by changing the values of of in equation (4.2) relay 

can be made to operate for different angles of fault currents, as 
shown below. 

(ii) if o('= 600 

T = K'. Vbc IL Cos (90 + OL•60) 

K' .Vbc TL Cos (30 + OL ) 
.'. T a 0 or -ve. 

For 120°Øt )j 60e. 
(iii) if o(zt 900 

T * K' Vbc 'L Cos (90 +0L -90) 
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K$.Vbc  1L  Cos ( ) 	 s1•  

0 

Therefore T a 0 or -ve  

for -900 . < 0L  >7 90o 	 r f  

The above analysis shows that the directional relay will 

operate correctly for the angle of the fault current laying between 

±900, if the internal angle of the relay is 90? 

similar analysis is carried out for the directional relay with 

300  and 60 connection in Appendix 2. 

From these analysis it is observed that for 340  and 600  relay 

connections *  the correct relay operation can be achieved, even if 

the angle of the fault current lies between * 900, and for that 

the internal relay angle should be 300  and 600  respectively, 

4«3.  „FFECT 00 14Fi0 RELAX: 

The effect of series capacitors on mho relay can be seen by 

plotting the impedance of the line and the relay characteristics 

on impedance plane. 

4.3.1. 10 	wioutJteediate sub»et t s 

For tie lines connecting two machines the series capacitor 

can be placed at any position. 

The points 0, 1t  2, 3, 4 are the location of series capacitor 

at a distance 0, 25%, 50%,, 75% and 100% from terminal A as shown in 

Fig.(4.2b). Fig.(4.2b) indicates that if the capacitor is located 

at a distance of 25% from terminal A.9  the series compensation should 

not be exceeded by more than 25%. Otherwise a portion of the line 

will remain outside the protected zone. That is with the convent-

ional mho relay protective schemes, if the capacitor is located at 

a distance x from the sending end, the line compensation should 
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not be exceeded by x%, 

4.3.2. or e. linewtt Ito di e Sub.statoj$ 

The series capacitors can be located at the bus-bars of 

the Intermediate sub-station as shown in Fig.(4.3&). 

In Fig.(4.3b), ABClDl, ABC2D2  and ABC3D3  are the line impedances 

with 25%, 50% and 75% series compensation. From the same , diagram 

it is seen that the first zone of who relay at A for the section AB S  

will over-reach for the external faults due to presence of capacitor 

in intermediate busbar, However if the capacitor is shorted by the 

spark gaps, during the external faults, the relay will operate 

correctly„ 

4.4. EFFECT JF S'gR FS CAPAITOR Ofl C BRIF 	 LAY: 

All Important heavily loaded transmission lines are protected 

with carrier relays either directional comparison or phase comparison 

type, 

The effect of series capacitors on carrier relays will be 

investigated as follows,. 

4.9.1, Dirctional CnDariso1 (!arrLer Rei at 
Directional comparison carrier relay uses directional 

Impedance or mho relays for the starting and blocking purposes, 

and this relays can be used in the compensated lines. 

In case the capacitor is located at the centra of the line and 

percentage of series compensation is less than 50%, there is no 

difficulty with the high speed operation of the directional 

comparison carrier relay* 

If the capacitor's location and percentage of compensation 

are such that for some internal fault, the reactance from the fault 
a.ti.., 	 4a r.nnnr►I H'iv.. the dirnntional element 
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of the impedance relay will not operate correctly. 

Even for the mho relay such fault will lie outside the 

protected zone. Therefore the carrier relay will not operate for 

such internal faults. However, if the capacitor's sparkgap setting 

is such that it will break down due to fault currents  then the 

directional carrier relay will operate correctly. 

Therefore for the correct operation of directional comparison 

carrier relay for such systems, it should be assured that the gaps 

will breakdown even for minimum fault current. 

For further clarification the system shown in Fig.(4,4a) may 

be considered. The directional comparison carrier relay uses mho 

.relays of which MTs are tripping and MBs are blocking relays, 

The operation of the carrier relay for the section EF can be 

explained with the help of Fig. (4,4b). 

In Fig.(4.4b), ECDP' is the impedance of the line when the 

series capacitor is In the circuit and E? is the line impedance 

when the capacitor is short circuited. Any fault in DF' portion of 

the line will be cleared by the carrier relay without any time delay, 

because it falls in tritping zone of the relays at E and F. But for 

the faults in portion CD of the liner  the operation of carrier relay 

has to be delayed t  till the operation of sparkgaps, Without sparkgap 

operation, the carrier relay will not be able to trip, because the 

blocking relay MB at E will block the operation of carrier relay. 

Therefore directional comparison carrier relay has to depend 

upon the sparkgap operation. 

Similarly it can be shown that the carrier relay for AB section 

of the line, will also be affected by the series capacitor. From 

Fig.(4.4e) it Is clear that the carrier relay will operate correctly 
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for all internal faults. 

But the external fault in portion CD of the line will also 

enter into the .tripping zone and the carrier will operate for 

such faults. The carrier relay can be prevented from tripping, 

for the external faults if it can be assumed that the sparkgap 

will flashover for all such type of faults. 

Another factor which affects the correct operation of 

directional comparison carrier relay, is the circulating current. 

For remote.3-phase fault or heavy load swings, one sparkgap may 

operate#  which gives rise to circulating current in the system. 

If the magnitude of this circulating current exceeds the current 

setting of the residual relay$ there is every possibility of false 

operation of carrier relay. To prevent this undesirable tripping, 

the setting of the residual relay should be kept at higher value 

than the maximum circulating current that may appear in the system 

due to one gap ' operation. 

4.4.2: Phase Conarison Carrter Rlai: 

Phase comparison carrier relay is nothing but an over► 

current relay which compares the phase angles of the current at the. 

two ends of the protected line, via a carrier channel#  The 

maximum closing torque for the relay is obtained when the current 

exdeeds the fault magnitude and the phase difference is zero degree, 

which is the condition obtained for internal faults,, neglecting 

the effect of charging current. 

Phase comparison carrier relay scheme can be applied for the 

protection of the compensated line. 

It will always give correct relay operation for the external 
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faults irrespective of the location and percentage of series compen-

sation, because the phase angle of the through fault current will 

not be affected by the presence of series capacitor in the line. 

For internal faults the relay will operate correctly if the 

reactance from the fault point to sources is inductive. 

In Fig, (4,&a) , a 3-phase fault has been considered at F near 

the capacitor. The reactance from the fault point to the sources 

E, and E2  may be assumed as Inductive. 

Now due to the presence of series capacitor, the phase angle 

of In  will be smaller than the phase angle of 1L2  which is given 

by line impedance angle. 	With the special kind of phase comparison 

carrier relay, designed to operate even for a phase difference of 

goof  there will be no problem of clearing this type of fault. 

But if the reactance from the fault point to one of the source 

is capacitive$  the carrier relay will not operate, ka shown in 

ig,(4.5e) the phase difference of the fault currents at the two 

ends will be such that the fault will appear to the relay as an 

external fault. However in such cases there is ovary possibility 

of break-down of spark gap e  and this will give a chance to the 

carrier relay to operate correctly, 

.-' 	: 	
,? 
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5.1.  IN'RODUCTIpAi:  

It has already been discussed that the conventional relays 

are not so effective in case of series compensated lines *  Depend-

ing upon the percentage of compensation and the location of series 

capacitors, relays may fail to operate correctly in a compensated 

line* Therefore in such a case it is necessary to modify the 

protective schemes. 

Moreover it has been found that the unpredictable nature of 

the gap operation in the compensated line, creates lot of confusion 

to correct relaying#  Therefore in modifying the protective schemes 

care should be taken that the relays can operate correctly 

irrespective of gap operation, 

Here a few protective schemes have been suggested which may 

be applied for the series compensated line* However, due to 

shortage of time the experimental verification was not possible. 

5, 2.  POLARISED 14H0 	 SCM 
When the location and the percentage of series compensation 

are such that a portion of the line imraedance falls on the fourth 

quadrant of the R-►X diagram, that portion of line will be outside 

the tripping zone of the conventional mho relay. Therefore, in such 

cases it is necessary to shift the relay characteristic to the 

fourth quadrant, so that the whole of the line impedance is covered. 

By giving proper polarisation to the conventional mho relay 

it is possible to shift the relay characteristic to the fourth 

quadrant, without destroying its directional property. There are 

three possible practical alternative choices for polarising voltage. 

For example pblarising voltage for the phase relay 'Y.H' can be 

any one of the three combinations given below. 

(i) Combination of V. and V. 
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(2). Combination of V and V. 

(3) Memory circuit associated with V. 

For the proposed polarised mho relay scheme, polarising 

voltage of the combination of VYB  and VR  has been considered. 

In .a compensated line when the series capacitor is short 

circuited t  line impedance changes abruptly. As a result some 

faults may lie outside the relay characteristic designed to protect 

the compensated line. This problem has been solved in the proposed 

scheme by making use of an arrangement to increase the forward 

reach of the mho relay when the capacitor in the line is short-

circuited. 

5.2,1. incl le of the pr os d o R Zag s 

In Fig.(5.lb) ACDB' and ACB are respectively the 

impedances of the line with and without series capacitor. Two mho 

relay characteristics M1  and M2  per phase will be necessary to 

protect the line completely, as shown in Fig « (5«lb). 

The relay characteristics M1  and 142  can be obtained with 

the help of a static phase comparator as follows. 

6.2,1(a).  Static Phase ComAarator.$ 

The Input signals to the phase comparator are 81  and S2  

where, 
$1  rx •IClVL + 1L%1 /i., - 	 ► •. 	(5.1) 

0 Measuring signal. 

+ ILzp  PVF  - 	 ... 	(5.2) 

a polarising signal 

and which is given by (K V + X VR) obtained from combination 

1 of 5,2. 
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Ki  = Constant and equals to unity 

ZRII Replica impedance of the line. 

K+1// .IKYBF .  

R' 1L 

Yg 1 LMs 
and Oe Phase shift given to V R  w.r.t. VYB 

Zp = 1 /7'5 . f K j ''a  9 and Za  a Source impedance. 

The comparator is designed to operate for the coincidence 

angle -9O0  << 90a.. 

The relay characteristic obtained for this phase comparator can 

be explained with the help of Flg.(5.1e). The forward reach of the 

relay is given by ZR1A 1,  and backward reach by 4/K2. 

Any value of replica impedance can be chosen to give the 

relay the required forward reach. But the backward reach depends 

upon the source impedance of the system. 

5.2.lCb) •  Chiming of ,Reolica_Im edance 
In Fig. (5.lb) it is shown that two relay characteristics 

will be necessary to protect the line with and without the series 

capacitor. But instead of using two relays, only one relay will be 

used in the proposed scheme. By changing the value, of the replica 

impedance of the phase comparator, the mho relay characteristics 

MI  and M2  can be obtained from a single phase comparator# The 

forward reach for the relay M1  for compensated line is given by 

ZR1  = RR  +jX,- ,IXC  the value of K1  being unity, 

An arrangement has been made to short circuit the capacitive 

reactance of the replica impedance automatically, when the series 
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capacitor in the line is short»circuited. The new replica 

impedance ZR1  ca RL  +3X, will give the relay#  sufficient forward 

reach to cover the whole length of the line without any compensat-

ion; 

5.2.1.(o). Automatic Swit hi of flelioa ImDeanoe: 

To short circuit the capacitive reactance part of the 

replica Impedance during the period, when series capacitor on the 

line is short circuited, another phase comparator circuit is used. 

There will be an appreciable change of phase angle of the fault 

current when the series capacitor in the line is short-►circuited. 

This change of phase angle is utilised to operate the phase comaratoz 

which in turn short-circuits the capacitive reactance part of the 

replica impedance. 

52.2. glirenitbr  the Pr o ed o Belay. Scheme: 

The circuit for the proposed mho relay scheme is given in 

Fig.(5.2). The whole scheme consists of three main parts. 

Part (1)a The circuit to obtain the signals S and S2. 

Part (2)3 Switching arrangement for the capacitive reactance part 

of the replica impedance. 

Part (3)1 Static phase comparator circuit to obtain the mho relay 

characteristics, 

Part (1): This circuit is used to obtain the signals 81  and 52. 

The neanuring voltage S1  is obtained by adding the voltage 

due to fault current across the replica impedance, with line voltage 

VYB  in a summation transformer . 

Polarising voltage 52  = •K 'VY+KBVR  

where,  
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TCS 	ii i oo o 

tho vo2.taco V~ Iu civon phnoo aha t of LoY4l with roopoct to Q e 
The ei nnl Be Is obtainod byt adding the voltat oa in a atriation 

Part (2) o '+'hyo circuit dotocto tvhothor the aorioo capacitor Is 
present in the line or not and accordingly It short-circuits the 
capacitive reactance of the replica im edancoo A static phaco 
comparator I a used "or this pirpoao, and the lino voltago and line 
current (i so. V and -i) are the inputs divong fetorin to the 
Fla* (503b) it is soon that when the codas capacitor is short 
circuited, the cflniultanoous poaitivo erect hatvoon 11 and -*I 
incroaooa0 If the fault curront I In sufficient and the Unaof 
coincidence otaioda the preset value, the level detector mill. 

operate, The level dotootor in turn triggers the b1stable circuit 
and which will switch on the trrrialctor ^x.0 ',bon T$ is stitched on, 
the currant viii flow through the 0000rLrlury of the matching trnnmforu 

connected acroos the capacitive ronetanco of the replica tmpcdenco, 

through a dIo'o bridge. Duo to the flow of current throujh the 

secondary oP' the natehing tranofa tor, caprcitIvo reactance will be 

short circuited 2 and the value of ropUgea Inpodanco will be the actual 

impedance of the lino, Therefore, with the help of this eipcuit It 

is posaIblo to change autotaat call7, tho value of replica irapodanco9 

and %,)roby Ir rnaoin the roach of the Duo relay© 

~3 ,a Dual phaco cor'nrator circuit is use to obtain the r 10 
relay charactor~G .00 o The circuit Is as shown in  

6.2030  t Pn1A 	 c 

A practical eztau,io of the uao of the roicy cohoDe in a 
connonsatod lin, Ia Ivan In A03olo of 11pposidi2 3 
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FIG.5.3 INPUT TO THE PHASE COMPARATOR. 
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5.2.4. Ptssioni  

Advantages: 

(2) This scheme is applicable to the series compensated line and 

can be used when the impedance of the line falls in the fourth 

quadrant of the RX diagram. 

(2) The correct operation of the relay does not have to depend 

upon the operation of the sparkgap. Therefore, it has less 

possibility of faulty operation. 

(3) No intentional time delay is necessary. 

Disadvantages: 

The main drawback of the scheme is that It can be applied 

only to those systems which have sufficient source impedance. 

The backward reach of the relay depends mainly upon the source 

impedance. Hence it can not be used in all cases. However for 

all practical purposes this scheme seems to be quite applicable* 

5.3. F OTECT VE SCHEME WITH QUADflILAT1RAL 	AY A CT S ZS IC a 

The quadrilateral relay characteristic as shown in Fig•(5.4) 

is the ideal relay characteristic to be used for the protection of 

series compensated line. With this shape of relay characteristic, 

the protection of tie line can be given irrespective of the 

percentage of compensation and the location of the series capacitor. 

Another advantage with this scheme is that it is not affected 

by the sparkgap operation. 

5.3.1. PrirciD1eQf Rplsy ODeratign: 

The proposed relay scheme uses two static phase comparators, 

to obtain the quadrilateral relay characteristic. 

Phase comparator 7o.l having input signals Sl  and 82  will. 
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give tripping area ABC shown shaded in the Fig.(5.4). 

The other phase comparator No.2, having inputs S39 $4 Will 

give the tripping area ADC shown shaded in the same figure. The 

net tripping area ABCD shown shaded in the Fig.(5.4), is obtained 

by combining the output of the two comparators, The relay charact-

eristic is made sufficiently big to accomodate the whole of the 

line impedance with and without the series capacitor. Therefore 

the gap operation will not have any effect on the operation of the 

relay. The details of the static phase comparator are given below. 

For the phase comparator No.1. the i.nnut signals are- 

VL + R1 'L L 	
IF • w 	 (5.3)  

s2 	 ZR2 lL /!2 	w .. 
where$ o 

VL LQ  Fault voltage at the relay terminal. 

lL ~P  Fault current at the relay termminal. 

(5.4) 

Rl 	l Transformation ratio, complex quantity, 

ZRi ~8 and Za2 02 is Replica Impedances, 

To obtain the desired relay characteristic# 31 and S2 must 

satisfy conditions given below* 

Rl% Cos (92- °( 1* OL)+ZRlcos (42 x-41) 7 - cot 1 { K1ZL Sin, 

(a1 + Q2"OL)♦ZR1 Sin  
' 	 • 0 • 	• • . 	(5.5) 

K1ZLCos (82• °(1-! )+ZR1Cos (92-g1) Cot /32{ K12L Sin. 

12R1 Sin (91-G2)}. 	... 	... 	(5.6) 
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there LIb; and L' are the limits of the coincidence angle of 

the comparators i.e. coincidence angle 0 of the comparator is 

given by 	0 Z f3 

Having satisfied this condition the comparator will give the 

relay characteristic ABC as shown shaded in Fig. (5.4). Vector 

OB a ZRZ/Kl / ~ d1 and ABM a f,, 90- /3,) and /NI= L2QiL 
and LDOK =/920 j.  

Similarly the input to the second phase comparator are- 

	

Sia -K3 L VL + ZR3 IL L! - 0L . - - 	• , . 	(5.7) 

34 = ZR4 Th L 	- 	 • *. 	 ... 	(5.8) 

where, 

K3 L3 Voltage transformation ratio! 

ZR3 /a and ZB4 / = replica impedances. 

The following equations have to be satisfied to get the 

required relay characteristic ADC as shown shaded in Fig.(5.4). 

K33LCos (94•x(3-OL)+ZR3Cos (A4 '03) : -Cot (~3 k K3Z .Sin 

	

(°(3 -04 + L) + Z. Sin (03-04)} ... 	... 	(5.9) 

K3?, Cos (94 3-$L)+z Cos (04-03) >/ Cot /34 ~ K3ZL Sin 

(°C3 - 04 +0L)+ZR3 Sin (93 - 94)} 
	«.. 	(5.10) 

,where 3 and ~~ are the limits of the coincidence angle i.e. 

In Fig. (5.4) vector OD a ZR3/K3 /93 - 0( 3 
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LAD3 a ffl •/& ., &DC : LIQ " A4 

The outputs from the phase comparators are fed to an 'AND' 

gate which gives the final 7 tripping pulse to trip coil. 

5.3.2. ,irCuit Diagram: 

The static phase comparators are of special type. Unlike 

the conventional phase coMparator, its angle of coincidence is 

asymmetrical. For example, limits of angle of coincidence for 

comparator No.l is given by -Al  < < I where P1#. "2  

The block diagram of the whole scheme is given in Fig (5.6) 

The required circuit consists of 'AND' gates, summers and time 

delay circuits required to obtain the asymmetrical coincidence 

angles.. 

Considering comparator no,1y the angle of coincidence f 

which lies in between 	P  < 0 -< A. can be obtained as 

follows. 

/612 /3 +/fib where /3 = symmetrical coincidence angle of 

the phase comparator. 

and b  

By giving time delay tb9  angle 'b  can be obtained. 

Similarly 92  
r 

c * 36Of 

Mere time delay Z. is given to obtain gG 0 

The same procedure is followed for the phase comparator 

Ro.2 to obtain the asymmetrical coincidence angles. 
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5.3.3. Apeliaation of the Scheme: 

A practical scheme has been discussed in A.3.2 of 

Appendix 3.. 
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g.4,  PH SE COMPARISON C AR ;RRELAY .SCHEMES 

Phase comparison carrier relay is the most suitable 
protective scheme to be used for long heavily loaded transmission 

lines. 

it can be used with certain modifications to protect the 

series compensated transmission lines• However, before using it 
to protect the series compensated line the following points have 
to be given proper consideration, For the correct operation of 
phase comparison carrier relay, it Is necessary that the impedance 
of the line from the point of fault upto the source should be 

always Inductive. Secondly if the impedance from the fault upto 
the souce is capacitive, the sparkgaps should always break-doom 
under any type of fault condition. 

There are mainly two types of phase comparison carrier 

relays that can be used for the series compensated transmission 

lines One is standard form of overcurrent phase comparison 
carrier relay which is most commonly used, and the other type 

uses mho relay to control the phase comparison carrier relay. 

The difficulty with the former type of phase comparison 

carrier relay is that for the correct operation of the relay, 
the ratio of minimum fault current to the maximum load current# 

should be always greater than unity, for any type of fault 
condition. But in a series compensated line minimum 3-phase r_ 

fault current may be less than maximum load current. Therefore 
the use of this type of relay is not favoured in a compensated 
line. 

By using the mho relay to control the phase comparison 
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carrier relay, its sensitivity can be increased considerably. It 
can be used even in such systems where 3-phase fault current may 

be less than the maximum load current. 

5.4.1, Mho.Øun.ervjsp4 Phase ma o C crier Relay:  

With the help of mho supervised phase comparison carrier 

relay scheme, the selectivity, speed and reliability as required 

for the modern power systems, can be achieved. 

This type of relay consists of the following components, 

one standard phase comparison carrier relays three units of mho 

distance relays (one relay per pair of phases), and one carrier 

ground relay, Each unit contains three mho relays per phases 

while ground carrier relay has one directional and two instantaneous 

over current relays. The phase comparison carrier relay provides 

3-phass, phase to phase and line-►to-round fault protection. 

Another purpose of mho relay is to unbalance negative sequence 

network to provide a positive sequence output for a 3-phase fault. 

5.4.2. Operation Pr~noio .est 
W III+IIIY F11 1 YII~wll~litiT yil! 

For the given system the mho relay characteristics per phase 

for each terminal is shown in Fig.(5.6a,b). The centres of the mho 

relay circles at terminal As lie on line FAB', whereas for the 

relys at terminal B, the centres will lie on CBE when the series 

capacitor is in the linea and lie on FAB' when the capacitor is 

shunted off by the gaps. 

The working, setting and co-ordination of those relays can 

be explained as follows. 

MT units at the each terminals are the trip permissive 

relays. • It is set in such a fashions that it can detect any phase 
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fault&set up the trip circuit. The final tripping operation is 

done by phase comparison carrier relay. The relay characteristic 

is given sufficient over reach and offset so that it can detect 

any internal phase fault for the line with or without the series 

capacitors. 

Mho relays MB and OM are used as starter for phase comparison 

carrier relays for both internal and external faults. Another use 
of these relays are to shift the negative sequence network for 
3.phase fault in the systems. MB and OM relays are co-ordinated 

with MT relay at the opposite terminals in such a fasion that it 

can detect and start carrier blocking for those external faults 

=.thich are within the reach of tripping relays at the opposite 
terminal. 

In Fig.(3.7) the co-ordination of tripping relay at A with 
the blocking relays at B for faults external to A such as at F is 

shown. OH unit is required to ensure the fast starting of phase 
comparison carrier relay for faults external to A such as at F'. 

This relay is required, because it may happen that MT and MB unit 

at A may pick up for external faults at F' before MB unit at B have 

a chance to pick up and start phase comparison blocking. Once MT 

and MB units at any terminal pick up and the fault current exceeds 

the phase comparison carrier pick up, that terminal will trip unless 

it is blocked by carrier relay from the opposite terminal. 

Similarly the tripping relay at B 1s co-ordinated wtth the 

blocking relays MB and OM at A. 

The ground fault relay is used in the same way as the mho 

units. The directional overcurrent units of this relay are used 

as permissibe units. They detect internal ground faults and 
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establish the trip circuit. The overcurrent relay is used to 

start phase comparison carrier relay. 

In case where there is possibility of false operation of 

directional unit, only the overcurrent relay is used. 

6.4.3,E Control D aarataa 

The controlling of the phase comparison carrier relay, by 

mho relays is described briefly in the following paragraphs. 

From the Fig.(5.8) It is seen that under healthy condition 

normally closed contacts MB ark- OM unit will onergise three 

auxiliary OMX relays, The contacts from the auxilliary relays and 

a normally closed contact al are connected in series across the 

output of phase comparison carrier relay SLD network unit. As all 

these contacts will remain closed under healthy condition, the 

output of the network will be shorted and SLD (phase comparison) 

relay, will be inoperative. 

Three other normally open 4MZ contacts in parallel are connect-

ed across the net-work unbalancing circuit. When one or more of 

these contacts is closed, the network will provide Its normal 

negative-sequence output* In case of 3-phase fault, all the 

contacts will remain open, as a result the network will be shifted 

to provide a positive sequence component for 3-phase fault protect-

ion. 

In case of phase fault in the system one or more unit of 4)I 

or MB will pick up, and as a result one or more auxiliary relay OMX 

will reset and the network will produce an output, If the fault 

current is sufficient, the phase comparison carrier relay will 

compare the phase angles of the currents at the two ends, In 
-1O5~ i 
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case of internal faults MT relay will pick up and establish 

the trip circuit through contact MTX, and the phase comparison 

carrier relay will trip the breaker through the contact ¶R. 

In case of ground fault, the over-current unit GZ  will 

pick up and pgrmi t a comparison of the line current by SLD 

phase comparison relay. If the fault directional unit GD and 

G. will pick up and establish the trip circuit the phase 

comparison relay will trip the breaker through the contact TR. 
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The modified mho relay scheme as has been suggested in 

Chapter 5 of this dissertation maybe used for most of the series 

compensated lines. This relay does not have to depend upon the 

flashover of sparkgaps for its correct operation and no time 
delay is required. Therefore it is suitable for high speed 

operation. However, before using this relay scheme s  it must be 
ascertained that there. is sufficient source impedance to shift 

the relay characteristic to the fourth quadrant, so that the 
whole of the compensated line is completely protected. 

In the proposed quadrilateral relay characteristic scheme, 

there is no restriction of size and location of series capacitor. 

As shown In Appendix 3, the line can be protected with the help 

of this scheme even when the series capacitor is located at the 

sending end and the magnitude of line compensation is upto 75%. 

Moreover due to its restricted tripping area, this relay will 

maintain excellent selectivity and hence will be uneffected by 
heavy load swings. In the proposed relay scheme, given in 
Chapter 5, the required quadrilateral relay characteristic is 

obtained with the help of two unsymmetrical static phase comparators 

However the same relay characteristic may be obtained with the 

help of a multi-input static phase comparators  which needs further 

Investigation. 

The mho supervised phase comparison carrier chemo Is 

applicable to series compensated lines, provided there do not 

exist any capacitive fault point from either of the sources. Mho 

relays used for controlling the phase comparison carrier scheme#  

have sufficiently large relay characteristics, to allow heavy 

load swings to enter into the tripping area., But there will be 
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no unwanted relay operation, because of the fact that the 

ultimate tripping Is done by the phase comparison carrier relays. 

However for an extra high voltage long line s  due to charging 

current, there may exist an appreciable phase difference between 

the currents at the two ends even if there is no internal fault. 

In such a case phase comparison carrier relay may give false 

operation due to heavy load swings. Instead of a mho relay it a 

quadrilateral relay characteristic, Is used for controlling 

the carrier operation, such in correct operation due to power 

swings may be avoided. The applicability of quadrilateral 

relay characteristic as a controlling unite  for phase comparison 

carrier relay requires further investigation. 
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APPENDIX X 
A-1,1. Line Pa_r~e_,efi„ __ 

400KV Double Circuit Bundled Conductor Line 

480 miles in length. 

Conductor A.C.S.R. size 1,033,50 circular mills. 
Number of bundle conductor per phase =2 

Conductor diameter 	=1.246" 

Sub-Conductor spacing 	a 18" 

Distance of Separation between the 
phases 	,. 	32" 

XL, Line Inductive reactance at 50c/s= 0.5ohms/phase/mile. 

rL, Line resistance at 50 c/s 	.05ohms/phase/mile. 

X', Line capacitive reactance at 50c/s=0.1??! ;ohms/phase/mile 

Z09 Zero sequence impedance 	= 0.198+,1,028 
ohms/phase/mile 

Surge Impedance 	.. 	s 301 ohms. 

Surge Impedance loading of the line = 2 	(KY)2 

a 1060 MW, 

Av1.2. st D a s 

Obtained from Central Water Power Commisaiong New Delhi. 

(1) Cost of Double Circuit Transmission line per mile=s+8,911000/-, 

(2) Trans formers 	.. 400/22M 

(a) 100 MVA • , Is.30,00,000/.. 

(b) 200 MVA •, Ba.46,32f920/- 

(c)  380 MA .. M.50,009000/.. 
(d)  500 MVA •0 l «56,50f000/- 

Cost of errectlon is 20% of the capital cost. 

(3) Cost of Intermediate sub-station per Breaker 
position 1t.33,60,000/- 
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(4) Cost of Series and shunt capacitors  ft.100/KVAr 

(5) Cost of Electrical t nergy loss =k.1200/KW +5.5P/lCWh at 
40% Loss factor. 

(6) Annual charge 10%,r Annual load factor is assumed 60%. 

Asl.3. 

TABS ? ' .A,~► . l 
Dbr Method J. *Reactive Power at the receiving end, has been 

calculated. 

o.of sw a - Perce.ntage rans lent Actual 	*React ve Power 
ing sub- I of series I stability) value of I at the receiv- 
stations  compensation limit in transient ing end (MVAr) 

X 	S .I .L. 1 
stability 

I 

0 .460 488 

10 .538. 570 

20 .600 635 

40 .738 784 

50 .800 849 

60 *370 921 

70 .92 975 250 

80 1.0 1060 300 

0 „62 668 

10 .68 720 

20 .75 795 

40 .90 955 

2  60 .96 1038 

60 1.02 1080 60 

70 1.12 1188 420 

0 12 1272 500 
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Table 	contd. 

2 1  
.0 :72 785 

10 .80 848 

20 086 911 

40 1.42 1080 20 

3 	50 1.14 1165 65 

60 1.18 1250 190 

70 1029 1368 575 

80 1,40 1482 680 

0 .80. 848 

10 .88 932 

20 .98 1010 

40 1*12, 1188 . 	100 

4 	50 1.21 1281 160 

60 1.32 1400 300 

70 1.43 1516 700 

80 1.56 1650 850 

0 .82 878. 

10 .90 955 

20 1.04 1060 60 

40 1.16 1230 140 

5 	50 1.26 1336 200 

60 1*37 1451 350 

70 1,.050 1590 750 

80 1.64 1740 950 
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TABLE NO.A-1 2 
Metod2 

o.ofinter' JPrcentago iTrarisient I Actual vitueI Reactive power 
mediate sub- of series stability 	of transient at the receiving 
stations 	(compensation limit in X stability I end (in MVAr) 

20 ..38 403 

40 .55 584 

0 50 .68 721 

60 ,82 870 

70 1.02 1080 

20 *64 . 	680 

40 ,85 .900  

50 1.00 1060 

60 1.20 1270 

70 1.52 1610 - 

20 .81 850 

40 1*02 1080 
2 50 1.18 1250 

60 1.40 1481 
70 1.74 1845 

20 „90 955 
40 1.12 1188 

3 50 1,30 1380 

60 1,54  1632 
70 1.85 1960 

370 

20 

130 

380 

1100 

100 

240 

620 

1200 
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ADA 	 :,2, 

2 3 4 

20 .94 995 

40 1.18 1250 165 

4 	50 1.37 1450 310 

60 1.60 1700 700 

70 1.92 2040 1350 

20 1.00 1060 60 

40 1.24 1312 218 

5 	50 1.40 1485 350 

60 1.64 1740 730 

70 1.94 2058 1350 

TABLE 'No,A- l*3 

Method .3 3 Intermediate. sub-station is assumed. 

nitiá1 	Percents a 
series compentof excess 

ans en Actual va ue 
hof transient" 

Reactive 	ower 
at the receiv- stability 

sati on in series 	limit in stability 	I  ing end in 
percentage Icompensation p.u, of Alimit  in(MW} (MVAr) 

0 0,83 870 

20 ,86 911 

12.5% 40 .90 950 
60 .92 975 

80 1.00 1060 

100 1.12 1188 125 
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Table No. k!2'3 corttd. 

0 .9 955 

20 .93 985 

40 .98 1040 

25% 60 1.02 1080 20 

80 1.10 1165 120 

100 1.28 1358 380 

0 1.12 1188 82 

20 1.16 1230 120 

40 1.2, 1310 180 

50% 60 1«33, 1410 270 

80 1.48, 1570 440 

100 1.72 1821 1000 

0 1.33 1410 400 

20 1.46 1548 510 

40 1.60 1697 650 

75% 60 1.80 1910 820 

80 2..06 2181 1120 

100 2,45 2600 1860 
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TABLE N0.A•I.4 

ethod 	 30% Initial compensation in the 
Intermediate busbars, Is assumed 

	

o.of rater- Jhrcénago jTrarisiont 	JActual. va ; React ire 
mediate sub • of series 	stability 	of transient power at 
station 	loompensationilimit in p.u.lstability Jthe reaeivr- 

	

of S.I.L. 	limit in 	ing end in 

0 .44 466 

20 .62 656 

40 .84 890 

50 .95 1008 

70 1.24 1312 400 

0 060 636 

20 4 	.78 826 

2 	40 1.0 1060 

50 1.13 1186 50 

70 1.45 1539 600 

0 .72 763 

20 .88 934 

3 	40 1.10 1164 20 

80 1.24 1315 100 

70 1.64 1740 800 
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a 1.28 P/KWh, 

(2) Transformer, errection cost is 20% capital costs 

Maximum Demand 	= 635 MW + 10% reserve capacity 
~s 700 MW 

Size of Transformer = 2 Nos. of 600 MVA + 2 Nos *of 200MVA 
(for both ends) 
Cost of Transformer = 2 x. (.5650000 + P5,46,32,9?0) 

a .2O5.,65,840, 40. 

.'.Total capital cost aI 205,66,040z 1.2 

Annual charge/l . = 	6 	44 j 1..2 
3.5 107- 

0.0616 P/i Whr s 

(3) Cost of Ci. ,cit eak rS s 

Capital cost = 14 z 33,,60!000 

Anoua . Charge  
33;4X100 

= 0.141 P Whr. 

(4) Cot .qt Series Capacit  oras 

1, line current/phase -x..6,~35,~,~c,  

2 xl*73 X 400 

a 458 amps 

Current through the capacitor a 458 x 2 

= 916 amps„ 

Series capacitor's rating a T2 XC 

a (916) 224 

= 20.1 MVAr 

Total series capacitor rating = 3 x 20«1 

a 60.3 MVAr, 

	

Cost of series capacitor 	a 1,100 x 60.3 x 103 
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ble 	-1.4 oo id 

2 	iii3 . 5 

0 .80 898 

20 .95 1008 

4  40 1.16 1229 50 

50 1„32 1400 200 

70 1"75 1851 820 

0 „83 879 

20 1.0 1060 20 

5  40 1.22 1290 90 

50 1.38 1460 220 

70 .1.82 1929 1000 

A-1.4._Samp1 	et1on,for to'cost of 2 a.nsm sz o er 
unit energy: 

Mete 	1 

Number of :intermediate sub-station 1, 
Series capacitor compensation 20% 
Power transferred at the transient stability 11mita63S MW. 

Average power, at 60% load factor = ,6 x 635 

a 382 MW 
Energy supplied per annum a 382 x 8760 x 10 

a 33,4 x 108 'KWh. 

(1) Cost of_Ta ansmission_ Lines 
Capital cost  = 8,91,000 x 480 

= A~. 428 x 106. 
,'.Annual charge, ~Whr 33 4 ~ •1 10_ 
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Annual charge  	0 1x0.3x.1. 
33.4 x 10 

* 0.0175 P/KWhr. 

(5) owrI:`., 
1 	a 6 x (458)2 x 24 

22 30,2 MW. 

Annual Power Loss due to corona = 4 MW 

Total annual power loss e~ 20„2 +4 

*34. MWs 

R .3200 X 34.2 x• 103 

R ç342.: D3 X21_ 
:32,.4x14 

Annual Demand Charge 

.'. Annual charge 

0.103 PW hr, 

ft 

 

Energy loss at 40% loss factor 

Total energy per annum 

Cost of energy loss 

.4. x 30.2 x 8760 x l03X hr. 

= (20.2 x .4 +4)'76O x102KWhr,  * 
&6.08 x 8760 3„ f 

33.4x10* 

(1) Transmission line 

(2) Transformer 	... 

(3) Circuit Breakers 

(4) Series Capacitor 

(5) Line Loss 	.. 
(a) Demand Charge 
(b) Energy charge 

Total cost of Transmission of 
Energy.»  

= 4.232 P/KWhr. 

= 1.28 P/KWhr 
= 0.0616 P/XWhr 
*~ 0.141 P/Wtr 

a 0.0175 P/KWhr 

0.123 P/KWhr. 
0.232 P/lCWhr. 

= 1.825 P/KWhr, 
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ALE 	O.A•3.5 

t o Cost per unit of energy transmission 
obtained by method I 

%1t sear ea rto.of s s Uo.of s -  s No,ofs  s 	Ho,of s s Nosof s s 
comp. I 	1 X 	2 	I 3 1 	4 1 	5 

Cost of 	Cost of 	Cost of Cost of Cost of 
M cans, I 	rans. 	I Trans, X Trans. X 	Trans. 
F 	Wh r Wh 1Pftr 

0 2.216 1.895 1.826 1.793 1.759 
20 1.8?6 1.718 1.665 1.663 1.73. 
40 1.645 1.687 10565 1.69 1.676 
60 1.570 1,601 1,606' 1,617 1.704 
70 1.621 1.631 1*698 1.761 1.77 

Meth o& Cost per unit of energy transmission 
obtained by method 2. 

ofTarie do.c 	ss No.ofss .a 	s s No.of ss o,ófas Af 
Comp. I 	0 1 	1 12 	1 3 14 1 5 

cost of Cost of Cost of Cost of Cost of Costof 
Trans. I Trans. I Trans. 	I Trans. ITrans. ITrans. 

F r PJkWhr PJWir PJKW 
20 2.487 1.919 1.711 1.692 1.736 1.752 

40 2.06 1.707 1.721 1.765 1.804 1.833 

60 1,747 1.824 1.94 1.863 2,06 2,05 

70 1.884 2.102 2.262 2.2 2.325 2„385 
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ABLE No r / 	moi/}/ 1 Y I /•igYY# 

ticc 3 	 Cost per unit of energy transmission 
by method 3. 
3-Intermediate Substation is considered 

o sorb! JItia CómpInitiá1 	nitia tit nitial Comp. 
Comp.1 xeess 	12.5% 	25% 	50% 	75% 
reactance 	ICost of Trane Cost of Tri Cost afTrans Cost of Trans. 

0 1.849 1*879 1.648 1.814 

20 1,748 1.67 1.659 1.727 

40 1.688 1.644 1.633 • 1.76 

60 1,67 1,649 1.65 1.84 

80 1*635 10649 1,706 1*969 

100 1.606 1.64 1.816 2.207 

T.AA N'0.A'1.8 

4 	 Cost per unit of energy transmission 
by method 4, 
With 30% Compensation in the Busbars 

of seresNo,o ssr eo ss 4b.ot ss ©.ofs$ Nó,ôf ss 
Comp. 1 1 1 2 1 3 1 4 1 5 

Cost of 	Cost of Cost of 	Cost of Cost of 
ITrans. 	I Trans, I Trans. I Trans. I Trans. 

0. 2.227 1.98 10865 1.788 1.873 

20 1.894 1.762 1,.739 1.773 1,837 

40 1..702 1.717 1»754 1.805 	. 1.645 

60 1.705 1,755 1.81 1.666 1.937 

70 1.900 1,986 2.109 2,194 2.257 
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APPS Jt IX 2 

A-2 0I Effectof qaic1tiveu on, Dr.eçtonaly s s 

A•2,l.l, Fbr 30o Conntation- 

A vector diagram is shown in Fig.(4slc) for 30© relay 

connection. Due to capacitive fault, fault ,current IL will 
lead by an angle idt. Therefore the torque developed in the 
relay is given by the following equation* 

K' Vac. ITL C0 ( r + °C ) 

T a K' Vao .IL Cos (30 + 0L o) I putting • the value of 0 , 

(1) For internal relay angle o 3O 

T *RS Vac It Cos (30 + 	«30) 

:K' Vac IL Cos 0L  

0 or 've 
for .'90 < >~ goo 

(2) For internal relay angle aC 60. 

T cs icr Vac It Cos (30 + OL w 60) 

r' Kr Vac IL Cos (.30 +0) 

• , T = 0 or •VO 
for •8ao 

<> 
	o 	 . a 

(3) For internal, relay angle o( *  

T = XR Vac IL Cos (30 + (fit - 90) 

a X' Vac IL Cos (..60 + @L) 

+.T=©or-ve 
for 4300 0L >/ 150 
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A.2.1.2.  Fox" 60 Connections 

The vector diagram is shown in Fig. (4.id). The torque 
equation for capacitive fault current will be given as follows; 

Kf VI  I1, Cos tfr + 0C) 

.. ? = K' VV  I, Cos ($, + 60 _o)  putting the value of or. 

(1) For internel relay angle o( = 30 1  
Ta ' V,11 Cos (60 +01 -30) 

= K' V1  it  Cos (30 + 0 ) 

.' . T a 0 or •ve 

for .120 < øt. 	600 

(2) °C= 600  
T=Kt Vi  It  Cos (60+ø,6o) 

=VV V1  IL  Cos 0 
Txoor W►ve 

for -90°  ,< OL  >x  900  

(3) oC a 900  
T aKf VI  IL  Cos (60 +01«.90) 

* k  VI  TL  Cos (30 + Ø) 

a0or..ve 
for *609" < øL  >, 60°. 
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£v3.1. MD1icat1ot o Prposod Mho R4avScernei 
For system shown in Fig . (A►. 3"la), the series oapaeitor 

Is located at diatance *th of the total length of the line from 
the vending end$ and percentage of compensation given is 50%. 

• In Fig.,(A..3.]b) ACDB1 and ACB are the line impedances with and 
without the series capacitor respectively, 

The protection of the Line with polarised relay is given 
an follows" 

ZL a line impedance a .15 + 3 #6 p.n. 
ZS a Source impedance a 3 .42 p.u. 

+~ Series Capacitor reactance 	.3,3 p.u. 

The, inputs to the statin. phase eomparatorn area 

810 -". V ► + XL ZRtL,3 -JL 

82* Vh + 'L ,LOP.. ...% 

ZRl 0 Replica impedance a #16 + j.8 -3.3 a * +3.3 p.u. 

Kl a 1 L6° (assumed) =' 

. "0 	* "15 +3.3 

assumed values: 

1G 	1 f„ o, and 200 phase shift is given to VRW.r.t. 
Vy3 

I ,. 	K2 *Kø+,*. lt,fl3 



50Z 	 0 
ZS A 	 p 	 B E5 

O 25L O 
j42 t 	~►+ 

~ 5+j6 J -32 

S 	 (a) 

0 

(b) 

SCALE 1CM = 1 PU. 

FIG. A3.1 PROTECTION OF TIE LINE WITH MODIFIED Mho RELAY SCHEME 
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it 1 Z` OO 

1 + .57? ,( .94+3.342) 

*1+ ,542+3,1972 

* 1,542+ J#1972 * 1965 :3° 

z, * ... fir.. KTB t ZS 	
+,.__ 

0,242 U,0 

urjJ 	.3 	.156 f2!31L7° 

?or Way 

.15 4 3.6 

K 

*« Ih~l =.15+3.6 

a .156 	3«70 

With the help of this Was relay aharacterist1t can 
be plotted in R. X plane as shown in Fig. (A-3,lb) 
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A•3.2• 	ion o Qia4rlatr4. 	i 	s 

The system shown in RYg. (A-3. A) is considered. The 
aeries capacitor is located at the sending erg and percentage 
of eomp'ensatlon is assumed to be 75%. 

In ?ig. (A-►3.2"6) # ADI' is the line Impedance with series 

capacitor in the circuit whereas AB is the line impedance 

without the series capacitor, 

The quadrilateral relay characteristic L+INP is used to 

protect. the line with and without the series capacitors. The 

relay characteristic is obtained as follows* 

The comparator 1io.1 gives the relay characteristic LMN 

and comparator no.2 gives characteristic LPN shown eluded in 

Fig. (A3.2).. The combination of the two gives the required 

relay characteristics 

Input to the comparator No..1 is 61  and 82  
whereI  . 

32* IL zR2 d! " 
For the system, 

2L  aLine Impedance 

Following values are assumaed 

Icl & l 50v 

.147+ 3.6w *6iB 	o. 

7Rr/ a .495 L90 

 

K 	* 	L0+50 ►.495, OO 

"• &.'Cis80+6O r ©o 



4 

S 

eA2 ~~ B 

-147+J 6 PU ~-j 	J'35 

(b) 

SCATS 	ICM;;•126 P.U. 

FIG A3. 2 QUADRIl A r RAl_ CHARACTERISTIC . 
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From Pig. (A-3.20 w 

0 -13 ° 6Q and L90 fz s 4?,5
o. 

•' • L. a 84 	., i . 	= 42+30 

To obtain the desired relay characteristic, the comparator 
must satisfy the equation (5#6) and (5.6) as shown below. 

KlZL Coo (02 ~` 0" A) +Z Cos (02 

.618 Cos (130 - 78) +.498 Cos (80.50) 

9* *618 Cos 52 + ,495 Cos3O 

.381+ *429 	'4O00 

•►G`o1 f., HCTZ Sin °' 2  -0 	+ 	Si fl 10 

a -Cot 84 X,610 Sin (-i3© +'?O)+ .496 Sin (-30) I 

Cot 84 (.618. Sin 62 + .495 Sin 30) 

Cot 84 (.486 +,49) = 

•

4 

'007 7 

Again, 

Cot 	i Z SinC di 'fit # 3+Z`R1 Sin (01002) l 

a Cot 42.5 (-.618 Sin 52 o .495 Sin 30) 

a *Got 42.5 x #734 

a -„$ 
Hence comparator No.1 satisfies both the relations,. Therefore the 
required relay characteristic can be obtained. 

For comparator No.2 Inputs $3 and 64 are given by 

83 ••IGS ,~,~3 " , + Z 'L L!3 1. 
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4 * Zfl1 'r, f° 	0L 

Following value8 " are as 5umed 

A3 L'3 ' * I 00 

ZR3 L3 .248 0° 

Z14/ 4 .248 S° 

.248 L7.O »7O 0 .249 

Prom Fig. (A.3*2b), 

0 -A3M 16 ► $ 	L - N * t 

. '. L. (' 	740 	,.,.~'4 . 	as '8 ► 

This comparator also hav to satisfyr the equation (5.9) 

and (5.10) as shown below. 

l ZL Cos (9 *0 O(.3 -4 + Zfi3 Cos (Q - 93) 

a .618 Cos (-15*4a) + .248 Cos (55-70) 

* .618 Cos (.93) + ,248 Cos (-1S) 

•.4323 + .24 4 * .208 

M 

 

Cot 13 3 1%3 ZLSiU (a 3 'Q4+Ø.)+ t3 Sin (03 

: w.Cot 740 (.618 Sin 930 + .29M Sia 15) 

a .»c of 740 (.617 + .0643) 
-ate 

w 
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Again 
Cot 	Xl3 Z Sin (o«»%+l )+ 	Sin (03-0) 1 

Hance both the conditions are satisfied for the required 

relay characteristic# 

The final relay characteristic will be obtained by caabini.ng 

the output of the two comparators with the help of an #AND# 

gate#  

w 
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