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TABLE A.4 Characteristics of aluminum cable, steel, reinforced (Aluminum Company of Amenca)—ACSR
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“ r, Resistance (Ohms per Conductor per Mile) conductor per | (megohms per
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‘ Equivalent” Weight Mean Current 25°C (77°F) Small Currents 50°C (122°F) Current Approx spacing per mile at
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e Ik ;13% 76 3 17a¢ | 19 | oogla | 1802 57300 00595 00482 0342 0.0767
ooy | 2167000 72 4 01735 7 01157 1735 49 800 00570 0.0511 0.348 0.0778
Siseows 12156000 | 8¢ | 4 | 01602 | 19 | 00961 1762 60300 00588 00505 0.3a4 0.0774
Crovar 1781000 | B¢ | 4 | 01456 | 19 [ 00874 | 1602 51000 00534 00598 |  0.355 0.0802
| 1es0000| 52 | 3 | 01me | 19 | 01030 1545 | 1000000 | 56000 | 10777 | 00520 1380 | 00587 | 0.0588 | 0.0590 | 00591 | 00646 | 00656 | 0.0675 |0.0684 0.358 00814
510500 | 5¢ 3 01673 19 | 01004 1.508 950000 | 53200 | 10237 | 0.0507 1340 | 00618 |00619 |0.0621 |0.0622 | 00680 | 0.0630 | 0.0710 |0.0720 0.362 0.0821
1431000 54 3 0.1628 19 | 0.0977 1.465 900000 | 50400 9699 | 0.0493 1300 |00G52 | 0.0653 | 0.0655 | 0.0656 | 0.0718 | 0.0729 | 0.0749 [0.0760 0.365 0.0830
Marun 1351000 5¢ | 3 | 01582 | 19 | 00949 1424 850000 | 47600 | 9160 [ 00479 1250 | 00691 | 00692 | 0.0694 | 0.0695 | 0.0761 | 0.0771 | 0.0792 |0.0803 0.369 00838
Pnessant | 1272000 54 3 01535 19 | 009821 1.382 800000 | 44800 8621 0.0465 1200 | 00734 |0.0735|0.0737 |0.0738 | 0.0808 [ 0.0819 | 0.0840 | 0.0851 0.372 0.0847
Grackle 1192500 54 3 0.1486 19 | 00892 1338 750000 | 43100 8082 | 0.0450 1160 |0.0783 [0.0784 [ 0.0786 | 0.0788 | 0.0862 | 0.0872 | 0.0894 {00906 0.376 00857
Fincn 1113000 54 3 01436 19 0.0862 1293 700000 | 40200 7544 0.0435 1110 0.0839 | 0.0840 | 00842 | 0.0844 | 0.0924 | 0.0935 | 0.0957 | 0.0969 0.380 0.0867
1033500 | 5¢ 3 01384 7| 01384 1.246 650000 | 37100 7019 | 0.0420 1060 | 00903 [0.0905 [ 0.0907 | 0.0909 | 0.0994 | 0.1005 | 0.1025 |0.1035 0.385 0.0878
954000 | 54 3 01328 7| 01328 1196 600000 | 34200 6479 | 00403 1010 | 00979 {0.0980 | 0.0981 | 0.0982 | 0.1078 | 0.1088 | 0.1118 |0.1128 0.390 0.0830
900000 | 54 3 01291 7 01291 1162 566000 | 32300 6112 0.039 970 0.104 |0.104 |0.104 |0104 J0.1145]|0.1155 [0.1175 |0.1185 0393 0.0898
874500 | 5¢ 3 01273 7] 01273 1146 550000 | 31400 5940 | 00386 950 | 0107 [0107 |0.107 0108 joi1178|01188 01218 |0.1228 0.395 00503
ongor 765000 | ¢ | 3 | 01214 7| 01214 1093 500000 | 28500 | 5399 | 00368 900 [0117 |o118 0118 |o11g Jo1288|01308 01358 |01378 0.401 0.0917
Dinii 795000| 26 | 2 | 01748 | 7| oi3s0 | 1108 500000 | 31200 | 5770 | 0.0375 900 f0117 {0117 |0117 (0117 |0.1288|0.1288 |0 1288 |0.1288 0.399 0.0912
talig0 795000 | 30 2 01628 19 00977 1140 500000 | 38400 6517 00393 910 0117 |07 |0a17 |07 0128801288 | 0.1288 | 0.1288 0.393 00904
Ciow 715500 | S4 3 01151 7 01151 1036 450000 | 26300 4859 00349 830 0131 0131 0131 (0132 {0.1442|01452 (0.1472 [0.1482 0.407 00932
Staing 715500 | 26 | 2 | 01659 7| 01290 1051 450000 | 28100 | 5193 | 0.0355 840 0131 |0131 |0131 [0131 J0.1442| 01442 | 01442 | 01442 0.405 0.0928
Reavang 715500 30 | 2 | o15a¢ | 19 | 00926 1 081 450000 | 34600 | 5865 | 00372 840 | 0131 {0131 {0131 (0131 J0.1442( 0144201442 [0.1442 0.399 00920
lamingo bEE 600 | 54 3 [VRAREI 7 onn 1.000 419000 24500 4527 00337 800 0140 0.140 0.141 0141 0.1541 [ 01571 ] 01591 | 0.1601 0.412 0.0943
Rook 636000 | 54 3 01085 7| 01085 0977 400000 | 23600 4319 | 00329 770 10147 10147 |0148 |0148 J0O1618|0.1638 |0.1678 | 0.1688 0414 0.0950
Grosteat 636000 | 726 2 01564 7| 01216 0.990 400000 | 25000 4616 | 00335 780 | 0.147 |0.147 |0.147 [0.147 J0.1618|0.1618 |0.1618 [0.1618 0412 00946
Egre 636000 | 30 2 01456 19 00874 1019 400000 | 31500 5213 0.0351 780 0147 | 0147 | 0147 |0.147 J0.1618|0.1618 [0.1618 [0.1618 0.406 0.0937
Peacock 605000 | 54 ] 01059 7 0.1059 0953 380500 | 22500 4109 00321 750 0.154 0155 |0.155 | 0155 |01695|0.1715|0.1755|0.1775 0417 0.0957
Squab 605000 | 26 ? 01529 7| 01186 0,966 380500 | 24100 4391 0.0327 760 0.154 |0.154 |0.154 [0.154 J0.1700(0.1720| 01720 |0.1720 0415 00953
Dove 556500 | 26 ? 01463 7| 01138 0927 350000 | 22400 4039 [ 00313 730 | 0.168 | 0168 |0.168 |0.168 J0.1849 (01859 |0.1859 |0.1859 0.420 00965
agie 556500 | 30 ? 01362 7| 01362 0953 350000 | 27200 4588 | 00328 730 ]0.168 |0.168 |0.168 [0168 J0.1849|0.1859 | 0.1859 | 0.1859 0.415 0.0957
Hiwh 477000 | 26 ? 01355 7] 01054 0858 300000 | 19430 3462 | 0.0290 670 10196 |0.196 (0196 |0196 J0.216 0.430 0.0988
en 477000 | 30 ? 01261 7 01261 0883 300000 | 23300 3933 0.0304 670 0196 |[0196 [0196 |0.196 J0.216 0.424 0.0980
s 397500 26 ? 01236 7 005861 0783 250000 | 16190 2885 00265 590 0.235 0.259 0.441 0.1015
Latt 397500 30 | 2 | 0M1B) 7 [ onsr | 0806 250000 | 19980 | 3277 | 00278 600 |0.235 Same;as;dc 0.259 Same as dc 0435 01006
336400 | 26 H 01138 ! 00855 07 4/0 14050 2442 0.0244 530 0.278 0.306 0.451 01039
336400 | 30 2 01059 7| 01059 0741 4/0 17040 2774 | 00255 530 |o0278 0.306 0.445 0.1032
J00000 | 26 2 01074 7| 0083% 0680 188700 | 12650 2178 | 00230 490 1031 0.342 0.458 0.1087
300000 | 30 2 01000 7 0.1000 0.700 188700 | 15430 2473 0.0241 500 03n 0342 0.462 0.1049
166 800 | 26 2 01013 7| oores 0642 3/0 11250 1936 | 00217 460 | 0350 0.385 0465 01074

Eased o0 copper 97% aiwminum 61% conductivity
1o conaucion 81 75°C an a1 25°C. wind | 4 miles per nour (2 I1/sec). lrequency = 60 Hz
Cutrent Aptros 75% Capecity™ s 75% ol the

Appiox Curient Catrying Capacily in Amps”

and 15 approxinalely the current which will produce 50°C conducior tlemp. (25°C nse) with 25°C air temp.. wind 1.4 miles per hour
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208 6. POWER FLOW ANALYSIS

6.4 POWER FLOW SOLUTION

Power flow studies, commonly known as load flow, form an important part of
power system analysis. They are necessary for planning, economic scheduling, and
control of an existing system as well as planning its future expansion. The problem

consists of determining the magnitudes and phase angle of voltages at each bus and
active and reactive power flow in each line.

In solving a power flow problem, the system is assumed to be operating under
balanced conditions and a single-phase model is used. Four quantities are associ-
ated with each bus. These are voltage magnitude |V'|, phase angle d, real power P,
and reactive power Q. The system buses are generally classified into three types.

Slack bus One bus, known as slack or swing bus, is taken as reference where the

magnitude and phase angle of the voltage are specified. This bus makes up

‘the difference between the scheduled loads and generated power that are
caused by the losses in the network. '

Load buses At these buses the active and reactive powers are specified. The mag-

nitude and the phase angle of the bus voltages are unknown. These buses are
called P-Q buses.

Regulated buses These buses are the generator buses. They are also known as
voltage-controlled buses. At these buses, the real power and voltage magni-

tude are specified. The phase angles of the voltages and the reactive power

are to be determined. The limits on the value of the reactive power are also
specified. These buses are called P-V buses.

6.4.1 POWER FLOW EQUATION

Consider a typical bus of a power system network as shown in Figure 6.7. Trans-

mission lines are represented by their equivalent 7 models where impedances have
been converted to per unit admittances on a common MVA base.
Application of KCL to this bus results in

L= yoVi + yia(V = V1) + yia (Vi — V2) + - F yin (Vi = V)

= (yio+vi1 +yiz + - + Yin)Vi — yviaVi — vV — o — Yin Vi (6.23)
or
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6.6. LINE FLOWS AND LOSSES 213

unit. The scheduled loads at buses 2 and 3 are as marked on the diagram. Line

impedances are marked in per unit on a 100-MVA base and the line charging sus-
ceptances are neglected.

1 0.02 + j0.04 2
|, 256.6
O- -
0.01 +40.03 0.0125 + 5j0.025 }—» 110.2
Mvar -
Slack Bus 3
Vi = 1.05£0°
138.6 452
MW Mvar

FIGURE 6.9
One-line diagram of Example 6.7 (impedances in pu on 100-M VA base),

(a) Using the Gauss-Seidel method, determine the phasor values of the voltage at
the load buses 2 and 3 (P-Q buses) accurate to four decimal places.
(b) Find the slack bus real and reactive power.

(c) Determine the line flows and line losses. Construct a power flow diagram show-
ing the direction of line flow.

(a) Line impedances are converted to admittances

TR S fot s
Y12 = S0z 5004 - 072

Similarly, y;3 = 10 — 530 and Y23 = 16 — 732. The admittances are marked on the
network shown in Figure 6.10. X

At the P-Q buses, the complex loads expressed in per units are
(256.6 + j110.2)

G2 = = —2.566 —51:102 pu
38.6 + j45.2
§sch — _ { 61§0345 ) - _1386- 70.452  pu

Since the actual admittances are readily available in Figure 6.10, for hand calcu-

lation, we use (6.28). Bus 1 is take us (slack bus). Startin )
)

an initial estimate of V4*) = 1.0 + j0.0 and O = 1.0+ j0.0, v and V; are_
'com_pp}ed from (6.28) as follows N ,

ik :JQM + y12V1 + yo3 V:;(O)
il = 1
Y12 + y23 .
a . \I L
= L
\ wf-'(z\m"n*LYk“v"
c ™ ) ey nZk+) .
Yk Vi

i = e aretn et o




y12 = 10 — 520
oeas. 956.6
: MW
y13 = 10 — 530 yas =16 = 4§82 |- 110.2
Slack Bus 3
Vi = L0540°
138.6 45.2
MW Mvar
FIGURE 6.10
One-line diagram of Example 6.7 (admittances in pu on 100-M VA base).
cy  ZRSEEILICE 4 (10 - 520)(1.05 + j0) + (16 — j32)(1.0 + 50)
% (26 — j52)
= (0.9825 — 70.0310
and \-—b To Cm( o\tc\w\ Placcs'
Pach___ sch
b ]Q +v13W1 +?J23V2( )
VS(I) oS 3
Y13 + Y23 7 -
=2 + (10 - 530)(1.05 + 50) + (16 — j32){0.9825 — 50.0310)

: (26 — 762)
=1.0011 — 50.0353

For the second iteration we have

n. goszsnatort (10 — 320)(1.05 + j0) + (16 — 532) (L0011 = 70.0853)
S (26 — 752) e

= 0.9816 — 50.0520

and

L) _ fﬁ% + (10 — j30)(1.05 + 50) + (16 — j32)(0.9816 — 50.059)
: (26 — j62)

= 1.0008 — 50.0459

The process is continued and a solution is converged w1th an accuracy of 5 x 1075
per unit in seven iterations as given below.

V¥ = 0.9808 — 50.0578 Vi = 1.0004 — j0.0488



v{*) = 0.9803 — j0.0594 V3 = 1.0002 — j0.0497

V) = 0.9801 — 50.0598 V8 = 1.0001 — 50.0499
V2 = 0.9801 — 70.0599 V4% = 1.0000 - j0.0500
Va") = 0.9800 — 50.0600 V" = 1.0000 - j0.0500

The final solution is

Va2 = 0.9800 — 50.0600 = 0.98183/-3.5035° pu
V3 = 1.0000 - 50.0500 = 1.00125/-2.8624° pu

(b) With the knowledge of all bus voltages, the slack bus power is obtained from
(6.27)

Py = 3@ = V' [Vi(viz + n13) — (v12V2 + v13V3)]
= 1.05[1.05(20 — 550) — (10 — 520)(0.98 — ;.06) —
(10 — 730)(1.0 — 70.05)]
— 4.095 — ;1.890

or the slack bus real and reactive powers are P, = 4.095 pu = 409.5 MW and
Q1 = 1.890 pu = 189 Myvar.

(c) To find the line flows, first the line currents are computed. With line charging
capacitors neglected, the line currents are

Ig = y12(V] — V) = (10 - 720)[(1.05 + 50) — (0.98 — 70.06)] = 1.9 — 50.8
Iy =-1,=-19 + 70.8 ;
i3 = y13(V1 = V3) = (10 — 730)[(1.05 + 50) — (1.0 — j0.05)} = 2.0 - j1.0
Iy = —I;3 = —2.0 4 51.0
Ioz = yo3 (Vo — V3) = (16 — 732)[(0.98 —_7906) -(1 —70.05)] = —.64 + j.48
I3p = —Ip3 =/0.64 — j0.48 £

2, :

The line Aows are

S12 =Wl = (1.05 + 50.0)(1.9 +70.8) = 1.995 + j0.84 pu
=199.5 MW + j84.0 Mvar
S21 = Val3) = (0.98 - j0.06)(~1.9 — j0.8) = —=1.91 - j0.67 pu
oy = —191.0 MW — j67.0 Mvar :
B3 =WI{y = (1.05 + j0.0)(2.0 +351.0) = 2.1 + j1.05 pu
= 210.0 MW + j105.0 Mvar

L




Sy, = Val3; = (1.0 — j0.05)(=2.0 — j1.0) = —2.05 — j0.90 pu
= —205.0 MW — j90.0 Mvar

Sy = Val3y = (0.98 — 50.06)(—0.656 + 70.48) = —0.656 — j0.432 pu
= —65.6 MW — ;43.2 Mvar

Syo = VI3, = (1.0 = j0.05)(0.64 + j0.48) = 0.664 4 70.448 pu

=66.4 MW + 744.8 Mvar

" and the line losses are

S 12 =512+ 591 =8.5 MW + j17.0 Mvar
Sp 13 =513+ S31 =5.0 MW + j15.0 Mvar
Sy 93 = So3 + S33 = 0.8 MW + 71.60 Mvar

o ¥

The power flow diagram is shown in Figure 6.11, where real power direction is
indicated by — and the reactive power direction is indicated by +. The values

within parentheses are the real and reactive losses in the line.

1 1995 (8.5)/ 191 2

—_—

ot S (17.0) b

84.0 _ 67.0 | 256.6 (1401 + §5-¢)
C 2 | |
10.0 205 66.4 65.6

(0.8) 25 g (€1+Ll3-?—\

189 ' (5)
s (1 I — 1.6) —— | 110.2
105.0 (12) 1 90.0 44.8 1.6} 43.2
S0
138.6  45.2

FIGURE 6.11
Power flow diagram of Example 6.7 (powers in MW and Mvar).

Example 6.8 (chp6ex8)

Figure 6.12 shows the one-line diagram of a simple three-bus power system with
generators at buses 1 and 3. The magnitude of voltage at bus 1 ig adjusted to 1.05 -
pu. Voltage magnitude at bus 3 is fixed at 1.04 pu with a rea] power generation
of 209 MW. A load consisting of 400 MW and 250 Mvar is taken from bus 2.
Line impedances are marked in per unit on a-100 MVA base, and the line charging

suscepm'nces are neglected. Obtain the power flow solution by the Gauss-Seidel
method including line flows and line losses.



1 )

0.02 + j0.04
—— 400
O -
0.01 + 50.03 0.0125 + j0.025 | 250
Myvar
Slack Bus 3 PV Yus P
V, = 1.05£0° — 3} by
200 | Va |= 1.04
MW

FIGURE 6.12
One-line diagram of Example 6.8 (impedances in pu on 100-MVA base).

Line impedances converted to admittances are y12 = 10—720, 313 = 10—3530°
and yg3 = 16 — j32. The load and generation expressed in per units are

(400 + 5250)

( LOR.O' ) S‘QMH‘= e A —-4.0-752.5 pu
seh _ 200
(%‘QM\ /S'Ps = 100—2.0 pu

Bus 1 is taken as the reference bus (slack bus). Starting from an initial estimate of
VQ(O) = 1.0 + j0.0'and V?,(O) =1.04 + 300 V5 and V3 are computed from (6.28).

Ppsch _stch

J‘;,T@SJ"' +y12V1 + 923‘/3(0)
2
Y12 + y23
=40+123 | (10 — j20)(1.05 + 50) + (16 — §32)(1.04 + 50)
(26 — j52)

v _

= (.97462 — 50.042307

Bus 3 is a regulated bus where voltage magnitude and real power are specified. For
the voltage-controlled bus, first the reactive power is computed from (6.30)

1 +(0)
= —3{(1.04 — 50)[(1.04 + 50)(26 — j62) — (10 — 530)(1.05 + 50) -
(16 — 732)(0.97462 —j0.042307)]}
=1.16 .

(e +1) > e () i) 5 <y

Q. = '1“‘\( \'(\‘\s* kZ'T‘(t.k Vk + (v, YL !Z Yc‘k\{k \&

« - e Ll
g A

G‘. = —T-m[ N Z———*Ck \I\“k

k“_"'..'__-———-*‘\/-
1



The value of le) is used as Q3" for the computation of voltage at bus 3. The

—_— 1) 4
complex voltage at bus 3, denoted by V,:(3 ), is calculated

sch _5sch 1
ﬂ—h——(%?—“— + y1aVh + 2V

(1) _ Vs
Ves Y13 + Y23
210—0_:3-13%)E + (10 — j30)(1.05 + 50) + (16 — 332)(0.97462 — 50.042307)
o (26 — 762)
=1.03783 — j0.005170 o o

e s 1y a 2% -
Since | V3| is held constant at 1.04 pu, only fhe iraginary part’of Vc(s) is retained, "
o 3(1) — —0.005170, and its real part is obtained from \ va\ = \.o

:
T
~ed part z el = \/(1.04)2 — (0.005170)2 = 1.039987 "y = (rea) --§I~J)
Thus : bzl = JT\” (\:"‘pz‘

Vi = 1.039987 — j0.005170

For the second iteration, we have

Psch._- sch 1
v,]xQ + y12V1 + y23V3( )

‘/2(2) e 2

Y12 + Y23

_ ﬁ%%m + (10 — 520)(1.05) + (16 — 732)(1.039987 + 70.005170)
(26 — 752)

= 0.971057 — 70.043432

QY = (Ve (Vi (w13 + yea) — yisVi - Y23 Vi 2 e
— —5{(1.039987 + j0.005170)[(1.039987 ~50.005170)(26 — 562) —
(10 - 530)(1.05 + jO) — (16 — 732)(0.971057 — j0.043432)]}
= 1.38796

Pp3ch _jQ.sch

—i sl + Y2V
3

Y13 + Y23

2.0-;1.3879 . ,
_ To3a0ass 000517 + (10 — 530)(1.05) + (16 — 532)(.971057 ~ 7.043432)

(26 — j62)

2
vid) -

C

= 1.03908 — 50.00730

7 ik



*

2
Since | V3| is held constant at 1.04 pu, only the imaginary part of V(a)

ie, f (2) — _p.00730, and its real part is obtained from

is retained,

) = /(1.04)% - (0.00730)% = 1.039974

or

Vi = 1.039974 — 50.00730

- T : -5
The process is continued and a solution is converged with an accuracy of 5 x 10
pu in seven iterations as given below.

v = 0.07073 - j0.04479 Q) = 1.42004  V4*) = 1.03996 — 50.00833
V{9 = 0.97065 — j0.04533 Q" = 1.44833  V;¥) = 1.03996 — 50.00873

9 — 097062 - j0.04555 Q) = 1.45621 V> = 1.03996 — 50.00893

5

V{® = 0.97061 — j0.04565 QY = 1.45047 V4 = 1.03996 — 50.00900
Vi = 0.97061 — j0.04560 QL) =1.46082 V3" = 1.03996 — 70.00903

The final solution is

Vo, =0.97168/—2.6948° pu

S3 =2.04 714617 pu
Va =1.04/-.498° pu
S) = 2.1842 + 71.4085 pu

Line flows and line losses are computed as in Example 6.7, and the results ex-
pressed in MW and Mvar are

Syp = 179.36 + j118.734 Sg = —170.97 — §101.947 Sy 12 = 8.39 + j16.79
Si3 =30.06+ j22.118 Sy = —38.88—521.569 Sp13 = 0.18 + j0.548
Sy = —229.03 — j148.05 Sy = 238.88 + j167.746  Sp 95 = 9.85 + 719.69

The power flow diagram is shown in Figure 6.13, where real power direction
is indicated by — and the reactive power direction is indicated by —, The values
within parentheses are the real and reactive losses in the line.

S\ac_ X \Du >

x
oy = W LW i Gy 0,



3 I —t—
B T18734 . ) 101.947 | 400
C 038.878 229.032
39.061 (.183) 38.878 ((9'864973)) -
140.852 1o, =
22.118 543) 21.569 167.746 148.053
PN
200 146 177

FIGURE 6.13 -
Power fow diagram of Example 6.8 (powers in MW and Mvar).

6.7 TAP CHANGING TRANSFORMERS

In Section 2.6 it was shown that the flow of real power along a transmission line is
determined by the angle difference of the terminal voltages, and the flow of reactive
power is determined mainly by the magnitude difference of terminal voltages. Real
and reactive powers can be controlled by use of tap changing transformers and
regulating transformers.

In a tap changing transformer, when the ratio is at the nominal value, the
transformer is represented by a series admittance y; in per unit. With off-nominal
ratio, the per unit admittance is different from both sides of the transformer, and the
admittance must be modified to include the effect of the off-nominal ratio. Consider
a transformer with admittance y; in series with an ideal transformer representing
the off-nominal tap ratio 1:a as shown in Figure 6.14. y; is the admittance in per
unit based on the nominal turn ratio and a is the per unit off-nominal tap position
allowing for small adjustment in voltage of usually '£10 percent. In the case of
phase shifting transformers, a is a complex number. Consider a fictitious bus x
betv&feen tbe turn rati.o and admittance of the transformer. Since the complex power
on either side of the ideal transformer is the same, it follows that if the voltage goes
through a positive phase angle shift, the current will go through a negative phase
angle shift, Thus, for the assumed direction of currents, we have

g _
Vo = -V (6.43)
L = —a’l; (6.44)

The current I; is‘given by

li=p(Vi-V;)
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9.2 BALANCED THREE-PHASE FAULT

This type of fault is defined as the simultaneous short circuit across all three phases.
It occurs infrequently, but it is the most severe type of fault encountered. Because
the network is balanced, it is solved on a per-phase basis. The other two phases,
carry identical currents except for the phase shift.

2) . the reactance of the synchronous generator
under short-circuit conditions is a time-varying quantity, and for network analysis
three reactances were defined~The, subtransient reactance X7, for the first few
cycles of the short circuit currentytransient reactance X, for the next (say) 30
cycles, and-the synchronous reactance Xy, thereafter, Since the duration of the
short circuit current depends on the time of operation of the protective system, it
is not always easy to decide which reactance to use. Generally, the subtransient
reactance 1s used for determining the interrupting capacity of the circuit breakers.
In fault studies required for relay setting and coordination, transient reactance is
used, Also, in typical transient stability studies, transient reactance is used.

<) A fault represents a structural nwmvalent with that caused by
the addition of an impedance at the place of fault. If the fault impedance is zero,
the fault is referred to as the bolted fault or the solid fault. The faulted network can

— e —

be solved conveniently by the Thévenin’s method. The procedure is demonstrated
e L w

in the following example.

Example 9.1  (chp9ex1)

The one-line diagram of a simple three-bus power system is shown in Figure
9.1. Each generator is represented by an emf behind the transient reactance. All
impedances are expressed in per unit on a common 100 MVA base, and for sim-
plicity, resistances are neglected. The following assumptions are made.

(f) Shunt capacitances are neglected and the system is considered on no-load.

(if) All generators are running at their rated voltage and rated frequency with
their emfs in phase.

Determine the fault current, the bus voltages, and the line currents during the

fault when a balanced three-phase fault with a fault impeda = :
occurs on pedance Z = 0.16 per unit
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(a) Bus 3. Xﬁu""y '
(b) Bus 2. (qu
(c) Bus 1. .u*’“

o

\z @( | 70.2 \f_}_

FIGURE 9.1
The impedance diagram of a simple power system.

The fault is simulated by switching on an impedance Zy at bus 3 as shown
in Figure 9.2(a). Thévenin’s theorem states that the changes in the network volt-
age caused by the added branch (the fault impedance) shown in Figure 9.2(a) is
‘equivalent to those caused by the added voltage V3(0) with all other sources short-

circuited as shown in Figure 9.2(b).

0.2 0.4 0.2 0.4
e 08 ! ;0.8
Y Y e S
1 P 15~ 2
0.4 ;0.4 j04,70.4
3
T ) Vin =V5(0)
Zy = 50.16 I3(F) 1
= Z; = j0.16
(a) (b) L
FIGURE 9.2

(a) The impedance network for fault at bus 3. (b) Thévenin’s equivalent network.
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(a) From 9.2(b), the fault current at bus 3 is

V3(0)
Z3z+ 4y

“where V4(0) is the Thévenin’s voltage or the prefault bus voltage. The prefault bus
voltage can be obtained from the results of the power flow solution, In this example,
Since the Toads are neglected and generator’s emfs are assumed equal to the rated
value, all the prefault bus voltages are equal to 1.0 per unit, i.e.,

Vi(0) = V3(0) = V3(0) = 1.0 pu

Z33 is the Thévenin’s impedance viewed from the faulted bus.

To find the Thévenin’s impedance, we convert the A formed by buses 123 to
an equivalent Y as shown in Figure 9.3(a).

I3(F) =

0-&) 70.24
gl Z33 = 70.34
= ' 8
LIFI® Ve I3(F) {(3) Vi
40.16 - 350.16
b) = © =

* FIGURE 9.3
Reduction of Thévenin’s equivalent network.

]

10.4) (0. . 10.4)(50.4
zls=z%._—_(_39_4_)ﬁ_§l=30_z Z,=Q_L).=

: 0.1
| 71.6 % j1.6 J
Combining the parallel branches, Thévenin’s impedance is
(70.4)(50.6) .
Z33 = —-———+-+4340.
3 04406 00

= j0.24+50.1 = j0.34

From Figure 9.3(c), the fault current is

_ @ _ 1.0 o
\) l3(F) = Zss+ 2;  j0.34+30.16 =250 pu
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With reference to Figure 9.3(a), the current divisions between the two generators
are

B 70.6

"~ j0.4 4+ 0.6

0.4 .
NN iy Y | - SRR X
lo: 704+ jO.GIs( =05 g : )

—_ 5
-_—

2) Iy I3(F)=—-31.2 pu

For the bus voltage changes from Figure 9.3(b), we get

yol $£&| Je ‘LI(‘l
AV) =0~ (j0.2)(—j1.2) =-0.24 pu :
AV, =0 — (j0.4)(—j0.8) =—032 pu ! \\Q‘(’

AVy = (j0.16)(—52) — 1.0 = —0.68 pu

The bus voltages during the fault are obtained by superposition of the prefault
bus voltages and the changes in the bus v sed by the equiv f
connected to the faulted bus, as shown in Figure 9.2(b), i.e.,

Wi (F) = ¥ (0) + AV, =1.0- 024 =0.76 pu
Vo(F) = Va(0) + AV, =1.0-0.32=0.68 pu
V3(F) = V3(0) + AV3 =1.0-0.68 = 0.32 pu

5) »f The short circuit-currents in the lines are
Vi(F) — Va(F) _ 0.76 — 0.68

I2(F) = s 08 - —j0.1 pu
Vi(F) — Va(F 0.76 — 0.32 .

L(F) = 1( )z13 a(F) _ = ~ 11 pu
Vo(F) — V3(F 0.68 — 0.32 o

L (F) = Y2 )z23 3(F) _ S =09 p

(b) The fault with impedance Z; at bus 2 is depicted in Figure 9.4(a), and its
Thévenin’s equivalent circuit is shown in Figure 9.4(b). To find the Thévenin’s
impedance, we combine the parallel branches in Figure 9.4(b). Also, combining
parallel branches from ground to bus 2 in Figure 9.5(a), results in

_ (08)(§04) _ o,

Zy = _
2=506+50a 7

From Figure 9.5(b), the fault current is

V2(0) 1.0 _ o
Zo2+ Z;  jO24+j016 <0 PY

I(F) =
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0.2 - 50.4
_ 0.8 T~
L e
1 : 2
N 70.4 70.4
0\‘&\(
3
(a)
FIGURE 94
(a) The |mpedan’c§_llcfwork for fauj.{ at bus 2. (b) Thévenin's equivalent network.
",{-"Z i -/’: LT -
- t\’/ \..\.
N
: L §0.2> ‘*‘\%4 \, et ‘
SGZ‘ _ JO4 'l
IR T 2
) ) ‘/th e A
I(F) | I>(F) )ﬁ
“ Z; = 3016,  Zj=30.16
(a) L 7 o e
FIGURE 9.5 "“'-x.,_/_u/’;

Reduction of Thévenin’s equivalent network.

With reference to Figure 9.5(a), the current divisions between the generators are

Iy = 0.4
j0.4 + j0.6

Loy = 396
70.4 + j0.6

IQ(F) = —351.0 pu
I(F) = -31.5 pu

For the bus voltage changes from Figure 9.4(a), we get

AV; = 0 — (j0.2)(—41.0) = —0.2 pu
AVy =0 — (j0.4)(—j1.5) = —0.6 pu

AV3z = -0.2 - (j0.4) ﬂ =-0.4 pu
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The bus voltages during the fault are obtained by superposition of the prefault
bus voltages and the changes in the bus voltages caused by the equivalent emf
connected to the faulted bus, as shown in Figure 9.4(b), i.e.,

Vi(F) =V1(0) + AV; =1.0-02=0.8 pu
Vo(F) = Vo(0) + AV =1.0-0.6=0.4 pu
Va(F)=V3(0)+ AV3=1.0-04=0.6 pu

The short circuit-currents in the lines are

Vi(F) — Vo(F) _ 0.8—04

I (F) = s 708 = —30.5 pu
VI(F)-V3(F) 08-0.6 :

ha(F) = L )213 Sk 50.4 ==t P
Va(F') — V3(F 06—-04 .

(c) The fault with impedance Z; at bus 1 is depicted in Figure 9.6(a), and its
Thévenin’s equivalent circuit is shown in Figure 9.6(b).

=

(a) L (b)
FIGURE 9.6 S
(a) The impedance network for fault at bus 1. (b) Thévenin’s equivalent network.

To find the Thévenin’s impedance, we combine the

i parallel branches in Fi
9.6(b). Also, combining parallel branches from ground SRS IEHIE

to bus 1 in Figure 9.7(a),
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j0.16

Vn (+
I1(F)l
Z; = §0.16 Z; = §0.16
— (a) : (b)

FIGURE 9.7
Reduction of Thévenin’s equivalent network.

results in

(j0.2)(j0.8) _
- = j0.16
=054 508 7

From Figure 9.7(b), the fault current is

L(F) = 777, ~ j0.16 +40.16 J pu

With reference to Figure 9.7(a), the current divisions between the two generators
are
[ — 40.8
Gl = 50.2+ ;0.8

0.2 .
_ 2 [(F)=—j0.6
lor = <551 g 2(F) = 0062 pu

I(F)= —3j2.50 pu

For the bus voltage changes from Figure 9.6(b), we get
AV; =0 - (j0.2)(—352.5) = —0.50 pu
AV, =0 — (j0.4)(—50.625) = —0.25 pu

AVs = —0.5 + (j0.4)(= 02;625

)=-0.375 pu

Bus voltages during the fault are obtained by superposition of the prefault bus volt-
ages and the changes in the bus voltages caused by the equivalent emf connected
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to the faulted bus, as shown in Figure 9.6(b), i.e.,

Vi(F) = V1(0) + AV; =1.0-0.50 = 0.50 pu
Vo(F) = Vo(0) + AV =1.0-0.25= 0.75 pu
Va(F) = V3(0) + AV3 = 1.0 — 0.375 = 0.625 pu

The short-circuit currents in the lines are

Va(F) = Vi(F) _ 0.75 - 0.5

In(F) = - o8 - —40.3125 pu
Va(F) = V; 625 — 0.

Iy (F) = 3( )z31 1(F) =06z;%405 — _j03125 pu
Vo(F) — 751

Is(F) = 2( )223V3(F) _ 075]_02625 _ _j0.3125 pu

Nele i~
1) In the above example the load currents were neglected and all prefault bus
voltages were assumed to be equal to 1.0 per unit. For more accurate calculation,
the prefault bus voltages can be obtained from the power flow solution. As=sesrve

H-—B 8T

G 3 HH '-... el HTEIIL S =&

One way to include the effects of load currents in the fault analysis is to
e loads by a constant impedance evaluated at the prefault bus voltages.

express th

a ettt —in Nes e et TS e

This=ts. 3 vVers—soor-apprext on—which

pr cedure is summarized in the following steps.

e The prefault bus voltages are obtained from the results of the power flow
solution. '

e In order to preserve the linearity feature of the network, loads are converted
to constant admittances using the prefault bus voltages.

e The faulted network is reduced into a Thévenin’s equivalent circuit as viewed
from the faulted bus. Applying Thévenin’s theorem, changes in the bus volt-

ages are obtained.

e Bus voltages during the fault are obtained by superposition of the prefault
bus voltages and the changes in the bus voltages computed in the previous

step.

~ e The currents during the fault in all branches of the network are then obtained.



\Shegt - - \
(@ wCu b COPC\L\Lvl QSLL) .

N cc alt abusg s a CQVV\VV\‘)n YW EQ S ‘-p*\“e S*W‘auﬂ 'CDC* uy .

T\ 5CC ov At s\v\wt“C\(Ct—u{, N\VP\ a.L bas Jc s J.Qs\\ﬂeaf o) ‘\—-\-e

rw-ao’ugkbp ¢ vwa.avn'kuolz a.:p +\e V"ﬂkoq \Q"\s, Vdu—v.%l am‘) g

Pawlt Carvenk . 2
‘ Q't\)\f(}) |l v Gwvn
SCE = J3 \ILK e (r) »)Q(ZDS MV A
\__, e Qlag - Lo-\ine \'o\\'N?)/e Q«K\:w—cssto‘ NI R
\DDU\&, \\Q\
TR = Iy CF) * 1(5 Noase

v

T J 35 *"’
S el bgy—? L-L basxe Vo)
a ekrical . e ‘f‘*‘jﬂl

A t\L .
o I, = £ SpAl
"N 7 oy & - X L - —
: tk g, J3

- Ve (9
(F) =
e Lo K \?"‘“\ ‘P

0y e ol VIR S wu\t‘cv\w

SLw\t

ek

LW XL/ c/Bm otwow')k

\
£
™
~
e
n
vl
&
r
/\




