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In case of resonance circuit a, we assume that the In. 

ductance of the circuit in independent of the urr+ant and is 

constant. This is actually true if the m%petic field of the 

indaatw ae flown preponderantly in elr, for exple mound over 

head linea, underground cables or in the leakage paths of rotating 

machines or transformers. 	wewer if the magnetic field flows 

tirely or to a large part through iron, the circuit has no longer 

a constant Inductance; rather this will, decrease with larger 

current a and magnetic field Ara gthe. lice the phenomena in 

lit erure occuring at a critical value of applied voltage where 

the non linear inductance varLable with the magnitude of the 

forcing function reaches a value go as to reaonate with the 

fixed capacitor is awn as ferroreacnauce. This is probably the 

reason for using the term fermre* nance to describe the by teresia 

behavior. 

The present problem is to study the behavior of ono llatory 

circuits under the influence of magnetic saturation in the iron core 

of the transformers connected to the long transmission line to 

deliver power at the load ventre. Here it is tried to consider 

the effect of the variation of the distance at which the fault occurs 

in the transmission line. It Is knoua that for a particular 

system the line p araaet ere are fixed and they are taken in per unit 

length. The lose conponolt of capacitance of the line is neglected. 

Now as the distance of the fault is increased from the sending and, than 

the mgnitu4e of the inductance resistance and capacitance increases. 

The aknorme,l voltages which may occur at to instants will be 

dependent on the magnitude of the capacitance which comes across the 	0  

t ran ate rifler, The transformer may be ass sd to be a non .linear 	' 



inductor. A graphical mdthod is suggagtad in Chapter U for calculating 

abnormal voltages and the conclusion is drai1 that the effect of the 

disc nee of fault is directly related to the a ormal voltage and 

currents produced. As the distance Is increased the m njtudes of 

the over voltages also increases. This analysis Is based under 

the assumption of sinusoidal variation of current and a steady state 

voltage characteristic is obtained from the circuit equation, though 

it is tzue that the current in the non linear circuit is not a aims- 

amide: function l it it is composed of har onics. 

In Chapter III attest is made to give mathenatical 

treatment for the non linear circuit ori sing under above motioned 

circumstances, in the study of these non linear circuits with a.c. 

applied voltage, ro rous sothenatical treatment has been found practl. 

caUy ispoesible, but under certain 4lifying assumptions, however, the 

solution is being given which seise to describe the nature of the phi 

,mans, in general. 

In motor III & IT certain aimpltfying aosunptions are ges-

tad which lead to ])affi g' a oblation for which standard solution is avail-  

able.. Initially a sinusoidal flux linkages is ansnmed, which give rise 

to the 3rd harmonic current after expansion i of the non linear 

equation for inductor characteristic, Further the epproximation is 

corrected and the solution is assumed for the fes,, 7 ages to contain 

fundaments. and 3rd harmonic. Then it gives rise to 6th, 7th and 9th 

harmonics too. The coefficients of funda tal and 3zd harmonics are 

found under certain simplifying aeeumptione„ 



The further correction oalc be mads in the aes aed solution for 

the flux lint ®a, which my contain upto 5th harmonic' no the 

solution of the Daffinga equation for Correct is a odd multiple 

series of fundamental having their el~plitndes different, actuall ftgn3 

tunes of which can be determined only with farther simplifying aim. 
ptions. The extension is aida upto fifth harsnnic in the flux linkages 
for more accurate solution. It in not wivisible to go for higher 
correction because the magnitude of fifth harmonic itself is very small. 
with respect to fundamentals, so the higher harmonic will be more smaller. 

In Chapter V & IV it is shown that the solution for D .tt nge' 
equation can also exist in s bbermontc forma, under certain initial 
conditions. tbharmonios are defined as the components having their 
frequency an integral submix tiple of the driving frequency. Most 

©o~wnly obsexved eubharsonics are defined as the c o poneats having 
their frequency an integral sub multiple of the driving frequency, 

),c oomm~only observed bharmonic in the ayste desci.bed by 

UxtZing's equation is at one third the driving frequency. 

Mr. Tzven lravis and C.T. i aypndt shored that the initial 

conditions are met irportant if the subhainic o scill ation is to 

exist in the physical 	Mder different initial conditions 

different solations may ex Let. These initial conditions should 
exist 4th in the ,mrstem Itself. These conditions are found for 
a particular exc4lea, 

3- 
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The effect of the line length is considered on the 

nonlinearity in the following. This nonlinearity is due to 

transformers In the transmission circuits. 
Let the transmission system be represented by a single 

line diagram as shown in figure (2.1) . The line is represen-

ted by a T equivalent circuit with lumped parameters. More-

over the transformer is represented by a nonlinear inductor 
with a voltage source behind It. Now with these types of 

representation the transmission circuit takes the form as 
shown in figure (2.2) . In the circuit R L and C are the 
resistance, Inductance and capacitance per unit length of 
the transmission line 1 is the length of the transmission 
lifle. 

During the switching out of a fault on the transmission 
line at a certain distance say x from the sending end the sys-
tem may be represented by a series circuit shown in figure (2.3) 

Under these circumstances the circuit 'becomes a non-
linear oscillatory one which may cause high magnitude of 
current and voltages. 

Ferro-resonance may occur in a circuit consi std 
of resistance $ capacitance and an Iron core inductance. 

In the study of ferro-resonant circuits regorous mathemati-

cal treatment has been found practically impossible. With 

certain simplifying assumptions, it Is possible to compute 

performance data which describe the nature cf ferro-resonance 

4 
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phenomena. The methods folio id in treating the series 
circuits in figure (2.3) needs determination of a func.. 

tional relationship between current and inductance of the 
Iron core reactor. Under the assumption of sinusoidal 

variation of current a continuous Voltage + iaracteristic 

3s obtained from the well known circuit equation, 

# 	2' zj4(yi  

where the functional relation is defined by 

L1 = 	(I)  

TJ a graphical solution for the series ferro 
resonant circuit figure (2.3) follows from two independent 
relations for transformer voltage y  namely the volt ampere-

characteristic of the transformer s  

and the circuit egition (assuming sinusoidal quantities) 

+ , 2 	( 	)T2 	+ 	.». ........ 	.., 

or 	' I .: 	2  Q 	) 2 + x 

6. 

or ET  + EL = V 1  + E,c 	,.-........ -- (2.5) 



where 
V1.= 	 j) 2 

xWC 

a ZW • z (2.8) 

.
'Be" tire of all the tUdy its pie for the different 

a nponent a of equation (2.4) 3n . ►idu jr. The elation (2.6) 
t~preeeatr en eUlpae botven voltage and a rromt uhoee p nct 4 

axes 	eTaIOe G and 	. pr this elipee the p 	ipal. 

+mss 	Is 4epeodeet upon the distr4zaa. of the line where the 
fad .hd ocsaurod• The principal aide .ye inversely pi portiona1. 
to the d3»at*noe. There are two uniting Ye13100 for the principal axi. 

•
one 0► 	a o,g to the fault amditiOn at the eendin2 ems► 

h 	at case the: ellipse Yedu.ces 10tw0 Ines payalle) to the cuvyent dxis at dis+ances 
#rtxt x, a sx 	s Of S. - Other eztrMe tan3t condition f}r 

occur at receivini and at a UIat.r dttanoo oorrempond1ng to an 
infinite line, the upas oQllaóe to a ratght line corrempond- 
flag to the pro. age axis figure 2.4. 

Gn4dering the voltage damp equation 2.7,, the iolatlon 

between voltage and current can be rr p reante4 by a A ght line 
of different &apes depmadine on the line length into .wed. The 
slope ii.. given by the relation 

tan Y 	 -- C2•0) 

'the ti int g value e, one oo rreeponding to sending end 

at which the distance is set o and the other at receiving and at 

which the diet ecce is *axi 	and is infinite in vase of infinite 





line, are 900  and zero degree. The rotation of the line is c]od - 
view as the fault coves from the ending and towards receiving 4nd 

having its one cad fixed at the origin (figure 2.5). 

Thu sus of the equations 2.1 and 2.7 betweon the knits 

oL X L ao is as 9134es (a  tact that nay be r di1y ascertained) . 

The position of this_ e'l pev mages as the distance of the fa 

ohaogea fig. 2.1. 

On the left hid aide of equation 2.4 the first tam is 

independent of the fault di at ance x, it represents  the tranatbaer 

volt amp ear. oharaet er& otic (o : o. o.) tig.2. 

The .p ation 2.8 gives a striaght line relation tetwean 

voltage and currait. The slope of the line is given by the following 

2 

the above relation 'shows that the slope of the line is dire.. 

qtly proportional to the fault distance X. In this oaae the rotation 

of the line will be antialodcuiesr ( opposite to that of capacitive 

drop characteristic represented 'bar► eiation 2.7 ) as the fault roves 

trva the sending aid town d receiving and having its one aid fixed at 

the origin. iire 2.8. 

The addition of the volt gpere characteristic of tranatbr-

nor

. 

 to the inductive drop aharaeter Ain of the tranaa.a+lon line 

(eWatioa 2,8) gives the total inductive drop fieri tie. The 

total oharacter stio io lifted up da as the fault proceeds Crop 

sending aid towdø receiving and and has Oat the ams tendency of 

rotation as the straight 11e represented by kation 2.1 i.e. In 

an a►tioiod 4. ► direction fig. 2.9.. 

0 
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The iutersecti rn of this total mimetic ohara<teriSic 

with the total ellipse are the graphical solutions for the ourxeat 

(points 1# 2 and 3 In fig. 2.32). The repreaeatat#om In this or*, 

because of its oo mponent nature, pelts a +a le graphical ttudy 

of the circuit characteristic with a Variation of fault distance Z. 

Maltiple mrr.n1Pvaluee ;re due to the discontinutiea 

or Jugs. As the voltage in grelua2 increased aco-ross the coabi-

nation of the idea reactor end the capacitor, the reactor does not 

conduct until a critical . voltage . is reached at which the operation 

p'Int szddly J' a to +il., with further gran u ,increase in voltage 

the curront increases amoth' along the cuzv. 'a' (fig.z.10) mpto 

raae point A.  With the decrease In voltage the amrrtt reduces In 

a stai1ar a m ' upto point Ai, where the voltage is again egsal 

to its critical ve3ue. Now it the voltage is further reduced the 

current r ices aeoothly upto ,point #S which corioq onde to a second 

critical point at which the further reduction in voltage# reduces the 

current abrupter to zero. Curves b and a of figure 2.10 corresponds 

to Loss ideal fo zo.-resonance associated with the H - I curve b and 
a of figure 2.11. 

At the critical tical pointe Aj, and ,*3 there ie an abrupt change 

in currant which takes place and is shows lq r the dotted 1ines in 

figure 2.10. The path between those extrsaities is not tmovas  It ,ear 

have any shape. Msace for the voltage between those extremities 

there mq be c leaeb as ®axe' values as three for current. Out of 

thus. one is unataba.e and does not exist in the greteu, so we 

call that value unstable one. 4$ua1y cru rrrnt values are dependant 

rz 
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upon non linearity curve. 

'7b avoid c . :~y of muatiple .urrmt values however 

it is neceaeaay to aiatingui4ah the real. or stable aolutione from the 

unstable solutions. 

STABILITY 	Marrend had g.tve a method to toot the stability 

of the ltle current values. Point ,i end 2 corresponds to stable 

solutions whereas paint 3 gives an unstable solutions* The reae)f 

for this distinction is as fbUows:-- 
if we leave a stable point the current siddaill changes 

by a small amount I and its effect on the circuit can be considered from 
the following relation. 

.,{()_ 	+ 1W 	zJ 	,. 	.(2.11) 

Due to a slight Increase In current, if tho quantity 

1 (I) + xw It I 	re increases in aagaitude then  

will tend to decrease according to a uation no. 2.11. The ase 

of variation of ( 	1)'2, however to o po sed to the assumed change 

of auarrait, tberaib re the point is indicative of a circuit condition 

in favour cf stability. Now with thc iztcreae of carre4t# if the 

cientttyft(1) + X 	- 3/XJ decreases in ma~iitude 

then ( 	I) 2 411 tend to increase according to equation 2.11, 
a 

indicating 3s sense of variation oimilsr to that of current. epee the 

point is indicative of a circuit condition vhi.oh is not In tavoiir of 

stability. in a similar manner ar .ments can be given if the current 

is ass med to decrease elightigs 
tom' 'etabi ity of nitiple irrt v1.is can be: observed -: 

IL 
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graphically by seeing the °variation In magnitude of the 'quantity 
Ef I f 	I .. 	] as is ah:*gn by thr hatched ordinates in n 

n 
fi$ uro 2.12. 

EFFECT OF DISTANG ;-. Ae the length of the line is 1z creaaed, all 

paramestore of tr end.satu line increanuo in nan.ttde. T; effac~t 
of resistance iz.1 a to sbiz en the principal axis and hcnco it in 

of slight influence on the pa Ltion of intersection point 1 figure 

2.1,2, p otmit ti ng ua,U. values of currents and voltages In the circuit. 
z 

At pointkbowcver with large carr to permitted to Zw, the resistance 
p reVeato an excessive ncroaGe Of crrtt r. and voltages. It is 

possible that the inc;reaaed resistance may shorten the ellipse so 
fat that the inter,oction 2 entirely disappears. Now only a single 
state of oscillation can develop, with small current and voltages, and a 
tumirt2 over to high values is no longer possible. ice the 3nser• 
tion-of obi resistance in the safest mama for stsb lining of ferro- 
resonant circuit whish tend to over turn. 

The effect of Increased inductlgce due to the transaisslon 
line will be to lifI up the saturation characteristic of the transformer 
It hc,a aluo vary alight effect on the position of intersection point 

' 	is while it has Mt an spprecie:OAe effect on the intersection point 2. 

The value of curroat &ad voltage increases considerably by the 

kLeraed inductance for point 2, 
The increased capacitance has a slight effect on the 

position of point I 4 the veiueo ibr current and voltages are 

s).iglitly reduced, while there is an appreciable increase in the vat 

of current and irolt age corresponding to point 2. 

16 
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of 
.It i/theorit cal 1voxtano a to note that in cavae of a 

ideal line i.e. having no loasa3 in the trc n ieLdon systta, as the die. 
tance of the fault is Increased the►uratlon characteristic end 
the oondenaer line are xoyatin,y In opposite directions between zero 
degree to 9Q0. 2bwvvcr the Intersection of the condrneer line and 

the agnetic chara eriotic now mor move to infinity. This will 
occur if the w1opea according to c uatlons. 2.9 and 2.1 are equal. 

.t Y=ta~~'  

	

Since the 	of totem. Mjgaeio abaractexi.tio for 
large values of current i;, gvezued by the slope of inductance line. 

Hmoe a. t zue rewnanco can level j 3.t 

W LC 

F,i► m the above conaider tion s it ie clear that In o scilla-

tc r r circiit a containing elenent s hang nonlinear behaviour due 

to saturation there never can develop iatained resonance between 

capacitance and inductance. 1werver there May occur a change in 

the state of circuit duo to the jw i fro* one poin t of the character-

letic to another far distant one. Hence in case of ferroresonent 

circuit there 1.0 no £requecr which is extremely dangerous for the 

circuit. This is duh to the fad that aaoi"tury circuit with 

maguo--tia saturation do not have a natural fre tear cy, 

	

For an ma 	is ul felt he sane procedure will be 

adopted except that the source voltage £ will now ba modified to A. 

17 
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The erph oal method is a ?lamed with the hot, of fbll4ng 
example. The pouer of 100 1 VA .s required to be transmitted through a 

distance of aDO nUoe. At the sending c1 the at ,ads three bank 

trajieformsr of 100 HiT&, 13.f132 V is Installed,. 	line has g3i the 

following constants. 

Rasiatance r 	0.275 /milehbase. 
TAduetauce L 	= 	3.48 to (mile/phaae 

v acitanaa = 	= 0,0218 A.F'milgph e, 

The standard magnetization cu a in per 'unit is taken 

from 4iE August 1954 pp 1027.42 

p.u.Mmgaat5.4ng cure wt I p .u. voltoze 

3. 0.5 O«O3(3 

2 1..0 1.000 

3 2.0 1.060 

4 3.0 1. M 

5 4.0 x..120 

6 5.0 1.1.40 
a,.© 1.160 
7.0 1.180 

• 8.0 1.200 

10. 9.0 1.210 

11 10.0 1.220 

12 1.1.0 3..280 

13 12.0 1,240 



14 1J.o 1.245 

15 14.0 1..250 

16 15.0 1,255 

17 16.0 2 } 

is 17.0 1.265 

19 18.0 1.270 

19.0 1.275 

21 20.0 1.2'O 

Pufl to ark currant ,Qac phaoe = 437 amps. 

Genera y the a ietizbion ctwratt is leas than 5%. ab 

the magrutization cure .t for such a trcAafozner ay be t kart as 

ec ua1 to 20 swp. 

Now victua1 ngnøtization wr~re becomes as under taking 

~seconda 7 o dd a volt age to bu base voltage 

31. Ma iotizti curt ., 4 1b1tai a In LV. 

1. 10 105.6 

20 

 

132 JO 

40 139.9 

4 d? 145.2 

g 80 147.8 

7 120 i53. 

a. 140 ~.s~ a 

r9 



9 1(0 158.4 

10 180 15c.$ 

31 00 16w1.0 

12 220 162.3 

13 f0 16.7 

1.4 260 164.2 

15 280 165.0 

1' 300  

17 3M 166.2 

18 340 1.67, 0 

19 360 167.7 

2~? 380 268.4 

21 400 168.9 

1b r d ff~a.rmt d:i.ttCOD the curros are dra=. 

Whon X = 100 mi3.ea 

.. 	Z. 	: T = 100. 	5 .1 volt, 

13.75. 1r L. KV 

AW a 1 = 100.10011. sia..0 3 1. volts 

*4 
54.7.10 1 NO 

lU 



it)Vl ))/~ 



zz 

+1~ 	 . 1DO rr.©.021V . 1io4' Volt 9. 

s 1.46 1 Ky. 

Whu I : 125 ails 

Fit * 'Z . z 0 126 • 	1 volts. 

U 

 

17.2 • . 10 I KV . 

XwI  1.25.1001T . ~" 	.10 3 I Volt $. 

a 1.148 1 0 11. 

CASK ill 

Wh L 1= 150 ailea. 

% 	,= 150. 	I *Oita. 

2Q.62. 10"3 I 	, 

EL I W z I sc 150. 100 iT ' 	1O I wait#. 

*2.2 . 	x n. 

S 	K av 	15001001T o.o 2i .It'r"' Volta. 

©.974 1 K. 



Whom I a x,75 ad.les. 
ae X 3 Igo 178. 	I- Volta. 

as 24.05. ic3 1 4ZUKV. 

X i 	175.100 iT ,'M .i.c"8 Z voIt,. 

gar 4 ►. . 1.r3 I . 

$ 

	

_______ 	.~ -Volts 
Ej 	x Woi 	 .75. 2OO rr •O.02te a .0 

çAI 
_ 	O 835• Z. KV. 

= X A l s 200 . 	'' 	I Voles. 

a 27• S . 3Ar3 I l V. 

B B I W 	*200.jaQiT, A.3q`"s 190 It 0 

x109.4. 203X . 

S 	 + 	rl 	
Volta. 1w 	..! 	

2D0 . 100 IT .0.0218 . IA"i 	v 

23 

= 0.73 1 V. 
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Fria the oonpaz'atiye tudj of the gr~he the following 
conolua ons are drains.. 
i) The effect of line restatace only on pointe 1 & 2 is 

nag igtbl. as the di tae of the tit is Increased. 
ii) The effect of line inductance only cn point 2 is to inorease 

the magaitud.a of entreat ed vo3.tage, to an appreciable 
extent . 

 
with the increase of the fait +cjictance. Whereas 

point I, has ;dot a taidenoy to decrease the magnitude of 
Durrant and voltage, of course, to a negUgib3o extant, 

fit) 	The off eat of line capacitance only on point 2 is to In.. 
+areae the finitude of currant and voltage to an app roo - 
bis extent with the Increase of the fault distance whereas 

has got a t adenay to decrease the magnitude of currant 
and voltage, of coarse, to a negligible extant. 

iv) 	iio net ei Dot of line parameters on point 2 is to increase 
4 

` the siiibd. of current and voltage to an appreciable extent 
with the .naroaae of the fault dictane*. Whereas point 1 has 
gat a tendeacy to decrease the magnitude of currant and vol.. 
tago, Cr course, to a negligible extant. 

29 
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4 
The aduivaLent circuit representing the trrnaaia4on line 

as foxxulated In the Chapter 2, is utilized here for calculates 

the circuit at ormal currant and voltage. 

The fbLioxing a6SUJtion8 ,areMeda here. 

1. The line indv.cstance and aepacitancee are cQnetdered 

to be ni ed one. 

2. The resistance of the line is asiWaod to be negligible. 

3. The 3o as component of the capacitance of the line is also 

asined to be zero. 

The circuit pesters of the Iran scion 11tia are such 

that the ferroresonance phenomena may occur under certain conditions. 

Leri the ihnormai o ndition occurs at a distance I frim the sending 

+end and L and 0 are the inductance and ce acitance per unit length 

of the line. ,t this distance the iuped values for the para- 

meters are expressed in a T tozi*. The o:xpres; tcn for the voltage 

ceh be writ 	from the o.trxit (fi 	8,12 rinse ~. ].) . 

iia 	(w 4 8 	► 1" 2 . A '* xC .J 	t . ...,(.1) 

Ldt 	di d 

Let 

ta 	-3.z) 

d 	. 3ai 	.x....,.(3,3) 

Putting the valve or dWdt in (3.1), the result is 

sI (vt t 0) _ 1'. (&.8312) . 	* X 2 db X' 
J 

id4 

(K +swBi2+x ) 	g ̀ " J' idt 	(3.4) 
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i 

oa the oovpax'atiYe study of the graphs the a ],.owing 

conolusons are draan:- 

i) The effedt of line resistance onl7 on pointe 1 & 2 -  is 

negligtbls as the distance of the fault is increased. 

ii) The effect of This inductance on3 n point 2 Is to increase 

the magnitudes of current aid voltages, to an appreciable 

extant . with the increase of the fault distance. Whereas 

point 3. has got o. tandeng7 to decrease th. magnitude of 

current and voltagep of course#  to a negligible extent. 

iii) The effect of line capacitance only on point 2 is to in 
areas* the "agn itud a of currant and voltage to an app real&. 

ble extant with the Increase of the fault distance whereas point 
1 has got a tendency to decrease the magnitude of current 

and volt e,#  of course, to a negligible extant. 

iv) The not effect of line parait ers on point 2 is to Increase 

" he selsaLtU3.S of cu rrsnt and voltage to an appreciable est peat 

with the increase of the fault distance. Whereas point I has 

got a tendency to decrease the magnitude of current and ro 1 

t agep of course, to a negligible extant. 
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The ocuiralmt oix'cuit rapreoaating the transmission 11ne 

as fo zulat ed in the ChV ter 2, is Utilized here for calculating 

the circuit aheoraal current and a1tage. 

The following amsuitione , are made here. 

1. The line 3ndoa t e. and capacitances are considered 

to be mi ed one. 

2. The resistance of the line is astuaod to be negligible. 

3. The lose coopon&it of the capacitance of the line in e7.* 

aeau*ed to, be zexo. 

The circuit parameters of the t ran ent anion line are each 

that the terra resonance phenomena mar occur under certain conditions. 

Lot the abnormal condition occurs at a distance I from the sending 

end and L and 0 are the inductance and oepacitence per unit ligth 

Of the line. Ab this distance the lu ped values For the paw.. 

net eras are exp reamed in a T form. The exp resoston for the voltage 

aaft be wri.ttea fro& the circuit ri 	tl1 . 

* xc f i4t _....-- (3.1) 

Ldt 	di 

Lot 

Ai +. iia  

di 

Putting the value of dWdt In (3.1), the result i ;is 

Va  cin (art . 0) _ N. (A+81i2) 	+ l i l + J idt 

N 	Nf .2 T  2) 	+ 	idt ........(3.4) 
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In order to obtain en eppzo ate Steady fiats solution bj 

iMtfig' a aitlwd a periodic solution of the foiowing tors is ascend 

i = In min vt 	-.-_ . -(.3.5) 

S 1* s W. OO a idt. 

dud 	lilt = - 	do $ yr . Q 

Putting these v 	a In eautn (3.4), the re,1t is 

sin ( + 0) 	~N A f 	' # 3 NI IS2 siun2 wt] 22. v. o0 6 Jt 

or V'. sin vt 000 8 . Yen oaa wt 	► 8 = [(NV + )Z r 	1Oo 0 vt . 
1 

NA 

 

:63 sin gat sits 2 wt + Q 

ar 

Ven Oyu vt oa 2 8 + Biu goo a wb . ain e = 	[NA + 	) 'w T 	► 4 ND w 

005 'wt. •. 	tai N3 IM3 003 a Ut +  

The uudoter ned 000f 'iciaat a Ten and 6 may be adju ed to 

an opproai sto twlutioa y mating the aon 1t tom n the cOoffiaLecto 

of sin 1ib id pa ,a on both didGa of the aboo ec u~tion. 

SCC 
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NA , iL)w ii - 	 Nw Sn$ ] 	m sin 0  

8 can be calculated from equation No. (3.8) and it is 
,proxJaate]y equal to 960 and value of Tm can be found from equation 
No. (3. q). It is a cubic equation and it can be written as 3/4 N w 

a [V Qw - w (NA + XI/ 2) - VM sin 0 = 0 

	

orIm3- [ -ii{ YC 	- (w NB+ 	n 

4 Y„,s:u $ 
a N  = 0  (3.io) 

This equation is of the foxm 

Y- q I -. r =  

where q 

 

___. 
	- CwNA p wA 

4V* sn 0 
and r +~  

There are two principal oases to be oonaido . 

Cir ( 8 where 4 q3 > 27 r 
In this case the cubic equation has three real iot s. 

a t a1Jet po a .tive angle P is fund such that 

	

Cos+p= (A W2 	 (3.1.4) 

Thai the real xoot c are given by 
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'2  Ti .q oos "' 
3  

13  r:,. 	.q.coo 'w+_ 

Where 4q3 < 27 r2  

In this case the cubic equation has o4e real root efd two 

complex loot o, Then it ik afid r are bath positive. 4pgle f io found 

otich that 

flash 	( ) 3/2  

Theon the real root is given by the eq ion 

o =A 'gosh 

Dividing ogietion No. (3.11) by (I _I)  the equation is 

rodiced to a quadratic one pad the pair or Complex roots iR obtained 

by solving the rest ting qjisratio egaation. 

If q In negative and r is positive, the angle is found 

Ouch that 

Sinh 0,= (q)'2s  

Then the reJ ioot is tven by the equation 

1 = . (_ q)'" • sin h r 	----43.19) 

It may be noted that r may always be erppo sed to be positive 

ace it the sijp of x is chimed the sip of the roots is mercer 

changed. 



Now fbr equation ND. (3.10) to have the 'three real xoota, 

the fo]lov ng condition must be satisfied 

[a, 
	_ (WHA, + .~}j > 2? 	y 	) 

or 	N 	1CCv 	-{WWN.A + 	) > 27 V 2 Sin2 8 .......(3.20) 

The qjiaâtity H
XG
W— - ( A + 	).} 	is changing  

4th the distance. The first teva in the bracket corresponds to the 

capacitive reactance and the term witbin the small bracket x resents 

the inductiv© reacts .ce. The curves are drama for these two types 

of reactances again  et distance, as a hewn by ,figure (3.2.) 

QoneraUy the eon t a it H has a negative vabu©, if the current 

is to have three real. values,, then the inductive reactance eh►'+]d be 

more that the capactive reactance,, then and then only the condition 

given by equation NoI1r3)) may be satin tied. The inductive reactance 

is a straight line ah w3teristia having au intercept with the reactance 

as as (wNA). The capacitive reactance v/s distance graph iø of 

the hyperbolic nature. The inductive reactance is increasing with the 

distance, while the aapaotivo reactavaca is decreasing with the distance,$ 

are the two curves will definite r cut at a point T as shewn in the 

graph at which the values of the two reactances will be equal. Before 

the distance P, the current will have one real Va1e and a pair of 

conjugate complex values, Out as the distan a is g ashy' increased 

beyond distance ?, at cone, point the o resaioa (.20) will be satis-

fied resulting in all real values for the current. For all the three 

real values of currant, the distance can be Lound out by the o ression 

(3.20) and this is given by 
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-» 	I ' NXw V.ait1 e] ,/T 2  cN -Cw 	NB ng  sing  ] 

•Zw2  Lc 

r w2L0 

T O? CAP ACIhNC  
Genera, ly whei the power is transmitted through long distances, 

it i s requi red to instal . static capacitors or synchronous coed i eery 
at the receiving god at some tines intermediate stations are aloo requiared, 

where these equipments are also installed, otherwtee the stability has 

got much affect over the distance through which power can be transmitted. 
a 

In such cases, if the conductor gets opened beyond these stations than 

static capacitorsal son; in picture. The effect can be studied by 

adding this value to the capacitive reactance curve as atca m in the 

figure (.3). The initial intersection point when the effect of static 

capacitor is not considered, is at a distance T,, and after 	Isring  

the effect of capacitor which is installed at a distance I exam the 

sending end, the tote,1 capacitive reactance curve takes the fossa as 

is represented by the thick line. The point of intersection. shifts 

towards rigs at a distance T2  . It slows that the real 'values for 

current now could be obtained at a larger dis ce. 

t =2 O IUPJtQ 

SO far we have considered the system to be solidly grounded# 

If the system is inductance grounded (assuming here that the inductance is 

near one) then the grounded Inductive reactance will be constant 



through out tiia length of 3na). TU can bar added to the Inductive 

reactance obaracteristf c to got the ndt effect and the ire of the 

carve wi-U be of the form as shams In the figure (3.4) by the thick 

Vie. 

Ifere the intersection point i3 ahifted town de the left hard 

side and hence all the three real values of currtt iU be obtained 

at a lesser distance. 



• gu 	 F 
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* H.I.EINIO SOLUTION 

• oUaINa' S 41ATION 
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A power 176tem having generators connected to transibrnere 

to tray it power at high voltage through tranamiasion lines to the 

load centre having low power factory which is iVwved with the help 

of static capacitors or y-nohronouo oondensers3  uq be converted into 

a staple non linear oscillatory circuit, in case a fault at the load 

centre has oac red and is being clod. 

The following ass phone for converting this circuit to the 

ordinary non linear oscillatory circuit are mane. 

1. The lice parameters are aezumod to be 1uspsd one. 

2. The line resistance is asomed to be negligible. 

3. The line inductive drop is added to the volt - aapèae  

characteristic of the trsueformer. 

4. The tranafbrmer may be wed to be a non linear inductor 

having avoltage source behind it. 

Rarmonic solution may be givt for such a circuit. 2 16  

Let the magnetization curve is gives by 

t . 03  --(4.1) 

where N is the no. of turns on the coil carlying current 

£ and Lo  and A are positive constants. Constant 4o repr®eents the self 

inductance of transformer together 4th the lice#  which ted exist ]  in 

Gave the saturation effect is absent, so that A 0 

The circuit equation can be written from fig. (4.2) as 

C .« L = B sin w1t 	(4.2) 

Here q represents the instantaneous charge on the capacitor. 

C*, i.e the total capacitance or the line and the p.t. correction 
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mat• 

sy is the itei*stranwas voltage aatoss the tramefoze r taking into 

aacaunt the Inductive dzop of the :Lint alis*. 

l sin w1t is the driving Coltags. 

It i s well kno that the rats of change of Charges the 
ins- 

zrrgnt i in the circuit and this is related to the t to eou* tlhc 

in the oars by equation (401) 

dVdt ~r t 	 ri 	..~.~.~,~.(4.3) 
0 

Firther the iostsntansous voltage across the transformer I.s 
p ort nsZ to tie rats of o~ge of ~ vy L4~dt. 	circeit 
equation (4.2) is differex►tiated with rospect time aud those relations 
Subetitutsd. 

1 • d ♦ • (0) a .tri 00 s wit ----~(4.d} 

or 	L► 	t g +N . 	=ari to a w t t3 	 i 

0 L + g,g3 	`- r- ari a0 s will 
• 4 

Again put 

and h. 	-- -.MAMOM(+ .6) 
0 

as 

`4- . ,$ 	`h~ O ►i coo grit 	.....~.. (~I~. T j 

4~ 

Now equation (4,9) is of the sae fors as Dut 	'`o equation 

.~,g X h Z~ 	G. aces wit . -- d. g) 



One of the kinds of phimomma ,appearing in irct*s 

grrsmed by ming' a squatton t o that of discont1nnous jU pa 

In aspUtude, as the, segnitudo of the driving function is varied 

■mooth]j and oontin us]y. At the arse tine, haironias of the 

driving treq1e1Oy are ge erat.d. 

The solution for eciation-  (4,7) in the fors of 

X vos w1.t *._._-(4,9) 

to as ed.. 
Now in eq4ation no. (4.) there 1,s no tei* representing 

desedpat on which is inóbzd.d, and hence it is expected that 'h 

will be exactly in or out of hass with the driving force, fo 

he phase with tke-jr&iiig angle is not 3nc1 dsd. Tho squatlon 

No. (4,9) Is differentiated twice and is cabsti'l ted into squ.at1on 

4a. (4.7) ving.. Y iii.$  sa s VIt t $ Z ons Wit . + hi so s3  Wtt 	1 
3 ooagritor('Zvi .zv02t 	 ) savyt # 	aas.3WIt=Br1,oam 

t ,.L44. aa) 
Now it is required that only terse of tunda to . fregnemoy 

abou d satiety the equation (4.30) 	ell the toss In cos rtyt 
are Oo3 lect sd. The t o= 0063  w1t to 3.gnor.d tO. later. 	xating 

the coefticienta of cos wit. on both aides foliowlng rosults in 

giiation no„ (4. 3.1) is a ibta in the iastboga eip..tude 

X. It is evident that it will , weys yield one real YaUe of I, 



amt there gray be as mr real. vale as thwer. &arae it is possible 

to olataif the n iltiplo valued solution needed to aOu ju s in 

a plitude. The zoots of cubL  9uatioa ax's dicussed in chtex' 3. 

Therefor. 

f. V X00 8 Wit 

jut, 	'=pp 

Nov putting the *a'lue of 0 in equation no. (4.1) we have 

i in LO cv a wit • 1~ +ao  grit1 
J 

. 	oo8 "1 e • 	• coo a w ti -i. p + 

This is the required solutionof fi 'lug' a equation# ti»u ;h 
it is not accurate beOaua, a third baz onic ter* was ignored, 

The volution Na. (1) is based upon jus the fundamental 
cao~pon4nt of what actually is a mnslnLta id l solution tb r the original 
nonlinear differextial. equation. In reality a thud bar nia tel% has 

 lde1y ignored, which aril whex the ass used solution was 
mabstituted into the equation. s, the solution is pro i a%&.y oarreut. 

Now to ioproYe the acc ataa7 of the ao action, an obvious 
is to aesUme the solution of the fora as 

13 

(4.i4) 



This solut3~oa is eoaposed of both the fuodaumtal and 
third hax*rnio torI4 ius oa4 of equaUon W. (4.9) having oa'y the 
t'undamental. The costficloots X1,a d Y3 gust be dstsrsdnod. Now 

subsAit t i g the awed a rlutIou ivri r tatInn no. (4.44) ,$ to 
squatiion a. (4.7) pJ.I*ab1a to the, snt u tbout die4pation. 
Tie 000ftioivat a of a* s Wit and act * vit are aoUsat sd and carr 

equated on both s .don. The roou].t is s pair of 4ziat&ieue 4gerie 
ovations for the co.ftioi nts. 

, 000 Wit -9Z3w11 Coo 8 wit +w02 (X1ooe grit +13 nos 3 wit) '+ h 

corn wit +Xaco s 3 Frit] 	li. Sao s x j. t .., (4. is) 

or 

•• , i•11►©$j co rn w s 	3 	+ w 	cos 1 	 lt +(4 X W 1 	 "w 0 ~3 	i 
•h 	43 s' w~t.i 3 corn33w3X 2X cam► s $grit. ccs s 3w1t4311132 corn v1t oo a 

w1t] 
coax11t. 

or (..xlw +Xii0$ )CO s r1t.X3 ( _91#912) Oo i $lri'1MItb 	[800$  w,t+ corn rn tilt 

Ceps 3 kht 
•hY [300 vt.00e 9,it ] , 1 r o08 torn cos 8 t+ oos£i3t]  

+ahX1 2 [* cos  

a 	••.1 	,

t

ate f►:

5w 

g 

0o s ?wjt J aA l. 000 

l(wo
3 V 2)1+ 	+ 

	x 91 

3 
. (z i 2z) co s w tt  

• (I1. i3) oo s: 8w1t4h11 X jX +13)001 5w1' b1% .X 2 ass 1w 1t 

44 
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••. tJoe wit: (w 2 	2)X + 

a aw : (w03.9 1) z3 	x 	t •X3). a 0 	-~~.-~s. i.7) 

In th*ar'p these equation cyan be calved Dr ti end %* "ice in 

reatty their solution is not as 	le. Nuaerio3 solution is possible 

In a perbic ar cribs 'bit a general repree4atation of the 001ution 

rpt not be obtained. 

It is azppoaed that the c0nditine are ach that the third 

harmcnio is relativelz am .] In compard a on to fundaamtal i.e. Ig/ICi 

• thea the equation no. (4.17) a*n be rewritten as 

2 

and acjuation no. (#.1$) 'becom(3 the some ae equation no. (4.1].). Venae, 

i cups► be found fors a atiran (4.1.]) as before and 13 is than aaleu]ated 

Zzoa• ,ue ion (4. i) 

Now if wi > w/3, the aa,gebria ins for X, and K. are the 

ass ao that the third hazonie aoeponent is of uoh phase as to 

aaaentuate the peaks of the wave. 

Hence 	'+ Ix ) +0* a w1t + 13 co 9 sit 

tt i% a 10 = cos wit + u3 doa suit 

a a ori' 	car S ►it N 

Now Putting the value of 0 in equation (4,1) 

L$5 



a wit + 	rn s svit e g [z coo a wit eco s 3wwt 
N 

er eic al►a on id sgpUtioati+n the result in as wnder3- 

is 	 joe wto X 	e 

ao a 8wit ,. 	(i ex ) co $ 5w t ' ' N3 tX32 oo $ 7vt 

* 	.,ø 9 w1t 

Nov this io the retired solution of D)xfing1 a egi&tion and 
it is exrre as rate than solution )b4. Vii, this diriYat)n the t tth, 
ee th and ninth Barr o tc terxvj nr: s g; wh n the esauRed solution 
was sabstitutsd Into the cqution# have been co ietely ignored. 

lUrther more accurate oolut n majr bra oiataiaed °fir considering 
the fifth hareonic also In the assuiied .solution. 

The ena34s Is now mended to include the fifth har~roxtia 
of the Pic or 3rd ro tatlon. ' 3.th the third ippz a ation the 

accuracy of the 'Øt is ie rOV*4, the the auursis his more 

0itotid. Bare the Pol*ti+on is assuned in the fba 

7Ci co 8 w:t + coo $wit a 	coo Blit «y  (4.2j) 

The moevioientc L 0, 	and 15 mot be dooermined. The wa to 

adtel sine these goaffieiante is the same as is used In previous 
solutions. Upon substitution of the aammed solution given ' 
ecpation (4.2t) into equation (4.) gpplicable to the aysbeu v4tlnut 

dissipation, one obtains 
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Xi t coo yr t•QYsvi o03 3wlt-2515x1 coo  

2+ Ova2( can vlt+Y oos 3WIU15 cos 5v11) 	.., (4.23) 

It V+ = h. ("a w1t.13 co a Su 1t .X5 coo Wit) 3 .----(4.24) 

Las. first of a1 9 hO +pa 4od In the snuiiiplea of wIt. 
It it kzx of 1 by e~giausiou that 

2 (arbs c) 2 :.0.3+b3fa$*#atx 3abr3'b2o*3o2s+3ab2 #3ic *3oa2 

now put 	a Z 	00 a~ wit 

b w % of 03W1t 

. , 	s3 = *XIS 00 a Wit 	Xis ao 8 3 1'.tt 

*Y33 oos $w t X3'3 coo + wit 

C3 *I5 cc. $tit 4 x5a coo 15 w1t 

ria1 	ø/2. 3X  0O0 v t0003v1t +oa $7v 	er1tJ 

3a2lr 	$Y 	[aoa xjt►aoosiw t • coo $Wit] 

8b tz 	* * 2 	coo xit 2 o asw=t . ass uw1t j 

a 	2 
3oa 	a Z5 Y [2031v1t+0009w1t.u.UWjtJ 

ab 	1 2 ~2 

 

coo wit ecos 5 w1t,asa 7 i 

3 1rar2 	XX 	[ 2 000 a t + coo 7w1t • cos ,13 v1t3 

3 00 	r- 	2 con 3w1t +2000 5wy, + corn 7 v t3 



Now adding these sad colleting the coefticiot of coe grit 
00e 31t. . . a ferate]. one obtains 

(a, b + a~ $= coo v1t rtj~ 3 •3/21j1315• * Z3 P1z23XS,$/2Z52 z .*3,/2att32J 

.von 3br,.t I*h  .x33 +W2z1I3% ,S/2X12X •$/2X X~ 4ZS:eI 

+000 5wlt [*zeiç2x3,a/ax32z5 + 	' /2X.5h I 

• Goa 7 wit { $/ .y. + *~yx$~ t 3  t 	i2.J 
• Coo w1t [*1 . (2X1g3xg * XC 1 

+ Coo'1.w3t Hc a 	Ya Y31 t Coo L3 w1t~ijvs' 
+ + 3 eo a 15 wit 	---,,.,....(4.2 ) 

Upon euba itution o the 	of 4Z., hand 'j 1n equat3on(4.7) 
mAd after =ring eiVlifioations the following rets In 

[_ v2 * o oh *Xj3 + ?'2X1Z3X5 4 X,7 3 + 'x32S *a/8' Z1+ Ja Z12) J cos 

+3L4'♦ X3+h ~4 X3+4 X.♦iX,X~X5+- XN zx~xs+3XsX;)l Cas3~i ~  J 
+- we xs +h 	 Xs + x+' xi~ - xa xs +.i x,  

+ [4 c. Xs+ 4` Y + 	4 + x3 Xi .}. 	a 3 	 s wi t. '#' ~ ~~ Xs + 
Cb s3 wt .{- It C 4x3 x + 4 4 x 	Cos twit 4 	~..x~ x5 Cos 13 w,t 

a 7s ri cos wit -___ -  

Squating the co eoieat a of coo v t, coo merit and coo 5w1t 

on both side and ignoring the other higher har* niost the .bUowing 

relationo are obtained. 

i8 



y9 

1 

9 wi +o r + 	z3 + /a 	s + a 	/ 3 24Z5i j =0 (4.29) 

25X5w12.w0 X +h(*X53 +*X XasW2a3 X5 4t 2 +a/2z5x 2) 0.,....(4.30) 

nn thoary these equations can be solved for 7C -* ~C3 and 

at in reality their solution is not so s ]e. Nu [eric al solution is 
possiblee under certain aimp3 i Eying . e,esutione, in a pa iaalar case, 
bzt the general representation of the elution can not be obta fined. 

it is m%pposod that the ootid .tions are such that, the 
'third  ha is is relatilel sM7.l in Qo i a ri on to tund&iental 
and fifth hazes nia is rolattvei.y smallU in ooz arision to third 
iiaiwflio i. o. 

- "1 
sAd  za 

Than the equation nos. 4.28, 4.29 and 4.30 osA be mitten 
an follows rompactinely.. 

	

a13 + 	- ©.... -4.3x) 

	

x . = - 	
~~i 	

...... (4.a2) 
v1~~ 

..-.  

13 	
[4i2 .25wx2)+Xi2J 



Bene can be c & c*zlated from ogat on 4.31 as before 

and % and X a e for Found txom eustions (4.32) and (4.33) 

! got the values of Xj.s X and 15  a a yticaUy for 

oompetrSng their a1itu4es the values for Ii and ib2  are taken 

from oh ,ter V for the ayob gem discussed there. 

WO2  ..061 104  

Upon ib itut1 n of these values in equation 4.31 the 

cubiti equation gives the root for as 

&i  = 119.2 

?xom kation 4.32 the value of JC3  is found 

X3  rs 5.08 

mad fiom e u tIon 4.33 the vale of I5  is 

x3  = 0.262 

The magnitude of the 3z4 azt4 5th ha]nioe are 4.2 and 

0.32 reep a tiv '. 

Nov the a preeaLon for current 41.1 be de .vod 

':'j 	Xdo c w1t . cos 3 WIt ,X5  oo o Sw jt 

But 't= No 

0 	Oo s Wit . 	oo s 8v1t , 	e 5W1t --_- (4.31) a . 
N 
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Saip ituti g the value of 0 In a uation 4.1 to get the 

value of Coat the f* Uovinng re3.ation is obtained. 

± = 	e wi't t& coo a 3w1ts 	ao a Suit +j t [Zi co a wlt.X oa s 

• ao e 6 Wit] 

,mor a- a2 aian and sirrp 2i fi antion of the above ra.at lon 

the result I n as under,. 
L 	x~. 	.~  Lb Na  

+ [ 
+ Nj ~ L x ~ X3 XS..}- 'l  X3 + bX Xs + 	Cps 7411 +  
+ 	~ X 	f~ 3 	 N3~ 4 	2• xs ' , wit LoS 

	

3 A 	~ 	~~'~~ xs xs"~--3~-~sx~~ hasliwit 

+ 	,x3 Xs Cos t3 wit -  41x5  

 the so.~ution of i]ufV 41 a ivation brag fond upto 

second opproxivirati n i, e. only  on1p the findajieta.7. and. third h, anic 

're ea*ieo were IneLuded. .ere zz thia work the solution has i►s i 

obbainduptc! the t bi rd. app xo ,imatio+u i.e. fifth harmonic has 

be :included. 4th the condition that t w /  4 .]. and Wx3 4 2t 

which ; cn era2iy i a 'J he ease. 

It has been shown ixy ti1C1Z2g one ex zi,].e that the 	ituda. 

of u'i1'th b manic i mxoh esa.Lier than the third! and It itself i, eL 
vez' enaL1 gaaatity, therefore ern though Duff ing' a equation could 
be solved for an infinite series containing odd harmonics,, it is not 

wino to too bend fifth ha nia practtiaal y because the oc)atplete 

solution is vary Onich eo3a 31ioated. 

S-i 



 S,UTION FOR 0 

TR, 	YON . IN  USING 

	

w 	 0. 

► SIWNT CPACI1OI 	0 

	

R 	 ft 
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The aolition for DutfiagI a *goatIon formed in ohaptor IV 
6,7,12 

can also exist in eubbarzonias form, `order acme suitable initial 

condition. 8abherm nice are defined as the cosponent s having their 

frequeaoy an Integral rzb '1tiple of the driving treq m cy►. Most 

coy monly observed a hbaraonlo in the system# described b r Puff ng' a 

elation is at one third the driving frequiey, 

Ther initial oond .t ns are its isportaA it a bhaxnio 

oscillation is to exist in a phy s1cal a retem. The treq ency and anp-

etude of the driving fbra. must ta1J. with in certain definite limits. 

initial condition must exist with in the ret* itself. 

The Rubharnani$e In the solution for Aitfing' s equation can 

be predicted with h the help of p.rturbetIon tbod. 

;h + 	2 + + A,th. 	= BW;L oo a grit r..'.'..(5.1) 

In this *ase both the free and forced oscillations are desired 

in the generating solution. The nail parameter is associated with 

the non linear term cry. The driving frequency will be at an integral 

sultiple of the natural frequency. ! solution for equation (5.1) is 

assumed In the form as 

~^ a 	 t)+4& ()-----~. (s.2) 
wx a we 4 ,u dl() -w---(s.3) 

Hera only First order corrections are used. w is the aatu&l 

fundaa tal frequency of the solution and this frequency mould be an 

integral aubwltiple of the driving frequency v1.. 

sz 

s 	w * v1/shy, where a is aA integer. 



The generating solution is found ffox the relation. 

~p~ * 	. s  cos ti t _.....(5. 	) 

and is 	'p,aIcos4t.DoOeWjt --- --•• l~. 	) 

Nero the aaplitudo of the ectbba n3a onsponant i8 I 

is the &ipiitude of the oo onent of driving frequency and 
aor ova  

This so,3ution satisfies the initis . amdition $.. 0 at t a 0 
%at the 4rplitude of the eabha r ui.a +oa,onwit A is not bei deter~.n.d 
till now. One thLng more is to be noted over here is tbat the saot 
the two coin. functions with their frequencies integrally related i3 a 
function of even qsrnctzy ao isict be the case for a m+lution for equation 
(8.1) since this equation Is unchanged if At Is replaced b r ,. t 

The first order oorreetion terms are tbund 
the terns is first order correction are not dependent only 

on cue frequency co it iD now neaeaaazt to *boons the relation between 
these fregiencies. The mast . commonly observed bba nni.a in this type 
of the mWatea is of one third order, in. which case n a 3 ,; 

Now the condition required to avoid a secular term is 

,O2 .. 	s.d *0 	._ . (s '1) 

Eciation (5.?) aan be satisfied if either 1* 0 or 

b1a A[ t aDt alp] 	is ) 

53 

The first possibility to satisfy the equation (50 )0) is 



trivial, 6Lnce it removes the whbera niop and, ascond O.i*an bar 
equation (5.8) is interesting one. 

Nov aLbstituttng the Veiue of bl fro& aUation (5,8) to equation 
(5.3) det ertne s the necessary Condition. 

wpb * V - 82/4 (p2. $D,~2D2) . -«..-(5.9). 

*ere M, has bow set equal to unity. It is alb kno~aa 
tmn equation (5.) that D = ari/'t1-w or 

here Da.. 

Sine. 
*%=Doaswt.DooaWit 

4$4 03oosvit/3tDoosw1t 

it 't'q a No 

Butting this vat in equation 4.1 to got the vazze at carrit 
the Hallowing results in 

iU (J s 	• J) aoaut),i(Aeas u..it*Ueoawt)3 
N 	8 l[ 

-w, 
( 	~$ 	] D2 +A 	)QCs $ ,~ ( +14, $j+ 36 4 3 w ff3 	t 	D3 	 d 	 N 

too s V:Lt t { 4 	* 	ass 	# 	as „ t, -h 
	a!,,, 31 

J*. 
Til]. now only the a litudes are deter od but the oh4g. oo the 

capacitor +poid the voltage across it is not deteretu.d. Moreover the 
phase 4if eruios is also not considered. Pere it to aaanasd that a 



ss 

phase dittereace of 0 e4 to and the relation for current uL31 ramab 

we saccwpt that wyt is rsplaaed by v1t + 0. 

E7 

f Iq~ 4 03 2N3 i 

ae a (w 1,t.0) +( 	# 	') co a 5(! 1 + 

ops 3(wt+O) 

xt Is as ned that the origin or ti* is the insto►t at which 

the eurr* t is passing through seropthai at that Instant i.e. at 

t * 0 i * 00 and the total charge on the line and static capacitor 

stnuld be zeta,- put ng i Q at t = 0 is the above e$iat 

1coe 
(ti3)ooae 

8  I d No 

.a gives, 0 

The sr.saion Zr total charge of be oltsLnsd by integrating tho 

expression fbr the curt with reapecb to to These t n4ttions are 

more ipeoiticaAy explained in the following exa ple. 

Ser► a system is oon sidered where it i5 regi red to train sit 

the power of 200 )IV& at 0.15 p.f. to the load esatr. thorough a high 

voltage transaLsalon line of 100 miles. At the seading and we are 

having a bank of tra aftrxers to zpp2.y this power. The generation 

voltage i s i1 KV and the transmission voltage is 1,32 KY. , Ono. 



the load power factor is low so it is required to install static 
ovaoitora at the receiving +end of the load Oectre to ieprove it by 0.5. 

line psransers are given b.bovi 

L3ae wpaaitanoe a 1.21 4.Y./phase Q.O1ZYM,l/ailo/p 
line Inductance 	0.2 L/pha 	w 2.0 /nilgfphase 
Line IvA otenco a 25 oYafphass As 0.25 oha/a i lq/phase. 

The a~pacitp of the +fade e~pac tors to ivrovo the power factor 
from 0J5 to 0.9 is as .culated end is found to be 4.5$Acl per phase 
(tee 4pan4ix) • 

Now it is required to get the saturation curve for the trrnatbrewzr 
bank of it) MV,t 11/132 v. Vuough It is quite diff$det to got the 
exact saturation we for such a traueto r, 'butt the approach is that 
the shape of the a turetion curve is dependant on the material of the 
core, The standard S# H aurreo are available for the materials used for 
traueia rmer core. Only it is required to change the scales of I and H 
Into 0 _ end 1. i4a convert the p and H- scales to 0 and 1. the following 

relations are used. 

. tuasxyQ/ n X ~L 	 , 
"~. * 	 --5 0) 

and Øm .a.'Vbe- i— --(5.11) 

where N Ls the t no, of to na 
i is the mea length of iwgnotio path 

is the area of X-section of the core 

90 tare the number of turns in primary and secondary, the area 
of Z»saation and a length of the seetió path dP required. It is 
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rather very difficult to design zch a tranafbx%er,, as it does not 
only requires the experica , relation Ott nbre practical eeeri nae 

in desL,a. Hera the selection for these paraastero is ei*e what based 
on the proowUre given in the book SpE 	CJ & D8IGR OF SCT. 

MAC M3931 vrtt ten q $ M. G. 30, U ugb not exactly the sue. The 
aaun sia is to show the method bow the. initis. conditions which are 
neaessar9 ibr the piodutc~tion of subbarsnnics are dediaed. 

ca culations are done on per phase basis and more over a .i 
the oiraa*it parameters are trt i.ferred to the primar, ide. The 
•sta '►dard 8.g curve for st"y is given be&w1~. 

lJo,  

I 	100 	0.40 
2 	150 	0.90 

3 	300 	x..03 

	

250 	 1.15 

5 	400 	1.31 

	

350 	1.2 

T. 	400 	1.30 

s, 	450 	. 

9 	500 	1.3+~ 

10 	Sao 	1.3$ 

li 	600 	1.40 

12 	450 	1.42 

13 	700 	1.44 

14 	750 	1..45 



Now the fallowing values fbr the tronafora.r are used 

Voltage per tum S a do I 

	

primaz7 tox .s 	Dt1  a 3pi 

S.00udaz r tune N2  = 1270 

x 4Gas.tr BA 	= 1.4 

Area of Z-section of 

	

Core 	4,i a 0.193 aq. meter 

Area Of 4ixtow AV = 2.78 s. met er. 

Mean length of aspeti.o path 

1 	9 peters 

Now arks use of the relat1+ons (5.10) and (5.11) the saalei 

of B n4 9 are ehwiged to 0 end 1. These values are tabilated below* 

.l.ho. tdt crest i is 	e. F 	0 1n G1b 

2 12.72 0.?1450 

6,99 0.16 1 

20.45 0.1140 

5 25.44 0.1942 

6 29.70 0.2D25 

7 33.95 0.2090 

a 36920 0.1338 

9 42.45 0.1113 

10 46.70 0.2217 

u 50.90 0.2250 
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TR6LE No 5'2. 

12 55.20 Q.2213 
13 59.40 0.230 

14 63.60 0.2330 

The line reaet&11oe character •8$ic can &o be o 'iai 1od, 1 Lth 
the hbif of fb3.ló4ng relation 

Lot R.o 	,... -(5012) 

Iter® 5 &e one woe the tri aaion in. hao only one to m 

+► 3 = 9 	= 720 0 ..»,.. ,..,(5.i3) 

Now the corra ondi g ab *Q of cure it i a bun4 to the 

Vel* of f3iixøa it Table (5.2).. These values are tabilat€d in tab1a No. 

(5.3). 

Zai N0. 53 ... 

$Jo. Current  0uriit I in as. ` Fbiz $ In As 

i C9,5 090966 

2. jf 4.3 0.1450 

4 13a.2 0.1$0 

139.9 0.1942 

145.8 0.2025 

9' 150.5 4.2D90 

• 153.1 0.2133 

9 1$7.2 0.*1,3 

10 159,4 0.2217 
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TAE  

31.. 162.0 0.2250 

12 194.7 0.2293 

is 166.6 0.2311 

14 167.9 0.2380 

Now addJAS the 11alu es of current to the corresponding Ya]uo 

of #2 th tota', oharacter#.at a is obbal ced. Thfa is tabu .atad in 

t&blo 5.4. 

$.No* art i in alp a. Flux 0 in Vba. 

1 17099 0.09*6 

2 13i3O* 0.1.450 
3 is8.78 0.1691 

4 154.05 0,1650 

5 145,35 0.1942 
$ 175.50 0.2025 

' 3.84.15 0.2090 

1.92.90 0.2185 

fi 3.99.0 0.2143 

1. 206.10 0.2217 

It 212.0 0.2250 

12 219.90 0.2213 

Is 224.20 0.2317 

1.4 231.00 0.2330 
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After ggtttng the total oharactei.etio, sw it is required 

to gst the eQuatinn for this curve In the torn of odd powers sories,, 

so that the cation to the curve fit$ In wed;. The best possible 

way to got the beat equation to the curve is the tithed of least 

*go$res Now here the odd power series is restricted to the 3rd power 

only. It the o ation to the curve is of the i'bx~ 

i s a i* b #3 	_- (5.14) 

than the requ.reaat is to determffino the coefficients a and b such that 

they give the best possible fitting to the original curve. e. iia find 

out the values of a end b, two gi.uzU.tanwue equation are £rned ae 

u der 

2L 0 = a T- 0a + b 2. ' --- -(5..5) 

7- . 03 = ayo4 + b 106 -.~...,~.~.(5.~. 

These equations are ihrrd from the least 	are metlnd for 

curve fitting. 

how the Values of 	r 	► 	Ø; T- 0 and i. O3 are (bund 

In tabx.a 5,5. The equations (5.15) and (5.i.) becomes 

516.'~a 57.66. ,~ r2 a + 255.0.100 4. b 
= 255.Q4.iOa + 1185.76.1-4 b. 

After siliticat&Ofl these equations turn out to be as 

Under 

►• 4.41.]D b c 56 

t 4.65. lJ#4b - 9*1 
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On further at li .oat on the values at a and curare found 

a=437 

a 10400 

ffmae the required equation to the curve becomes 

i a 437 ¢ + 10400 1 ---.-(547) 
This equation no, (5.17) oorr®sponds to equation (4.1). Now 

the values of constants will be determined by equating the coefficients 
of hath the equations. one thing is to be noted over here is that the 

equation (5.17) ehcwe some deviation to the actual curve in the linear 

region, while it is appozwa.te y well fits in the original curve In 

the saturation region. lienee the constant A can be equated to the 

ca rromponding coefficient In equation (5.11). 

i.e. A a 10 400 

Rat to get N/IU it is better to get the slops fra the 

original curve, because Chiu constant LQ  is the salt inductance 

of transformer d line when the saturation effect is neglected, 

Deuce the slope of the curve coma out to be 

a =947 

•. La  = 0 .112 H ($e r e N= 0 l) 

Total capacitance referred to primary side 0 = i44.5.$5.i0 F 
Now the value$ of v 2  and h are calculated from equations (4.5) and 

(4.5) reapectiveJy. 
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fl..33.3.i# Oris. 

Vsble of D the ar~plituds of the mvpone t of driving 

frectuanoy is of ained from equation (5.i)., 

D = 	 9. 2.3A1 

Now the amplitude B of the tbha nic is still left to be 
determined. This VaIs is obtained from the neaeaeary condition given 
by ovation (5..9) 

N2. D +2D2 = ah ( 9 ' "o ) 
2 B - 32*3.$s _ 2900 x 0 

Now ubtitutinq the values of 8 and D In +equation (6.5) 

wo Is 000 t . 82.LR voa r t 
or 	~ N O 7 5 eo a t.. 32.16 +oa a wjt 

. 	= 0.10$ 005 wi , ,o 0.3035 coo v 't ""~-• (S 1O) 3 

The value of fnetaneous current I. is obtained from, .([nation 
(4.1) 
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0'2 a [~5 oos'.1„,x.32.11 cos wit] * 	[091106 Doo 3'0.9035 voa wii 
a 

O f ($7l.Q cos '.L.-2t7 co a x1'0,10.4 [If qD 4  

It In know that 

Xzoo o * I ao a w1' 	~A.7 5 1~► rX *3. 5 ] oa e 

*..23X 1. d +Ct.75t J +do s wit 

•(o.7 t.0. '5U) 0* 0 ,1 40.15U2000 !1 
3 

• 0.2523 Go $ 3VLt. 
Zero put 

Z W -3.O 5 
T1reore 

3 
X o 356.0 

x.27.9 

Yl~*y3,~ 
5.© 

10.4 [a.75 +1, 5 4tJ•75z Y J 	2 
67 

w.4 lo.,Ys(?r . u2)] ] 	= *.$2.0 
2 

3A.4 10015a. . ] 	 : so$ 
10.4 [0.25 	=.78..i 



• v1t3 	Vt 
• • f3.4 [1.09 ot+e T-3.035 0)8 vjt] a 2400 Cp►$, L: -1670 ooe Arlt 

a 

 iwt 

	

Cos 	5os coo 
3 

	

72. COa 	It 
3 

Substitutfn.g this value in equation (4.29) we have 

L 3271.5 ca !i-1957 coa xit l$2,3   
3 

*5D6 co a 	4►1Z. ~b COO 	!t 	«......,.._ .20) 

TIU now the a Utudee are dot ez ned. The initial oonditione 

are gtif3 left to be determined O'b r the bharmonice. The initial 

phase differeice is not considered In the previous sua six* So here 

intzodizoing the phase di.tfereioe of 0, the value of the SnstenSOuo 

ourroat i est be obtained simply by rep1 cing w1t b (wt + 0) In 

.q *tion (5920) 

• , i = 8271.5~o a _. .....~... ~ 495? cos (wit + 0 ) 

7(w t.) 	9(v ,t.e)  

t dot ermine the iuitia condition for the +azbba nio it ie 

as 1 od that the origin of time as the inotent at which the ourrent 

18 pseong thvough zero, then at that ins e►t i.e at t 10 Q. 1 0 0 

d the total. charge on the l ne sad tatia c apaoitors should be zero.. 

put tib I * 0 at t a p In equation (S.21) the fo3aowin reoult a in 



0=8271.5 coo t .1957cos8-U2.4 s 	t5O8cos 

72.6 Coo 30. 
Thte gives 0 

. The exp resr i on fb r the total charge caf be found by int eg. 

gating equationn (5.2i.) i4th respect to t, 

M Ji't.  

327i.. 	.G) w 9L" ain (wit • e) 
3 	i 

3 

3 	3 

w ?( ) M" 
.w 	'' 3~►= 8in 3 (v°1t+e) 

3 

where q in the initial charge on the eatene Now to obtain 

this vabie of charge the limits are substituted i. e. Ott ± 0 total 

*hargb i s zero and 8 s LL 

• .; 	.a - 
. ~. 4 * ' 	. . -Lt - 5OOn 9001 	300 it 

m it 	10011 

l ~ 	= x 21.5 

The voltage generated in the ayate iU be 

Y= 

214 
144.5.851.0 6 ' Vo 

25.5 ICU. 

. 	The r. ma. a. value = ,. _ 	•= 	18 V. 
2 

$1.1 TLL{~` 



This figure of the overvoltage for the system is not 

impractical. Because over voltages of t4O to four times normal 

vale are produced on the open phase or phases following the 

cil•energization of one or t phases. 

Now from all this we conclude that the Lbharnonic will 

be produced in the above -it it the initial conditions exists 

with in the y&too. The system ch'uld be able to p oduoe the 

above mentioned voltage. 

The solution of the fluffing'  is satton Awa that 

aubhareonice duo to on..iinegar&ty of the transformer will a l.sts on 

the transmission Una when a fault on the receiVing and is removed, 

only and only If certain Initial conditions exist after the fault 

is rived. 

it has been sbnun bar taking one ogle alco. It Is 

eboun there that at t = 0 i.e. at the instant of switching off the 

ourruit wave should pace through sera and the phase diff' eranoo 

betve voltage current obc>uld be FL and the voltage on the system 

should be 31.1 V rma. 	This o verIo l  take, ae is known can fir- i- 

est an a oto, of U KV rim. a. and hence there oat► be 

00haxmonio.s on such qSteAe under the abovea mentioned initial oond3.. 

tions . %foe gaiter TRUU3s tzm tt to lox.* t~CM$ it&* tchUO a" 

PX" XUWA 0* %* spa 'p *ai foC PUK 14 UM suk f)* 	SA%xx 

ouIF '* $***% 
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The series capacitors are used to improve the voltage 

regulation in case of radiad- tesders? ender 3 	Paint an the feeder, 

the inductance of the feeder in series with the capacitor forms an 

Oscillatory circuit and hence with particular initial conditions 

on the feeder, st .ha3*mics ay be g ieratedL. Here the am is 

to determine those initial conditions. 

Let the system be as shown in Fig, •1  

Let base KVA be a l? 

Hage a 	?e .132 ICY. 

.. Base currant 	. 437 asp a„ 

Inductive reactance = 18.05 

and ratio ,1 = A = 0.3 

Fera the curve (ig. 6, Z) to 1t the voltage reilation to 

5% at full toad the Rsriea capacitor muet be rated at 17% of the 

circuit rating I. e. this In 17% of 105  KVA 

IVA rating of capacitor =312Z0  

• xe 	Rx 37x a'T 	29.9 

.C=107.2*r 

the e%u.ivalent diagram after neglecting the reeist5co of 

the feeder will be as down in Fig. 6.3. This circuit Is of the 

sane fora as oho i in Chapter IV. The analysis for producing 

suh•harNanics under certain initial conditions has already bete i 
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dealt with in Chapter V. Hare the same procedure will be followed. 

The characteristic Lox the line resatence between current 

and flux according to equation (5.12) 4U be (ref. to primary side) 

i1440Ø 

The correq,onding value'of current is found to the value 

of the fl*x in table 5.2 and theee are tabulated in table 6.1. 

4ddá.ng the 

Sir {3 tat 'ep 	t F1x 0 in Wbo. 

1.  Fi 0.0966 

2.  200.4 0.1430 

3• 243.6 011691 

4.  266.4 0.1850 

5.  279.$ 0.1942 
6.  29i,6 0.2025 
1. 801.0 0.2090 

8. 337,4 0.2133 

If 314.4 0.219$ 

100 318.8 0.2217 

U. 324.0 0.2250 

1.3. 329.4 0.2293 

13.  333.6 0.2a7 

14.  33504 0.2830 
MIrMM~Arrr~W 	 - 

,lading the values of current of table 5.2 and 6.1 

to the aorreApooding rales of Plus the total chpraber do is 

obtained in table 6,2, 
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Onrr+~nt 3 Aux9 in W'Uo. 

1.  147.49 0.0966 

2.  221.32 0.1450 

3.  260.58 0.1691 

4.  287,25 0.1850 

5.  305.24 0.1942 

6, 321.30 0.2025 
7. 334.95 0,2090 

8, 345.60 0.2133 

~1• 354.85 0.2183 

100 365.50 0.3217 

U. 374.90 0,2250 

12.  384.60 0,2283 

13.  393.00 0,2317 

14.  399.40 0.233) 

The euation (5.14) relating current sAd t]*x is ro written 

taØ .3 
t~dt The oa-efficient a and b are found ith the help of 

square metId so that this oharsdtertat os fits in w.0 the actual 
curve oa 

 
ca1cu1atec, Zb calculate a aM b the following equation 

are u804 

a 	, b~ 6 

Those ecpiationa are taa1ated in Table 4, 3. 
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925.86 = 57.86 x 1D~2 a, 255.04 x 10"4 1b 

41628,8 x # a a 2561.04 x 10-4 a. 1tø8 x 20x4 b 

or 

	

i600 	4.41 x 107 it 

1632 a a + 4.63 x 

soikving haao equations 

	

4 ti 	
r 
	; 0 = 3.30334 

and a= X) 4.41x1072 x13334 

= 3.600 - 588 a 1012 

.i=1.412$ • 133340 3 

- Now equating the ate-41fioien;a of tha ab)Ta lquation 

with ;he equation 1,1 the oan 8 tt a at equation 4,1 are 4d er ined. 

A = 113334 

' 	= 1012 ( fibre N x,0 6) Le 
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r~ ~rrrwr~ 	rurrrr~rrrrrrrwArr~ 	=618 0. i349x144xiQ7.2 x 

y a A 	r+rrmr rnru 	 r 0.121 
71 N30 	

3(lo6)3 x 1Q''.3xi44xur' 

D= W- -1-- 	zs ., 32.18 

The esp1itu&e of B of the laic is still left to be 

determined. This value is obtained 't 	the necea ary conditionn 
given by equation 5.9 i.e, 

.. B2.BU 4 2D2 = 	(-' 	.. 2 

B • 32.i8D • X370 = 3 z 0.727- 1.098 x 104̀  = 618 

2 

	

3 	32#183 •. 160AD a 0 

.. B 146,09 , w x,13.91 

Nov substituting$ the v ,i.ee of B ufld D in equation 

(5.5 

 146.09 0) a 	•. 32.13 co a w1t 
3 

To =NO 

	

.•. O=1 «a8 ate 	-0.3085 o's~ wit 



The value of instantaneous current I is obtained from equation 

4,1 

afld i.e 

i = u4a92 0o s 	4424 cos wit - 4520 cos . 1 .1270 cos . w-1L 

••93.1cos 9 

lb get the initial charge on the syateo the current a preosion 

is integrated and equated to aero„ ainee the totcl charge at t i Q 

should be aero.. ,mer integration the value of al issubstituted and the 

following expression is obtained 

u ~73116 .: 3426-27+545 - ai.i.] + , a 0 

215 cou]ombs. 

!~. voltage = V = 	_ 10 = 13.9 KV 
16.75K9 .I. L 

The solution of the I1 ff e' equation stows that Wb-harnnics 

on the system will exist when a aØ fault on the receiving and occurs on]7 
and on 3 if c, Iain initi al conditions are prevailing in the systea. It 
is shoiju in the exanple that at t *. 0 i.e. at the instant of switching Off 

the current wave should pass through zero and the phase ditZeranae between 

voltage and current should be 311/2 and the voltage on the system should b 

16.75 IV r. n. a. This ov exvolt age as 10 boai can ezt s on a cyst em of i1 1 

and hence there can be subhaz4Dnioa on such Erato a tinder the above meatior 

initial conditions. 
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Here in this uoic a graphical. solution £'or non linear 

circuits arising out of the fault at different diøtenoes over 

the long transmission line has been studied under certain AMP1Y-

fing asou ptions. YMiped pares era for the line are used„ The 

irprorment can be done bar finding the equivalent impedance and 

adaitance in ? fob using distributed parameters for the length of 

line involved, The over Voltages and currents so calculated assu-

ing moped parameters are larger than the actual distributed para 

asters, so we are on safer aide as far as sly' protective device 

applied to the system is onnsidered. Moreover the analysis is 

based under the as rption of sinusoidal variation of current, 

which is not tray, hence the method gives the appra)d.aate solution. 

alytical► method is also tried to consider the effect 

of the fault distance for long traAwAsaion line neglecting the 

off sot due to resistenos of the line. An expression is derived 

for the fault distance X and it is airy that if the value of X 

is  greater than the derived app ression then all the three roots 

of cubic equation in X. are real otherwise they contain one real 

and two complex roots. 

Till now, the liffing eTaation was solved for second 

approbation„ Gere a third approxiaation is atttapted i.e. 

fifth harmonic has been included in the asomd solution for 

flux linkages under the assumption that Z /Z1  L 1 and 15/1 4 1 
which generally is the case, resulting in more accurate solution 

for flux linkages which will result for the current to contain 

upto 21st haraonio•  This procedure becomes more laborious for 
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for higher harmonic correction to obtain more and more accurate 

solution. Hence practically it is not proper to have au infinite 

series aolution of D)ffing's equation vhioh of course theoretically 

can be derived. 4.s approximation neglecting higher harmonics is 

aociptable. It is s~nun by one exesple that even the fifth harxonio 

magnitude of flux linkages itself is small in mos iarision to the 

fandanantal. 
'imam sad scion lines using shent capacitors or series 

capacitors are represented by ULf ing'a equation under Vilifying 

asewsptions when a ayietrical fault occurs at the receiving end. 
The solution for D)tffing' a equation is obtained in subharsonio form 
under certain Initial conditions. The Solution is valid only when 

the initial conditions exists with in the system. With different 

initial conditions different solutions will exist, 

further work can be cone on this topic by considering 

the effect of resistance on the non linear circuit formed under 

fault condition, ,ilthaugh rigirous mathematical. treatment is 

Impossible it an appiximate solution under certain as options 

can be achieved. More over different t type of fault s s y also be 

studied„ 

64 , ( 7 
Mr t USROYuMIVFZSIrr i1IIL  
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N ...DI t 	L 

The cepadty of the ynchmnoua or static conductor used 

to improve the power favor is calculated by power circle diagram 

as follows. 

On the aoordlnate axis with origin tn the centre of 

power circle X01 is located at a distance of  	'with an angle 

o to a scale of i on = 50 )IVA as s1»ias. With 1U at origin 

a line us equal to 100 MV,i at an angle 41,40 i.e at a p. f. of 0,74 

is draws. Now another line tape of the same M A but at an angle of 

35,$0 I. e. at a pd. of 0* 9 is drawn. The difference in the ordinates 

of these two lines gives the required MV4 for the gnchronous or 

static condenser. 

Ice 	= 0.5 	25 MV4 

or 	SCO 	= 695 

S• G = w10 	* 	695.314 	4. S8,Ll 1~. 

0 



r, 	Fr 	VL.' RF',• t~£ 

' 	CON 	SE f~ 

4• t 
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POWER CIRCLE DIAGRAM 
CLE lçrt iQ MVA 



~rit~llt+~a~►~F ~aFel+~ I~~~~~F ~F~F+~eF!l~~4 
r 	 0 

LIST OF tUL5 so 0 
0 



R Resistance of the line per unit length 

L = inducteAce of the line per unit length 

0 = Capacitance of the line per unit length 

1 = Length of the line 

x D.stauce of the fault from sending end. 

Ll , _ Non linear inducta~zoe of Trandorner* 

= Gurr tin the circuit 

Transformer voltage 	g the function of current 

SR = Drop in voltage due to resistance 

S Drop in voltage due to capacitance 

E Drop in voltage due to Inductance, 

flux to wbe. 

F, Vm = Souree voltage (nand. um 

N Number of turns of the inductor, 

bii s Number of fume et in primary of Trnstb rmor. 

Na = Number of turns in eeo ndary of Trausfo imer. 

`lux linkages 

Flux density 

Area of I section of the care 

Area of B section of window. 

B = Voltage per tum, 
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