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5.1 INTRODUCTION

In Chapter 4 the per-phase parameters of transmission lines were obtained. This
chapter deals with the representation and performance of transmission lines L:nde}
nonmal oPerating conditions. Transmission lines are represented by an equivalent
:t(l):iel with appropriate circuit parameters on a “per-phase™ basis. The terminal
ollages are expressed from one line to neutral, the current for one phase and, thus
the th;e}::-phase system is reduced to an equivalent single-phase system. o
- Ieng;z;}?hi ;.ilsedllo;z.xlculalc vollage.s, currents, and power flows depends on
el ne. In this chapter the circuit parameters and voltage and current
rst developed for “short” and “medium” lines. Problems relating to

the regulation and loss i
[eLETU nf [IIH.'N and lheir Q i iti
_ A peration under conditions of fixed
terminal voltages are then considered.

Next, tong line theo
glqng the distributed line
1stic impedance are define
transmitted over the lines
conditions at the two end
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ry is presented and expressions for voltage and current
model are obtained. Propagation constant and character-
d, and it is _dcmonstrated that the electrical power is being
at approximately the speed of light. Since the terminal
s of the line are of primary importance, an equivalent
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& model is developed for the long lines. Several MATLAB functions are developed
for calculation of line parameters and performance. Finally, line compensations are
discussed for improving the line performance for unloaded and loaded transmission
lines.

5.2 SHORT LINE MODEL

Capacitance may often be ignored without much error if the lines are less than
about 80 km (50 miles) long, or if the voltage is not over 69 kV. The short line
model is obtained by muitiplying the series impedance per unit length by the line
length.

Z = (r + jwL)e
=R+jX 6.1

where r and L are the per-phase resistance and inductance per unit length, respec-
tively, and £ is the line length. The short line model on a per-phase basis is shown
in Figure 5.1. Vs and I are the phase voltage and current at the sending end of the
line, and Vi and Iy are the phase voltage and current at the receiving end of the
line.

FIGURE 5.1
Short line model.

If a three-phase load with apparent power Sp(34) is connected at the end of
the transmission line, the receiving end current is obtained by

Ip= 284 (5.2)
Vg

The phase voltage at the sending end is

Vs=Vr+ ZIg (3.3)
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and since the shunt capacitance is neglected, the sending end and the receiving end

current are equal, i.e.,

Is =1Ig (5.4)

The transmission line may be represented by a two-port network as shown in Figure
-2, and the above equations can be written in terms of the generalized circuit
constants commonly known as the ABC' D constants

& Is IR

+ +
Vs ABCD Vg
Eal— b S
FIGURE 5.2

Twa-port representation of a transmission line.

Vs = AV + Blg (5.5)
Iy =CVp+ DIy (5.6)
or in matrix form
Vs A B Vg
]S . C D -‘{R {57)

According to (5.3) and (5.4), for short line model

A=1 B=Z C=0 D=1 (5.8)

Voltage regulation of the line ma
at the receiving end of the line
from no-load to full-load.

y be defined as the percentage change in voltage
{expressed as percent of full-load voltage) in going

Percent VR = IL}*WL)} — Ve =
Vageey]

100 ' (5.9)

Atno-load I = @ and from (5.5)

Ve
Vv = 7_1"1 (5.10)

For a short line, 4 == Tand Viy g,

3 = Vs. Voltage regulation is a measure
line voliage drop and depends on the lo 4

ad power factor. Voitage regulation will be
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Vs Vs
Vs I
7 Zig Zig
(( oy 6
(a) Lagging pf load (b) Upf load {c) Leading pf load
FIGURE 5.3

- Phasor diagram for short line.

poorer at low lagging power factor loads. With capacitive loads, i.e., leading power
factor loads, regulation may become negative. This is demonstrated by the phasor °
diagram of Figure 5.3.

Once the sending end voltage is calculated the sending-end pewer is obtained

by
53{3‘:,) — 3VSI§ (5‘ 1}
The tota! line loss is then given by
Siiae) = Ss(ae) — Srize) (5:13)
and the transmission line efficiency is given by
P
P
5(38)

where Pps) and Pgsy) are the total real power at the receiving end and sending
end of the line, respectively.

Example 5.1

A 220-kV, three-phase transmission line is 40 km long. The resistance per phase
is 0.15 §2 per km and the inductance per phase is 1.3263 mH per km. The shunt
capacitance is negligible. Use the short line model to find the voltage and power at
the sending end and the voltage regulation and efficiency when the line is supply-
ing a three-phase load of

(a) 381 MVA at 0.8 power factor lagging at 220 kV.
(b) 381 MVA at 0.8 power factor leading at 220 kV.

(a) The series impedance per phase is

Z = (r + jwL)e = (0.15 + j27 x 60 x 1.3263 x 107%)40 = 6 + j20
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The receiving end voltage per phase is

22040°

V
R

= 127£0° kv

The apparent power is
Spyzey = 381Zcos™! 0.8 = 381£36.87° = 304.8 + j228.6 MVA
The current per phase is given by

[p = SRO#) _ 3814 — 36.87° x 10°

3Va 3 x 12740°

= 1004/ — 36.87° A
From (5.3) the sending end voltage is

Vs = Ve + ZIp = 127£0° + (6 + j20)(1000£ — 36.87°)(10~%)
= 144.33£4.93° kV

The sending end line-to-line voltage magnitude is

[Vsi-1y] = V3|Vs| = 250 kV

The sending end power is

Ssagy = 3Vsls = 3 x 144.33/4.93 x 1000/36.87° x 10~3
= 322.8 MW + j288.6 Mvar
= 433/41.8° MVA

Voltage reguiation is

250 — 220
220

Percent VR = x 100 = 13.6%
Transmission line efficiency is

Ppiasy - 304.8

x 100 = 94.4%

(b) The current for 381 MVA with 0.8 leading power factor is

In = RGo) _ 38143687 x 10°
3Ve 3 x 12720°

= 1000£36.87° A
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The sending end voltage 1s

Vs = Vi + ZIp = 127£0° + (6 + 720)(1000£36.87°)(107%)
= 121.39/9.29° kV

The sending end line-to-line voltage magnitude is
Wsir—1yl = V3 Vs = 21026 kV
The sending end power is |
S0y = 3VsTs = 3 x 121.39/9.29 x 1000Z — 36.87° x 1073
= 322.8 MW — 7168.6 Mvar
= 36418 — 27.58° MVA
Voltage regulation is

210.26 — 220

Percent VR = x 1080 = —4.43%

Transmission line efficiency is

e Pria) = 30.1.8
"= Psgsy 3228

x 100 = 94.4%

5.3 MEDIUM LINE MODEL

As the length of line increases, the line charging current becomes appreciable and
the shunt capacitance must be considered. Lines above 80 km (50 miles) and below
250 km (150 miles) in length are termed as medium length lines. For medium fength
lines, half of the shunt capacitance may be considered to be lumped at each end of
the line. This is referred to as the nominal © model and is shown in Figure 5.4.
Z is the total series impedance of the line given by (5.1), and Y is the total shunt
admittance of the line given by

Y = (g + jwC)e (5.14)

Under normal conditions, the shunt conductance per unit length, which represents
the leakage current over the insulators and due to corona, is negligible and g is
assumed 10 be zero. C is the line to neutral capacitance per km, and £ is the line
tength. The sending end voltage and current for the nominal 7 model are obtained
as follows:
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T Z=R+3;X It In
o AN e s
+ +
2 ale =
Ve +—2 = W

FIGURE 54

Nomnal x model for medium length line,

From KCL the current in the series impedance designated by I is
¥
!L=IR+_2"VR (5.15)
From KVL the sending end voltage is
Ve =Vp+ ZI, (5.16)

Substituting for /; from (5.15), we obtain

zY
Vs‘:—(l+—2—) Va+ Zin (5.17)

The sending end current is

}f
Is = fL+—2"Vs (5.18)

Substituting for I, and Vs

z2Y
IS:Y(l‘FT)VR‘*(l‘f%)IR (5.19)

Comparing (5.17) and (5.19) with (5.5) and (5.6), the ABCD constants for the
nominal 7 model are given by

2Y
A=(1+T) B=2z (5.20)
zY
C-—-Y(1+ ) D=(1+§K) (5.21)
4 2
In general, the ABC'D constant

$ are complex and since the = model is a symmet-

nical two-port network, 4 = D, Furthermore, since we are dealing with a linear
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passive, bilateral two-port network, the determinant of the transmission matrix in
(5.7) is unity, i.e.,

AD-BC =1 {5.22)

Solving (5.7), the receiving end quantities can be expressed in terms of the sending

end quantities by
V]l _[D -B Vs
[lnl_l—c A] fs] Pt

Two MATLAB functions are written for computation of the transmission matrix.
Function [ Z, Y, ABCD | = rlc2abed(r, L, C, g, f, Length) is used when resistance
in ohm, inductance in mH and capacitance in uF per unit length are specified, and
function [Z, Y, ABCD ] = 2y2abed(z, y, Length) is used when series impedance
in ohm and shunt admittance in siemens per unit length are specified. The above
functions provide options for the nominal m model and the equivalent = model
discussed in Section 5.4.

Example 5.2

A 345-KV, three-phase transmission line is 130 km long. The resistance per phase
is 0.0306 €2 per km and the inductance per phase is 0.8 mH per km. The shunt ca-
pacitance is 0.0112 gF per km. The receiving end load is 270 MVA with 0.8 power
factor lugging at 325 kV. Use the medium line model to find the voltage and power
at the sending end and the voltage regulation.

The function [Z, Y, ABCD] = rlc2abed(r, L, C, g, f, Length) is used to obtain the
transmission matrix of the line. The following commands

r= .036; g=0; £ = 60;
L =0.8; % milli-Henry
C=0.0112; % micro-Farad

Length = 130; VR3ph = 325;
VR = VR3ph/sqrt(3) + j*0; % kV (receiving end phase voltage)
(2, Y, ABCD] = rlc2abcd(r, L, C, g, £, Length);

AR = acos{0.8);

SR = 270*(cos(AR) + j*sin(AR)); % MVA (receiving end power)
IR = conj(SR)/(3*conj{(VR)); % kA (receiving end current)
VsIs = ABCD+ [VR; IR]; % column vector [Vs; Is}
Vs = VsIs(1); :
Vs3ph = sqrt(3)*abs(Vs); % kV(sending end L-L voltage)
Is = VsIs(2); Ism = 1000*abs{Is);% A (sending end current)
pfs= cos(angle(Vs)- angle(Is)); % (sending end power factor)
8s = 3+Vs*conrj(Is); A MVA (sending end power)

REG = (Vs3ph/abs(ABCD(1,1)) - VR3ph)/VR3ph *100;
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fprintf(’ Is =Yg A’, Ism)}, fprintf(’ pf = Y%g’, pfs)
" fprintf(’ Vs = Yg L-L kV’, Vs3ph)

fprintf(* Ps = }g MW, real(Ss)),

fprintf{® Gs = g Mvar’, imag(Ss))

fprintf(’ Percent voltage Reg. = %g’, REG)

nou

result in

Enter 1 for Medium line or 2 for long line — 1
Neminal 7 model

Z=4.68 + j 39.2071 ohms

Y =0+ j 0.000548899 siemens

sBCD — | 0.98924 + j 0.0012844 4.68 + j 39.207
© | -3.5251e-07 + j 0.00054595 0.98924 + j 0.0012844

Is = 421,132 A pf = 0.869657

Vs = 345.002 L-L kv

Ps = 218.851 MW Qs = 124.23 Mvar

Percent voltage Reg. = 7.30913

Example 5.3

A 345-kV, three-phase transmission line is 130 km long. The series impedance is
¢ = 0.036+0.3 Q per phase per km, and the shunt admiltance is y = j4.22x 106
siemens per phase per km. The sending end voltage is 345 kV, and the sending end
current is 400 A at 0.95 power factor tagging, Use the medium line model to find
the voltage, current and power at the receiving end and the voltage regulation,

The function [Z, Y, ABCD] = zy2abcd(z, y, Leagth) is used to obtain the trans-
mission matrix of the line. The following commands

2 = .036 + jx 0.3; y = j*¥4.22/1000000; Length = 130,
Vs3ph = 345; Igm = 0.4; YkA;

As = -ac0s(0.95);

Vs = Vs3ph/sqrt(3) + j*0;
Is = Ism*(cos(As) + Ji*sin{As));
[Z,Y, ABCD] = zy2abcd(z, y, Length);

4 kV (sending end phase voltage)

VrIr = inv(ABCD)* [Vs; Isl; A column vector [Vr; Ir]
Vr = Vrir(1);
Vr3ph = sqrt(3)*abs(vr); 4 kV(receiving end L-L voltage)

Ir = Vrir(2): Irp = 1000+abs(Ir); % A (receiving end current)
Pir= cos(angle(vr)- angle(Ir)}; Y(receiving end power factor)
Sr = 3*Vrsconj(Ir); % MVA (receiving end power)
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REG = (Vs3ph/abs(ABCD(1,1)) ~ Vr3ph)/Vr3ph *100;
fprintf(’ Ir = Y%g A’, Irm), fprintf(’ pf = %g', pfr)
fprintf(’ Vr = Yg L-L kv’, Vr3ph}

fprintf(’ Pr = Y%g MW’, real(Sr))

fprintf(* Gr = %g Mvar’, imag(Sr))

fprintf(’ Percent voltage Reg. = %g’, REG)

result in

Enter ! for Medium line or 2 for long line — 1
Nominal 7 model

Z=4.68 + j 39 ohms

Y =0+ j 0.0005486 siemens

0.9893 + §0.0012837 4.68 + ; 39
ABED = | 3. 5213e-07 + J 0.00054565 0.9893 + j 0.0012837
Ir = 441.832 A pf = 0.88750
Vr = 330.68 L-L kV

Pr = 224.592 MW Qr = 116.612 Mvar
Percent veltage Reg. = 5.45863

54 LONG LINE MODEL

For the short and medium length lines rensonably accurate models were obtained
by assuming the line parameters 10 be lumped. For lines 250 km (I§0 miles) and
tonger and for a more accurate solution the exact effect of the distributed param-
eters must be considered. In this section expressions for voltage and current at
any point on the line are derived. Then, based on these eguations an eq.uivalcn_l b
model is obtained for the long line. Figure 5.5 shows one phase of a distributed line
of length £ km.

The series impedance per unit length is shown by the lowercase letter z, and
the shunt admittance per phase is shown by the lowercas:_a fetter y, wt{ere z =
T+ jwL and y = g + jwC. Consider a small segment of line Ar ata dlstanr:‘e T
from the receiving end of the line. The phasor voltages and f:urrenls‘on both SIdCSI
of this segment are shown as a function of distance. From Kirchhoff’s voltage law

Viz+ Az) = V{z) + 2 Az I{z) (5.24)

or

Ve + Ao} —Vid) . at) (5.25)

Ax
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ki + + +
Vg Vis+Az)——y Az~ yAz 2~ V{z) Ve
| F— Az &
| ' ¢
FIGURE 5.5
Long line with distributed paramelers,
Taking the limit as Az — 0, we have
dV{z)
T I{r)
Also, from Kirchhoff's current faw
Ir+Ax) = I{z)+ y Az V(x + Azx)
or
Iz + Ax) - I(x)
R =yV(zr+ Az)
Taking the limit as Az — G, we have
dI{x)
T =¥
Diffcrentiating {5.26) and subslituting from (5.29), we get
d*V(z) __dI{z)
dxz? = 8 dr
= 2yV(x)
Let
7 =2y
The fol lowing second-order differential equation will result.
Vi)
=z T Vi}=o0

(5.26)

(5.27)

(5.28) 3

(3.29)

(5.30)

(5.31)

(3.32)
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The solution of the above equation is
V(I) = Ale‘fr + AQE_'W' (5.33)

where -, known as the propagarion constant, is a complex expression given by
(3.31) or

Yy=a+ji8= /2y = \/(r + jwl){g + jwC) (5.34)

The real part « is known as the artenuation constant, and the imaginary component
B is known as the phase constant. 3 is measured in radian per unit length.
From (5.26), the current is

_ldV{z) v . . —
1(.2)—2?——2([1](? -—AQC }
T . 08 s
= Z(Alf_" a A‘_gt! 'YI) (535}
or
1 T i
[(I) = -2**(14187 = Ag(_’ * ) (536)

c
where Z. is known as the characteristic impedance, given by

B (5.37)
y

To find the constants A; and Ay we note that when z = 0, V{z) = Vp, and .
I{z) = Ir. From (5.33) and (5.36) these constants are found to be :

Ao Ve + Z.Ig
2
Ag = Y = ZIr _22"*1 . (5.38)

Upon substitution in (5.33) and (5.36), the general expressions for voltage and
cumrent along a long transmission ling become

- Z.I
V)= B +QZ°IRe"” ool QZ° R o= (5.39)
Ye 4 1 Ve g1
Iz) = z_cg._.ie‘\'x _ e Re—’rﬂC (5.40)
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The equations for veltage and currents can be rearranged as follows:

= e’ 4 g¥r e’T _ po¥T =
— 1 e’h‘. e e-*y;r e'yJ: +e—-yz '. y
Hzl= 7. 3§ et oIz (5.42) 3%

Recognizing the hyperbolic functions sinh, and cosh, the
ten as follows: :

V(z) = coshyr Vy+ Z,sinhvz I o 3
N
I{#) = -Z—C sinh .z Vi + cosh ~z I (5.44) k.

We are particularly interested in the relation between the sending end and the re-

ceiving end of the line. Setting ¢ = ¢, V(€) =V and 1(¢) = I,, the result is

Vs = coshv¢ Vg + Z,sinh ¥ ip (5.45) -
1 ' .-.._...
I, = Z sinh € Vg + cosh € Iy (5.46)

Rewriting the above equations in terms of the ABC' D constants as before, we have k

[%]-[4 2)7%)

where
A = cosh ¢ B = Z,.sinh~¢ (5.48)
e
= Z sith4f D = cosh~¢ (5.49)

Note that, as before, A = I and AD - BC =1.

o {i 15 niow possible to find an accurate equivalent = model, shown in Figure 5.6,

o l;e:? ace the ABCD.constants of the two-port network. Similar to the expressions
-17) and (5.19) obtained for the nominal =, for the equivalent m model we have

2'y?
=13 Jva+2ne 550
- fy.r Z"Y" ;
Ie =V ey T 3
=¥ (1+ 3 )VR+(1+—2'—-)IR (5.51) 4

@ ) . =
omparing (5.50) and (5.51) with (5.45) and (5.46), respectively, and making use 38

of the identity

tanh i = SOSR1

above equations are writ- 3

2 sinh ¢ (5.52) ‘me
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the parameters of the equivalent = model are obtained.

inh ¢
2'= Zesinh ol = 27— (5.53)
s st e L (5.54)

b 2 2 2 42

o Zsinh +f

Is 1 Ir
— e AAAATTYY
i +
L. y¥' _ Y tanh+é/2 ool
Vs — 7 T T A2 T Vr
o O

FIGURE 5.6
Equivatent m modet for long length line,

The functions [Z, Y, ABCD ] = ric2abedir, L, C, g, f, Length) and [Z, Y,
ABCD ] = zy2abed(z, v, Length) with option 2 can be used for the evaluation of
the transmission matrix and the equivalent 7 parameters. However, Example 5.4
shows how these hyperbolic functions can be evaluated eustly with simple MAT-
LARB commands.

Example 5.4

A 500-kV, three-phase transmisston line is 250 km long. The series impedance is
z = 0.045 4 j0.4  per phase per km and the shunt admittance is y = j4 x 107°
siemens per phase per km. Evaluate the equivalent @ model and the transmission
matrix

The following commands

z = 0,045 + j*.4; y = j*4.0/1000000, Length = 250;
gamma = sqrt{z*y); Zc = sqrt{z/y);

A = cosh(gammat*Length); B = Zc*sinh(gammaxLength);
C = 1/Zc * sinh{gamma*Length); D = 4;

ABCD = [A B; C D]

Z=B:; Y = 2/Zc * tanh(gamma*Length/2)

n o

result in
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ABCD =
0.9504 + 0.0055i 10,8778 +98.36241
~0.0000 + 0.0010i 0.9504 + 0.0055i
zZ=
10.8778 +98,36241
¥ =

0.0000 + 0.0010i

5.5 VOLTAGE AND CURRENT WAVES

The rms expression for the phasor value of voltage at any point along the line is

given by (5.33). Substituting « + j3 for v, the phasor voltage is

V(r) = A0 4 Agem %10z

Transforming from phasor domain to time domain, the instantaneous voltage as a

function of ¢ and z becomes
v(t, 2} = V2R A" H0E) o o 4, 0max it -Bx) (5.55)

As x increases (moving away from the receiving end), the first term becomes larger

because of €@ and is calted the incident wave. The second term becomes smaller

because of ™4 and is called the reflecerd wave. At any point along the line, volt-

age is the sum of these two components,

vt x) = v\t x) + vy(t, z) (5.56)

where
vi(t, x) = \/ﬁAlemcos(wt+ﬁz) (5.57)
va(t, 7) = V2 Aze™7 cos(wt — fz) (5.58)

As the current expression is similar to the voltage, the current can also be consid-
ered as the sum of incident and reflected current waves.

_Equations (5.57 ) and (5.58 ) behave like traveling waves as we move along
the line. This is similar to th

that

wt—-PBr=2Nr or 3= Ef - i

83

e ¢ disturbance in the water at some sending point. To see - =
this, consider the reflected wave vy(t. x) and imagine that we ride along with the 3
wave, To observe the instantaneous value, for example the peak amplitude requires 4
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Thus, to keep up with the wave and observe the peak amplitude we must travel
with the speed

A 559
dt f
Thus, the velocity of propagation is given by
w 2nf
= — = (5.60)
B8

The wavelength A or distance 2 on the wave which results in a phase shift of 2=
radian is

AN =27
or
Ko .%B'I (5.61)

When line losses are neglected, ie., when g = 0 and r == 0, the real part of the
propagation constant ¢« = {), and from (5.34) the phase constant becomes

g=wVLC (5.62)

Also, the characteristic impedance is purely resistive and (5.37) becomes

L
Z, = o (5.63)
which is commonly referred to as the surge impedance. Substituting for 3 in (5.60)
and (5.61), for a lossless line the velocity of propagation and the wavelength be-
come

— (5.64)
vLC

A= 1 (5.65)
IViC

The expressions for the inductance per unit length L and capacitance per unit length
C of a transmission line were derived in Chapter 4, given by (4.58) and (4.91).
When the internal flux linkage of a conductor is neglected GMR; = GMR¢, and
upon substitution (5.64) and (5.65) become

. (5.66)
HoED
B 2 (5.67)
f /oo
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Substitating for pg = 4m % 1077 and £¢ = 8.85 x 10~12, the velocity of the wave §

is obtained to be approximately 3 x 10® m/sec, i.e., the velocity of light. At 60 Hz

1 [, GMD
Zpow— 2]
2V 2o " GAIR.
GAID

For typical transmission lines the surge impedance varies from approximately 40082
for 69-kV lines down 1o around 250 € for double-circuit 765-kV transmission lines.
For alossless line 4 = j3 and the hyperbolic functions cosh yx = cosh jdr=

cos Az and sinh yx = sinh jA3r = jsin Az, the equations for the rms vollage and :

current along the line, given by (5.43) and (5.44), become

V(x}) = cos B Vi + jZ,sin Bz In

Hz)= jZir sin B2 Vig + cos 32 I, (5.70)

Atthe sending end z = ¢ |
Vs = cos BVp + jZ.sin Bt I (5.71)
Ig = jgl: sin 3V 4 cos B¢ I (5.72)

For hand calculation it is easier to use (5.71) and (5.72), and for more accurate
caleulations (5.47) through (5.49) can be used in MATLAB. The terminal conditions
are readily obtained from the above equations. For example, for the open-circuited
line I = 0, and from (5.71) the no-load receiving end voltage is

Ve
cos 3¢

VR{HI] == (5.73)
At no-load, the line current is entirely due to the line charging capacitive current
and the receiving end voltage is higher than the sending end voltage. This is evident
from (5.73), which shows that as the line length increases 3¢ increases and cos 3¢

decreases, resulting in a higher no-load receiving end voltage.
For a solid short cir

reduce to
Vs = jZ,sin e In (5.74) 1
Is = cos Bt Ip (5.75) §
;helfabove equations can be used to find the short circuit corrents at both ends of 3
e line.

v

the wavelength is 5000 km. Similarly, substituting for L and C in (5.63), we have

(5.69) i |

cuit at the receiving end, Vg = 0 and (5.71) and (5.72)
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5.6 SURGE IMPEDANCE LOADING

When the line is loaded by being terminated with an impedance equal 1o its char-
acteristic impedance, the receiving end current is

_Vr
In=g:

(5.76)
For a lossless line Z. is purely resistive. The load corresponding to the surge
impedance at rated voltage is known as the surge impedance loading (SIL), given
by

. 3Va?
SIL =3Vplp = Vil (5.77)
Ze
Since Vi = Viraced/ V3, SIL in MW becomes
2 2
it = &;"_“)_ MW (5.78)

Substituting for I'z in {5.697 and 17, in (5.70) will result in

V{z) ={(cosBx +jsinfz)Vg or V(zx)=Vgifz 5.79)

Kz) = (cos Bz + jsinpBz)g or [(z)=1IplBz (5.80)

Equations (5.79) and (5.80) show that in a lossless line under surge imped‘;mce
loading the voltage and current at any point along the line are constant in magnitude
and are equal to their sending end values. Since Z; has no reactive component,
there is no reactive power in the line, Qs = Qg = 0. This indlcale_s that for
SIL, the reactive losses in the line inductance are exactly offset by {eacuw? power
supplied by the shunt capacitance or wL|Igr|? = wC|Vr|. Fro-m this relation, we
find that Z, = Vg/Ir = JVI]C, which verifies thtz result in (5.63). S;_’L for
typical transmission lines varies from approximately 150 MW for 230-1(}’ _lmes_ to
about 2000 MW for 765-kV lines. SIL is a useful measure o.f transmission line
capacity as it indicates a loading where the line'§ reactive requirements are s-mz‘ill.
For loads significantly above SIL. shunt capacitors may be needed to minimize
voltage drop along the line, while for light loa<:‘ls '51gm.ﬁcantly belo‘w SIL , §hunt
inductors may be needed. Generally the transmission l.u-!e ful.l-l'oad is mur:h hfgher
than ST L. The voltage profile for various loading conditions is illustrated in Figure

5.11 (page 182) in Example 5.9(h).
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Example 5.5

A three-phase, 60-Hz, 500-kV transmission line is 300 km long. The line indue- -

tance is 0.97 mH/km per phase and its capacuance is 0.0115 uF/km per phase.
Assume a lossless line.

{(a) Determine the line phase constant B, the surge impedance Z¢, velocity of prop- -

agation v and the line wavelength A,

{b) The receiving end rated load is 800 MW, 0.8 power factor lagging at 500 kV. .

Determine the sending end quantities and the voltage regulation.

(a) For a lossless line, from (5,62} we have

A=wVLC =21 x 60v/0.97 x 0.0115 x 10-° = 0.001259 rad/km

Zo= g = [ DI X IO onnas 0
f Ve Voonsxips T U

Velocity of propagation is

and from (5.63)

1 l.
o =

VI V09T x 0.0115 x 10-9

=2.994 x 10" km/s

and the line wavetength is

A=Y = L2904 x 105) = 4900 K
T F 60 )= =

(b) B¢ = 0.001259 x 300 = 0.3777 rad = 21.641°

The receiving end voltage per phase is -

500£0°
V3

The receiving end apparent power ix

Vr =

= 288.675£0° kV

S 800 -1
Riip) = B—Sﬁcos 0.8 = 1000/36.87° = 800 + 7600 MVA
The receiving end current per phase is given by

iy == Skusy 1000/ — 36.87° x 103

= 1154.7/ — 36.87° A

3VE 3 x 288675200
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From (5.71) the sending end voltage is

Ve =cos 3 Vp+ jZ,sin B I
= (0.9295)288.675/0° + j(290.43)(0.3688)(1154.7£ — 36.87°)(107%)
= 356.53/16.1° kV

The sending end line-to-line voltage magnitude is
WLyl = V3{Vs] = 617.53 kV

From (5.72) the sending end current is
1
fe=j— 4 sin B3¢ Vi + cos B¢ Ip

j 290 o 3 (0-3688) (288.675£0°)(30°) + (0. 9290)(1154 7L — 36.87°)
= 9023/ - 17.9° A

The sending end power is

Ssisp) = 3VsIs = 3 x 356.53£16.1 x 902.3/-17.9° x 1073
=800 MW + j539.672 Mvar
= 965.1/34% MVA

Voltage regulation is

356.53/0.9295 — 288.675

x 100 = 32.87%
288.675

Percent VR =

The line performance of the above transmission line including the line re-
sistance is obtained in Example 5.9 using the lineperf program. When a line is
operating at the rated load, the exact solution results in Vg, ;) = 623.5£15.57°
KV, and I; = 903.1/—17.7° A. This shows that the lossless assumption yields
acceptable results and is suitable for hand calculation.

57 COMPLEX POWER FLOW
THROUGH TRANSMISSION LINES

Specific expressions for the complex power flow on a line may be obtained in terms
of the sending end and receiving end voltage magnitudes and phase angles and the
ABCD constants. Consider Figare 5.2 where the terminal relations are given by
(5.5) and (5.6). Expressing the ABCD constants in polar form as A = |A]/84,
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B = |B|/8g, the sending end voltage as Vs = |Vs|Z8, and the receiving end §

voltage as reference Vg = |Vg|£0, from (5.5) Ix can be written as

_ V5|48 = |A|£84|VR|L0

Tr= |B[/65 _ ]
|Vsi |A[|Va] a
=iy~ — /84~ 85 (5.81) j
| B |B| ;
The receiving end complex power is
Sne) = Priey t 31Qrwey = 3VRIR (5.82)
Substituting for Jp, from (5.81), we have
Wel[Va] |AllVa]?
iae) =38y — 8 -3 ———— L8y — 0 583
Shgae) =3 5] B | 3 5] =104 (5.33)
or in terms of the line-to-line voltages, we have
Wetn-olVaiL -1yl |AIVR(L-1) 2
Sty = . Wy —-§——— /0y — 8. 5.84
f(30) 18] B 5] H 1 {5.84)

The real and reactive pawer at the receiving end of the line are

V. - V, = AllV, = 2 ;
Prise) = l stV )| cos{fpy—d) — -I—“—R(—L-jil—cos(ﬁﬁ—f)d) {5.85)
1B | B]
Voar. Vi Al Ve _ 2 :
Qhie) = Watr-ollVie Al sin{fp—8) — Msm(&g—ﬂ,\) (5.36)
|3 |B]
The sending end power is
Sstae) = Psagy + iQ@spe) = 3Vsls (5.87)

From (5.23), I¢ can be written as

_ |Al£84|Vs|L8 —|VR|Z0

ts |B|Z85

Substituling for Isin (5.87) yields
A V(- Vs—o)Va-py!
——————cos(fg—~04) —

144 V - 2 v . V _
QS(3¢) = ——H-—..S_'gL_.i‘.)i_sin(BB_gﬂ) - ] S(L Ll}giR(L L)l

Fs(agy =

il 8t i bl i 1 2 a4 e

(5.88)

cos(fp+4) (5.89)

sin(05+48) (5.90)
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The real and reactive transmission line losses are

Priagy = Pse) — Prag) (5.91)
Qrize) = Qsag) — Qrize) (5.92)

The locus of all points obtained by plotting Qr3g) versus Ppayy for fixed
line voltages and varying load angle 4 is a eircle known as the receiving end power
circle diagram. A family of such circles with fixed receiving end voltage and vary-
ing sending end voltage is extremely useful in assessing the performance character-
istics of the transmission line. A function called pwreire(ABCD) is developed for
the construction of the receiving end power circle diagram, and its use is demon-
strated in Example 5.9(g).

For a losstess line B = X', 84 = 0,6 = 90°, and A = cos A€, and the
real power transferred over the line is given by ‘

Vool WVeerr
o |V L})|(1q R(L—1)] G ) (5.93)

and the receiving end reactive power is

Weir-LllVrL -1yl IVier—iyl?

Qras = X cosd — B e

For a given system operating at constant voltage, the power transferred is propor-
tional to the sine of the power angle é. As the load increases, § increases. For
a losstess line, the maximum power that can be transmitted under stable steady-
state conditicn occurs for an angle of Y0°. However, a transmission system with
its connected synchronous machines must also be able 1o withstand, without loss
of stability, sudden changes in generation, load, and faults. To assure an adequate

margin of stability, the practical operating load angle is usually limited to 35 10
45°.

cos 3¢ (5.94)

5.8 POWER TRANSMISSION CAPABILITY

The power handling ability of a line is limited by the thermal loading limit and
the stability limit. The increase in the conductor temperature, due to the real power
loss, stretches the conductors. This will increase the sag between transmission tow-
ers. At higher temperatures this may result in imreversible stretching. The thermal
limit is specified by the current-carrying capacity of the conductor and is available
in the manufacturer’s data. If the current-carrying capacity is denoted by Iipermats
the thermal loading limit of a line is

S.‘.hc‘._rmal =3 vératedIthermnt (595)
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The expression for real power transfer over the line for a lossless line is given

by (5.93). The theoretical maximum power transfer is when & = 90°. The practical
operating load angle for the line alone is limited to no more than 30 to 45°, This
is because of the generator and transformer reactances which, when added to the
line, will result in a larger 4 for a given load. For planning and other purposes, it is
very useful to express the power transfer formula in terms of SIL, and construct

the line loadability curve. For a lossless line X' = Z.sin 8¢, and (5.93) may be E

written as_ :

T Vir 2 :
By = | Sk ol {Veie-u)l | V’f"‘d s ) (5.96)
Vrated Vrated Zc 51N ,’3{
The first two terms within parenthesis are the per-unit voltages denoted by Vg, and

Vipw, and the third term is recognized as S1 L. Equation (5.96) may be written as

P .
34 “in 3¢ sin §
VepullVirpu[STL
= i—giﬂ’j—",,[—— sin & (5.97)
sin{=°)

The function leadabil(L, C, f) obtains the loadability curve and thermal timit curve
of the line. The toadability curve as obtained in Figure 5.12 (page 182) for Examnple
5.9(i) shows that for short and medium lines the thermal limit dictates the maxi-
mum power transfer. Whereas, for longer lines the limit is set by the practical line
leadubility curve. As we see in the next section, for longer lines it may be necessary
fo use series capacitors in order to increase the power transfer over the line.

Example 5.6

A three-phase power of 700-MW is to be transmitied to a substation located 315

km from the source of power. For a preliminary line design assume the following
parameters;

Vs = 1.0 per unit, Vi = 0.9 per unit, A = 5000 km, Z, = 320 £, and
§ = 36.87°

(a) Based on the practical line loadability equation determine a nominal voltage
tevel for the transmission line.

_(b) For the transmission voltage level obtained in (a) calculate the theoretical max-
mum power that can be transferred by the transmission line.

(a) From (5.61), the line phase constant is

gt = g/\zf rad

360, 360
= T g, = 99 68°
0= 2005 (315) = 2268
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From the practical line loadability given by (5.97), we have

_ (L0)(09)(STL)

700 -
5in(22.68°)

sin(36.87°)
Thus

SIL =49383 MW
From (5.78)

KV = \/(ZC)(SIL) = \/(320)(499.83} =400 kY
{b} The equivalent line reactance for a lossless line is given by
X'=Z.sinff = 320sin(22.68) = 123.39 Q

For a lossless line, the maximum power that can be transmitted under steady state
condition occurs for a load angle of 90°. Thus, from (5.93), assuming {Vs| = 1.0
pu and |Vg| = 0.9 pu, the theoretical maximum power is

* (400)(0.9)(400)
P3¢[rnu:c} = _"'_1'5:3_,3'5"_" (1) = 1167 MW

5.9 LINE COMPENSATION

We have noted that a transmission line [oaded to its surge impedance loading has
no net reactive power flow into or out of the line and will have approximately a flat
voltage profile along its length. On long transmission lines, tight loads appreciably
less than S1L result in a rise of voltage at the receiving end, and heavy loads ap-
preciably greater than ST L will produce a large dip in voltage. The voltage profile
of a fong line for various loading conditions is shown in Figure 5.11 (page 182).
Shunt reactors are widely used to reduce high voltages under light load or open line
conditions. If the transmission system is heavily loaded, shunt capacitors, static var
control, and synchronous condensers are used to improve voltage, increase power
transfer, and improve the system stability.

5.9.1 SHUNT REACTORS

Shunt reactors are applied to compensate for the undesirable voltage effects asso-
ciated with line capacitance. The amount of reactor compensation required on a
transmission line to maintain the receiving end veltage at a specified value can be
obtained as follows,
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di Long line ia
- 4
Vs Vr FXLsh
FIGURE 5.7

Shunt reactor compensation,

Consider a reactor of reactance X, connected at the receiving end of a
long transmission line as shown in Figure 5.7, The receiving end current is

Vi
I X Lsh

In = (5.98)
Substituting I into (5.71) results in

Vo = L"Rf_ cos 35 4

sin AF}
Lah

Note that Vs and Vi are in phase, which is consistent with the fact that no real
power is being transmitted over the line. Solving for Xy yields

Xpsn = ﬂ——zc (5.99)
v, — cos B¢

For Vs = Vp, the required inductor reactance is

sin 3¢

Kian = 1—cosge °

(5.100)

To find the relation between Is and Iy, we substitute for Vg from (5.98) into (3.72) : ._',

1
Is = (——— sin 3€ Xy + cos ,3!‘) Ir
Z;

Substituting for X Lan from (5.100) for the case when Vi = Vi results in

(PP, (5.101)
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With one reactor only at the receiving end, the voltage profile will not be uniform,
and the maximum rise occurs at the midspan. It is left as an exercise to show that
for Vs = Vg, the voltage at the midspan is given by

VR ; (5.102)
CcOos % S

Vo=

Also, the current at the midspan is zero. The function openline(ABCD) is used to
find the receiving end voltage of an open line and to determine the Mvar of the
reactor required to maintain the no-load receiving end voltage at a specified vaiue.
Example 5.9(d} illustrates the reactor compensation. Installing reactors at both ends
of the line will improve the voltage profile and reduce the tension at midspan.

Example 5.7

For the transmission line of Example 5.5:

(a) Calculate the receiving end voltage when line is terminated in an open circuit
and is energized with 500 kV at the sending end.

(b) Determine the reactance and the Mvar of a three-phase shunt reactor to be in-

stalled at the receiving end to keep the no-load receiving end voltage at the rated
value.

{a) The line is energized with 500 KV at the sending end. The sending end voltage
per phase 15

__500Z0°
RV
From Example 5.5, Z, = 290.43 and 8¢ = 21.641°,

When the line is open Iz = 0 and from (5.71) the no-load receiving end
voltage is given by

Vs = 288.675 kV

LI,
cos €~ 0.9205

The no-load receiving end line-to-line voltage is
VR -y = \/EVRW) = 537.9 kV
(b) For Vs = Vg, the required inductor reactance given by (5.100) is
sin(21.641°)
1 — cos(21.641°)
The three-phase shunt reactor rating is

Qg = KViraea)” _ (500)°

Vamy = = 310.57 kV

Xish = (290.43) = 1519.5 O

= 164.53 Mvar

Xren 15195
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59.2 SHUNT CAPACITOR COMPENSATION

Shunt capacitors are used for lagging power factor circuits created by heavy loads.

The effect is to supply the requisite reactive power to maintain the receiving end §
voltuge at a satisfactory level. Capacitors are connected either directly (o a bus bar 4
or to the tertiary winding of a main transformer and are disposed along the route to 4
minimize the losses and voliage drops. Given Vs and Vg, (5.85) and (5.86) can be
used conveniently to compute the required capacitor Mvar at the receiving end fora 3

i
H

|

specified load. A function called shntcomp(ABCD) is developed for this purpose, 4

and its use is demonstrated in Example 5.9(f).

593 SERIES CAPACITOR COMPENSATION

Series capacitors are connected in serics with the line, usually located at the mid- 3

point, and are used to reduce the series reactance between the load and the supply

point. This results in improved transient and steady-state stability, more econom- §

ical loading, and minimum voltage dip on load buses. Series capacitors have the B

good characteristics that their reactive power production varies concurrently with

the line loading. Studies have shown that the addition of series capacitors on EHV 1

transmission lines can more thun double the transient stability Toad limit of long
lines at a fraction of the cost of a new transmission line.

Long line
———er'i—c:.— ! !_ T I‘;B
o g +
"‘}A st
Vg Vo "—iXca |::l
FIGURE 5.8

Shunt and serics capacitor compensation.

With the series capacitor switched on as shown in Figure 5.8, from (5.93), the ,_-;__

power transfer over the line for a lossless line becomes

WVse-3[\Vip-p)|
Py = sin §
» X' — XCser

Where X, is the series capacitor reactance, The ratio Xy, /X' expressed as a

percentage. is usually referred to as the percentage compensation. The percentage
compensation is in the range of 25 to 70 percent.

(5.103) W
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One major drawback with series capacitor compensation is that special pro-
tective devices are required to protect the capacitors and bypass the high current
produced when a short circuit occurs. Also, inclusion of series capacitors estab-
lishes a resonant circuit that can oscillate at a frequency below the normal syn-
chronous frequency when stimulated by a disturbance. This phenomenon is re-
ferred to as subsynchronous resonance (SSR). If the synchronous frequency minus
the electrical resonant frequency approaches the frequency of one of the turbine-
generator natural torsional modes, considerable damage to the turbine-generator
may result. If L’ is the lumped line inductance corrected for the effect of dis-
tribution and C,,, is the capacitance of the series capacitor, the subsynchronous

resonant frequency is
1
=t e,

where f is the synchronous frequency. The function sercomp(ABCD) can be used
to obtain the line performance for a specified percentage compensation. Finally,
when line is compensated with both series and shunt capacitors, for the specified
terminal voltages, the function srshcomp(ABCD)}) is used to obtain the line per-
formance and the required shunt capacitor. These compensations are also demon-
strated in Example 5.9(f).

(5.104)

Example 5.8

The transmission line in Example 5.5 supplies a load of 1000 MVA, 0.8 power
factor lagging at 500 kV.

{a) Determine the Mvar and the capacitance of the shunt capuacitors to be installed
at the receiving end o keep the receiving end voltage at 500 kV when the line is
energized with 500 kV at the sending end.

(b) Only series capacitors are installed at the midpoint of the line providing 40 per-
cent compensation. Find the sending end voltage and voltage regulation.

(a) From Example 5.5, Z. = 290.43 and 3¢ = 21.641°. Thus, the equivalent line
reactance for a lossless line is given by

X' = Z. sin 3¢ = 290.435in{21.641°) = 107.11 Q
The receiving end power is

Sreey = 1000Z cos™1{0.8) = 800 + 7600 MVA

For the above opetating condition, the power angle & is obtained from (5.93)

(500)(500) _

800 = o7 g1 sind
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which results in § = 20.044°. Using the approximate relation given by (5.94), the
net reactive power at the receiving end is

(500)(500) oy _ (500)2
= O 20.044°) —
Orae) = “Jor11 o204}~
Thus, the required capacitor Mvar is Sp = j23.15 — 7600 = —7576.85
The capacitive reactance is given by

cos(21.641°) = 23.15 Mvar

— = —j133.38 Q

or

C=W=G.I uE

The shunt compensation for the above transmission line including the line
resistance is obtained in Example 5.9(f) using the lineperf program. The exact so-
lution results in 613.8 Mvar for capacitor reactive power as compared o 576.85
Mvar obtained from the approximate formula for the fossless line, This represents
approximately an error of 6 percent.

(b) For 40 percent compensation. the series capacitor reactance per phase is
Avrn S0AN "= 0.4(107.1) = 4284 Q
The new equivalent = circuit parameters are given by

Z'=3(X' = Xyer) = j(107.1 - 42.84) = j64.26 Q

-+ . . 2
¥ = iy tan(¢/2) = L e tan(21.641°/2) = j0.001316 siemens
c r

The new B constant is B = j64.26 and the new A-constant is given by

ZY' | (764.26)(j0.001316)

A=14+ - 5 = 0.9577
The receiving cnd voltage per phase is
500
Vi = 7‘,_5 = 288.675 kV

and the receiving end current is

g5, 0 <t e
IR:M.:_;.-_:__‘__ZI—A = °
3V T 3 x 288675200  1947{-36.87° kA
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Thus, the sending end voltage is

Vs= AV + BIg = 0.9577 x 288.675 + j64.26 x 1.1547/ —36.87°
= 326.4£10.47° kV

and the line-to-line voltage magnitude is [Vs(z-zy| = V3 Vs = 565.4 kV. Volage
regulation is

565.4/0.958 ~ 500
500

Percent VR =

x 100 = 18%

The exact solution obtained in Example 5.9(f) results in Vs(t-ry = 571.9 kV. This
represents an error of 1.0 percent,

510 LINE PERFORMANCE PROGRAM

A program called lineperf is devetoped for the complete analysis and compen-
sation of 4 transmission line, The command lineperf displays a menu with five
options for the compurtation of the parameters of the n models and the transmis-
sion constants. Selection of these options will call upon the following functions.

[Z, Y, ABCD] = ric2abed(r, L, C, g, f, Length) computes and returns the
model parameters and the transmission constants when r in ohm, L in mH, and C
in ¢F per unit length, frequency, and line length are specified.

{Z, Y, ABCD)] = zy2abed(z, y, Length) computes and returns the 7 model
parameters and the transmission constants when impedance and admitiance per
unit length are specified,

{Z, Y, ABCD] = pi2abed(Z, Y) returns the ABCD constants when the =
model parameters are specified.

[Z, Y, ABCD] = abed2pi(A, B, C) returns the m model parameters when the
Iransmission constants are specified.

[L , C] = gmd2lc computes and retumns the inductance and ca;?acitance per
phase when the line configuration and conductor dimensions are specified.

{r, L, C, f] = abcd2ric(ABCD) returns the line parameters per unit length and
frequency when the transmission constants are specified.
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Any of the above functions can be used independently when the arguments of §
the functions are defined in the MATLAB environment. If the above functions are §
typed without the parenthesis and the arguments, the user will be prompted to enter 3
the required data. Next the lineperf loads the program listmenu which displays a 3
list of eight options for transmission line analysis and compensation. Selection of 3
these options will call upon the following functions.

PRSI R

givensr(ABCD) prompts the user to enter Vg, Pp and Qp. This function 3
computes Vg, Ps, Qg, line losses, voltage regulation, and transmission efficiency.

givenss(ABCD) prompts the user to enter Vs, Ps and Q5. This function com-
putes Vi, P, Q. line losses, voltage regulution, and transmission efficiency.

givenzi(ABCD) prompts the user to enter Vg and the load impedance. This

function computes Vs, Ps, Qs. line losses, voltage regulation, and transmission
efficiency.

openline(ABCD) prompts the user to enter V. This function computes Vg
for the open-ended line. Also, the reactance and the Mvar of the necessary reactor
to maintain the receiving end voltage at a specified value are obtained. In addition,
the function plots the voltage profile of the line.

shckilin(ABCD) prompts the user 10 enter V. This function computes the
current at both ends of the line for a solid short circuit at the receiving end.
Option 6 is for capuacitive compensation and calls upon compmenu which

displays three options. Selection of these options will call upon the following func-
tions.

shntcomp(ABCD) prompts the user to enter Vg, Pg, Qg and the desired V. %
This function computes the capacitance and the Mvar of the shunt capacitor bank
to be installed at the receiving end in order to maintain the specified V. Then, Vs,
Fs. Qs, tine losses, voltage regulation, and transmission efficiency are found.

sercomp{ABCD) prompts the user to enter Vi, Pr, @r, power, and the per-
centage compensation (i.e., Xgger/ Xiine * 100 ). This function computes the Mvar
of the specified series capacitor and Vs, Ps, Qsg, line losses, voltage regulation, and -3
transmission efficiency for the compensated line. :

srsheomp(ABCD) prompts the user to enter Vs, Pr, Qg the desired Vi and
the percentage series capacitor compensation, This function computes the capaci-
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tance and the Mvar of a shunt capacitor to be installed at the receiving end in order

to maintain the specified V. Also, Vs, P, Qg, line losses, voltage regulation, and
transmission efficiency are obtained for the compensated line.

Option 7 loads the pwreire{ABCD) which prompts for the receiving end volt-
age. This function constructs the receiving end power circle diagram for various
values of Vg from Vg up 10 1.3V5.

Option 8 calls upon profmenu which displays two options. Seléclion of these
options will call upon the following functions: :

vprofile(r, L, C, f} prompts the user io enter Vg, rated MVA, power factor,
Vr, Pr, and Qg. This function displays a graph consisting of voltage profiles for -
line length up to 1/8 of the line wavelength for the following cases: open-ended
line, line terminated in S1L, short-circuited line, and fult-load.

loadabil(L., C, f) prompts the user for Vs, Vg, rated line voltage, and current-
carrying capacity of the line. This function displays a graph consisting of the prac-
tical line loadability curve for § = 30°, the theoretical stability limit curve, and the
thermal limit, This function assumes a lossless line and the plots are obtained for a
line length up to 1/4 of the ling wavelength,

Any of the above functions can be used independently when the arguments of the
functions are defined in the MATLAB environment. The ABCD constant is en-
tered as a matrix. If the above functions are typed without the parenthesis and the
arguments, the user will be prompted to enter the required data.

Example 5.9

A three-phase, 60-Hz, 550-kV transmission line is 300 km long. The line parame-
ters per phase per unit length are found to be

r=0.016 Q/km L =097 mHkm C =0.0115 uF/km

{a) Determine the line performance when load at the receiving end is 800 MW, 0.8
power factor lagging at 500 kV.

The command:

lineperf

displays the following menu
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Type of parameters for imput Select To calculate receiving end guantities
Parameters per unit length for specified sending end MW, Mvar 2
r (Q), g (siemens), L (mH), C (uF) 1

To calculate sending end quantities

Complex z and y per unit length when load impedance is specified 3
r + j*x (2), g + j*b (siemens) v 12
Open-end line and reactive compensation 4
Nominal 7 or Eq. 7 model 3 o
Short-circuited line S
A, B, C, D constants 4
Capacitive compensation 6
Conducter configuration and dimensiocn ; 5 -
Receiving end circle diagram ¥
To quit ¢
Select number of menu — 1 Loadability curve and voltage profile 8
‘Enter line length = 300
. Enter frequency in Hz = 60
Enter line resistance/phase in §l/unit length, r = 0,016 To quit &

Enter line inductance in mH per unit length, L = 0.87
Enter line capacitance in puF per unit length, C = .0115
Enter line conductance in siemens per unit length, g = 0
Enter 1 for medium line or 2 for long line — 2

Select number of menu — 1

Enter receiving end line-line voltage kV = 500
Enter receiving end voltage phase angle® = 0
Enter receiving end 3-phase power ¥d = 800

Equivalent 7 model

Z' = 4.57414 + j 107.119 ohms Enter receiving end 3-phase reactive power
Y’ = 6.9638e-07 + j 0.00131631 siemens {+ for lagging and - for leading power factor) Mvar = 600
Zc = 290.496 + j -6.35214 ohms
af = 0.00826172 neper ¢ = 0.377825 radian = 21.6478° Line performance for specified receiving end quantities
Vr = 500 kV (L-L) at 0°
Pr = 800 MW Qr = 600 Mvar
ABCD.— 0.9295 + 70.0030478 4.5741 + ;107.12 Ir = 1154.7 & at -36.8699° PFr = 0.8 lagging

Vs = 623.511 kV (L-L) at 15.5762°

Is = 903.113 A at -17.6996°, PFs = 0.836039 lagging
Ps = 815.404 MW, Qs = 535.129 Mvar

PL = 15.4040 MW, QL = -64.871 Mvax

Percent Voltage Regulation = 34.1597

Transmission line efficiency = 98.1108

~1.3341e — 06 + ;0.0012699 0.9295 + ;0.0030478

At this point the program listmenu is automatically loaded and displays the fol-
lowing menu,

Transmission line performance

Analzsis Select

To calculate sending end quantities
for specified receiving end MW, Mvar 1

At the end of this analysis the listmenu (Analysis Menu) is displayed.

(b) Determine the receiving end quantities and the line performance when 600 MW
and 400 Mvar are being transmitted at 525 kV from the sending end.
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Selecting option 2 of the listmenu results in

Enter sending end line-line voltage kV = 525

Enter sending end voltage phase angle® = 0

Enter sending end 3-phase power MW = 600

Enter sending end 3-phase reactive power

(+ for lagging and - for leading power factor) Mvar = 400

]

Line performance for specified sending end quantities

Vs = 625 kV {L-L) at 0°

Ps = 600 MW, Os = 400 Mvar

Is = 793.016 A at -33.6901°, PFs = 0.83205 lagging
Vr = 417.954 kV (L-L) at ~16.3044°

Ir = 1002.6 A at ~52.16° PFr = 0.810496 lagging

Pr = 588.261 MW, Qr = 425.136 Mvar

PL = 11.7390 MW, OL = -25.136 Mvar

Percent Voltage Regulation = 35.1383

Transmission line efficiency = 98.0435

(¢) Determine the sending end quantities and the line performance when the re-
celving end load impedance is 290 0 at 500 kV.

Selecting option 3 of the listmenu results in

Enter receiving end line-line voltage kV = 500
Enter receiving end voltage phase angle® = @
Enter sending end complex load impedance 206+ 70

Line performance for specified load impedance

Vr = 500 kV (L-L) at 0°

ir = 895.431 A at 0° PFr = 1

Pr = 862.069 MW, Qr = 0 Mvar

Vs = 507.996 kV (L-L) at 21.5037°

Is = 995.995 & at 21.7842°, PFs = 0.999988 leading
Ps = 876.341 My Qs = -4.290 Mvar

PL = 14,272 My QL = -4.290 Mvar

Percent Voltage Regulation = 9,30464

Transmission line efficiency = 98.3714

(d} Find the receivin
and is energized with

g end voltage when the line is terminated in an open circuit

S00 KV at the sending end. Also, determine the reactance and 5
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the Mvar of a three-phase shunt reactor to be installed at the receiving end in order
to limit the no-load receiving end voltage to 500 kV.

Selecting option 4 of the Jistmenu results in

Enter sending end line-line voltage kV = 500
Enter sending end voltage phase angle® = 0

Dpen line and shunt reactor compensaticn

it

Vs 500 kV (L-L) at 0°

Vr 537.92 kv (L-L) at -0.00327893°

Is = 394.394 A at 89.8723°, PFs = 0.0022284 leading
Desired no load receiving end voltage = 500 kV
Shunt reactor reactance = 1519.4 1

Shunt reactor rating = 164.538 Mvar

The voltage profile for the uncompensated and the compensated line is also found
as shown in Figure 5.9.

Voltage profile of an unloaded line, X4 = 1519 ohms
5’10 T T T

530 +
520 |
510
500
KV 490} | 1
480 1
470 _
460 : [

Uncompcns:itcd 4

Compensated

4500 50 100 150 200 250 300
Sending end Receiving end

FIGURE 5.9 ;
Compensated and uncompensated voliage profile of open-ended line.

{e) Find the receiving end and the sending end currents when the line is terminated
in a short circuit,
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Selecting option 5 of the listmenu resuits in

Enter sending end line-line voltage kV = 500
Enter sending end voltage phase angle® = @

Line short-circuited at the receiving end

Vs = 500 kV (L-L) at ©°
Ir = 2692.45 A at -B87.5549°
Is = 2502.65 A at -87.367°

(N ‘Thc. line loading in part (a) resulted in a voltage regulation of 34.16 percent
which is unac:f:eptably high. To improve the line performance, the line is compen:
sated with series and shunt capacitors. For the loading condition in (a):

‘ (1) Delennir?e.the Mvar and the capacitance of the shunt capacitors to be in- 1
b‘{il”t':d at th&? recetving end to keep the receiving end voltage at 500 kV when the @&
line is energized with 500 kV at the sending end.

Selecting option 6 will display the compmenu as follows:

Capacitive compensation

Analysis Select
Shunt capacitive compensation 1
Series capacitive compensation 2
Series and shunt Capacitive compensation 3
To quit 0

Selecting option 1 of the com pmenu results in

Snter sending end line-line voltage kV = 500
Eﬁzzi deai;eq receiving end line-line voltage kV = 500
eyl reca;v%ng end voltage phase angle® = 0
i ;eca?v?ng end 3-phase power MW = 800
e éceiving end 3-phase reactive power
or lagging and - for leading power factor) Mvar = 600
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Shunt capacitive compensation

Vs 500 kV (L-L) at 20.2479°

Vr = 500 kV (L-L) at 0°

Pload = 8C0 MW, Qlocad = 600 Mvar

Load current = 1154.7 A at -36.8699°, PF1l = 0.8 lagging
Required shunt capacitor: 407.267 2, 6.51314 uF,613.849 Mvar
Shunt capacitor current = 708.811 & at 90°

Pr = B0OC.0C0 MW, Qr = -13.849 Mvar

Ir = 923.899 A at 0.991732°, PFr = 0.99985 leading
Is = 940.306 & at 24.121° PFs = 0.997716 leading
Ps = 812 469 MW, Qs = -55.006 Mvar

PL = 12.469 MW, QL = -41,158 Mvar

Percent Voltage Regulation = 7.58405
Transmission line efficiency = 98.4653

(2) Determine the line performance when the line is compensated by series
capacitors for 40 percent compensation with the load condition in (a) at 500 kV.

Selecting option 2 of the compmenu results in

Enter receiving end line-line voltage kV = 500
Enter receiving end voltage phase angle® = Q
Enter receiving end 3-phase power MW = 800
Enter receiving end 3-phase reactive power

(+ for lagging and - for leading power factor) Mvar = €00
Enter percent compensation for series capacitor
(Recommended range 25 to 75% of the line reactance) = 40

Series capacitor compensation

Vr = 500 kV (L-L) at 0°

Pr 800 MW, Qr = 600 Mvar _

Required series capacitor: 42.8476 Q, 61.9074 uF, 47.4047 Mvar
Subsynchronous resonrant frequency = 37.9473 Hz

Ir = 1154.7 A at -36.8699°, PFr = 0.8 lagging

Vs = 571.904 kV (L-L) at 9.95438°

Is = 932.258 A at -18.044°, PFs = 0.882961 lagging
.Ps = B15.383 MW, Qs = 433.517 Mvar

PL = 15.383 MW, QL = -166.483 Mvar

Percent Voltage Regulation = 19.4322
Transmission line efficiency = 98.1134
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(3) The line has 40 percent series capacitor compensation and supplies the
load in (a). Determine the Mvar and the capacitance of the shunt capacitors to be
installed at the receiving end to keep the receiving end voltage at 500 kV when line
is energized with 500 kV at the sending end.

Selecting option 3 of the compmenu results in

Enter sending end line-line voltage kV = 500

Enter desired receiving end line-line voltage kV = 500
Enter receiving end voltage phase angle® = Q

Enter receiving end 3-phase power MW = 800

Enter receiving end 3-phase reactive power

(+ for lagging and - for leading power factor) Mvar = 600
Enter percent compensation for series capacitor
(Recommended range 25 to 75% of the line reactance) = 40

Series and shunt capacitor compensation

Vs = 500 kV (L-L) at 12.0224°
Vr = 500 kv (L-L) at 0°

Pload = 800 MW, Qload = 600 Mvar

Load current = 1154.7 A at -36.8699°, PF1 = 0.8 lagging
Required shunt capacitor: 432.736 Q, 6.1208 g#F, 577.72 Mvar
Shunt. capacitor current - 667.093 A at 90°

Required series capacitor: 42.8476 2, 61.9074 uF,37.7274 Mvar
Subsynchronous resonant frequency = 37.9473 Hz

Pr = BOO MW, Qr = 22.2804 Mvar

Ir = 924.119 A at -1.5953°, PFr = 0.999612 lagging

Is = 951.165 A at 21.5977°, PFs = 0.586068 leading

Ps = 812.257 MW, Qs = -137.023 Mvar

PL 12,257 MW, QL = -159.304 Mvar

Percent Voltage Regulation = 4.41619

Transmission line efficiency = 98.4391

.
g
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(8) Construct the receiving end circle diagram.

Selecting option 7 of the listmeniu results in

Enter receiving end line-line voltage kV = 500

A plot of the receiving end circle diagram is obtained as shown in Figure 5.10.
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Power circle diagram Vj: from V; to 1.3V,
100{) L T T

Qr- 0\

~1.3
Myvar \\\125
1.2
1.15
1.1

1.05
—500 ¢ 1.0 4
—1000; 500 1000 1500 2000
P, MW
FIGURE 5.10
Receiving end circle diagram.

(h) Determine the line voltage profile for the following cases: no-load, rated load,
line terminated in the STL, and short-circuited line.

Selecting option 8 of the listmenu results in

Voltage profile and line loadability

Analysis Select
Voltage profile curves i
Line leoadability curve 2
To quit 0

Selecting option 1 of the profmenu results in
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Voltage profile for length up to 1/8 wavelength, Z, = 290.5 ohms

800 r T r T T r :

7001 No-load g

600 - 4

500 SIL ]
V. 400 4

300 Rated load

200

100 | _

Shit-ckt

0 1 3 1 L L L
0 . 100 200 300 400 500 600 700 800
. Sending end Receiving end
FIGURE 5.11
Voltage profile for length up to 1/8 wavelength.

Loadability curve for length up to 1/4 wavelength

SIL = 860.8 MW, delta = 30 degrees

Thermal limit

Theoretical stability limit

ractical line loadabi ity

[ 1 L ! ! L
0 200 400 600 800 1000 1200 1400
Line length

FIGURE 5.12
Line loadability curve for tength up to 1/4 wavelength.
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Enter sending end line-line voltage kV = 500
Enter rated sending end power, MVA = 1000
Enter power facter = 0.8

A plot of the voltage profile is obtained as shown in Figure 5.11 (page 182).

(1) Obtain the line loadability curves.
Selecting option 2 of the profmenu results in

Enter sending end line-line voltage kV = 500

Enter receiving end line-line voltage kV = 500

Enter rated line-line voltage kV = 500

Enter line current-carrying capacity, Amp/phase = 3500

The line loadability curve is obtained as shown in Figure 5.12 (page 182).

PROBLEMS

5.1

th
)

A 65-kV, three-phase short transmission line is 16 km long. The line has a per
phase series impedance of 0.125+ 70.4375 ¥ per km. Determine the sending
end voltage, voltage regulation, the sending end power, and the transmission
efficiency when the line delivers

(a) 70 MVA, 0.8 lagging power factor at 64 kV.
(b) 120 MW, unity power factor at 64 kV.

Use lineperf program to verify your results.

Shunt capacitors are installed at the receiving end to improve the line perfor-
mance of Problem 5.1. The line delivers 70 MVA, 0.8 lagging power factor
at 64 kV. Determine the total Mvar and the capacitance per phase of the
Y-connected capacitors when the sending end voltage is

(a) 69 kV.
(b) 64 kV.
Hinr: Use (5.85) and (5.86) to compute the power angle ¢ and the receiving
end reactive power.
| {¢) Use lineperf to obtain the compensated line performance.

A 230-kV, three-phase transmission line has a per phase series impedance
of 2 = 0.05 + 70.45 £ per km and a per phase shunt admittance of y =
73.4 x 1075 siemens per km. The line is 80 km long. Using the nominal
model, determine

(a) The transmission line ABCD constants.
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54.

5.5.

5.6.

5.7

Find the sending end voltage and current, voltage reguiation, the sending end I.

power and the transmission efficiency when the line delivers

(b) 200 MVA, 0.8 lagging power factor at 220 kV.
(c} 306 MW, unity power factor at 220 kV.

Use lineperf program to verify your results.

Shunt capacitors are installed at the receiving end 1o improve the line perfor-
mance of Problemn 5.3. The line delivers 200 MVA, 0.8 lagging power factor 3

at 220 kV.

(a)Determine the total Mvar and the capacitance per phase of the Y-connected

capacitors when the sending end voltage is 220 kV. Hins: Use (5.85) and F

{5.86) to compute the power angle 6 and the recetving end reactive power.
(b) Use lineperf to obtain the compensated line performance,

A three-phase, 345-kV, 60-Hz transposed line is composed of two ACSR, 2

1,113,000-cmil, 45/7 Bluejay conductors per phase with flat horizontal spac-

ing of 11 m. The conductors have a diameter of 3.195 ¢m and a GMR of '
1.268 cm. The bundie spacing is 45 cm. The resistance of each conducior B

in the bundle is 0.0538 Q per km and the line conductance is negligible,
The fine is 150 km long. Using the nominal 7 model, determine the ABCD
constant of the line. Use lineperf and option 5 1o verify your results,

The ABCD constants of a three-phase, 345-kV transmission line are

A = D = 0.98182 + j0.0012447 -
B = 4.035 + j58.947
C = j0.00061137

The line delivers 400 MVA at 0.8 lagging power factor at 345 kV. Determine
the sending end quantities, voltage regulation, and transmission efficiency.

Write a MATLAB function named {ABCD] = abedm(z, y, Lngt) to evaluate

apd return the ABCD transmission matsix for a medium-length transmis-
sion line where 7 is the per phase series impedance per unit length, y is the

shunt admittance per unit length, and Lngt is the line length. Then, write a ' '
Program that uses the above function and computes the receiving end quan- 73
liies, voltage regulation, and the line efficiency when sending end quantities %

are specified. The program should prompt for the following quantities:

The sending end line-to-line voltage magnitude in kV
The sending end voltage phase angle in degrees
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The three-phase sending end real power in MW
The three-phase sending end reactive power in Mvar

Use your program to obtain the solution for the following case.

A three-phase transmission line has a per phase series impedance of z =.
0.03 + 70.4 © per km and a per phase shunt admittance of y = 4.0 x 10~8
siemens per km. The line is 125 km long. Obtain the ABCD transmission
matrix. Determine the receiving end quantities, voltage regulation, and the
line efficiency when the line is sending 407 MW, 7.833 Mvar at 350 kV.

Obtain the solution for Problems 5.8 through 5.13 using the lineperf pro-
gram. Then, solve each problem using hand calculations.

A three-phase, 765-kV, 60-Hz transposed line is composed of four ACSR,
1,431,000-cmil, 45/7 Bobolink conductors per phase with flat horizontal
spacing of 14 m. The conductors have a diameter of 3.625 cm and a GMR
of 1.439 cm. The bundie spacing is 45 cm. The line is 400 km long, and for
the purpose of this problem, a lossless line is assumed.

A{a) Determine the transmission line surge impedance Z,., phase constant 3,

wavelength A, the surge impedance loading SIL, and the ABCD constant.
(b) The iine delivers 2000 MVA at 0.8 lagging power factor at 735 kV. Dc-
termine the sending end quantities and voltage regulation.

{c) Determine the receiving end quantities when 1920 MW and 600 Mvar
are being transmitted at 765 kV at the sending end.

(d)} The line is terminated in a purely resistive load. Determine the sending
end quantities and voltage regulation when the receiving end load resistance
is 264.5 £ at 735 kV. ' :

The transmission line in Problem 5.8 is energized with 765 kV at the sending
end when the load at the teceiving end is removed,

(a) Find the receiving end voltage, -

(b) Determine the reactance and the Mvar of a three-phase shunt reactor to
be installed a¢ the receiving end in order to limit the no-load receiving end
voltage 10 735 kV.

. The transmission line in Problem 5.8 is energized with 765 kV at the sending

end when a three-phase short-circuit occurs at the receiving end. Determine
the receiving end current and the sending end current.

. Shunt capacitors are installed at the receiving end to improve the line per-

formance of Problem 5.8. The fine delivers 2000 MVA, 0.8 lagging power
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factor. Determine the total Mvar and the capacitance per phase of the Y. 3B
connected capacitors to keep the receiving end voltage at 735 kV when the ‘38
sending end voltage is 765 kV. Hint: Use (5.93) and (5.94) to compute the .
power angle § and the receiving end reactive power. Find the sending end

quantities and voltage regulation for the compensated line.

. Series capacitors are installed at the midpoint of the line in Problem 5.8, 3 ..
providing 40 percent compensation. Determine the sending end quantities
and the voltage regulation when the line delivers 2000 MVA at 0.8 lagging 4

power factor at 735 kV.

. Senes capacitors are installed at the midpoint of the line in Problem 5.8, pro-

viding 40 percent compensation. In addition, shunt capacitors are installed at '_ 2
the receiving end. The line delivers 2000 MVA, 0.8 lagging power factor. De-
termine the total Mvar and the capacitance per phase of the series and shunt

capacitors 10 keep the receiving end voltage at 735 kV when the sending end
voltage is 765 kV. Find the sending end quantities and voltage regulation for
the compensated line.

-14. The transmission line in Problem 5.8 has a per phase resistance of 0.011

per km. Using the lineperf program, perform the following analysis and
present a summary of the calculation along with your conclusions and rec-
ommendations.

t4) Determine the sending end quantitics for the specified receiving end
quantities of 735/0°, 1600 MW, 1200 Mvar.

(b) Determine the receiving end quantities for the specified sending end
quantitics of 765/0°, 1920 MW, 600 Mvar,

{c} Determine the sending end quantities for a load impedance of 282.38 +
JO Qat 735 kv,

{d} Find the receiving end voltage when the line is terminated in an open
ctreuit and is energized with 765 kV at the sending end. Also, determine the
reactance and the Mvar of a three-phase shunt reactor to be installed at the
recciving end in order to limit the no-load receiving end voltage to 765 kV.
Obtain the voltage profile for the uncompensated and the compensated line.

te) Find the receiving end and the sending end current when the line is ter-
minated in a three-phase short circuit.

() For the line louding of part (a), determine the Mvar and the capacitance of 3
the shunt capacitors to be installed at the receiving end to keep the receiving 3
end voltage at 735 kV when line is energized with 765 kV. Obtain the line

performance of the compensated line, :
(8) Determine the line performance when the line is compensated by series

capacitor for 40 percent compensation with the load condition in part {a) at -

735kV.

5.15.

5.16.
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(h) The line has 40 percent series capacitor compensation and supplies the:
load in part (a). Determine the Mvar and the capacitance of the shunt capac-
itors to be installed at the receiving end to keep the receiving end voltage at
735 kV when line is energized with 765 kV at the sending end.

(1) Obtain the receiving end circle diagram,

(j) Obtain the line voltage profile for a sending end voitage of 765 kV.

(k) Obtain the line loadability curves when the sending end voltage is 765
kV, and the receiving end voltage is 735 kV. The current-carrying capacity
of the line is 5000 A per phase.

The ABCD constants of a lossless three-phase, 500-kV transmission line are

A=D =086+ j0
B =0+ 351302
C = j0.002

(a) Obtain the sending end quantities and the voltage regulation when line
delivers 1000 MVA at 0.8 lagging power factor at 500 kV.

To improve the line performance, series capacitors are installed at both ends
in each phase of the transmmission line. As a result of this, the compensated
ABCD constants become

A B1_[1 —3iX A B 1 ~%ch]
'O 5 A 1 C D 0 1
where X, is the total reactance of the series capacitor. If X, = 100

{b) Determine the compensated ABCD constants,
(c) Determine the sending end quantities and the voltage regulation when
line delivers 1000 MVA at 0.8 lagging power factor at 500 kV.

A three-phase 420-kV, 60-HZ transmission line is 463 km long and may
be assumed lossless. The line is energized with 420 kV at the sending_ efid.
When the load at the receiving end is removed, the voltage at the receiving
end is 700 kV, and the per phase sending end current is 646.6/90° A.

. {a) Find the phase constant 8 in radians per km and the surge impedance Z.

5.17.

in Q. ) S
(b) Ideal reactors are to be installed at the receiving end to keep |Vs| =
|Va] = 420 kV when load is removed. Determine the reactance per phase

and the required three-phase kvar.

A three-phase power of 3600 MW is to be transmitted via four identical
60-Hz transmission lines for a distance of 300 km. From a preliminary line






