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296 Chapter 5 | Transmission Lines: Steady-State Operation

518 The maximum power that a lossless line can deliver, in terms of the volt-
age magnitudes ¥ and ¥, (in volts) at the ends of the line held constant,
and the series reactance X' of the corresponding equivalent o circuit, is
given by , In watts.

SECTION 55

520 The maximum power flow for a lossy line is somewhat less than that for
a lossless line.
(a) True (b) False

SECTION 5.6

521 For short lines less than 25 km long, loadability is limited by the thermal
rating of the conductors or by terminal equipment ratings, not by voltage
drop or stability considerations.

(a) True (b) False

522 Increasing the transmission line voltage reduces the required number of
lines for the same power transfer.
(a) True (b) False

523 Intermediate substations are often economical from the viewpoint of the
number of lines required for power transfer il their costs do not outweigh
the reduction in line costs.

(a) True (b) False

SECTION 5.7

524 Shuntreactive compensation improves transmission-line
series capacitive compensation increases transmission-line

525 Static-var-compensators can absorb reactive power during light loads
and deliver reactive power during heavy loads.
(a) True (b) False

. whereas

PROBLEMS

SECTION 5.1

51 A 30-km, 34.5-kV, 60-Hz, three-phase line has a positive-sequence series
impedance z = 0.19 + j0.34 (0/km. The load at the receiving end absorbs
10 MVA at 33 kV. Assuming a short line, calculate: (a) the A BCD param-
eters, (b) the sending-end voltage for a load power factor of 0.9 lagging,
and (c) the sending-end voltage for a load power factor of 0.9 leading.

52 A 200-km, 230-kV, 60-Hz, three-phase line has a positive-sequence series
impedance z = 0.08 + j0.48 {Wkm and a positive-sequence shunt admit-
tance y = j3.33 X 107° S/km. At full load, the line delivers 250 MW at
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53

54

57

58

59

Problems

0.99 p.f. lagging and at 220 kV. Using the nominal = circuit, calculate: (a)
the ABCD parameters, (b) the sending-end voltage and current, and (c)
the percent voltage regulation.

Rework Problem 5.2 in per unit using 1000-MVA (three-phase) and
230-kV (line-to-line) base values. Calculate: (a) the per-umit 4BCD
parameters, (b) the per-unit sending-end voltage and current, and (c) the
percent voltage regulation.

Derive the A BCD parameters for the two networks in series, as shown in
Figure 5.4.

Derive the ABCD parameters for the T circuit shown in Figure 5.4.

(a) Consider a medium-length transmission line represented by a nomi-
nal 7 circuit shown in Figure 5.3 of the text. Draw a phasor diagram
for lagging power-factor condition at the load (receiving end).

(b) Now consider a nominal T circuit of the medium-length transmission
line shown in Figure 5.18.

First draw the corresponding phasor diagram for lagging power-factor

load condition.

Then determine the ABCD parameters in terms of ¥ and £ for the nom-
inal T circuit and for the nominal  circuit of part (a).

[A Zi2 22 iy
O AN e AN o ¢
A2 Xz + Ri2 X2

Vi Ve Y Ve
’1 s
L& .

The per-phase impedance of a short three-phase transmission line is
0.5/53.15° {). The three-phase load at the receiving end is 1200 kW at
0.8 p.f. lagging. If the line-to-line sending-end voltage is 3.3 kV, determine
(a) the receiving-end line-to-line voltage in k' and (b) the line current.
Draw the phasor diagram with the line current /, as reference.

Reconsider Problem 5.7 and find the following: (a) sending-end power fac-
tor, (b) sending-end three-phase power, and (c) the three-phase line loss,
The 100-km, 230-kV, 60-Hz, three-phase line in Problems 4.18 and 4.39
delivers 300 MVA at 218 kV to the receiving end at [ull load. Using the
nominal # circuit, calculate the 4ABCD parameters, sending-end voltage,
and percent voltage regulation when the receiving-end power factor is
(a) 0.9 lagging, (b) unity, and (c) 0.9 leading. Assume a 50°C conductor
temperature to determine the resistance of this line.

297

FIGURE 5.18

Mominal T-circuit for

Problem b8
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298 Chapter 5 | Transmission Lines: Steady-State Operation

510 The 500-kV, 60-Hz, three-phase line in Problems 4.20 and 4.41 has a
180-km length and delivers 1600 MW at 475 kV and at 0.95 power factor
leading to the receiving end at full load. Using the nominal  circuit,
calculate the (a) ABCD parameters, (b) sending-end voltage and
current, (¢) sending-end power and power factor, (d) full-load line
losses and efficiency, and (e) percent voltage regulation. Assume a 50°C
conductor temperature Lo determine the resistance of this line.

511 A 40-km, 220-kV, 60-Hz, three-phase owverhead transmission line
has a per-phase resistance of 0.15 {Vkm, a per-phase inductance of
1.3263 mH/km, and negligible shunt capacitance. Using the short line
model, find the sending-end voltage, voltage regulation, sending-end
power, and transmission line efficiency when the line is supplying a
three-phase load of (a) 381 MVA at 0.8 power factor lagging and at
220 kV and (b) 381 MVA at 0.8 power factor leading and at 220 kV.

512 A 60-Hz, 100-mile, three-phase overhead transmission line, constructed
of ACSR conductors, has a series impedance of (0.1826 + j0.784) (M/mi
per phase and a shunt capacitive reactance-to-neutral of 185.5 x 10¢
/—90° Q-mi per phase. Using the nominal 7 circuit for a medium-length
transmission line, (a) determine the total series impedance and shunt
admittance of the line; (b) compute the voltage, the current, and the real
and reactive power at the sending end if the load at the receiving end draws
200 MVA at unity power factor and at a line-to-line voltage of 230 kV;
and (c) find the percent voltage regulation of the line.

SECTION 5.2

513 Evaluate cosh(yf) and tanh(v//2) for v/ = 0.40/85" per unit.

514 A 500-km, 5300-kV, 60-Hz, uncompensated three-phase line has a positive-
sequence series impedance z = 0.03 +;70.35 {W/km and a positive-
sequence shunt admittance y = jd.4 X 107* §/km. Calculate: (a) Z,,
(b) (), and (c) the exact ABCD parameters for this line.

515 At full load, the line in Problem 5.14 delivers 900 MW at unity power
factor and at 475 kV. Calculate: (a) the sending-end voltage, (b) the
sending-end current, (¢) the sending-end power factor, (d) the full-load
line losses, and (e) the percent voltage regulation.

516 The 500-kV, 60-Hz, three-phase line in Problems 4.20 and 4.41 has a
300-km length. Caleulate: (a) Z., (b) (), and (c) the exact ABCD param-
eters for this line. Assume a 50°C conductor temperature.

517 At full load, the line in Problem 5.16 delivers 1500 MVA at 480 kV to
the receiving-end load. Calculate the sending-end voltage and percent
voltage regulation when the receiving-end power factor is (a) 0.9 lagging,
(b) unity, and (c) 0.9 leading.

518 A 60-Hz, 230-mile, three-phase overhead transmission line has a series
impedance z = 0.8431/79.04° {}/mi and a shunt admittance y = 5.105 x
107 /90° S/mi. The load at the receiving end is 125 MW at unity power
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5.18

5.20

5.21

5.22

Problems

factor and at 215 k'V. Determine the voltage, current, and both real and
reactive power at the sending end and the percent voltage regulation of
the line. Also find the wavelength and velocity of propagation of the line.
Using per-unit calculations, rework Problem 5.18 to determine the
sending-end voltage and current.

(a) The series expansions of the hyperbolic functions are given by
EE H-‘- 6\11

cosh6=1+—+—+ +
coshd =1 > 221

. A 8

=l+—+_—+

sinh# =1+ : Tiont =nan

For the 4 BCD parameters of a long transmission line represented by an
equivalent s circuil, apply the above expansion considering only the first
two lerms, and express the result in terms of Y and Z.
(b) For the nominal o and equivalent s circuits shown in Figures 5.3
and 5.7 of the text, show that
A=gl;. oF st v ) 41
B 2 B2

hold good, respectively.
Starting with (5.1.1) of the text, show that
Vs + Vidy i- "

and B=

A v TS

Consider the 4 parameter of the long line given by cosh 8, where § =
VZY Withx =e " =x, + jx,and 4 = A, + jA,, show that x; and x,
satisfy the following:

K= =2AAx - Ax)+1=0
and xx — (Aux, + Ax) =0

SECTION 5.3

5.23

5.24

§.25
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Determine the equivalent o7 circuit for the line in Problem 5.14 and com-
pare it with the nominal # circuit.

Determine the equivalent 4 circuit for the line in Problem 3.16. Compare
the equivalent o circuit with the nominal o circuit.

Let the transmission line of Problem 5.12 be extended to cover a
distance of 200 miles. Assume conditions at the load to be the same as
in Problem 5.12. Determine the (a) sending-end voltage, (b) sending-end
current, (¢) sending-end real and reactive powers, and (d) percent voltage
regulation.
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300 Chapter 5 | Transmission Lines: Steady-State Operation
SECTION 5.4
526 A 350-km, 500-kV, 60-Hz, three-phase uncompensated line has a positive-

5.27
5.28

5.29

5.30

531

5.32

sequence series reaclance x = 0.34 {/km and a positive-sequence shunt
admittance y = j4.5 X 107° §/km. Neglecting losses, calculate: (a) Z,,
(b) v, (c) the ABCD parameters, (d) the wavelength A of the line in kilo-
meters, and (e) the surge impedance loading in MW.

Determine the equivalent  circuit for the line in Problem 5.26.

Rated line voltage is applied to the sending end of the line in Problem
5.26. Calculate the receiving-end voltage when the receiving end is ter-
minated by (a) an open circuit, (b) the surge impedance of the line, and
(c) one-half of the surge impedance. (d) Also calculate the theoretical
maximum real power that the line can deliver when rated voltage is
applied to both ends of the line.

Rework Problems 5.9 and 5.16, neglecting the conductor resistance.
Compare the results with and without losses.

From (4.6.22) and (4.10.4), the series inductance and shunt capacilance
of a three-phase overhead line are

L,=2x10 "In(D, /D) = ;_w. In(D,./Dy) Him
' w )

27e,

S DD

C

: 1
where p, = 47 % 10 'H/m and g, = (E) x 10 *Fim.

Using these equations, determine formulas for surge impedance and
velocily of propagation of an overhead lossless line. Then determine the
surge impedance and velocity of propagation for the three-phase line given
in Example 4.5. Assume positive-sequence operation. Neglect line losses
as well as the effects of the overhead neutral wires and the earth plane.

A 500-kV, 300-km, 60-Hz, three-phase overhead transmission line, assumed
to be lossless, has a series inductance of 0.97 mH/km per phase and a shunt
capacitance of 0.0115 pwF/km per phase. (a) Determine the phase constant
B, the surge impedance Z,, velocity of propagation v, and the wavelength
A of the line. (b) Determine the voltage, current, real and reactive power
at the sending end, and the percent voltage regulation of the line if the
receiving-end load is 800 MW at 0.8 power factor lagging and at 500 kV.

The following parameters are based on a preliminary line design: V, =
1.0 per unit, ¥V, = 0.9 per unit, A = 5000 km, Z, = 320 {1, § = 36.8°.
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Problems 3m

A three-phase power of 700 MW is to be transmitted to a substation
located 315 km from the source of power. (a) Determine a nominal volt-
age level for the three-phase transmission line, based on the practical line-
loadability equation. (b) For the voltage level obtained in part (a), determine
the theoretical maximum power that can be transferred by the line.

533 Consider a long radial line terminated in its characteristic impedance Z,.
Determine the following:
(a) ¥,/1,, known as the driving point impedance.
(b} |V} V], known as the voltage gain, in terms of af.
() |£/¥1,], known as the current gain, in terms of of.
(d) The complex power gain,—8,,/S ., in terms of af.
(e) The real power efficiency, (—P,,/P,.) = n, terms of aé.
Nate: 1 refers to sending end and 2 refers to receiving end. (S,)) is the
complex power received at 2; S, is sent from 1.

53 For the case of a lossless line, how would the results of Problem 5.33
change?

In terms of Z_, which is a real quantity for this case, express P, in terms
1| and [V,

535 For a lossless open-circuited line, express the sending-end voltage, V|, in
terms of the receiving-end voltage, V5, for the three cases of short-line
model, medium-length line model, and long-line model. Is it true that
the voltage at the open receiving end of a long line is higher than that at
the sending end, for small g/?

536 For a short transmission line of impedance (R + jX) ohms per phase,
show that the maximum power that can be transmitted over the line is

_Va (ZVs e
Pav =1 ( Ve R) whereZ=VR + X
when the sending-end and receiving-end voltages are fixed, and for the
condition
_TVRX -
Q= R+ X when dP/dQ =0

537 (a) Consider complex power transmission via the three-phase short line
for which the per-phase circuit is shown in Figure 5.19. Express S).,
the complex power sent by bus 1 (or V), and (—8.,), the complex
power received by bus 2 (or ¥,), in terms of V,, V., Z, /Z,and 6,, =
#, — 8., which is the power angle.

(b) For a balanced three-phase transmission line in per-unit notation with
Z =1/85"6,, = 10", determine S, and (- §.,) for
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302 Chapter 5 | Transmission Lines: Steady-State Operation

i V,=V,=10
(i)V,=Lland ¥, =09
Comment on the changes of real and reactive powers from parts (i) to (ii).

FIGURE 5.19 2=2/2
e G a 2
Per-phase circuit for AN~
Problem 5.37 R X
+ +
™ 4
Vy=WV,eft {/, /] (\_“_//J Vo= Voot
. |
Sz Sz
SECTION 55

538 The line in Problem 5.14 has three ACSR 1113 kemil conductors per
phase. Calculate the theoretical maximum real power that this line can
deliver and compare with the thermal limit of the line. Assume V=V, =
1.0 per unit and unity power factor at the receiving end.

539 Repeat Problems 5.14 and 5.38 if the line length is (a) 200 km or (b) 600 km.

540 For the 500 kV line given in Problem 5.16, (a) calculate the theoretical
maximum real power that the line can deliver o the receiving end when
rated voltage is applied to both ends; (b) calculate the receiving-end reac-
tive power and power factor at this theoretical loading.

541 A 230-kV, 100-km, 60-Hz, three-phase overhead transmission line with a
rated current of 900 Afphase has a series impedance z = 0.088 + j0.465
{Vkm and a shunt admittance y = j3.524 pS/km. (a) Oblain the nom-
inal 1 equivalent circuit in normal units and in per unit on a base of
100 MVA (three phase) and 230 kV (line-to-line). (b) Determine the
three-phase rated MVA of the line. (¢) Compute the ABCD parameters.
(d) Calculate the SIL.

542 A three-phase power of 460 MW is transmitted to a substation located
500 km from the source of power. With V¢ = 1 per unit, ¥V, = 0.9 per unit,
A = 5000 km, Z, = 500 (1, and § = 36.87", determine a nominal voltage
level for the lossless transmission line based on Eq. (5.4.29) of the text.

Using this result, find the theoretical three-phase maximum power that
can be transferred by the lossless transmission line.
543 Open PowerWorld Simulator case Example 5_4 and graph the load bus
voltage as a function of load real power (assuming unity power faclor
at the load). What is the maximum amount of real power that can be
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[Pw] 544

Problems

transferred to the load at unity power factor if the load voltage always
must be greater than 0.9 per unit?

Repeat Problem 5.43, but now vary the load reactive power, assuming the
load real power is fixed at 1499 MW,

SECTION 5.6

5.45

5.46
5.47

5.48

5.49

5.50

§.51

https://jigsaw.vitalsource.com/api/v0/books/9781305886957/print?from=296&to=305

For the line in Problems 5.14 and 5.38, determine (a) the practical line
loadability in MW, assuming Vi = 1.0 per unit, V,, = (.95 per unit, and
8. = 357 part (b) the full-load current at 0.99 p.f. leading, based on the
above practical line loadability; (c) the exact receiving-end voltage for the
full-load current in part (b); and (d) the percent voltage regulation. For
this line, is loadability determined by the thermal limit, the voltage-drop
limit, or steady-state stability?

Repeat Problem 5.45 for the 500 kV line given in Problem 5.10.
Determine the practical line loadability in MW and in per-unit of SIL
for the line in Problem 5.14 if the line length is (a) 200 km or (b) 600 km.
Assume V, = 1.0 per unit, ¥V, = 0.95 per unit, 8,,,, = 35°, and 0.99 lead-
ing power factor at the receiving end.

It is desired to transmit 2000 MW from a power plant to a load center
located 300 km from the plant. Determine the number of 60 Hz, three-
phase, uncompensated transmission lines required to transmit this power
with one line out of service for the following cases: (a) 345 kV lines, Z, =
300 €, (b) S00kV lines, Z, = 2754, (c) 765 kV lines, Z, = 260 (). Assume
that V¢ = 1.0 per unit, ¥, = 0.95 per unit, and §,.,, = 35°.

Repeat Problem 5.48 if it is desired to transmit: (a) 3200 MW to a load
center located 300 km from the plant or (b) 2000 MW to a load center
located 400 km from the plant.

A three-phase power of 4000 MW is to be transmitted through four iden-
tical 60-Hz overhead transmission lines over a distance of 300 km. Based
on a preliminary design, the phase constant and surge impedance of the
ling are B = 9.46 » 107" rad/km and Z, = 343 (], respectively. Assum-
ing Vg = 1.0 per unit, V; = 0.9 per unit, and a power angle § = 36.87°,
determine a suitable nominal voltage level in kV based on the practical
line-loadability criteria.

The power flow at any point on a transmission line can be calculated in
terms of the ABCD parameters. By letting A = |A|/a, B = |B|/B, Vi =
[Vl f0°, and V = [V /3, the complex power at the receiving end can be
shown Lo be

bt o, < VVIB —a BVl e
=T Bl

(a) Draw a phasor diagram corresponding to the above equation. Let
it be represented by a triangle G'OA with O as the origin and OA
representing P, + jQ,.
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04 Chapter 5 | Transmission Lines: Steady-State Operation

(b) By shifling the origin from O’ to O, turn the result of part (a) into
a power diagram, redrawing the phasor diagram. For a given fixed
value of [V and a set of values for [V, draw the loci of point A,
thereby showing the so-called receiving-end circles.

(¢} From the result of part (b) for a given load with a lagging power factor
angle 8y, determine the amount of reactive power that must be sup-
plied to the receiving end to maintain a constant receiving-end voltage
if the sending-end voltage magnitude decreases from [Vg| to [V

552 (a) Consider complex power transmission via the three-phase long
line for which the per-phase circuit is shown in Figure 5.20. See
Problem 5.37 in which the short-line case was considered. Show that

Yo, Vi ViV,
g 2 » = L, =— £ + . Sk e, S A N
sending-end power = 8, > Vi T
) Yo, Vi VYV,
. o = — 8§, = — 5 2 2
received power Sy 5 Vi ot

where 6, = 8, — 6
(b) For a lossless line with equal voltage magnitudes at each end, show that

Vi sin 6 sin 8,
Puy=-P, = : 5 == SIL . =
Z_sin B¢ sin B¢

(c) For 8, = 45" and B = 0.002 rad/km, find (P,./P,,) as a function of
line length in km, and skeich it.

(d) If a thermal limit of (P,./Pg, )} = 2 is set, which limit governs for short
lines and long lines?

FIGURE 5.20 h a a a" 1,
- -1 o o—| Z' <
Per-phase circuit for "
Problem 5.52 N 4
~ . : "

L]

| U i
Sz - S

LR
=
[ 1
L |
N

| Vo= Vo™

[PW] 553 Open PowerWorld Simulator case Example 5_8. If the load bus voltage
is greater than or equal to 730 k'V even with any line segment out of ser-
vice, what is the maximum amount of real power that can be delivered to
the load?

[Pw] 554 Repeat Problem 5.53, but now assume any two line segments may be out
of service.
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Recalculate the percent voltage regulation in Problem 5.15 when identi-
cal shunt reactors are installed at both ends of the line during light loads,
providing 65% total shunt compensation. The reactors are removed at
full load. Also calculate the impedance of each shunt reactor.

Rework Problem 5.17 when identical shunt reactors are installed at both
ends of the line, providing 50% total shunt compensation. The reactors
are removed at full load.

Identical series capacitors are installed at both ends of the line in Prob-
lem 5.14, providing 40% total series compensation. Determine the equiv-
alent ABCD parameters of this compensated line. Also calculate the
impedance of each series capacitor.

Identical series capacitors are installed at both ends of the line in Prob-
lem 5.16, providing 30% total series compensation. (a) Determine the
equivalent ABCD parameters for this compensated line. (b) Determine
the theoretical maximum real power that this series-compensated line can
deliver when Vg = ¥V, = 1.0 per unit. Compare your result with that of
Problem 5.40.

Determine the theoretical maximum real power that the series-
compensated line in Problem 5.57 can deliver when ¥V = ¥V, = 1.0 per unit.
Compare your result with that of Problem 5.38.

‘What is the minimum amount of series capacitive compensation N in
percent of the positive-sequence line reactance needed to reduce the num-
ber of 765-kV lines in Example 5.8 {rom five to four? Assume two inter-
mediate substations with one line section out of service. Also, neglect line
losses and assume that the series compensation is sufficiently distributed
along the line so as to effectively reduce the series reactance of the equiv-
alent 1 circuit to X'(1—N/100).

Determine the equivalent A BCD parameters for the line in Problem 5.14
if it has 70% shunt reactive (inductlors) compensation and 40% series
capacitive compensation. Half of this compensation is installed at each
end of the line, as in Figure 5.14.

Consider the transmission line of Problem 5.18. (a) Find the ABCD
parameters of the line when uncompensated. (b) For a series capacitive
compensation of 70% (35% at the sending end and 35% at the receiving
end), determine the A BCD parameters. Comment on the relative change
in the magnitude of the B parameter with respect to the relative changes
in the magnitudes of the 4, C, and D parameters. Also comment on the
maximum power that can be transmitted when series compensated.

Given the uncompensated line of Problem 5.18, let a three-phase shunt
reactor (inductor) that compensates for 70% of the total shunt admit-
tance of the line be connected at the receiving end of the line during
no-load conditions. Determine the effect of voltage regulation with the
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