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EXAMPLE 5.1 ABCD parameters and the nominal = circuit: medium-length line

A three-phase, 60-Hz, completely transposed 345-kV, 200-km line has two

795,000-cmil 26/2 ACSR conductors per bundle and the following positive-
seauence line constants:

z=0.032+035 Q/km
y=j42x107° S/km

Full load at the receiving end of the line is 700 MW at 0.99 p.f. leading and at
95% of rated voltage. Assuming a medium-length line, determine the following:

a. ABCD parameters of the nominal 7 circuit
b. Sending-end voltage Vs, current Js, and real power Ps

c. Percent voltage regulation

d. Thermal limit, based on the approximate current-carrying capacity
listed in Table A.4

e. Transmission-line efficiency at full load

SOLUTION

a. The total series impedance and shunt admittance values are
Z =z1=1(0.032 4 j0.35){200) = 6.4 + j70 =70.29/84.78° Q
Y =yl =(j4.2 % 107°)(200) = 8.4 x 107%/90° 8
From (5.1.15)-(5.1.17),
A=D=1+(84x107"/90°)(70.29/84.78°) (3}
=1+0.02952/174.78°
= 0.9706 + j0.00269 = 0.9706/0.159°  per unit




B=7=7029/84.78 Q
C = (8.4 x 1071/90°)(1 + 0.01476/174.78°)
= (8.4 x 107/90°)(0.9853 + j0.00134)
= 8277 x107%/90.08° S
b. The receiving-end voltage and current quantities are
Ve = {0.95){345) = 3278 kVr

Vi = 2218 /e — 189.2/0° KV y

V3

-1
o 0fcos 09 es110 kA
{(+/3)(0.95 x 345){0.99)

From (5.1.1) and (5.1.2), the sending-end quantities are
Vs = (0.9706/0.159°)(189.2/0°) 4 (70.29/84.78°)(1.246/8.11°)

— 183.6/0.159° + 87.55/92.89°
= 179.2 + jR7.95 = 199.6/26.14° kVpy

Vg =199.6v3 = 3458 kV;; ~1.00 per unit
Ts = {8277 x 107*/90.08°)(189.2/0°) + (0.9706/0.159°)(1.246/8.11°)

= 0.1566/90.08° +1.209/8.27°
= 1.196 + j0.331 = 1.241/15.5° kA

and the real power delivered to the sending end is

Pg = {/3)(345.8)(1.241) cos(26.14° — 15.5°)
=730.5 MW
¢. From (5.1.19), the no-load receiving-end voltage is
Vg 3458
RNL =~ = rgone
and, from (5.1.18),

356.3 - 327.8
— — 870
percent VR = g~ 100 =8.7%

d. From Table A4, the approximate current-carrying capacity of two
795,000-cmil 26/2 ACSR conductors is 2 x 0.9 = 1.8 kA.

e. The full-load lme losses are Pg — Pp = 730.5 — 700 = 30.5 MW and the
full-load transmission efficiency is

Py 700
t EFF = — % 100 = —— x 100 = 95.8¢
percen P, X 03 X 95.8%

=356.3 LV



Since Vg = 1.00 per unit, the full-load receiving-end voltage of 0.95 per
unit corresponds to Vg /Vg = 0.95, considered in practice to be about the
lowest operating voltage possible without encountering operating prob-
lems. Thus, for this 345-kV 200-km uncompensated line, voltage drop
limits the full-load current to 1.246 kA at 0.99 p.f. leading, well below
the thermal limit of 1.8 kA. [ |
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EXAMPLE 5.2 Exact ABCD parameters: long line

A three-phase 765-kV, 60-Hz, 300-km, completely transposed line has the
following positive-sequence impedance and admittance:

z=0.0165 + j0.3306 = 0.3310/87.14° Q/km
v =j4674 x 107° S/km

Assuming positive-sequence operation, calculate the exact A BCD parameters
of the line. Compare the exact B parameter with that of the nominal # circuit.

soLUTION From (5.2.12) and (5.2.16):

0.3310/87.14°
7.082 % 104/—2.86°
4.674 % 10-5/90° V # 10%/=2.86°

=266.1/-143 Q

&

and

pl = \/ (0.3310/87.14°)(4.674 x 10-6/90%) x (300}

= \/1.547 x 10-6/177.14° x (300)
= 0.3731/88.57° = 0.00931 + j0.3730 per unit

From (5.2.38),

e/t = M IBY 1 0094/0.3730  radians
=0.9400 + 70.3678

and
g W = ¢ 00BLe=A30 — 09907/ -0.3730  radians
= 0.9226 — j0.3610
Then, from (5.2.29) and (5.2.40),
(0.9400 + j0.3678) + {0.9226 — 0.3610)

cosh{yl) = :
= 0.9313 + j0.0034 = 0.9313/0.209°
sinhyf) (L5400 + J0.368) — (0.9226 — j0.3610)

2
= (L0087 + j1.3644 = (.3645/88.63°

Finally, from (5.2.34)—(5.2.36),
4 = D = cosh(pl) = 0.9313/0.209° per unit
— (266.1/—1.43°){0.3645/88.63°) = 97.0/87.2° ©

_0.3645/88.63° o
" 266.1/-1.43°

Using (5.1.16), the B parameter for the norminal = circuit is

Boominal = Z = (0.3310/87.14°)(300) = 99.3/87.14° ©

which is 2% larger than the exact value. |

/90.06° S
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EXAMPLE 5.3 Egquivalent & circuit: long line

Compare the equivalent and nominal z circuits for the line in Example 5.2.

SOLUTION For the nominal = circuit,

Z =zl = (0.3310/87.14°)(300) = 99.3/87.14° ©Q

. 6
gz %’ _ (M) (300) = 7.011 x 10-1/90° S

From (5.3.6) and (5.3.10), the correction factors are

0.3645/38.63° ) '
1 =333 35 570 — 09769/0.06"  per unit

tanh{y//2)  cosh{p/) —1
/2 (p1/2)sinh(y])
09313 + j0.0034 — 1

(0’3 73 {88.57°) (0.3645/88.63°)

—0.0687 + j0.0034

~ 0.06800/177.20°

_ 0.06878/177.17°
— 1.012/—0.03° it
~ 0.06800/177.20° ADEP, o i

Then, from (5.3.5) and (5.3.9), for the equivalent = circuit,
= {99.3/87.14°)(0.9769/0.06°) = 97.0/87.2° Q

=

= {7.011 x 107%/90°)(1.012/=0.03°) = 7.095 x 107/89.97° §

=37 %107+ 77095 x 107 §

Comparing these nominal and equivalent x circuit values, Z' is about
2% smaller than Z, and ¥//2 is about 1% larger than ¥/2. Although the cir-
cuit values are approximately the same for this line, the equivalent = circuit
should be used for accurate calculations invelving long lines. Note the small
shunt conductance, ' = 3.7 x 1077 §, introduced in the equivalent z circuit.
G is often neglected. |
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. Atno-load, Irpny =0 and (5.4.13) yields
Vae{x) = (cos fix}Vene (54.22)

The no-load voltage increases from Vg = {cos i) Vryp at the send-
ing end to Ve at the receiving end (where x = 0).

. From (5.4.18), the voltage profile at SIL is flat.
. For a short circuit at the load, Vyge = 0 and (5.4.13) yields
VSC(X) = (ZC sin ﬁX)IRSC (5.4.23)

The voltage decreases from Vg = (sin f1}{Z.Ipsc) at the sending end
to Vepae — 0 at the receiving end.

. The full-load voltage profile, which depends on the specification of
full-load current, lies above the short-circuit voltage profile.
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Expressing Vg and Vg in per-unit of rated line voltage,
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EXAMPLE 5.4 Theoretical steady-state stability limit: long line

Neglecting line losses, find the theoretical steady-state stability limit for the
300-km line in Example 5.2. Assume a 266.1-Q surge impedance, a 5000-km
wavelength, and Vg = Vg = 765 kV.

SOLUTION From (5.4.21),

(765
SIL = S 2199 MW
From (5.4.30) with / = 300 km and A = 5000 km,
12 = (L)(1)(2199) = {2.716)(2199) = 5974 MW

. 27 x 300
S0 =000 show PW
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2
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EXAMPLE 5.6 Practical line loadability and percent voltage regulation: long line

The 300-km uncompensated line in Example 5.2 has four 1,272 000-cmil 54,/3
ACSR conductors per bundle. The sending-end voltage is held constant at 1.0
per-unit of rated line voltage. Determine the following:

a. The practical line loadability. (Assurme an approximate receiving-end
voltage Vr = 0.95 per unit and & = 35° maximum angle across the
line.)

b. The full-load current at 0.986 p.f. leading based on the above practi-
cal line loadability

¢. The exact receiving-end voltage for the full-load current found in
part {b)
d. Percent voltage regulation for the above full-load current
¢. Thermal limit of the line, based on the approximate current-carrying
capacity given in Table A.4
SOLUTION

a. From (5.5.3), with Vg =765, Vg = 0.95 x 765 kV, and é = 35°, using the
values of Z', 8z, A, and 8, from Example 5.5,
{(763){0.95 x 765)

Pr = o0 cos{87.2° — 357}

2
_MesBie )(;7‘905 XT0) os(87.2° — 0.209%)

=3513 — 266 = 3247 MW
Pp = 3247 MW is the practical line loadability, provided the thermal and
voltage-drop limits are not exceeded. Altematively, from Figure 5.12 for a
300-km line, the practical line loadability is (1.49)SIL = (1.49){2199) =
3277 MW, about the same as the above result.
b. For the above loading at 0.986 p.f. leading and at 0.95 x 765 kV, the full-
load receiving-end current is

F = el =2616 kA

Ipp = V3VR(p.L)  (V3)(0.95 x 765)(0.986)

¢. From (5.1.1) with Jrp; = 2.616/ cos~! 0986 = 2.616/9.599° kA, using the
A and B parameters from Example 5.2,

Vs = AVrpr + Blrrr

765

— /8 =
\/gL
441.7/8 = (0.9313 Ve — 30.04) + 7(0.0034Vypr + 251.97)

(0.9313/0.209°)( Vger /0°) + (97.0/87.2°)(2.616/9.599%)

Taking the squared magnitude of the above equation,
[441.7)2 = 0.8673Vag, — 54.24Vpp + 64,391
Solving,

Vepr =420.7 kViy
=4207V3=T7287 KV =0953 per unit



d. From (5.1.19], the receiving-end no-load voltage is

Vs 765
VeNL = AT I0E 8214 kVir
And from {5.1.18),
821.4 - 7287
percent VR = —————— x 100 = 12.72%

7287

e. From Table A4, the approximate current-carrying capacity of four
1,272,000-cmil 54/3 ACSR conductors is 4 x 1.2 = 4.8 kA.

Since the voltages Vg =1.0 and Vgpr = 0.953 per unit satisty the
voltage-drop limit Vg /Vs = 0.95, the factor that limits line loadability is
steady-state stability for this 300-km uncompensated line. The full-load cur-
rent of 2.616 kA corresponding to loadability is also well below the thermal
limit of 4.8 kA. The 12.7% voltage regulation is too high because the no-load 0(
voltage is too high. Cempensation techniques to reduce no-load voltages are

o . .

discussed in Section 5.7. [ | R 5 31 X& 5 S/
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EXAMPLE 5.9 Shunt reactive compensation to improve transmission-line voltage
regulation

Identical shunt reactors (inductors) are connected from each phase conductor
to neutral at both ends of the 300-km line in Example 5.2 during light load
conditions, providing 75% compensation. The reactors are removed during
heavy load conditions. Full load is 1.90 kA at unity p.f. and at 730 kV. As-
suming that the sending-end voltage is constant, determine the following:

a. Percent voltage regulation of the uncompensated line

b. The equivalent shunt admittance and series impedance of the com-
pensated line

¢. Percent voltage regulation of the compensated line

SOLUTION

a. From (5.1.1) with g = 1.9/0° kA, using the 4 and B parameters from
Example 5.2,

Vs = AVrpL + BlrrL
— (0.9313/0.209°) (% @) +(97.0/87.2°)(1.9/0°)
= 392.5/0.209° + 184.3/87.2°
= 401.5 +185.5
=4423/24.8° kViy
Vs = 44233 =766.0 kVi;,

The ne-load receiving-end voltage is, from (5.1.19),

766.0
Vv =———=8226 kV
N 09313 tr
and the percent veltage regulation for the uncompensated line is, from
(5.1.18),
822.6 — 730
percent VR = ———— x 100 = 12.68%

730

b. From Example 5.3, the shunt admittance of the equivalent # circuit with-
out compensation is

Y =237 %1077 +77.094 x 10°%)
=74 %1077 4714188 x 107* 8§
With 75% shunt compensation, the equivalent shunt admittance is
Yoq=74x 107" +/14.188 x 107" (1 — &}
— 3.547 x 107%/89.88° S

Since there is no series compensation, the equivalent series impedance is
the same as without compensation:

Za=2'=97.0/812" Q
¢. The equivalent 4 parameter for the compensated line is

Yool
Ag =142

(3.547 x 10~1/89.88°)(97.0/87.2°)
2

=1+

=1+00172/177.1°




=1+4+0.0172/177.1°
= (.9828/0.05° per unit
Then, from (5.1.19),

7606
VeNL = 00RR 7794 kVip

Since the shunt reactors are removed during heavy load conditions,
Vrer = 730 kV is the same as without compensation. Therefore

779.4 — 730

I et _ 0

percent VR = =30 x 100 = 6.77%
The use of shunt reactors at light loads improves the voltage regulation
from 12.68% to 6.77% for this line. |

Sl‘law FV\/



