POWER SYSTEMS-II (EE3102PC)
UNIT -1
PERFORMANCE OF TRANSMISSION LINES

Types of transmission lines

e A transmission line always has, series resistance, series inductive reactance and shunt
capacitive reactance.

e The resistance is dependent upon the material from which the conductor is made.

e The inductance is formed as the conductor is surrounded by the magnetic lines of force.

e The capacitance of the line is formed as the conductor is carrying current acts as a
capacitor with the earth which is always at lower potential then the conductor and the air
between them forms a dielectric medium.

e Thus, the performance of transmission lines is dependent upon these three line constants.
For instance, the voltage drop in the line depends upon the values of the above three line
constants.

e Similarly, the resistance of the transmission line conductors is the most important cause
of power loss in the line and determines the transmission efficiency.

To determine the transmission line performance, it is classified as:

a. Short transmission lines: Up to 50 km — 80 km (<20 kV)

b. Medium transmission lines: Up to 80 km — 200 km (20 kV to 100 kV)
c. Long transmission lines: More than 160 km or 200 km (>100 kV)

Performance of transmission lines:

While studying the performance of a transmission line, it is desirable to determine its
voltage regulation and transmission efficiency.

Voltage regulation

When a transmission line is carrying current, there is a voltage drop in the line due to
resistance and reactance of the line. The result is that receiving end voltage VR is generally less
than the sending voltage VS.

The Voltage drop( Vs-Vr) in the line expressed as a percentage of receiving end voltage VR is
called voltage regulation.

V.-V
% Voltage Regulation= % =100
i’
It is desirable that the voltage regulation of transmission line should be low i.e. the increase in
load current should make very little difference in the receiving end voltage.

Transmission efficiency

The power obtained at receiving end of a transmission line is generally less than the sending

end power due to losses in the line resistance.
The ratio of receiving end power to the sending end power of a transmission line is known as

the transmission efficiency of line.
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Receiving end power 2
Sending end power
_ VI, cosg,
VI, cosg,
s V.1, cosg,

VI, cosg, + losses

%% Transmission Efficency, = 100

x 100

» 100

+* Performance of short transmission lines

e The capacitance of short lines is negligible and usually not considered. Therefore, only
resistance and inductance of the line are considered.

e Here, the line resistance and inductance are shown as lumped or concentrated instead of
being distributed.
Let,

R = Resistance per phase
L = Inductance per phase
C = Capacitance per phase
X, =Inductive reactance per phase
X, =Capacitive reactance per phase
V, = Receiving end voltage per phase
V. =Sending end voltage per phase
1, = Receiving end current per phase
I, =Sending end current per phase
1. = Capacitive current per phase
cos¢, = Receiving end power factor
cos¢, =Sending end power factor
d=Angle between sending end and receiving end voltage
Soluti fer V Notation:
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Figure 1. 1 5hort Transmission Line fa) Circuit and {b) Vector Diagram [Current as Reference)

(OCY =(0DY + (DCY’
=(0E + EDY + (DB + BCY
Vi =(V,cosg, + I,R) + (V,sing, +I.X,)
B ‘J (V, cosg, + frnR]z + (Vysing, + ‘ir-!"k'.'_}2

Solution under Complex Notation:

e It is often convenient to make the line calculation in complex notation.
s 1X. I

._’_HIS \f\f\r_‘ ¥ ¥ ¥ -

2 0=

(a) (b)
Figure 1. 2 Short Transmission Line (a) Circuit and (h) Vector Diagram [Valtage as Reference)
V, =V, £0=V, + jO
I,=1,.2-¢, =1 (cosg, - jsing,)

Z=R+jX,
V:.' = Vre h "ruz

:U"’:t o jD}-'_IJt[.EDSgiR _jSin¢R}[R+ .;XL]
V:.' :Kﬁ'iﬁs
e Hence,
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V.-V
%%Voltage Regulation = hlf £ %100

R

3V, I, cosg,

TR

3V, cosg,

_ 3V.1, cosg,
3V.1, cos¢, + losses

_ 3V,I,cosg,
3V, I, cosg, + 3I,R

% Transmission Efficiency = 100

»x 100

=100

Characteristics of medium transmission line

In short transmission line calculations, the effect of the line capacitance is neglected
because each line has smaller lengths and transmit power at relatively low voltages (<20kV).
As the length (usually >80 km) and voltage (usually >20 kV) of the line increases, the
capacitance gradually becomes of greater importance and cannot be neglected.
The capacitance of the line is uniformly distributed over its entire length. However, to
make the calculations simple, the capacitance of the system is assumed to be divided up
in lumped or concentrated form of capacitors across the line at one or more points.
e The most common methods of representations of medium transmission lines are
(1) End condenser method
(i) Nominal T method
(i11)) Nominal & method

¢ Performance of medium transmission line using end condenser method

In this method, the capacitance of the line is lumped or concentrated at the receiving end. This

method of localizing the line canacitance at the load end overestimates the effect of canacitance.
R X
1Is Ir

Ic

g=0r

(a) (b)

Figure 1. 3 End Condenser Method (a] Circuit and (b) Vector Diagram [Voltage as Reference)

Let,
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R = Resistance per phase
L =Inductance per phase
C = Capacitance per phase
X, = Inductive reactance per phase
X . = Capacitive reactance per phase
V, = Receiving end voltage per phase
V; =Sending end voltage per phase
I, = Receiving end current per phase
I; =Sending end current per phase
I, = Capacitive current per phase
cos¢, = Receiving end power factor
cos¢, = Sending end power factor

o=Angle between sending end and receiving end voltage

Hence,
V,=V,20=V,+ j0
I,=1,2—¢,=1,[cosg, — jsing,)
I= giz_"gﬂ =V,@C290= jV.@C = jV,2x fC
i
I.=1,+1,
= I (cosg, — jsing, )+ j2x fCV,
=1, cosg, — jl,sing, + j2x fCV,
=1, cosg, + j(-I, sing, + 27 fCV,)
Vi=Ve +1,Z
=V, + 1 (R+jX,)
=V, + jO+ (I, cosd, + j(—I,sing, + 27 fCV,))(R+ jX,)
Also,
V.-V,
%Voltage Regulation = "’F £ x100
"
VI
% Transmission Efficiency = Vely 059, x100
F.';‘i.‘.‘ CDSQ{!‘;
_ V.1, cosg, <100
3V.I, cosg, + losses
BFIEIH Cos R w lﬂn

T3V cosg, + 3R

¢ Performance of medium transmission line using Nominal T method
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In this method, the whole line capacitance is assumed to be concentrated at the middle

point of the line.
Half of the line resistance and reactance are lumped on the both side and full charging

current flows over half the line.

R/2 X2 R/Z jX./2

1_"__W_rm

I
Y

¥s "K‘: = Ve

(a) (b}

Figure 1. ¢ Nominal T method (a) Circuit and (b) Vector Diagram (Voltage as Reference)

Let,
R = Resistance per phase
L = Inductance per phase
= Capacitance per phase
X, =Inductive reactance per phase
X, = Capacitive reactance per phase
V, = Receiving end voltage per phase
V; =Sending end voltage per phase
I, = Receiving end current per phase
I, =Sending end current per phase
I. = Capacitive current per phase
cos¢, = Receiving end power factor
cos¢, =Sending end power factor
d=Angle between sending end and receiving end voltage
Hence,
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Ve =V, 20=V, + jO
IR ZIRZ_‘?R = R[COS‘?}J: _jSin‘@R]

Z g i R X
V.=V, +.TRE='L='],d + jO+1I (cosdg, —jSlI‘l@R][E+}?‘LJ

V.
I. =X—f.£9ﬂ=lir}r,;f.{9ﬂ = jV.ol = jV.2x fC

T
';s = IR + !r:
=I.(cosg, — jsing, )+ j2x fCV.
=1, cosg, — jl,sing, + j2x fCV,
=I.cos¢g, + j(—I,sing, + 27 fCV,)
Vo=V .+ %
X X
=[l;f'j.d + jO+ I (cosg, — jsingeiﬁ][%+ j?*n+ (I, cosgy + j(—I,sing, + 27 fCV, }}[g-rj?]
Also,

V.-
2 Voltage Regulation = 51«-’ £ 100

5

L“}E !.M Cosﬂi

%% Transmission Efficiency = =100
Vil cosg
= 3V, I, cosg, <100
3V, I, cosg, + losses
31';]!!]! cos éﬂ
= 100
:R__ R

3V, I, cosg, + 3I; E_'- 3I, 3

¢ Performance of medium transmission line using Nominal = method

In this method, the capacitance of each conductor i.e. line to neutral is divided into two
halves; one half being lumped at the sending end and the other half at the receiving end.

It is obvious that capacitance at the sending end has no effect on the line drop. However,
it’s charging current must be added to the line current to obtain the total sending end current.

R iX
JAL In

»

(a)

Figure 1. 5 Naminal & method (a) Circuit and (b) Vector Diagram (Voltage as Reference)
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R =Resistance per phase

Let,

L =Inductance per phase
C = Capacitance per phase
X, =Inductive reactance per phase
X, =Capacitive reactance per phase
V., =Receiving end voltage per phase
V. =Sending end voltage per phase
I, =Receiving end current per phase
I, =Sending end current per phase
I. = Capacitive current per phase
cos¢, = Receiving end power factor
cosg, =Sending end power factor
d=Angle between sending end and receiving end voltage
V, =V, 20=V, + jO
I, =1,7—¢,=1,(cos¢,— jsing,)
L= iJ‘E:HII = Fﬂmg.ﬂﬂ = jlﬁ,mE = jFRZ.n‘fE
- 2 2 2

I.. :ii‘?ﬂ]:ﬂm%ﬂm:jﬂ.m%: jlf_gz.:r_f%

£2
c2
I =1+,
I,=1+1,
Vi =V +1L,Z=V, +1,(R+ jX,)
Also,

V.=V
%Voltage Regulation = EV B <100
"

Vi, cosg,

V,I; cosg

_ 3V,.I, cosd,

B 3V, I, cosg, + losses

_ 3V I, cosgd, ¥
3V I, cosg, + 3I'R

% Transmission Efficiency = x 100

=100

100

Characteristics of long transmission lines
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Figure 1. 6 Equivalent Circuit of Long Transmission Line

In equivalent circuit of a 3-phase long transmission line on a phase-neutral basis, the
whole line is divided into n sections, each section having line constants 1/n th of those for the
whole line.

The line constants are uniformly distributed over the entire length of line.

The resistance and inductive reactance are series elements.

The leakage susceptance (B) i.e. due to capacitance between line and neutral and

leakage conductance (G) i.e. due to energy losses through leakages over the insulators or corona

R |I' F] F]
loss are shunt elements. Hence, admittance = V¢ *+ 8

The leakage current through shunt admittance is maximum at the sending end of the
line and decreases continuously as the receiving end of the circuit is approached.

+* Performance of long transmission line

Is sl In
H 'y : "
L
O
v V+dV V
L] -+ R A
D
L L LT T P L T R LT L B L T T
X

Figure 1. 7 Small Element afa Long Transmission Line

Consider a small element in the line of length dx situated at a distance x from the receiving end.
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z=Series impedance of the line per unit length

yv=5hunt admittance of the line per unit length

Z=Total series impedance of the line

¥Y=Total shunt admittance of the line
zdx=Series impedance of the small element dx

vidx=5hunt admittance of the small element dx
V=Voltage at end of the element towards receiving end
V + dV=Voltage at the end of element towards sending end
I + dI=Current entering the small element dx
[=Current leaving the small element dx

As current entering the element is [ + dI and leaving the element is I. Hence voltage drop across
small element dv and current through the shunt element is dI.

dv = [zdx — v, Iz
dx
dl = Vydx = L =Wy
dx
Now differentiating above equation
dV _dI d'v

—=—z=Wyz = —Wz=0
d dx d
The solution of this differential equation is
V= Klfash(x vz )+ KzSinh(x yz)

Differentiating this equation, we get

%:(E}Klﬂnh(x yz}+(\fy_z]f(2£'cish[x yz)
.‘.Iz=[,fy_z].’{15mh(x yz]+(Jy_z)KzCash(x yz]
.‘.Iz[ %]K].anh(x yz}+[€]f(zﬂ'ﬂsh(x yz)
.'.Izg(!{lﬂnhl[x yz]+f(z£'osh(x yz]l)

The values of K1 and K2 can be found by applying end conditions at x=0, V=VR and [=IR.

£
K] =Vn & Kzz\];‘ix

Substituting the values of K1 and K2 in equations

F:VRCﬂsh(x yz)+ Efﬂﬂnh(x yz)

1= E[Vﬁﬂnh(x yz )+ Efﬂfﬂsh(x\{y_z)J

10
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The sending end voltage VS and sending end current IS can be obtained by putting x =1 in the
above equations.

Ve= FREﬂsh(! yz ] + J%IRSEnh(IJy_z)

I_‘,.:E(Vuﬂnh(! yz)+\/%fﬂfﬂsh(! yz)}

Let,
I.Jy_z:\/afzyz:\/[{y]{fz}:-q'r]f_z
\/E " JE . JE
z Iz Z
So,
V, =V, Cosh(\YZ ]'+I,,,E5:‘nh{-.fﬁ )
I, =V, ,Esmh[ﬁ )+1 Cosh(fYZ)
Where,
7 J
Cosh(\¥Z)=| 1+-=
osh(7Z) [ e,
3
5fnh(«!ﬁ}=[ﬁ+w‘? +]
Also,

V.-V
%Voltage Regulation = % x100

R
I'J:EIR lI:":'Sé.lt
V.. cosg,

% Transmission Efficiency = %100

Generalized circuit constants of a transmission lines

In any four terminal network, the input voltage and input current can be expressed in
terms of output voltage and current.

When voltage VR and current IR are selected as independent variable and voltage VS
and current IS are dependent variable, network can be characterized by following set of equation.
A, B, C and D are the generalized circuit constants of the transmission line and are complex
numbers.

11
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Vo =AV, + BI,
I;=CV, +DI,

ve] [A B|V,]
I, | |c plt|

The constants A and D are dimensionless whereas the dimensions of B and C are
ohms and siemens respectively. For a given transmission line A=D and AD-BC=1.

A. Generalized circuit constants (ABCD parameters) of short transmission

lines
R X

For short transmission line,
V=V, +1,Z
I. =1,
Comparing these equation with basic equation of generalized circuit constants
V.=AV,+BI,
I, =CV, + DI,

Hence,
A=1 B=Z
=0 D=1

B. Generalized circuit constants (ABCD parameters) of medium transmission
lines - End condenser method

In this method, the capacitance of the line is lumped or concentrated at the receiving
end. This method of localizing the line capacitance at the load end overestimates the effect of

capacitance.
R iXo

Is Ir
.-_._W_rWY\ —

[=RN=
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V.=V, +I.Z I.=1,+1,
=V, +(I.+1,)Z I, =YV, +1,
=V, +ZI . +ZI,
=V, +Z(YV,)+ZI,
V. =(1+YZ)V, + ZI,

Comparing these equation with basic equation of generalized circuit constants
Vi =AV, + Bl,
I, =CV,+ DI,
Hence,
A=1+YZ B=Z
=Y D=1

C. Generalized circuit constants (ABCD parameters) of medium transmission
lines - Nominal T method

In this method, the whole line capacitance is assumed to be concentrated at the
middle point of the line.

Half of the line resistance and reactance are lumped on the both side and full charging
current flows over half the line.

RfZ [LOFFS RS2 X f2 b

=

E

i

"~

-
[= 5 = =]
IU:‘- ':‘-I“I

[a) (1)

Figure 1. 10 Nominal T method (a) Circuit and (b) Vector Diagram {Voltage as Reference]

13
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V.=V, + 1, Z Ig =1, +1,
‘ -2 =1, +VY
T Y, o Z
= .r_"'{ J¢+ I]E =f“+[VR+j'“E]Y
Z
=V. +{I, +V.¥ |—
) {H ‘ }2 I.a'zm:+(1+%]fre
YZ x
=Vp[1+?]+f“3

{ Z YZ Z

LVH+I“E 1+? +.FME
F

(1+E]VR+ £+?Z +£

2 2 4 2

Vs =[1+ %}Fﬁ +[Z+ =

)
).

Comparing these equation with basic equation of generalized circuit constants

V.=AV, +BI,
I.=CV_ +DI,
Hence,
A:l+E B:E."+E
2 4
C=Y¥ D=1+%

D. Generalized circuit constants (ABCD parameters) of medium transmission
lines - Nominal © method

R iX.

In
-

| I
|

-jXc1 5= Vg

(a)

Figure 1. 11 Nominal & method {a) Circuit and (b) Vector Diagram (Voltage as Reference)
In this method, the capacitance of each conductor i.e. line to neutral is divided into
two halves; one half being lumped at the sending end and the other half at the receiving end.
It is obvious that capacitance at the sending end has no effect on the line drop.

However, it’s charging current must be added to the line current to obtain the total sending end
current.

14
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Hs Z{":e +‘I.'_Z
=V, +“R +f€1}z
Z{":e"'[f.te'*'vu '}:']Z
2
YZ
V. [1‘*?]{’1 + 21,

5

/T 1NN

';.E ZIL +‘Ir.';l_
=l +1,+1,

Y Y

=l +Vi—+V.—
RT VR )
Y
:fﬂ-{-VRE-l'[HE'f'ILZ}E

Y Y YZ
:';u""vr-! E"'FHE""IL?

+F’*EJ%

Y Y
=I,+V, E+F“E+(IR

2
=] +£l’.rr + %F

=1z R
2

£F+

g

YiF YZ
."5 :[Y +T]VR +(1+?jfﬂ

YZ
EIH-"- R

Comparing these equation with basic equation of generalized circuit constants

Fx =AVH+B'IR
I, =CV,+DI,
Hence,
z’l=1+E B=Z2
2
2
E=Y+Q D=1+%

E. Generalized circuit constants (ABCD parameters) of long transmission
lines

By rigorous method, the sending end voltage and current of a long transmission line are
given by

V, =V,Cosh(NYZ)+1, \gﬂnh{ﬁ )
I =V, ‘Esmh{ﬁ )+1.Cosh(\¥Z)

Comparing these equation with basic equation of generalized circuit constants
Vi =AV, +BI,
I.=CV, +DI,

15
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Hence,

A=Cosh(+f¥z) B= ‘Esmhwﬁ}
(= Eﬂnh[ﬁ} D=Cosh(+YZ)

< Power flow through a transmission line

z A T 5 Vnr. 0
O— 1]
Ss=Ps+jQs Se=Pp+jQr

Figure 1. 12 Transmission Line Power Flow

Let,
R =Resistance per phase
L =Inductance per phase
C =Capacitance per phase
X, =Inductive reactance per phase
X, =Capacitive reactance per phase
V., =Receiving end voltage per phase
V, =Sending end voltage per phase
I, =Receiving end current per phase
I, =Sending end current per phase
I.. =Capacitive current per phase
cos¢, = Receiving end power factor
cos¢, =Sending end power factor
d=Angle between sending end and receiving end voltage
Generalized line constants (ABCD parameter) are
A=AZa B=B/B

C=Cly D=D/A

Relation for receiving end power can be derived with the use of relation of sending end voltage
in terms of ABCD parameters of transmission line.

16
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V. =AV, +BI,
Bfn = il{‘.' _ﬂvﬂ
V, - AV,
I:e:T
Vi £8-(ALa)(V,20)
B Bzp
V2o (AZa)(V,£0)
B/ BB
Wororm AV,
=S /(6-8)-—2/(a-
= £(5-p)- k- L(a-p)
.V AV
IH=E¢Z{JS—§}— Bﬁi{ﬂ_a]
SIE=P}E+J.QR
SH:VRI;
V AV
- (vo0)| 2 2(5-0)- 2o (p-a) |
A AV?
— i —5— Ri e
s £(B-8)-Zr£(p-a)

AA - WA AV ;. N A
—(?Cas[ﬁ F)+ j - Sin( g i]] [ = Cos(f-a)+] - Sin( g rx]]

_(MVocrg v AW o) oo VW sy o MV e }
_(?Cas[ﬁ 5) = Cos( B a}]+;( m Sin( - &) = Sin(f - a)

2
-P =%Cas{ﬁ—5]—’1;" Cos(B-a)

R
2

4 =%Sﬁn{ﬁ—5}—%‘r‘-ﬂn{ﬂ—a}

Relation for sending end power can be derived with the use of relation of sending end current in
terms of ABCD parameters of transmission line.
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I.=CV,+DI, =1, = Is —CVy
V,=AV, +BI,
B

=AV, + E“"" -CV,)

DV, = ADV, +B(I; -CV, )
= ADV, + BI, - BCV,
=(AD-BC)V, +BI,

DV; =V, + BI;
DV, -V,
[[=— &
B
(DLA)V,£5)-V,£0
B B/f
(D2MNV£58) v,20
" BZB  BZS
DV, Vv
= i{ﬂ-l—r_?—ﬁ]—ﬁﬁ{—ﬂ}
DV

. V

A B-A-5)y-LL
;=2 /(5-2-5)-% 2(s)
S =F +jQ
5.92V9'I.;

~(v20) B 2(p-n-0)- 2 4(p)|

DF',Z H‘;FR
= Z(f-A)- = £(p+3)

N (), P )(ﬂ RYRPLA/PS ]
—( = Cos(f—-A)+j = Sin(f-A) = Cos(f+6)+ j = Sin(+9)

2

(2 pos(p-a)- Yo ]-[m"s- NWLA/Y }
—( - Cos(f-A) = Cos(B+&) |+ - Sin(f-A) - Sin( B +35)

2
] =D;f Eﬂs[ﬁ—ﬁ}—%ﬂﬂs[ﬁ +65)

2

0.2 giorg_ay_ YV o
2= B Sin(f-A) = Sin(f+6)

% Power circle diagram for transmission line
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For transmission line analysis, it is required to find sending end voltage and sending end

current while receiving end voltage and receiving end current is known.

Unique feature of transmission line power circuit is that it operates at fixed frequency,

hence it follows all the mathematical function of circle.

A. Receiving end power circle diagram

The circle drawn with receiving end active power component as horizontal coordinate
and receiving end reactive power component as vertical coordinate is called the receiving end

power circle diagram.

Receiving end active power component and receiving end reactive power component are

4

ps
4

%
f

by

F

P+

R

P +

R

Py =

RAZ

2

R

P+ &Cﬂs
B

% Cos(fB-35)-

(B-

0, = %Sm{ﬁ—é'} =

2

2
[

2
R

a}:

2
R

AV,
=~ @+ ?”an{ﬁ—rx] =

Taking square on both the side of equation and adding it.

2
Pﬁ%&:s{ﬁ—a]) +

2

A; C{:s{ﬁ—a]]_ -

5 2
A;” Cas{ﬁ—a]] +

d

\
f

%
r

bY

Equation of circle is

(x=h)'+(y-g) =r*

@ +

@ +

Qe +

2
s

2
R

2
R

AV,
C -
= os(f-a

VeV

A; Sin(f-a)

Fk' F:':i

AVD .
5 Sin(f-a)

A; Sin(f-a)

)

AV .
o Sm{ﬁ—rx]J

/

y

2

2

2

= Cos(f-9)

Sin( 8- 3)

=(%Eﬂs[ﬁ— 5)]2 +[%5§n[ﬁ— a‘)]

=
.B:‘E

(Cos® (B —8)+Sin*(f-5))

The coordinates of the centre of the circle and radius of the circle can be given as

x-Coordinate of the centre of circle =—

y-Coordinate of the centre of circle =—

Department of EEE,

Radius of circle =L

NRCM

F 4
B

2
5]

Vi
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Radius of circle = m

Reactive
Power

I

X-coordinate

*
i
¥ ‘
s i Active
= 0 /\ Q Pawer

Y-con rllinatel

g

Figure 1. 13 Receiving end Circle Diagram

Construction of circle diagram
O Plot centre of circle with suitable scale.
O From centre draw an arc with calculated radius.
O Draw load line OP from origin at an angle B vith horizontal and let it cut the circle at
point P.
O Measure line OQ i.e. receiving end active power
O Measure line PQ i.e. receiving end reactive power
O Draw a horizontal line from centre of circle intersecting vertical axis at point L and circle at
the point M.
O Measure line LM i.e. maximum power for receiving end.
When sending end voltage and receiving end voltages are the phase quantity then power
indicted on x-axis and y-axis are watts and VAR per phase values.
When sending end voltage and receiving end voltages are the line quantity then power
indicted on x-axis and y-axis are watts and VAR for all three phases.

B. Sending end power circle diagram

The circle drawn with sending end active power component as horizontal coordinate and
sending end reactive power component as vertical coordinate is called the sending end power
circle diagram.

Sending end active power component and sending end reactive power component are

2
= D;—"" Cos(f—A)- L{*;” Cos(fB+3)

P,

&

P —%Eas{ﬂ—ﬁ}:—%ﬂ'ﬂs[fﬂﬁj

2

DV; A
Q; === Sin(p-A) ==L Sin( 5 +5)

i

D2 oo Wi 5
o Q- = Sin(f-A)= s Sin(f+5)
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Taking square on both the side of equation and adding it.

2

2
[PS—DF" Cos(f-A)| +
' B oo
DV? ‘
[P,,.— “Cos(f-A)| +
' B oo
DV? ‘
[Ps— =Cos(f—-A)| +
) B J h

Equation of circle is

w2

(x=h)' +(y-g) =1

Dv:

Q_-; . N
B

DV:
Q; B

pv?

Q_q . N
B

Sin(f-A)
Sin(f—A)

Sin(f-A)

2
——L{g" Cos(f+ 5}

)<
AR

2

A

viv?

3 R

EZ

&

]2 +[—%5§n[ﬁ+ﬁj]

(Cos* (B +5)+Sin* (B +5))

The coordinates of the centre of the circle and radius of the circle can be given as

¥-Coordinate of the centre of circle =

y-Coordinate of the centre of circle =

Radius of circle =

2
5

Cos

2
5

i R

Reactive
Power
'}
i Radius
PONE
Y-coordinate :

L]

L]

] e
" : :
B 0 Q

point P.

i

L,

X-coordinate

Figure 1. 14 Sending end Circle Diagram
Construction of circle diagram
O Plot centre of circle with suitable scale.
O From centre draw an arc with calculated radius.
O Draw load line OP from origin at an angle B ith horizontal and let it cut the circle at

O Measure line OQ i.e. sending end active power
O Measure line PQ i.e. sending end reactive power
O Draw a horizontal line from centre of circle intersecting vertical axis at point L and circle at

the point M.

(5-4)

”; Sin(f-A)

Active
Power

O Measure line LM i.e. maximum power for sending end.
When sending end voltage and receiving end voltages are the phase quantity then power
indicted on x-axis and y-axis are watts and VAR per phase values.
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When sending end voltage and receiving end voltages are the line quantity then power
indicted on x-axis and y-axis are watts and VAR for all three phases.

PROBLEMS:

1. A three phase overhead transmission line delivers 1100 kW at 33 kV at 0.8
pf lagging. The total resistance and inductive reactance per phase of the line
are 10 Q and 15 Q respectively. Find (a). “voltage regulation and (b).
transmission efficiency.

Solution:

-
=
J-Il:l:n-Dr'l'r

l
¥, = 33x10° 20 = 33x10° + jO
cosd, = .8(lag) = gy, = cos'(0L8) = 36.86

Z=R+ X, =10+ j15=18.256.3

B, = 3V i cos gy,
=3 1100 =107

i = - =24 A
o J3V.oose, 3x33<10° <0.8
Tp=fpl — iy

= 24 —36.96

= 19.20— j14.33

io=1,

=24~ — 3686 A
22
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Vo =V, +1.7
_ 33=10°
B
_ 33=10°
B
33107
B
=19052.55+ jO0+407.37 + j143.77
=19459.92 + j143.77
=19460.45-0.42 ¥/ph

V, =19.46.20.42 k¥ /ph

£0+(242 —36.86)(10+f15)
Z0+(24.2 —36.86)(18.256.3)

Z0+432.715.44

V. =3 x19.46.20.42
=33.70-0.42 kY

¢y, =36.86+0.42=37.28
cos g, =cos(37.28)=0.79({ag)

%Voltage Regulation = stiﬂ 00

[aa.mm 0° ]_[33><1ﬂ3]
= V3 V8 /100
(33><m3]
3

=2.12

VI cosdy 100
VI, cosd,

5
3><[33j,1'3 ]><24><D.8
_ 3 w100

33.?[]><’II33]
Fog| - 2 24070
[ J3

% Transmission Efficiency =

=99.16
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2. A medium three phase transmission line 100 km long has following
constants:

Resistance/km/phase: 0.15 Q, Reactance/km/phase: 0.377 Q, Capacitive
Reactance/km/phase: 31.87 Q, Receiving end line Voltage: 132 kV. Assume
the total capacitance of the line is localized at the receiving end alone. The
line is delivering load of 72 MW at 0.8 pflagging. Find (a). “voltage

regulation and (b). /transmission efficiency.
Solution:

(a) (b)

End Condenser Method [a} Circuit and (b) Vector Diagram (Voltage as Reference))

Vo =132x10° 20=132x10° + 0

cosd, = 0.8 {lag) = gy = £0s [ [(LB) = 36.86
R=0.15x100=1502/ph

X =0377=100=37.7 2/ ph
X, =31.87=100=3187 2/ ph

B, = 3V (. cos g,

IR=—P”
ﬁvﬁcosqjg?
B 72x10°
31322108 < 0.8
— 393.64 A
fg =TI — g5

=393.64- - 36.86
=314.95— j236.12

24
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Ve
_.lf‘-:{f.'

I =

=
18210°
_ NE
— 3187
=
18210°

__ J=

S187—10
= 2= 0100 0

fo=1a +4;
= 303647 - 3686+ 23.97.790
=314095- 23612+ 04237
=31495-212.21f
=370F7.-33.97 A

V=V, +iZ

_ 183 =107
=

_ 122 =10°
Nz

_ 182 <108
N

= fB210+0f+1 2523 26+ 8680.056f
= 88033. 36+ 8680.05f

= 893568275 58 V/ph

= §9.3668.58 kKvWiph

L0+ (879772 —82397316+ B7.7)
D+ (870.772 —85. 97340 67768 5)

204+ 159407 234 33

V. = 3 «89. 352558 kY
=154.75.25.58 kv

¢ = 52.97+5.58 =20 58
cosg, = cos5(29.58) = 0.7 7 [fag)

%Voltage Requlation = %.ﬂ oo

&

[154.?5:{1 n“]_ [1 azxm“]
= J3 V8 J 100
[132:{10“]
NE)

= 16.66

25
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]
% Transmission Efficiency = Wele €05

VA, cosg,

|
3:{132“” stga_mxn_a
J3

= =100
[154.?5x1[]3
x| — = -

x370.77x0.77
7

100

= 013845

3. A medium three phase transmission line 100 km long has following

constants:

Resistance/km/phase: 0.15 Q, Reactance/km/phase: 0.377 Q, Capacitive
Reactance/km/phase: 31.87 Q, Receiving end line Voltage: 132 kV. Assume
the total capacitance of the line is localized at middle point of the line. The
line is delivering load of 72 MW at 0.8 pf lagging. Find (a). “voltage
regulation and (b). “transmission efficiency.

Solution:
I Rf2 X f2 R/Z [Xouf2
Vs e ==y,
(a)
re 1. 4 No nal T met b
¥, =132x10°20=132x10° + jO B, = \3V,f, cos gy
foo— B
cosdy, = 0.8 (lag) = ¢, = cos (0.8} = 36.86 " \BV.cosg
_ 72x10°
R=015x100=15/ph A3x132x10° 0.8
¥ =0.377x100=37.7 Q/ph = 393.64 A
X, =31.87x100=3187 (2/ ph
fa=1Tad— s

=393.647 -36.86
=314.95- j236.12
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Vo= 20+ (- ) R

2 .
- {132”‘”’ zn}[sqs.mz—a a.sa}{wJ
N 2

(13210
N

_ [132.»:1[:3
N

= 76210.23 4+ 0+ 6810.99 + 4163 98]

= 8302122 + 4163 98

= 831265722 87

zu] +[295 6l 26 860 20,2868 20

iD]+?"§IEE.D1£3'I.M

— ¥ fy =iy +1s

"X, =393 6l - B6.86+26. 08,02 87
83125572287 =314 05286121230+ 26 04f
S —ja1er =513.65- 210.08
831255722 87 =377.62 5381 A
EITT T

= 26089287 A

Ve = Vo8, +( oLt i }[@]

- 83126672287+ (377.62- 33_31)[@]

= 83125.57.22.87 + (377.5.2— 33.819(20.28.268.30)
= 83125572287 + 7655.7.234.40

— 8302122+ 4163.98/ +6310.01+ 433513}

= 39331.23+8499.11;

— 80734622543 V/ph

= 39.7325.43 kv/ph

V¥, = 3 xB0.73.55.43 kv
=155.41-543 kY

fr=3381+043=3024
cos gy = c05(39.24)= 0.77[fag)

%Voltage Regulation = %ﬂ 00

&

[155_41x1n*‘]_ [132x103]
= ﬁ -'..|I'§ }CC-IUD
[132.»:10“]
V3

=17.73
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By 05 o0
31,4, C0S

|
3:-:[132“” ]xBQB.EﬁLxD.B

= V3 =100
[155_¢1x1n“
I —M ———

x 377 5%0.77
)

% Transrnission Efficiency =

=02.M

4. A medium three phase transmission line 100 km long has following constants:
Resistance/km/phase: 0.15 Q, Reactance/km/phase: 0.377 2, Capacitive
Reactance/km/phase: 31.87 Q, Receiving end line Voltage: 132 kV. Assume
the half of capacitance of the line is lumped at both the end. The line is

delivering load of 72 MW at 0.8 pflagging. Find (a). “voltage regulation
and (b). “transmission efficiency.
Solution:

=
l
il
%
%
It
i
-

-
 pp—
CEN-T
]

(a)

V¥, =132x10°-0=132x10° + ,C R=0.15x100=15C2/ ph
X, =0377=100=37.7 2/ ph
cos g, = 0.8{ fag) =g, =cos” (LBY=36.86 X, =31.87x100=3187 2/ ph

Xe =2X. =6374C2/ph
X, =2X, =6374 2/ ph

By = 3Vl cos gy

PR
fn:ﬁvncns% Jrﬁ=1rn£_¢il;-
S _ 39364/ 36.96
s x 13k A0 _314.95- /236,12
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v 132EDS£D 1323:3_1[135['
fq=—i =4 = =11.95200 A
—jk,  —j6I74 6374240

Io=1_+I,
= 383.0ds - 30,804+ 11.95.200
=314.95- 236,12/ +0+1717.95]

=314.95- 224.13§
= 386.8582- 35.44 A

V=V, 40 Z
182 X1
-
182 X1
-
182 X1
-
= 76210.23 + 0/ + 1217416 +8500. 70/
= §0284 29 + 8500 70

= 00738 555048 W
=80 . 78643 WY

0+ (386 58— 2544015+ 277
S04 (BER .50 — B35 4040 57608200

S04+ 156083 553286

W, =3 x89. 705545 kv

=156.55.40 K
[
_.II-}:P-:'J
_ 89783 .55.-05.43
—JB374a
_ 80978855543
374 — 4l

=14.08-99.43 &

=1 41
= 386.56.2 - 35.44+14.08.295.43
= 314.95- 224.17j- 1.33+14.00
= 313.62- 210.16)
= 377522 - 33.80 A&
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%Voltage Regulation = VS;—]&M 0o
R

[155.5:-:10“]_[132:-:103]
= V3 V3 =100
[132}:103]
V3

Vol cos gy <100
AR LN

=17.80

% Transrnission Efficiency =

3
Sx[mzxm

NE)
(155.5)-:1[]3
B | ———  —

x377.52%0.77
5

]x 393.64 =03
=100

=107.96

Comparison of Performance of Medium Transmission Lines

Quantity End condenser method Mominal T method Nominal m method
R MW 12 12 12
R kV 132 20 13220 1320
I A 393.64 ./ -36.86 393.64.-36.86 393.64.-36.86
L‘DsmH lag 0.8 0.8 0.8
Pq MW 78.38 78.19 78.28
\J’S kV 154.75 2 5.58 15541543 155.50.5.43
I A 379.77 /. -33.97 377.50.-33.81 377.52..-33.82
CDSKDS lag 0.77 0.77 0.77
%VR 16.66 17.73 17.80
%n 91.85 92.08 91.96

5. A 3-® overhead transmission line has a total series impedance per phase at
2002£80° Q/ph and a total shunt admittance at 0.0013290° Siemens/ph. The
line delivered a load at 80 MW at 0.8 power factor lagging and 220 kV

30
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between the lines. Determine sending end current and sending end voltage

by rigorous method.

Solution:
V= D010 =22010° + {0

cosg, = (.8{lag) = ¢, = cos™ (0.8) = 36.86

£=200-80=34.72+136.96f C2f ph
Y =00013290=0+0.0013; 8 fph

B =3V cosg,
foo—th
F 3V cosg
B0x10°

A3 2220 10° <08
—262.43 A

fr = fal — 5
=262.43 £ -36.86
= 209.97 13742

¥Z yizd ] J? 0.0013.290
r:nsn(JE]_[nTJr L 7= ’—znngan

=1+ 0132170 = 254107 25

=1-0.128 + 0.0225§
= 0.872+ 0.0225§

=0.872:1.47 Jg_ { 20080
Y N0.0013.290

|
Snh(J¥Z ) = [JE+ “’?1 ‘00 E ] = f153846.15- - 10
~ 392,23/ -5
- JI0.0013.290)(200.280) +B B B
= J0.26.170
= 0.50.285
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V, = L»;r::ush[ﬁjnﬂﬁﬁnn[ﬁ]

_ [zzuﬂ i}
J3

= 110758.87.21.47 + 51466.45.243.14

= 110722.41+ 2841.35{ + 37554.30+ 35191.90/

= 148276.71+ 38033.25

- 153076.81.214.38 V/ph

— 153.07.214.38 K¥/ph

iﬂ](ﬂ.8?2£1 A7)+ (202,43 £ - 36.863(392.23.2 - 5 (0.50285]

V, = 3 x153.07.214.38
= 265.12214.38 k¥

f, = vﬁgﬁnn(ﬁz )+ 1.C0sh (JYZ )

_ [zzuxma
V3
=161.31290+ 228.83.£- 35.39

=0+161.317+ 186,54 -132.52§
=186.54+ 28.79§

iﬂ] [2.54x107°25)(0.5085)+ (26243 £ - 36.86)(0.87221.47)

v,
=188.7428.77 A :
d =14.38-8.77 = 5.61 Auas .
cos ¢ = €05(5.61)= 0.99(fag) ) 8.7 Raf

% Voltage Requlation= Us;—ﬂﬂ 00

R

[zﬁﬁ_mm“]_[zznmn‘]
= V3 E =100
[EEUx1Ua]
N
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3Vt cosgy <100
3V, 1. cos gy

k|
ax{m*‘m szama %03

= JE X1DD

ax[w]xma_mxn_gg
J3

% Transmission Efficiency =

= 93.23

6. A 3-® overhead transmission line has a total series impedance per phase at
2004£80° Q/ph and a total shunt admittance at 0.0013290° Siemens/ph. The
line delivered a load at 80 MW at 0.8 power factor lagging and 220 kV
between the lines. Determine sending end current and sending end voltage
by ABCD parameter method.

Solution:

V. = 220x10° 20 = 220 16F + JO P = f3Vifpcos gy
fo——_tH
=R

cosdy = 0.8{fag) = ¢y, = cos ' (0.8) = 36.86 V3V cosg,
_ A= 10°
- 5

7= 200280 = 34.72+196.96/ (2 / ph V3 x 220x 10 < 0.8

¥ = 0.0013.290 = 0+ 0.0013 8 / ph =202.43 A
fp = ol — iy

=262.43 2 -36.86
= 209.97-157.42§

A). Short transmission lines:
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4=1 V, - AV, + 8, k= OV, + i,
B=7=200-80
C=0 - [1)[w] +(200.30)(262.43 - 36.36) - [n)[w] H(1(262.43 £ 36.36)
5ot NE) NE]

_127017.05.20+ 5248624314 _ 2624323686 A

=127017.00+0f+ 38298.25 + 35889.05f
=165315.30+ 35835.05f
=169166.1212.24 ¥/ph

=169.16.212.24 k¥/ph

¥, = \3x160.16.12.24
= 292.99./12 24 kY

B). Medium transmission lines (End condenser method):

A=14V7 V= AV 4B, I =C¥, +D1,
LTSN | - [EI.FE.{MB)[EEM Dgéﬂ]ﬂ?[lnzﬂﬂ)[?ﬁ?.da 2306 = [u.umazqu}(22”’”“35”}[1)[2&243 £-3686)
= 140262170 3 B
= 1-0.2540.045; = 052627 79.23.43 +52486.£43.14 =185.12 290+ 26243 £ - 36.06
=[.75+0.045] = 05092 14 +5600. 48/ + 20200.25+ 25800 05/ =0/+165.12/+ 200.97-157 42§
=0 75343 = 13330039+ 41588 53) =097+77]
F=7=000.80 = 13072330217 11V ph =HB1ZE T4
C=¥=0.0013200 = 13072217 3TkV/ph
f=1

¥, =3 13072.217 31
= 140 00217 31Ky

C). Medium transmission lines (Nominal T method):
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vz
2=+ B=Zt+o
2
_ ,|+m.nu*|3ﬂg:wzuuzam _ o0, 0013230)(200.280)
= 140132170 = 200280 +13.2250
- 1- 012840022 = 30774+106.06/- 444 -12.21) C=¥=00073280
- 0.85+0.02 = 30.28+184.75) D=1+ - 8752144
= (L8751 44 =187 7180 KO ]
W, = AV, 481,
=[0.A751 .44 m}&]ﬁ1&?.?1£ﬂﬂ.&ﬂl?&?ﬂﬁ 2 =38 880

=111139.92.4 44 +4491 29 5243 &3

=11114 B2 +2792 45§ +3 441 92 +34 [23.22)
=148548.74 +318R181 7§

=151100.55.7 4.1 DWeh

=1501.1 014 10 KN fjzh

¥ o=4f3=151.1014.10
=261 F1214.10 kY

I =0V, 451,

=(0.001 ﬂiﬂﬂ{%] +HO A5 44 26243 £ -84 )

=185.12 A0+24 &2 £-T0 42

=0 +165.1% +187.12-131.07}
=187.12 43205
=189 84,4071 A

D). Medium transmission lines (Nominal = method):
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- oy a2
A=l+— 4 ; }
(0,003 .23 DF (2008 D
_ 4 LDD0T 32902008 1) = 00020+ )
T = 0.0 01320 D+8 45 1 0 26D
=1+0132070 =D+DD03 7 —1 4551 [ —§ 32 1075}
=DA7a 0.2y =1 21% 107200 £
=D.E7521 44 T
£ 7 = 2DOLED D=1+—— =075 44
W, = AV, 45
=1 087521 .44 )[miﬁﬁ]ﬂzn DoBD N 262 43 2 — 3686

=11113499271 44 +5248 54314

=111104 BE+2792 957 +35 298 .2 5+358 8405
=149403 .07 +3 B8 Zf

=154329.43.214. 51 \Wiph

=15.32214 .51 KN ph

V. =+f3x154.32.414 51
=267 29.514.51 Ky

I, =0V, +5L

=11 21 D"iﬂﬂ.&&}[%m}[ DATE/1 44 (36241 /—16.86)

=153.80 A0EE+229 67 £-30.42
=—1. B2+ 03 &7 H1 B 12133 07
=1853+20.4)

=18&.44.°5 34 A

E). Long transmission lines:

A =Cosh[fYZ)
¥ 5=Fsmn[4’ﬁ}=Jiﬂ‘E=z
s Y d
=1+[D.DD1 e R ] PV =200RD0
z
Y d
=14+D0.13=17D D=,‘ESJ'HH[JE:'=J;I'E=T‘
=1—D[.1728 +D.0722)
. =000 340
=D.875 +D.022)
=D.E75.1 .44 0 =Cosh[+f¥Z 1=D0875.21.44
36
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V= A, B

=(D.E751 .44 M}HEDM&DIE&E 432-1686)

N

=111139.921 44 +5248 843 14

=111104 82 +2M2 95 +38298.2 5+ 35889, 05§
=1494073. 07 +3 &5 2

=104320.43514.51 Vifph

=104.32.44 51 KN ph

W =4f3%154.32.514 51
=267 201451 k¥

I =GV, +5I,

—(0.001 390 MJ-H D BTSN 44367 47 .~ — 76 BE)

N

=180.1% A0+ &2~ —354F
=0+185 12/ +H1EF 1213307
= 18712 +20.&f

=18E 205 2B A
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