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% Jystem assumptions:

L,

The power system operates under balanced steady-state condi-
tions before the fault occurs. Thus the zero-, positive-, and negative-
sequence networks are uncoupled belore the lault occurs. During
unsymmetrical faults they are interconnected only at the fault
location.

. Prefault load current is neglected. Because of this, the positive-

sequence internal voltages of all machines are equal to the pre-
fault voltage Vg. Therefore, the prefault voltage at each bus in the
positive-sequence network equals V.

. Transformer winding resistances and shunt admittances are

neglected.

Transmission-line series resistances and shunt admittances are
neglected.

. Synchronous machine armature resistance, saliency, and saturation

are neglected.

. All nonrotating impedance loads are neglected.

. Induction motors are either neglected (especially for motors rated

50 hp or less) or represented in the same manner as synchronous
machines.
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EXAMPLE 9.1 Power-system sequence networks and their(Thévenin equivalents\

A single-line diagram of the power system considered m Example 7.3 is
shown in Figure 9.3, where negative- and zero-sequence reactances are also
given. The neutrals of the generator and A-Y transformers are solidly
grounded. The motor neutral is grounded through a reactance X, = 0.05 per
unit on the motor base. (a) Draw the per-unit zero-, positive-, and negative-
sequence networks on a 100-M VA, 13.8-kV base in the zone of the generator.
(b) Reduce the sequence networks to their Thévenin equivalents, as viewed
from bus 2. Prefault voltage is V¢ = 1.05/0° per unit. Prefault load current
and A-Y transformer phase shift are neglected.

FIGURE 9.3 T, T,
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SOLUTION

a. The sequence networks are shown in Figure 9.4. The positive-sequence
network is the same as that shown in Figure 7.4(a). The negative-sequence
network is similar to the positive-sequence network. except that there are
no sources, and negative-sequence machine reactances are shown. A-Y
phase shifts are omitted from the positive- and negative-sequence networks
for this example. In the zero-sequence network the zero-sequence genera-
tor, motor, and transmission-line reactances are shown. Since the motor
neutral is grounded through a neutral reactance X,,, 3X,, is included in the
zero-sequence motor circuit. Also, the zero-sequence A-Y transformer
models are taken from Figure 8.19.
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b. Figure 9.5 shows the sequence networks reduced to their Thévenin equiv-
alents, as viewed from bus 2. For the positive-sequence equivalent, the
Thévenin voltage source is the prefault voltage Vg = 1.05/0° per unit.
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From Figure 9.4, the positive-sequence Thévenin impedance at bus 2 is
the motor impedance ;j0.20, as seen to the right of bus 2, in parallel with
J(0.15 +0.10 + 0.105 + 0.10) = j0.455, as seen to the left; the parallel
combination i1s j0.20/,;0.455 — jO.13893 per unit. Similarly, the negative-
sequence Theévenin impedance is ;j0.21,/,;(0.17 + 0.10 + 0.105 +0.10) =
JO.21/70.475 = j0.14562 per unit. In the zero-sequence network of Figure
9.4, the Thévenin impedance at bus 2 consists only of j(0.10 +0.15) =
J0.25 per unit, as seen to the right of bus 2: due to the A connection of
transformer T, the zero-sequence network looking to the left of bus 2 1s
open. [}
EXAMPLE 9.2 Three-phase short-circuit calculations using sequence networks
Calculate the per-unit subtransient fault currents in phases «, b, and ¢ for a
bolted three-phase-to-ground short circuit at bus 2 in Example 9.1.
SOLUTION The terminals of the positive-sequence network in Figure 9.5(b)
are shorted, as shown in Figure 9.6. The positive-sequence fault current is
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which is the same result as obtained in part (c) of Example 7.4. Note that
since subtransient machine reactances are used in Figures 9.4-9.6, the current
calculated above is the positive-sequence subtransient fault current at bus 2.
Also, the zero-sequence current [y and negative-sequence current /> are both
zero. Therefore, the subtransient fault currents in each phase are, from
(8.1.16),
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EXAMPLE 9.3 Single line-to-ground short-circuit calculations using sequence
networks

Calculate the subtransient fault current m per-unit and in kA for a bolted
single line-to-ground short circuit from phase « to ground at bus 2 in Exam-
ple 9.1. Also calculate the per-unit line-to-ground voltages at faulted bus 2.

SOLUTION The zero-, positive-, and negative-sequence networks in Figure
9.5 are connected in series at the fault terminals, as shown in Figure 9.8.
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Since the short circuit is bolted, Zg = 0. From (9.2.7), the sequence currents;

are:
1.05/0°
Ih=h=05=-
j(0.25 4+ 0.13893 + 0.14562)
1.05
S T Ay :
70.53455 71.96427  per unit

From (9.2.8), the subtransient fault current is
I = 3(—j1.96427) = —j5.8928 per unit
The base current at bus 2 is 100/(13.8\/§) = 4.1837 kA. Therefore,

I' = (—j5.8928)(4.1837) = 24.65/—90° kA

a

From (9.1.1), the sequence components of the voltages at the fault are

Vo 0 j0.25 0 0 — j1.96427
Vil = l.OS& - 0 JjO.13893 0 —j1.96427
128 0 0 0 j0.14562 | | —j1.96427
[ —0.49107
= [T 714) per unit
—0.28604

Transforming to the phase domain, the line-to-ground voltages at faulted bus
2 are

Vag | S O —0.49107 0
Gal=Il1 & @ 0.77710 | = | 1.179/231.3° |  per unit
Ve 1 a a*||-0.28604 1.179/128.7°

Note that ¥4 = 0, as specified by the fault conditions. Also 1}’ = I" = 0.

(PowerWorld)
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EXAMPLE 9.4 Line-to-line short-circuit calculations using sequence networks

Calculate the subtransient fault current in per-unit and in kA for a bolted
line-to-line fault from phase 5 to ¢ at bus 2 in Example 9.1.

FIGURE 9.11 j0.13893 f b ;70.145862
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soLuTION The positive- and negative-sequence networks in Figure 9.5 are
connected in parallel at the fault terminals, as shown in Figure 9.11. From
(9.3.10) with Z¢ = 0, the sequence fault currents are

1.05/0°
L =—I, = = 3.690/-90°
! 2 7 7(0.13893 + 0.14562)

Ig— 0O
From (9.3.11). the subtransient fault current in phase b is

M= (—7V3)(3.690/-90°) = —6.391 — 6.391/180° per unit
Using 4. 1837 kA as the base current at bus 2,

Il = (6.391/180°)(4.1837) = 26.74/180° kA



Using 4.1837 kA as the base current at bus 2,

I! = (6.391/180°)(4.1837) = 26.74/180° kA
Also, from (9.3.12) and (9.3.13),

I!'=0 I'=2674/0° kA

The line-to-line fault results for this example can be shown in Power-
World Simulator by repeating the Example 9.3 procedure, with the exception
that the Fault Type field value should be *‘Line-to-Line.” ]

7%/ DOMIO{C {c'nc-[-a—g—rawml ;au/{-_;

FIGURE 9.12
Double line-to-ground 3Z: Faul diti

fault N o auli conditions
Fault conditions + o | + in sequence domain:
in phase domain: ° L btk =0
=0 e

. VF VQ ZO VQ
Vo = Vi = Zliy + 1) Yo = Vi = 824,
- Vi=V,

(b} Interconnected sequence networks

(a) General three-phase bus

% I:au.}i' Currents (chu,wcc Cum[Jor\miES):

Ve B Vi

T L2 7] [Zg(zo+3zp)}

Zr+ 2Ly + 372k
Zg+ 3ZF
I =(—T
= 1)(20+3ZF+ZZ)

I

. Zs
To = (Jl)(zg N T +zg)

EXAMPLE 9.5 Double line-to-ground short-circuit calculations using sequence
networks

Calculate (a) the subtransient fault current in each phase, (b) neutral fault
current, and (c¢) contributions to the fault current from the motor and from
the transmission line, for a bolted double line-to-ground fault from phase b
to ¢ to ground at bus 2 in Example 9.1. Neglect the A-Y transformer phase
shifts.

SOLUTION

a. The zero-, positive-, and negative-sequence networks in Figure 9.5 are
connected in parallel at the fault terminals in Figure 9.13. From (9.4.12)

with Zp =0,
FIGURE 9.13 j0.13893
Example 9.5: Double Bt / e 1
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- 1.05/0° 1.05/0°
1= 035 — 05
; [0.1 1893 4 (014562)(02° _}] 70.23095

0.14562 + 0.25
= —j4.5464 per unit
From (9.4.13) and (9.4.14).

I, = (l.i4-5464)( j2.8730 per unit

0.14562
0.25 + 0.14562

Transforming to the phase domain, the subtransient fault currents are:

2] 11 1] [+16734] [ 0

i=|1 @ a —j4.5464 | = |6.8983/158.66°| per unit
J 1 a a*|| 428730 6.8983/21.34°

Using the base current of 4.1837 kA at bus 2,

0.25+ 0. 14‘562) N

In=0 j4.5464)( j1.6734  per unit

] \ )
1) | = | 6.8983/158.66° | (4.1837) 28.86/158.66° kA
| ] [ 6:8983/21.34° | 28.86/21.34°

. The neutral fault current is
In= (I +1') =3Iy = j5.0202 per unit

= (/5.0202)(4.1837) = 21.00/90° kA
. Neglecting A-Y transformer phase shifts, the contributions to the fault
current from the motor and transmission line can be obtained from
Figure 9.4. From the zero-sequence network, Figure 9.4(a), the contribu-

tion to the zero-sequence fault current from the line is zero, due to the
transformer connection. That is,

Liineo =0
Tiotorn — 20 = 1634 perynit

From the positive-sequence network. Figure 9.4(b), the positive ter-
minals of the internal machine voltages can be connected, since £ = E].
Then, by current division,

Xff

line1 = o I

el X+ (X] + X11 + Xiine 1 + X12) 1
el i4.5464 11.3882  per unit
—— v = — =) o T unitt

020+ (0.255) /40N =) P
45

Imotor1 = 02(?:‘%('—}45464) = —-}31582 per unit

From the negative-sequence network, Figure 9.4(c), using current
division,
0.21

ne2 = ——————(j2.8730) = 0. i
Line 2 0215 0'475(.;2 8730) = j0.8808 per unit
0.475
=—(j2 £ 2 1
Lnotor 2 02110475 (j2.8730) = j1.9922 per unit

Transforming to the phase domain with base currents of 041837 kA for
the line and 4.1837 kA for the motor,

!?ne a I 1 1 0
e =11 at a —j1.3882
ey 1 a a*|| j0.8808



0.5074/—90° |
1.9813/172.643° |  per unit
1.9813/7.357° |

0.2123/-90° |
—=|0.8289/172.643° | kA
0.8289/7.357° |

L e 1 1 1][ j16734

"Irr'lu:)tor I 1 a* a —j3.1582

Lowel |1 2 &|| 719922
0.5074/90°

49986/153.17° per unit
| 4.9986/26.83°

2.123/90°
= 2091 153:17° kA
| 20.91/26.83°

EXAMPLE 9.6 Effect of A-Y transformer phase shift on fault currents

Rework Example 9.5, with the A-Y transformer phase shifts included.
Assume American standard phase shift.

soLUTION The sequence networks of Figure 9.4 are redrawn in Figure 9.14
with ideal phase-shifting transformers representing A—Y phase shifts. In
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(c) Negative-sequence network

FIGURE 9.14 Sequence networks for Example 9.6

accordance with the American standard, positive-sequence quantities on the
high-voltage side of the transformers lead their corresponding quantities on
the low-voltage side by 30°. Also, the negative-sequence phase shifts are the
reverse of the positive-sequence phase shifts.



a. Recall from Section 3.1 and (3.1.26) that per-unit impedance is un-
changed when it is referred from one side of an ideal phase-shifting trans-
former to the other. Accordingly, the Thévenin equivalents of the
sequence networks in Figure 9.14, as viewed from fault bus 2, are the same
as those given in Figure 9.5. Therefore, the sequence components as well
as the phase components of the fault currents are the same as those given
in Example 9.5(a).

b. The neutral fault current is the same as that given in Example 9.5(b).

¢. The zero-sequence network, Figure 9.14(a), is the same as that given in
Figure 9.4(a). Therefore, the contributions to the zero-sequence fault cur-
rent from the line and motor are the same as those given in Example
9.5(c).

liineo =0 Imotor0 = Io = j1.6734 per unit

The contribution to the positive-sequence fault current from the line
in Figure 9.13(b) leads that in Figure 9.4(b) by 30°. That is,

Line 1 = (—71.3882)(1/30%) = 1.3882/—60° per unit
!motorl = —]31582 per unit
Similarly, the contribution to the negative-sequence fault current
from the line in Figure 9.14(c) lags that in Figure 9.4(c) by 30°. That s,
Line 2 = (70.8808)(1/=30°) = 0.8808/60° per unit
Imotor2 = j1.9922  per unit
Thus, the sequence currents as well as the phase currents {rom the motor
are the same as those given in Example 9.5(c). Also, the sequence currents
from the line have the same magnitudes as those given in Example 9.5(c),
but the positive- and negative-sequence line currents are shifted by +30°

and —30°, respectively. Transforming the line currents to the phase
domain:

[I’iineu l 1 I 0
ool=|1 a* a|]|1.3882/-60°
e 1 a a° 0.8808/60°

[1.2166/—21.17°]
— 2.2690/180° per unit
| 1.2166/21.17° |

[0.5090/—21.17° ]
= | 0.9492/180° kA

| 0.5090/21.17° |

In conclusion, A-Y transformer phase shifts have no effect on the fault
currents and no effect on the contribution to the fault currents on the fault
side of the A-Y transformers. However, on the other side of the A-Y trans-
formers, the positive- and negative-sequence components of the contributions
to the fault currents are shifted by +30°, which affects both the magnitude
as well as the angle of the phase components of these fault contributions for
unsymmetrical faults. |
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Balanced three-phase fault:

Ve
I 9.5.1)
! lmr—l (
By iy =10 (9.5.2)
Single line-to-ground fault (phase a to ground):
Ve

hio=~L 1=1L 9= - — = (9.5.3)
! ! ! ‘éfm—ﬂ | éﬂ”—l | éﬂn—l } 3‘ZF'
Line-to-line fault (phase b to c):

Ve |
Ly =1, »— - A _ (9.5.4)
! ! -Zmr—l f l}m—z 1 ZF
In_{] - U {9.5.5)
Double line-to-ground fault (phase b to ¢ to ground):

Ve
i ___"F : 9.5.6)
. 7 | l}m—Z{Z}m—U | 351:]] {
el Zmr—?. | Znn—{] | 3ZF
\ Z.Jm—i] } 3ZF ) \

Iy 2 = (—11) | - - - 9.5.7
e ( " 1)(4'””—0 | ?’ZF ‘ Am:—?. ( }

Zmr—l ) \
o= (—11)|= - - 9.5.8
) ( -l (lmr—t] | 3£F t Amr—?. ( j

Also from Figure 9.16, the sequence components of the line-to-ground volt-
ages at any bus k during a fault at bus n are:

Vi—o
I’j’(— 1

I";’C—Z

EXAMPLE 9.7

0 Z;’m—{] 0 0 J'n—(l
=| V| - 0 Zia 0 I (9.3.9)
0 0 0 Zku— 2 !11—2

Single line-to-ground short-circuit calculations using
Zpus 0, Zbus 1, and Zpys 2

Faults at buses | and 2 for the three-phase power system given in Example 9.1
are of interest. The prefault voltage is 1.05 per unit. Prefault load current is
neglected. (a) Determine the per-unit zero-, positive-, and negative-sequence
bus impedance matrices. Find the subtransient fault current in per-unit for a
bolted single line-to-ground fault current from phase a to ground (b) at bus 1
and (¢) at bus 2. Find the per-unit line-to-ground voltages at (d) bus 1 and (e)
bus 2 during the single line-to-ground fault at bus 1.

SOLUTION
a. Referring to Figure 9.4(a). the zero-sequence bus admittance matrix is

_{20 0] .
Youso = —J per unit
0 4
Inverting Yyus0-
0.05 0
Zowso = J per unit
0 0.25

Note that the transformer leakage reactances and the zero-sequence
transmission-line reactance in Figure 9.4(a) have no effect on Zy59. The
transformer A connections block the flow of zero-sequence current from
the transformers to bus 1 and 2.



The positive-sequence bus admittance matrix, from Figure 9.4(b), is
9.9454 | —3.2787
—32787 | 82787

Yous1 =—J [ ] per unit

Inverting ¥pus 1.,

0.11565 | 0.04580
0.04580 | 0.13893
Similarly, from Figure 9.4(c)

Zous1 = j[ ] per unit

9.1611 —3.2787
Frss — j[ | ]

~32787 | 8.0406

Inverting ¥pysa.

Jo.12781 | 005212
A
005212 | 0.14562

] per unit

b. From (9.5.3), with » = 1 and Zg = 0, the sequence fault currents are

"

Lhoeo=h =L 1=— : -

A A Zu-otZua+Zn-2
1.05/0° 1.0

- = =—j3. uni
7005 7 0.11565 1 0.12781) ~ j0.29346 0>/ perunit

The subtransient fault currents at bus 1 are, from (8.1.16),

8 1 1 17][-j3.578 —j10.73
=11 a* a —j3.578 | = 0 per unit
fF T 2 —j3.578 0

¢. Again from (9.5.3), with n = 2 and Zg = O,

Vi
D o=5_1 =17 =
=0 — s I P W L
1.05/0° S

~ j(025 1 0.13893 1 0.14562)  j0.53455

= —j1.96427 per unit

and
12 11 17][—/j1.96427 _ j5.8928
=1 a® a —71.96427 | = 0 per unit
L 1 a a? —j1.96427 0

This is the same result as obtained in Example 9.3.

d. The sequence components of the line-to-ground voltages at bus 1 during
the fault at bus | are, from (9.5.9), withk =1 and n = 1,

Vio [ 0 70.05 0 0 —j3.578
Viep | =] 1.05/0°|—| 0  j0.11565 0 — j3.578
Vi |0 0 0 70.12781 | | —73.578
[ —0.1789
= | 0.6362 per unit
—0.4573

and the line-to-ground voltages at bus 1 during the fault at bus 1 are



Vl —ag
Vi_ng
Vl —cg

1 1 1 —0.1789

1 a®> a +0.6362

1 a d*||—-04573
I 0

0.9843/254.2° per unit
_0.9843{ 105.8°

e. The sequence components of the line-to-ground voltages at bus 2 during
the fault at bus 1 are, from (9.5.9), with k =2 andn =1,

2o
V5
Vo

0 0 0 0 —j3.578
1.05/0° | — |0 ;0.04580 0 —j3.578
0 0 0 j0.05212 | | —j3.578
0
0.8861 per unit
—0.18649

Note that since both bus 1 and 2 are on the low-voltage side of the A Y
transformers in Figure 9.3, there is no shift in the phase angles of these
sequence voltages. From the above, the line-to-ground voltages at bus 2
during the fault at bus 1 are

V2 —ag
VZ —bg
V 2—cg

1 1 1 0
1 a2 a 0.8861
_l a a? —0.18649
0.70

0.9926/249.4° |  per unit
_0.9926{ 110.6° [ |
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