CHAPTER

12

UNSYMMETRICAL
FAULTS

Most of the faults that occur on power systems are unsymmetrical faults, which
may consist of unsymmetrical short circuits, unsymmetrical faults through
impedances, or open conductors. Unsymmetrical faults occur as single line-to-
ground faults, line-to-line faults, or double line-to-ground faults. The path of
the fault current from line to line or line to ground may or may not contain
impedance. One or two open conductors result in unsymmetrical faults, through
either the breaking of one or two conductors or the action of fuses and other
devices that may not open the three phases simultaneously. Since any unsym-
metrical fault causes unbalanced currents to flow in the system, the method of
symmetrical components is very useful in an analysis to determine the currents
and voltages in all parts of the system after the occurrence of the fault. We
consider faults on a power system by applying Thévenin’s theorem, which allows
us to find the current in the fault by replacing the entire system by a single
generator and series impedance, and we show how the bus impedance matrix is
applied to the analysis of unsymmetrical faults.

12.1 UNSYMMETRICAL FAULTS
ON POWER SYSTEMS

In the derivation of equations for the symmetrical components of currents and
voltages ir: a general network the currents flowing out of the original balanced

AT
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llﬂ’ FIGURE 12.1
Three conductors of a three-phase system.
¢ T The stubs carrying currents /,, {1, and 1,
i],e may be interconnected to represent differ-
ent types of faults.

system from phases a, b, and ¢ at the fault point will be designated as 1, Trps
and Ifc, respectively. We can visualize these currents by referring to Fig. 12.1,
which shows the three lines a, b, and ¢ of the three-phase system at the part of
the network where the fault occurs. The flow of current from each line into the
fault is indicated by arrows shown on the diagram beside hypothetical stubs
connected to each line at the fault location. Appropriate connections of the
stubs represent the various types of fault. For instance, direct connection of
stubs b and ¢ produces a line-to-line fault through zero impedance. The current
in stub a is then zero, and I, equals — /.

The line-to-ground voltages at any bus @ of the system duwring the fault
will be designated V,,, V},,, and V; and we shall continue to use superscripts 1,
2, and O, respectively, to denote positive-, negative-, and zero-sequence quanti-
ties. Thus, for example, V", V&, and VP will denote, respectively, the
positive-, negative-, and zero-sequencc components of the line-to-ground volt-
age V), at bus @ during the fault. The line-to-neutral voltage of phase a at the
fault point before the fault occurs will be designated simply by }/, which is a
positive-sequence voltage since the system is balanced. We met the prefault
voltage Vy previously in Sec. 10.3 when calculating the currents in a power
system with a svmmetrical three-phase fault applied.

A single-line diagram of a power system containing two synchronous
machines is shown in [Fig. 1220 Such a system is sufliciently gencral for
cquations derived therelrom (o be applicable to any balanced system rcgardless
of the complexity. Figurc 12.2 also shows the sequence networks of the system.
The point where a fault is assumcd to occur is marked 2, and in this particular
example it is called bus @ on the single-line diagram and in the sequence
networks. Machines are represented by their subtransient internal voltages in
serics with their subtransient reactances when subtransient fault conditions are
being studied.

In Sec. 10.3 we used the bus impedance matrix composed of positive-
sequence impedances to determine currents and voltages upon the occurrence
of a symmetrical three-phase fault. The method can be easily extended to apply
to wnsymmetrical faults by realizing that the negative- and zero-sequence
networks also can be represented by bus impedance matrices. The bus impedance
matrix will now be written symbolically for the positive-sequence n‘etwork in the
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following form:
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and Z,-(f.’) denote representatiYe elements of the bus impedance

matrices for the positive-, negative-, and zero-sequence networks, respectively.
If so desired, each of the networks can be replaced by its Thévenin equivalent

between any one of the buses and the reference node.
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(a) Single-line diagram of balanced three-phase system
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(b) Positive-sequence network (e) Thévenin equivalent of the

positive-sequence network
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(¢) Negative-sequence network (f) Thévenin equivalent of the

negative-sequence network

©1|®

0
P I(a)
— P
; -
A0
0 k
| % °
Reference ~
(d) Zero-sequence network (g) Thévenin equivalent of the
zero-sequence network
FIGURE 12.2
Single-line diagram of a three-phase system, the three sequence networks of the system, and the
Thévenin equivalent of each network for a fault at P, which is called bus @

The Thévenin equivalent circuit between the fault point P and the
reference node in each sequence network is shown adjacent to the diagram of
the corresponding network in Fig. 12.2. As in Chap. 10, the voltage source in the
positive-sequence network and its Thévenin equivalent circuit is Vs, the prefault
voltage to neutral at the fault point P, which happens to be bus @ in this
illustration. The Thévenin impedance measured between point P and the
reference node of the positive-sequence network is Z{?, and its value depends
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on the values of the reactances used in the network. We recall from Chap. 10
that subtransient reactances of generators and 1.5 times the subtransient
reactances (or else the transient reactances) of synchronous motors are the
values used in calculating the symmetrical current to be interrupted.

There are no negative- or zero-sequence currents flowing before the fault
occurs, and the prefault voltages are zero at all buses of the negative- and
zero-sequence networks. Therefore, the prefault voltage between point P and
the reference node is zero in thc negative- and zcro-scquence nctworks and no
electromotive forces (emfs) appear in their Thévenin equivalents. The negative-
and zero-sequence impedances betwecen point P at bus @ and thc rcfcrence
node in the respective networks are reprcsented by the Thévenin impcdances
Z3 and Z{Q—diagonal clements of Z{2 and Z{, respective!y.

Sincc Iy, is thc current flowing from the system iniw the fault) its
symmetrical components I};’, 1{2, and I};) flow our of the respective sequence
networks and their equivalent circuits at point P, as shown in Fig. 12.2. Thus,
the currents —/{), — /{2, and —If) represent injected currents into the faulted
bus @ of the positive-, negative-, and zero-sequence networks due to the fault.
These current injections cause voltage changes at the buscs of the positive-,
negative-, and zero-sequence networks, which can be calculated from the bus
impedance matrices in the manner demonstrated in Sec. 10.3. For instance, due
to the injection — /{2 into bus (&), the voltage changes in the positive-sequence
network of the N-bus system are given in general terms by
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This equation is quite similar to Eq. (10.15) for symmetrical faults. Note that
only column k of Z{) enters into the calculations. In industry practice, it is
customary to regard all prefault currents as being zero and to designate the
voltage /; as the positive-sequence voltage at all buses of the system before the
fault occurs. Superimposing the changes of Eq. (12.3) on the prefault voltages
then yields the total positive-sequence voltage of phase a at each bus during the

fault,

'[/I(;)' FVI* _Ayl(al)” _V[— A
Vid v N2 V= 2RI
wl =l |+ vm|= | (12.4)
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fa
This equation is similar to Eq. (10.18) for symmetrical faults, the only difference
being the added superscripts and subscripts denoting the positive-sequence
components of the phase @ quantities.

Equations for the negative- and zero-sequence voltage changes due to the
fault at bus @ of the N-bus system are similarly written with the superscripts
in Eq. (12.3) changed from 1 to 2 and from 1 to 0, respectively. Because the
prefault voltages are zero in the negative- and zero-sequence networks, the
voltage changes express the rotal negative- and zero-sequence voltages during
the fault, and so wc have

- ) 7@ ) i i 0)7(0) ~
I/]({%) Zlk‘, a VI(((:)) _ng)lf(a)
() .7 (2 0 By IO N
V’Zu /“'2/\' lf'u Vz(“) 22/\, l}(ll
= ‘ = ' 12.5)
(2) _ 727 0 0) 7¢O (
I/kn Z/(\-k)](a) V/\'(n) _Z/(\'k)][(a)
(2) 2) r(2 (0)
Ve —ZW 17 VN ~Z 1D

When the fault is at bus (&), note that only the entries in columns & of Z{, and
Z® are involved in the calculations of negative- and zero-sequence voltages.
Thus, knowing the symmetrical components lf((‘,), 1}(‘,’, and If(f,’ of the fault
currents at bus @ we can determine the sequence voltages at any bus @ of

the system from the jth rows of Egs. (12.4) and (12.5). That is, during the fault
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at bus @ the voltages at any bus @ are

If the prefault voltage at bus @ is not V;, then we simply replace V, in Eq.
(12.6) by the actual valuc of the prefault (positive-scquence) voltage at that bus.

Since V/ is by definition the actual prefault voltage at the faulted bus @ we
always have at that bus

Vo= -z

VD =V, - 2D (12.7)
2

Vo - - zgip

and these are the terminal voltage equations for the Thévenin equivalents of the
sequence networks shown in Fig. 12.2.

It is important to remember that the currents [fQ, If), and I{? are
.symmetrical-component currents in the stubs hypothetically attached to the
system at the fault point. These currents take on values determined by the
particular type of fault being studied, and once they have been calculated, they
can be regarded as negative injections into the corresponding sequence net-
works. If the system has A-Y transformers, some of the sequerce voltages
calculated from Eqgs. (12.6) may have to be shifted in phase angle before being
combined with other components to form the new bus voltages of the faulted
system. There are no phase shifts involved in Eq. (12.7) when the voltage V. at
the fault point is chosen as reference, which is customary. ‘

In a system with A-Y transformers the open circuits encountcred in the
zero-scquence network rcquire carcful considcration in computer applications
of the Z, . building algorithm. Consider, for instance, the solidly grounded Y-A
transformer connected between buses (72) and () of Fig. 12.3(a). The positive-
and zero-sequence circuits are shown in Figs. 12.3(6) and 12.3(c), respectively.
The negative-sequence circuit is the same as the positive-sequence circuit. It is
straightforward to include these sequence circuits in the bus impedance matri-
cesZO  ZNM and Z2) using the pictorial representations shown in the figures.
This will be done in the sections which follow when Y-A transformers are
present. Suppose, however, that we wish to represent removal of the trans-
former connections from bus (%) in a computer algorithm which cannot avail of
pictorial representations. We can easily undo the connections to bus (?) in the
positive- and negative-sequence networks by applying the building algorithm to
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(a) A-Y grounded transformer with leakage impedance Z; (b) positive-sequence circuit;
(c) zero-sequence circuit; (d) positive-sequence circuit with internal node; (e) zero-sequence circuit
with internal node.

the matrices Z{!>. and Z{?, in the usual manner—that is, by adding the negative
of the leakage impedance Z between buses @ and @ in the positive- and
negative-sequence networks. However, a similar strategy does not apply to the
zero-sequence matrix Z{9 if it has been formed directly from the pictorial
representation shown in Fig. 12.3(¢). Adding —Z between buses @ and @
does not remove the zero-sequence conncection from bus (7). To permit uniform
procedures for all sequence networks, one strategy is to include an internal
node (P), as shown in Figs. 12.3(d) and 12.3(e).' Note that the leakage
impedance is now subdivided into two parts between node and the other
nodes as shown. Connccting —Z /2 between buses (1) and (P) in cach of the
scquence circuits of Figs. 12.3(d) and 12.3(¢) will open the transformer connec-
tions to bus (7). Also, the open circuits can be represented within the computer
algorithm by branches of arbitrarily large impedances (say, 10® per unit).
Internal nodes of transformers can be useful in practical computer applications

'See H. E. Brown, Solution of Large Networks by Matrix Methods, 2d ed., John Wiley & Sons, Inc.,
New York, 1985.
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of the Z . building algorithm. The reader is referred to the reference cited in
footnote 1 for further guidance in handling open-circuit and short-circuit (bus

tie) branches.

The faults to be discussed in succeeding sections may involve impedance
Zf between lines and from one or two lines to ground. When Z[ = 0, we have a
direct short circuit, which is called a bolted fault. Although such direct short
circuits result in the highest value of fault current and are therefore the most
conservative values to use when determining the eftects of anticipated faults, the
fault impedancc is scldom zcro. Most faults arc the result of insulator flashovers,
wherc the impedance between the line and ground depends on the resistance of

(b) Single line-to-ground fault
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(d) Double line-to-ground fault

Connection diagrams of the hypothetical stubs for various faults through impedance.
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the arc, of the tower itself, and of the tower footing if ground wires are not
used. Tower-footing resistances form the major part of the resistance between
line and ground and depend on the soil conditions. The resistance of dry earth
is 10 to 100 times the resistance of swampy ground. Connections of the
hypothetical stubs for faults through impedance Z[ are shown in Fig. 12.4.

A balanced system remains symmetrical after the occurrence of a three-
phase fault having the same impedance between each line and a common point.
Only positive-sequence currents flow. With the fault impedance Z; equal in all
phases, as shown in Fig. 12.4(a), we simply add impedance Z; to the usual
(positive-sequence) Thévenin equivalent circuit of the system at the fault bus )
and calculate the fault current from the equation

o (12.8)
oz + Z, '

For each of the other faults shown in Fig. 12.4, formal derivations of the
equations for the symmetrical-component currents /), /{., and 1{2 are pro-
vided in the sections which follow. In cach case the fault point P is designated

as bus @

Example 12.1. Two synchronous machines are connected through three-phase
transformers to the transmission line shown in Fig. 12.5. The ratings and reactances
of the machines and transformers are

Machines 1 and 2: 100 MV A, 20 kV; X=X, =X,=20%,
X() = 4%) X” = 5%
Transformers 7, and 7,: 100 MV A, 204 /345Y kV; X =8%

On a chosen base of 100 MVA, 345 KV in the transmission-linc circuit the line
rcactances arc X, = X, = 15% and X, = 50%. Draw cach of the thrcc scquence
networks and find thc zcro-scquence bus impedance matrix by mcans of the Z
building algorithm.

bhus

® 1 O ® 1, @
Machine 1 O-_‘—gg ‘ l % Machine 2
oy T3E SO
] A ¥ Y A

FIGURE 12.5
Single-line diagram of the system of Example 12.1.
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(b)

FIGURE 12.6

(a) Positive-sequence and (b) zero-sequence networks of the system of Fig. 12.5. Buses @ and @
are internal nodes of the transformers.

Solution. The given per-unit impedance values correspond to the chosen base, and
so they can be used directly to form the sequence networks. Figure 12.6(a) shows
the positive-sequence network, which is identical to the negative-sequence network
when the emfs are short-circuited; Fig. 12.6(b) shows the zero-sequence network
with reactance 3X, = 0.15 per unit in the neutral connection of each machine.
Note that each transformer is assigned an internal node—bus @ for transformer
T, and bus (6) for transformer T,. These internal nodes do not have an active role
in the analysis of the system. In ordcr to apply the Z,,; building algorithm, which

is particularly simple in this example, let us label the zero-sequence branches from
1 to 7 as shown.

Step 1

Add branch 1 to the reference node

®
@ [jo.19]

Step 2

Add branch 2 to the reference node

© ©
3 15 ome] ;
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Step 3
Add branch 3 between buses @ and @

o
O & ©

j0.19 0 0
0 j0.04 | jO.04

0  j0.04 \ i0.08

®OO

L

Step 4
Add branch 4 betwecen buses @ and @

.

o ©®© @ O
" j0.19 0 0 0
0  j0.04 jO.04 ;004
0 j004 j0.08 ‘ j0.08
0 j0.04 ;008 | j0.58

.

OIOIOIO,

Step 5

Add branch 5 between buses @ and @
y

o ® O ® ®

j0.19 0 0 0 0

70.04 ;j0.04 ;0.04 | j0O.04

J0.04 ;0.08 ;0.08 | 0.08
J0.04 0.08 ;0.58 | jO.58

70.04 j0.08 j0.58 | jO.66

ol ©O O O

L
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Step 6
Add branch 6 from bus (4) to the reference

© © @ ® O
[j0.19 0 0 0 0

j0.04 j0.04 j0.04 0.04
j0.04 j0.08 j0.08 ;0.08
j0.04 j0.08 j0.58 j0.58
j0.04 j0.08 j0.58 j0.66

0 0 0 0 J0.19

OOOOO@
-

o O O O O

® @OEVO
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Buses @ and @ are the fictitious internal nodes of the transformers which
facilitate computer application of the Z, , building algorithm. We have not
shown calculations for the very high impedance branches representing the open
circuits. Let us remove the rows and columns for buses (5) and (6) from the
matrix to obtain the effective working matrix

O @ O O

D019 0 0 0

7O _ @ 0 J0O.08  0O.08 0

@ 0 008 joss 0
@] o 0 0 j0.19

The zeros in Z{, show that zcro-scquence current injected into bus (1) or bus
@ of Fig. 12.6(b) cannot cause voltages at the other buscs because of the open
circuits introduced by the A-Y transformers. Notc also that the j0.08 per-unit
reactance in series with the open circuit between buses (6) and @ does not
affect Z$9_ since it cannot carry current.

By applying the Z,  building algorithm to the positive- and negative-
sequence networks in a similar manner, we obtain

@ [,0.1437 j0.1211 j0.0789 j0.0563"
z“>_z<2>=@ j0.1211  j0.1696 j0.1104 j0.0789
bus — Tbus T (3) [/0.0789  j0.1104 j0.1696 j0.1211
(4) |0.0563 j0.0789 ,0.1211 ;0.1437

@

©)

@

We use the above matrices in the examples which follow.

12.2 SINGLE LINE-TO-GROUND FAULTS

The single line-to-ground fault, the most common type, is caused by lightning or
by conductors making contact with grounded structures. For a single line-to-
ground fault through impedance Z, the hypothetical stubs on the three lines are
connected, as shown in Fig. 12.7, where phase a is the one on which the fault
occurs. The relations to be developed for this type of fault will apply only when
the fault is on phase a, but this should cause no difficulty since the phases are
labeled arbitrarily and any phase can be designated as phase a. The conditions
at the fault bus @ are expressed by the following equations:

Iy =0 I =0

Vg = Z 144 (12.9)
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FIGURE 12.7
Connection diagram of the hypothetical
stubs for a single line-to-ground fault, The

fault point is called bus @

_—?@ — o ®

I,cl

With [, =1, = 0, the symmetrical components of the stub currents are given
by

- o i
1§ 11 1[4,
(1) ! 2
L)l==11 a a 0
3
12 1 a* alfl o0

- L. !

and performing the multiplication yields
0 lf”
[ =1{)=12=—= (12.10)

Substituting /{" for I{}> and I{2 shows that [, = 31?, and from Eqs. (12.7) we
obtain

Oy _ _ 0
Vka) - Z‘("k)lf((”))
0
Vb = v, - Z’EL)[}(G) (12.11)
2) _ 2
V2 = — Zik)]}g)

Summing these equations and noting that ¥, = 3Z I{’ give

= 0 1 i) B 4 0 1 2 0) _ 0
Vie = V@ + VR + VD =V, = (28 + 280 + ZO) I = 3Z,1)

Fl
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Solving for /¥ and combining the result with Eq. (12.10), we obtain

Vi

ZR+ZR+ 2 + 32,

0 =
IR =1 =1 = (12.12)

Equations (12.12) are the fault current equations particular to the single
line-to-ground fault through impedance Z,, and they are used with the symmet-
rical-component relations to determine all the voltages and currents at the fault
point P. If the Thévenin equivalent circuits of the three scquence networks of
the system are connected in series, as shown in Fig. 12.8, we see that the
currents and voltages resulting therefrom satisfy the above equations—for the
Thévenin impedances looking into the three scquence networks at fault bus (k)
are then in scrics with the fault impcdance 3Z, and the prefault voltage source
V. With the equivalent circuits so connected, the voltage across each sequence
network is the corresponding symmetrical component of the voltage V,, at the
fault bus @, and the current injected into each sequence network at bus @ 1S
the negative of the corresponding scquence current in the fault. The serics
connection of the Thévenin equivalents of the sequence networks, as shown in
Fig. 12.8, is a convenient means of remembering the equations for the solution
of the single line-to-ground fault, for all the necessary equations for the fault

1D
fa @
| I L
—_ 1
y 743 1*
v, v
Y=
(2)
? ®
r————] I
7 t+ 1O — [ = g
1': fa fa fa
v
: l_ l
(0)
Il'a @
e >
I H T
76) |
Vo
| 3z,
Y- —
| —_
FIGURE 12.8

Connection of the Thévenin equivalents of the sequence networks to simulate a single line-to¢ground
fault on phase a at bus @ of the system.
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point can be determined from the sequence-network connection. Once the
currents I{9, I{), and I{? are known, the components of voltages at all other
buses of the system can be determined from the bus impedance matrices of the
sequence networks according to Eqgs. (12.6).

Example 12.2. Two synchronous machines are connected through three-phase
transformers to the transmission line shown in Fig. 12.9(a). The ratings and
rcactances of the machines and transformers are

Machines 1 and 2: 100 MVA, 20 kV; X;=X,=X,=20%,
X, = 4%, X, = 5%
Transformers T, and T5: 100 MV A, 20Y /345Y kV; X =8%

Both transformers arc solidly grounded on two sides. On a chosen basc of 100
MV A, 345 kV in the transmission-line circuit the line rcactances arc X = X, =
15% and X, = 50%. Thc system is opcrating at nominal voltage without prcfault
currents when a bolted (Z/ = 0) singlc line-to-ground fault occurs on phase A at
bus @ Using the bus impedance matrix for cach of the three scquence networks,
determine the subtransient current to ground at the fault, the line-to-ground
voltages at the terminals of machine 2, and the subtransient current out of phase ¢
of machine 2.

Solution. Thc systcm is the samc as in Example 12.1, except that the transformers

are now Y-Y connected. Therefore, we can continue to usc Z{!). and Z¢)

corresponding to Fig. 12.6(a), as given in Examplc 12.1. However, because the

®n® ® n®
| |
| I

Machine 1 E: % H@ Machine 2
= Y

"2 =Y Y3
(a)

70.04

Reference

(b)

FIGURE 12.9 ;
(a) The single-line diagram and (b) zero-sequence network of the system of Example 12.2.
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— 1 ;
j0.1999 T+
viQ
T i = L

FIGURE 12.10

Series connection of the Thévenin equivalents of the sequence networks for the single line-to-ground
fault of Example 12.2.

transformers are solidly grounded on both sides, the zero-sequence network is fully
connected, as shown in Fig. 12.9(6), and has thc bus impedance matrix

@ @ 6 o

(D [j0.1553 j0.1407 j0.0493 j0.0347

2O _ (2 |j0.1407 j0.1999 j0.0701 0.0493
bus T (3) | j0.0493 00701 j0.1999 j0.1407
(@) | j0.0347  j0.0493  j0.1407 j0.1553

Since the line-to-ground fault is at bus @, wec must connect the Thévenin
equivalent circuits of the sequence networks in scrics, as shown in Fig. 12.10. From
this figure we can calculate the symmetrical components of thc current I, out of
the system and into the fault,

1}%) =) = O o d

AT AT | 2 0
4 ZW) + Z8) + Z)

1.0/ 90°

= - - —Jj1.8549 per unit
j(0.1696 + 0.1696 + 0.1999)

3
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The total current in the fault is
J,=319= _; i
A 1A J5.5648 per unit

and sincc the base currcnt in the high-voltage transmission line is 100,000/ V3 X
345 = 167.35 A, we havc

Ip. = —j5.5648 x 167.35 = 931/ 270° A

The phase-a sequence voltages at bus @, the terminals of machine 2, are
calculated from Eqs. (12.6) with K = 3 and j = 4,

Vi = = ZR1 = — (j0.1407)(—j1.8549) = —0.2610 per unit
Vi =V, =21 =1 = (j01211)(—j1.8549) =  0.7754 per unit
Vid = = Z@I) = — (J0.1211)(—j1.8549) = —~0.2246 per unit

Notc that subscripts A and « denote voltages and currents in the high-voltage and
low-voltage circuits, rcspectively, of the Y-Y connccted transformer. No phase
shift 1s involved. From thc above symmetrical components we can calculate a-b-c
linc-to-ground voltages at bus @ as follows:

v,, 11 1 ][ —0.2610] 0.2898 + 0.0
Vo [ =1 o a 0.7754 | = | —0.5364 — j0.8660
Vi, I a  a® || —0.2246 —0.5364 + j0.8660

0.2898/ 0° '
= | 1.0187/ —121.8°
o187/ 12180

To express the linc-to-ground voltages of machine 2 in kilovolts, we multiply by
20/ V3, which gives

Vie = 3346/ 0° kV- 1, = 11763/ — 1218 kv V= 11763/ 121.8° kV

To dctermine phase-¢ current out of machine 2, we must first calculatec the
symmetrical components of the phase-a current in the branches representing the
machinc in the scquence networks. From Fig. 12.9(b) the zero-sequence current
out of the machinc is

v 0.2610
X,  j0.04

1= — = —j6.52S per unit



and from Fig.

Note that the
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12.6(a) the other scquence currents arc calculated as

- — v 1.0 - 0.7754 el
s’ = — = : = —jl. er unit
X 7020 / pert
(2) 0.2246
= -2 o = -j1.123 it
a i, 70.20 J per uni

machinc currcents arc shown without subscript f, which is reserved

exclusively for the (stub) currents and voltages of the fault point. The phasc-c

currcnts n

The base curr
so |I.| = 15,5
similarly.

12.3 LINE-TO-

To represent a line-to-line fault through impedance Z,

on the three lines
again the fault po

machine 2 arc now casily calculated,

(0) (n 2702
LY+ alllV + a2l

—j6.525 + a(—j1.123) + a®(—j1.123) = —;5.402 pcr unit

ent in the machine circuits is 100,000 /(/3 x 20) = 2880.751 A, and
94 A. Other voltages and currents in the system can bc calculated

LINE FAULTS

, the hypothetical stubs
at the fault are connected, as shown in Fig. 12.11. Bus @ IS
int P, and without any loss of generality, the line-to-line fault

is regarded as being on phases b and c¢. Thec following relations must be
satisfied at the fault point

1

« =0 Ly = — 1 Vio = Vie = IpnZ; (12.13)

FIGURE 12.11
Connection of the hypotheltical stubs for a

I fcl

linc-to-line fault. The fault point 15 called

bus @

. ®
Ifol T
\ ®
b Tw
¢ ® i
B
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FIGURE 12.12

Connection of the Thévenin equivalents of the positive- and negative-sequence networks for a
line-to-line fault between phases b and ¢ at bus @ of the system.

Since Iy, = — 1, and [, = 0, thc symmectrical components of current are
74 1o [ o
1
IVl ==[1 a a? Ly
1 1 a® a Ly

- L

and multiplying through in this equation shows that
19 =0 (12.14)
I{p=—12 (12.15)

The voltages throughout the zero-sequence network must be zero since there
are no zero-sequence sources, and because ]}2) =0, current is not being
injected into that network due to the fault. Hence, line-to-line fault calculations
do not involve the zero-sequence network, which remains the same as before
the fault—a dead network.

To satisfy the requircment that 1} = 1}3), lct us connect the Thévenin
equivalents of thc positive- and nublmvc-scqucncc networks in parallel, as
shown in Fig. 12.12. To show that this connecction of the nctworks also satisfies
the voltage cquation V,, — V,. == 1,7, wc now cxpand cach side of that
equation separately as follows:

Vo = Vae = (V) + V@) = (V0 + VD) = (K = V2) + (D - Vi)

(a* =)V + (a = a®)VQ = (o’ - a) (Vi) — Vi)

1,2, = (I + 1) Z, = (a* [P + al2)Z,
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Equating both terms and setting /{2 = —1I{? as in Fig. 12.12, we obtain
(a2 = @) (Vi ~ VD) = (o ~ ) 102,
or Vi) — Vi = [(clz)Z[ (12.16)

which is precisely the voltage-drop equation for impedance Z, in Fig. 12.12.

Thus, all the fault conditions of Eqs. (12.13) arc satished by connecting the
positive- and negative-scquence nctworks in parallel (hrough impedance L, as
shown in Fig. 12.12. The zero-scquence network is inactive and docs not enter
into the linc-to-line fault calculations. The cquation for the positive-sequence
currcnt in the fault can be determined directly from Fig. 1212 so that

1= -1 = di 1217
Ja ZY + Z(’) T Zf : (12.17)

For a bolted line-to-line fault we set Z, = 0.

Equations (12.17) are the fault current equations for a linc-to-line fault
through impedance Z,. Once I{) and /{2 are known, they can be treated as
injections —1f) and —/{? into the posmve and negative-sequence networks,
respectively, and the changes in the sequence voltages at the buses of the system
due to the fault can be obtained from the bus impedance matrices, as previously
demonstrated. When A-Y transformers are present, phase shift of the positive-
and negative-sequence currents and voltages must be taken into account in the
calculations. The following example shows how this is accomplished.

Example 12.3. The same system as in Example 12.1 is opcrating at nominal system
voltage without prefault currents when a bolted line-to-line fault occurs at bus
Using thc bus impedancc matrices of the scquence nctworks for subtransicnt
conditions, determine the currents in the [ault, the line-to-line voltages at the fault
bus, and the linc-to-linc voltages at the terminals ol machine 2.

Solution. Z{). and Z{? arc alrcady sct forth in Example 12.1. Although Z{), is
also given, we arc not concerned with the zero-scquence nctwork in this solution
since the fault is line to line.

To simulate the fault, the Thévenin equivalent circuits at bus @ of the
positive- and negative-sequence nctworks of Example 12.1 arc connccted in
parallel, as shown in Fig. 12.13. From this figurc thc scquence currents arc

calculated as follows:

I = -y = di = : +j_0 = /29481 per unit
f4 fA7 Z0 4z 7 j0.1696 + j0.1696

Uppercase A is'used herc because the fault is in the high-voltage transmission-line
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_ 10 1@
fA @ C?) fA
A e Iy T
j0.1696 T j0.1696

+
V= 1.0/0° C) vy v

W -

4
¥

= l | Reference
i

FIGURE 12.13
Connection of the Thévenin equivalent circuits for the line-to-line fault of Example 12.3.

circuit. Since /f}) = 0, the components of currents in the fault are calculated from

lpa= 1)+ I[= —j2.9481 + j2.9481 = 0

g =a’If) +alf} = —j2.9481( = 0.5 — j0.866) + j2.9481( 0.5 + j0.866)
= --5.1061 + ;0 per unit
{ec = — 1 = 5.1061 + jO per unit

As in Example 12.2, base current in the transmission line is 167.35 A, and so
Iffl = 0
frp = —5.1061 X 167.35 = 855 180° A

I;c = —5.1061 X 167.35 = 855/ 0° A

Symmetrical components of phase-A voltage to ground at bus @ are

I
o

(V)
V3A

Vi =V =1-2Z{18) =1 = (j0.1696)( —;2.9481) = 0.5 + jO per unit

Line-to-ground voltages at fault bus @ are

[
Il

Vig= V9 + Vid+ V@ =0+ 05+ 0S5

1.0/ 0° per unit

0.5/ 180° per unit

o~
&
I

V_{E? + gVl + aV =0+ a*0.5 + a0.5

Vae = V35 = 0.5/ 180° per unit
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Line-to-line voltages at fault bus (3) are

Vi,up=V3ss—Vig=( 1.0 +,j0) = (-0.50 +0) =15/ 0° perunit

Vi, sc = Vig = Vae = (=0.5 +j0) — (—0.50 + jO)

I
o

Vica=Vie=V3,=(-05+,0)—( 1.0 +,0) 1.5/ 180° per unit

Expressed in volts, these line-to-line voltages are

345

VB.AB =15/0° x T§ =299/ 0° kV
Y

VJ.BC =0

345
Vs ca = 1.5/180° x = - 299/ 180° kv

For the moment, let us avoid phase shifts due to the A-Y transformer connected to
machine 2 and proceed to calculate the sequence voltages of phase 4 at bus @

using the bus impedance matrices of Example 12.1 and Eqs. (12.6) with kK = 3 and
j=4

VR= -zZ{1M =0
ViR =V, — Z®16 = 1 = (j0.1211)(—52.9481) = 0.643 per unit
Ve = - Z@QIW = — (j0.1211)(j2.9481) = 0.357 per unit

To account for phase shifts in stepping down from the high-voltage transmission
line to the low-voltage terminals of machine 2, we must retard the positive-sequence

voltage and advance the negative-scquence voltage by 30°. At machine 2 terminals,
indicated by lowercase a, thc voltages arc

VO =@

Vi = v/ —30° =0.643/ —30° = 0.5569 — j0.3215 per unit

VA =p2/30° =0357/30° = 0.3092 + j0.1785 per unit

Vie = Vi@ + VO + VD = 0 + (0.5569 ~ j0.3215) + (0.3092 + j0.1785)

= 0.8661 — j0.1430 = 0.8778/ —~9.4° per unit
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Phase-b voltages at terminals of machine 2 are now calculated,
V4(1?) = V4((?) =0
Vi = a®viP = (1/ 240° )(0.643/ —30° } = —0.5569 —j0.3215 per unit

(2
Vi

a V2= (1/120°)(0357/30° )

—0.3092 + ;0.1785 per unit

Vip = V& + VY + V&P = 0 + (~0.5569 — j0.3215) + (—0.3092 + j0.1785)

—0.8661 —,0.143 = 0.8778 / —170.6° per unit

and for phase ¢ of machine 2

0y _. 0y _
V4c‘ - l/dil =0

Vi =a Vi = (1/120° }(0.643/ —30° ) = 0.643/ 80° per unit
VP =a?V 2 = (1/ 240° )(0.357/30°)

Vie = VO + VD + V2 = 0 + (j0.643) + (—j0.357) = 0 + j0.286 per unit

O.357Z —90° per unit

Line-to-line voltages at the terminals of machine 2 are
Vi oo = Vag — Vap = (0.8661 —J0.143) — (0.8661 — j0.143)

1.7322 + jO per unit

Vi pe = Vap = Vae = (—0.8661 — j0.143) — (0 + j0.286)

—0.8661 —,0.429 = 0.9665/ — 153.65° per unit

Viea = Vae = Vau = (0 + j0.286) — (0.8661 — j0.143)

= —0.8661 +j0.429 = 0.‘)665{ 153.65° per unit

In volts, line-to-linc voltages at machinc 2 terminals arc

20
V, .o = 1.7322/ 0° X — =20/0° kv

V3

20

Vi pe = 0.9665/ —153.65° X 5 11.2/ —153.65° kV
20

Vi ca = 0.9665/ 153.65° X i 11.2/ 153.65° kV

.
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Thus, from the currents ]}9,’, /{3, and If2) of the fault and the bus impedance
matrices of the sequence networks we can determine the unbalanced bus
voltages and branch currents throughout the system due to the line-to-line fault.

12.4 DOUBLE LINE-TO-GROUND FAULTS

For a double line-to-ground fault the hypothetical stubs are connected, as
shown in Fig. 12.14. Again, the fault is taken to bc on phases b and ¢, and the
relations now existing al the fault bus @ are

Ia=0  Vig=Vie=(ly+ )7, (12.18)

Since [, is zero, the zero-sequcnce current is given by /{2 = (/;, + [,)/3, and
the voltages of Eq. (12.18) then become

Vo = Vie = 32,150 (12.19)

Substituting V,, for V,. in the symmetrical-component transformation, we find
that

Vk(g)- 1 1 1 1 ka
v =3 1 a a® ||V (12.20)
245 1 a® a || Vi

A FIGURE 12.14
4 Connection diagram for the hypothetical
stubs for a double line-to-ground fault.

— The fault point is called bus @
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The second and third rows of this equation show that
Vi = 454 (12.21)
while the first row and Eq. (12.19) show that

WD = Vi + 2V = (VQ + VO + V@) + 2(3Z,119)
[

Collecting zero-sequence terms on one side, setting V2 = V() and solving for
V{2, we obtain

VD = v — 32,1 (12.22)

Bringing together Eqgs. (12.21) and (12.22), and again noting that I, = 0 we
arrive at the results

Vi = VR =V = 32,19
IR+ 12+ 12 =0 (12.23)

These characterizing equations of the double line-to-ground fault are satisfied
when all three of the sequence networks are connected in parallel, as shown in
Fig. 12.15. The diagram of network connections shows that the positive-
sequence current /f is determined by applying prefault voltage V; across the
total impedance consisting of Z{Y in series with the parallel combination of Z{?
and (Z{ + 3Z,). That is,

J) = di (12.24)
‘ ZR(Z®R +32)) '
Z(0) 4 kk\ “kk /
kk 2 0
Z@ + 29 + 32,
W ® e ® % ®
4 — :f+ L? L . :0 — g
V Q A

E] 3z,

FIGURE 12.15
Connection of the Thévenin equivalents of the sequence networks for a double line-to-ground fault
on phases b and ¢ at bus @ of the system.

i
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The negative- and zero-sequence currents out of the system and into the fault
can be determined from Fig. 12.15 by simple current division so that

0
2= -1 ZZ“‘ +032’ (12.25)
| z0+ 20+ 3z,
' Z@ |
4L N ()] — 12.26
Ju Il z@ + 28 + 32, (12.26)

For a bolted fault Z, is set equal to 0 in the above equations. When Z; = s, the
zero-sequence circuit beccomes an open circuit; no zCro-sequence current can
then flow and the cquations rcvert back to thosc for the line-to-line fault
discussed in the preceding section.

Again, we observe that the sequence currents //, /2, and /[, once
calculated, can be treated as negative injections into the sequence networks at
the fault bus @ and the sequence voltage changes at all buses of the system
can then be calculated from the bus impedance matrices, as we have done in

preceding sections.

Example 12.4. Find the subtransient currents and the line-to-line voltages at the
fault under subtransient conditions when a double line-to-ground fault with Z, = 0
occurs at the terminals of machinc 2 in the system of Fig. 12.5. Assume that the

system is unloaded and operating at rated voltage when the fault occurs. Use the
bus impedance matrices and neglect resistance.

Solution. The bus impcdance matrices Z{!), 22 and Z{) are the same as in
Example 12.1, and so the Thévenin impedances at fault bus @ are ecqual in per
unit to the diagonal elements Z{P = j0.19 and Z§) = 2{2 =;0.1437. To simulate
the double linc-to-ground fault at bus @, we connect the Thévenin cquivalents of
all three sequence nctworks in parallel, as shown in Fig. 12.16, from which we

(1) (2) (0
@ It @ || I @
+ ’:3 & T — I-—;_- — = T
Vv, = 1.0@_?? j0.1437 vj(;) J0.1437 VL‘Z) j0.19 VJ‘S’
> o Vil G

L
¥ 1 0 ‘ B |

FIGURE 12.16

Connection of the Thévenin equivalents of the sequence networks for the double line-to-line fault of
Example 12.4.

‘.
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obtain
]f([) - Vf B 1 +0 ]
g, | 2029 T o, [G01437)(0.19)
Yolz@+z® ' (/0.1437 +j0.19)

= —J4.4342 per unit
Therefore, the sequence voltages at the fault are
Vad =V =V =1, - 1Pz = | — (-j4.4342)(;0.1437) = 0.3628 per unit

Current injections into the negative- and zero-scquence nctworks at the fault bus
arc calculated by current division as follows;

7 7 2 4 4342F J0-19 ‘ 12.5247 per unit
a - R— . A = . - = . unt
o = el @z | T e v oy | T/HHP
z@ ] ( j0.1437 ]
1= -y _(_2)__41_? = j4.4342| - = j1.9095 per unit
|z + zD 7(0.1437 + 0.19) |

The currents out of the system at the fault point are
I, = 1}2) + 100 + 12 = j1.9095 — j4.4342 + j2.5247 = 0
Iy = 1}2’ + a”}é’ + af}g’
j1.9095 + (1/240° )(4.4342/ —90° ) + (1/ 120° )(2.5247/ 90 )

- 6.0266 + j2.8642 = 6.6726,/ 154.6° per unit

I

(1) 21
ja 1 d f},-”

= 19095 + (1/120° )(4.4382/ —90% } + (1/ 240" ) (2.5247/ 90° )

= 6.0266 + j2.8642 = 6.6726/ 25.4° pcrunit

I = I+ al

and the current 1[ into the ground is

lp=1p + 1, = 31§ = j5.7285 per unit
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Calculating a-b-c voltages at the fault bus, we find that
Vaa = VEO + VD + V@ = 3175 = 3(0.3628) = 1.0884 per unit

Vie=Vae =0

c

AN
3
|

=V,, — Vi, = 1.0884 per unit

V4,bc =V = Vee =0

C

Vi co = Vi —1.0884 per unit

4,ca

C~V4a

Base current cquals 100 X 107 /(3 x 20) = 2887 A in the circuit of machine 2,
and so we find that

I =0

I, = 2887 x 6.6726/ 154.6°

I, = 2887 x 6.6726/ 25.4°

18,262 / 154.6° A

19262/ 25.4° A

16,538 / 90° A

I, = 2887 x 5.7285/ 90°

The base line-to-neutral voltage in machine 2 is 20/ Y3 kV, and so

20
Vi, = 10884 x — =12568/0° kV

V3

V4.bc =0

4,cu

20
= —1.0884 X —= = 12.568/ 180° kV
V3

Examples 12.3 and 12.4 show that phase shifts due to A-Y transformers do
not enter into the calculations of sequence currents and voltages in that part of
the system where the fault occurs, provided V; at the fault point is chosen as the
reference voltage for the calculations. However, for those parts of the system
which are separated by A-Y transformers from the fault point, the sequence
currents, and voltages calculated by bus impedance matrix must be shifted in
phase before being combined to form the actual voltages. This is because the
bus impedance matrices of the sequence networks are formed without consider-
ation of phase shifts, and so they consist of per-unit impedances referred to the
part of the network which includes the fault point.



124 DOUBLE LINE-TO-GROUND FAULTS 499

Example 12.5. Solve for the subtransient voltages to ground at bus @, the end of

the transmission line remote from the double line-to-ground fault, in the system of
Example 12.4.

Solution. Numerical values of the fault-current components are given in the
solution of Example 12.4 and the elements of Z{)., Z{), and Z{0); are provided in
the solution of Example 12.1. Neglecting phase shift of the A-Y transformers for
the moment and substituting the appropriate values in Eq. (12.6), we obtain for the
voltages at bus @ due to the fault at bus @,

i = — 102z = —(j1.9095)(0) =0
Vid =V, — I{DZ4) = 1 — (-j4.4342)(j0.0789) = 0.6501 per unit
Vid=  —1PZ® = —(—-j2.5247)(;j0.0789) = 0.1992 per unit

Accounting for phasc shift in stcpping up to the transmission-line circuit from the
fault at bus @, wc have

Vz(()i) — 0
ViD= viD/30°  =0.6501/30° = 0.5630 +0.3251 per unit

v = v@/ -30° = 01992/ ~30° = 0.1725 — j0.0996 per unit

The required voltages can now be calculated:
Vo, = VO 4+ 4 @ = (0.5630 + j0.3251) + (0.1725 — j0.0996)

= 0.7355 +j0.2255 = 0.7693 / 17.0° per unit

Vop =V + a?Vid + av§Z = (1/ 240° )(0.6531 / 30° )
+(1/120° )(0.1992/30°)
= —0.1725 — j0.5535 = 0.5798 / 107.3° per unit

Vae = VI + av® + a*v = (1/120° Y(0.6531/ 30°)

+(1/ 240° )(0.1992/ 30° )

—0.5656 + j0.1274 = 0.5798 / 167.3° per unit

f

These per-unit values can be converted to volts by multiplying by the line-to-neutral
base voltage 345/ V3 kV of the transmission line.
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12.5 DEMONSTRATION PROBLEMS

Large-scale computer programs based on the bus impedance matrices of the
sequence networks are generally used to analyze faults on electric utility
transmission systems. Three-phase and single line-to-ground faults are usually
the only types of fault studied. Since circuit-breaker applications are made
according to the symmetrical short-circuit current that must be interrupted, this
current is calculated for the two types of fault. The printout includes the total
fault current and the contributions from each line. The results also list those
quantities when each line connectced to the faulted bus is opened in turn while
all others are in operation.

The program uscs the impedances for the lines as provided in the line data
for the power-flow program and includes the appropriate reactance for cach
machine in forming the positive- and zero-sequence bus impedance matrices. As
far as impedances are concerned, the negative-sequence network is taken to be
the same as the positive-sequence network. So, for a single line-to-ground fault
at bus (0, 1§ is calculated in per unit as 1.0 divided by the sum (2Z{} + Z{7
+ BZI). The bus voltages are included in the computer printout, if called for, as
well as the current in lines other than those connected to the faulted bus since
this information can easily be found from the bus impedance matrices.

The following numerical examples show the analysis of a single line-to-
ground fault on (1) an industrial power system and (2) a small electri¢ utility
system. Both of these systems are quite small in extent compared to the
large-scale systems normally encountered. The calculations are presented with-
out matrices in order to emphasize the circuit concepts which underlie fault
analysis. The presentation should allow the reader to become more familiar
with the sequence networks and how they are used to analyze faults. The
principles demonstrated here are essentially the same as those employed within
the large-scale computer programs used by industry. The same examples are to
be solved by the bus impedance matrices in the problems at the end of this
chapter.

Example 12.6. A group of idcntical synchronous motors is connccted through a
transformer to a 4.16-kV bus at a location remotc from the gencrating plants of a
power system. The motors are rated 600 V and operate at 89.5% efficiency when
carrying a full load at unity power factor and rated voltage. The sum of their
output ratings is 4476 kW (6000 hp). The reactances in per unit of each motor
based on its own input kilovoltampcre rating are X, = X, = 0.20, X, = 0.20,
Xy = 0.04, and each is grounded through a reactance of 0.02 per unit. The motors
are connected to the 4.16-kV bus through a transformer bank composed of three
single-phase units, each of which is rated 2400,/600 V, 2500 kVA. The 600-V
windings are connected in A to the motors and the 2400-V windings are connected
in Y. The leakage reactance of each transformer is 10%.

The power system which supplies the 4.16-kV bus is represented by a
Thévenin equivalent generator rated 7500 kVA, 4.16 kV with reactanges of
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o O™
P L( ) \ﬁ’_;L
T Equivalent _O Yo
generator JT:YD )
_O ™% FIGURE 12.17
Motors Single-line diagram of the system of Example 12.6.

X, =X, =0.10 per unit, X, = 0.05 per unit, and X, from neutral to ground
cqual to 0.05 per unit.

Each of the identical motors is supplying an equal sharc of a total load of
3730 kW (5000 hp) and is opcrating at rated voltage, 85% power-factor lag, and
88% cilicicncy when a single line-to-ground fault occurs on the low-voltage side of
the transformer bank. Trcat the group of motors as a singlc equivalent motor.
Draw thc sequence nctworks showing values of the impedances. Determine the
subtransient line currents in all parts of the system with prefault current neglected.

Solution. The singlc-line diagram of the system is shown in Fig. 12.17. The 600-V

bus and the 4.16-kV bus are numbered @ and @, respectively. Choose the

rating of the equivalcnt generator as base: 7500 kVA, 4.16 kV at the system bus.
Since -

V3 X 2400 = 4160V 3 X 2500 = 7500 kVA

the three-phase rating of the transformer is 7500 kVA, 4160Y /600A V. So, the
base for the motor circuit is 7500 kVA, 600 V.
The input rating of the single cquivalent motor is

6000 x 0.746
0.895

= 5000 kVA

and the reactances of the equivalent motor in pereent are the same on the base of
the combinced rating as the reactances of the individual motors on the basc of the
rating ol an individual motor. The rcactances of the cquivalent motor in per unit
on thc sclected basc are

) 7500 v 00 5% _ o
X(/=X1=X2=0.2%—0.3 on— V. %-— B

In the zcro-sequence network the reactance between neutral and ground of the
equivalent motor is

7500
3X, =3 X 0.02—— = 0.09 per unit
5000
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and for the equivalent generator the reactance from neutral to ground is

3X,, =3 x0.05 = 0.15 per unit

Figure 12.18 shows the series connection of the sequence networks.
Since the motors are operating at rated voltage equal to the base voltage of
the motor circuit, the prcfault voltage of phase a at the fault bus @ is

V, = 1.0 per unit
Base current for the motor circuit is

7,500,000

T —MITA
V3 x 600

and the actual motor current is

746 x S000
0.88 X ¥3 x 600 x 0.85

= 4798 A

Current drawn by the motor through line a before the fault occurs is

4798

5/ —eos 1085 = 0.665/ ~318 =0.565 ~j0.350 per unit

If prefault current is neglected, E; and E), are made equal to 1.0{O° in Fig.

12.18. Thévenin impedanccs are computed at bus @ in cach scquence nctwork as
follows:

(jO.1 + j0.1)(j0.3)
j(0.1 + 0.1 + 0.3)

Z{y = Z(P = = j0.12 per unit Z{® =;0.15 pcr unit

Fault current in the scrics conncction of the scquence networks is

v, 1.0 1.0

I = = . — = - _ - = - = —J2.564
ZO+zZ@ 4 zO®™ 012 +0.12 +0.15  j0.39

12 = IfQ = If)) = —j2.564 per unit

Current in the fault = 3/{? = 3(—;2564) = —;7.692 per unit. In the positive-
sequence network the portion of /f) flowing toward P from the transformer is
found by current division to be

—J2.564 x j0.30
j0.50

= —j1.538 per unit _ ’
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@ 0.565-,1.888{ (D —0.565 - j0.676

010 70.10 p -
JY. ]
Positive-sequence J0.30
wt network
By v Ey,
@ -j1538] @ —j1.026
I j0.10 p -j2.564
10.10 10.30
J Negative-sequence J
network

@ jo.ao0 , @ _ 2564
s

j0.05 j0.06

Zero-sequence

network

J0.15 j0.09

FIGURE 12.18
Connection of the sequence networks of Example 12.6. Subtransient currents are marked in per unit
for a single line-to-ground fault at P. Prefault current is included.

and the portion of /f}’ flowing (rom the motor toward P is

--j2.564 x;0.20
J0.50

= —j1.026 per unit

Similarly, the portion of [/(‘3) from the transformer is —j1.538 per unit, and the

component of /{2 from the motor is —j1.026 per unit. All of 1}2) flows toward P
from the motor.

Currents in the lines at the fault, shown without subscript f, are:
To P (rom the transformer in per unit:

1, 111 0 ~j3.076
L l=|1 a* a || -j1.538| =] ,1.538
1 1 a a*|| -j1.538 j1.538
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To P from the motors in per unit:

1, 1 1 1 |[-j2.564 ~j4.616
Ll=(1 &% a || -j1.026] =] —j1.538
I, 1 a’|| —j1.026 —j1.538

Our mecthod of labeling the lines is the same as in Fig. 11.23(a) such that currents
I® and I in the lines on the high-voltage side of the transformer arc related to
the currents /" and 7{? in the lines on the low-voltage side by

h=1/30 =12/ =30

Hence,

I = (~j1.538) / 30° 1.538/ —60° = 0.769 — j1.332

2= (—j1.538)/ —30° = 1.538/ —120° = -0.769 - j1.332

and from Fig. 12.18 we note that !,(10) = 0 in the zero-sequence network. Since
there are no zero-sequence currents on the high-voltage side of the transformer,
we have

I, =IM+ I =(0.769 — j1.332) + (—0.769 — j1.332) = —j2.664 per unit
I = a1$) = (1/ 240° }{1.538/ —60° ) = —1.538 + 0

I =aI1P=(1/120°)(1538/ —120° ) = 1.538 + 0

Is =10 +1P =0

I =a 1= (1/120° )(1.538/ —60° ) 0.769 + j1.332

I@ =P = (1/240° )(1.538/ —120° )= —0.769 +1.332
Ic = I + I = j2.664 per unit

If voltages throughout the system are to be found by circuit analysis, their
components at any point can be calculated from the currents and reactances of the
sequence networks. Components of voltages on the high-voltage side of the
transformer are found first without regard for phase shift. Then, the effect of
phase shift must be determined.

By evaluating the base currents on the two sides of the transformer, we can
convert the above per-unit currents to amperes. Base current for the motor circuit
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was found previously and equals 7217 A. Base current for the high-voltage circuit
1S

7,500,000

— - 1041 A
Y3 X 4160

Current in the fault is

7.692 x 7217 = 55,500 A
Currents in the lines between the transformer and the fault are
Inlinc @: 3.076 X 7217 = 22,200 A
Inlinec h: 1.538 x 7217 = 11,100 A

In line ¢;: 1.538 x 7217 = 11,100 A
Currents in the lines between the motor and the fault are

Inlinca: 4.616 X 7271 = 3330N A

Inline b: 1.538 x 7217 = 11,100 A
Inline ¢: 1.538 x 7217 = 11,100 A

Currents in the lines between the 4.16 kV bus and the transformer are

In line A: 2.664 x 1041 = 2773 A
In line B: 0
Inline C: 2.664 x 1041 = 2773 A

The currents we have calculated in the above example are those which
would flow upon the occurrence of a single line-to-ground fault when therc is no
load bn the motors. These currents arc correct only if the motors are drawing
no current whatsoever. The statement of the problem specifies the load condi-
tions at the time of the fault, however, and the load can be considered. To
account for the load, we add the per-unit current drawn by the motor through
line a before the fault occurs to the portion of JI{!’ flowing toward P from the
transformer and subtract the same current from the portion of /{> flowing from
the motor to P. The new value of positive-sequence current from the trans-
former to the fault in phase a is

0.565 —j0.350 — j1.538 = 0.565 — j1.888

and the new value of positive-sequence current from the motor to the fault in

£
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-J2.664 j1.538
—_— —_— )
Equivalent
b motor
Equivalent 47692

generator

o
+j2.664

FIGURE 12.19

Per-unit values of subtransient line currcnts in all parts of the system of Example 12.6, prefault
current neglected.

phase a is
—0.565 +j0.350 —1.026 = —0.565 — j0.676

These values are shown in Fig. 12.18. The remainder of the calcula
these new values, proceeds as in the example.

Figure 12.19 gives the per-unit values of subtransient line currents in all
parts of the system when the fault occurs at no Joad. Figure 12.20 shows the
values for the fault occurring on the system when the load specified in the
example is considered. In a larger system where the fault current is much higher
in comparison with the load current the effect of neglecting the load current is
less than is indicated by comparing Figs. 12.19 and 12.20. In the la
however, the prefault currents determined by a power-flow study could simply
be added to the fault current found with the load neglected.

0.665-,2.685 -0.586+,1.224
- — B
A Equivalent
b motor
Generator -'17'—692
L L [
C B a e — ~0.565™%
0.021+;2.202 -j4.266
— -
]~O.351—j0.565 0.565—;3.426 —j7_692l
———
—0.314+;3.250 ==
FIGURE 12.20

Per-unit values of subtransient line currents in all parts of the system of Example 12.6, prefault
current considered.



12.5 DEMONSTRATION PROBLEMS 507

Example 12.7. The single-line diagram of a small power system is shown in Fig.
12.21. A bolted single line-to-ground fault at point P is to be analyzed. The ratings
and reactances of the generator and the transformers are

Generator: 100 MVA, 20 kV; X"=X,=20%, X,=4%,
X, =5%
Transformers T, and 7,: 100 MVA, 20A /345Y kV;, X =10%

On a chosen base of 100 MVA, 345 kV in the transmission-line circuit the line
reactances are

From 7, to P: X, = Xy = 20%, X,=50%

19

From T, to P: X, =X, = 10%, X,=30%

To simulate the fault, the scquence networks of the system with reactances marked
in per unit are connected in series, as shown in Fig. 12.22. Verily the valucs of the
currents shown in the figure and draw a complete three-phasc circuit diagram with
all current flows marked in per unit. Assumc that the transformers are lettered so
that Eqs. (11.88) apply.

Solution. With switch S open, thc prefault currents are zero and the open-circuit
voltage of phase .4 at point P can be taken as the reference voltage 1.0 + 0.0 per

unit. The impedances seen looking into the sequence networks at the fault point
are

(j0.6)(y0.4) .
Z;‘,L,’,) = ngjo—éi = j0.24 per unit

VANES z2 = j0.5 per unit

The scquence currents m the hypothetical stub of phase 4 at P are .

1.0 +,0.0
70 /(1) (2) _ = —j0.8065 per unit
fa ’4 JO.5 +50.5 +,0.24 ! P

@ Tl @ @ T2 @ S
£ 1 P [ 31
Gjnerator | ¥ 3¢ T switch open

A Y= &Y A

FIGURE 12.21
Single-line diagram of the system of Example 12.7. Single line-to-ground fault is at point P.

i
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T I{}) = -j0.8065

@ T @

jo2 1P o1
ViR

1.0/0°

Reference — l

tl(z) — —j0.8065
JO2+tP jo1 © jo.l jo_ lia
o ra
PA

o2 - jol

Reference —|

IO = - j0.8065

@ n O | i
1 —_— ——

Reference

1

FIGURE 12.22
Connection of the sequence networks for the system of Fig. 12.21 to simulate single line-to-ground
fault at point P.

The total current in the fault is
Iy = 31}9,) = —j2.4195 per unit
In the stub of phase B at point P we have

I8 =a’If) =0.8065 / —90° + 240° =0.8065/ 150°

I = aIf) =08065/ —90° + 120° =0.8065/ 30°

g= 19 =0.8065/ —90°

Ig = Ifg + Ijp + [ = 0
Likewise, in the stub of phase C at point P we have

Iic = (0) + ](1) + 1(2) =0 .
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In the zero-sequence network the currents are:

Toward P from T, Toward P from T,

j0.4 0.6
1}10>=m(0.8065 —90°) /ﬁ”’=ﬁ(0-8065ﬂ)

= 0,32261_—90o per unit = 0.4839/ —90° per unit

In the {fransmission line the currents are:

Toward P {rom T,

Inlinc A: 03226/ —90° + 0.8065/ —90° + 0.8065/ —90° = —j1.9356 per unit

Inline 8:  0.3226/ —90° + 0.8065/150° + 0.8065/30° = j0.4839 per unit

Inline C: 03226/ —90° + 0.8065/ 30° + 0.8065/ 150° = j0.4839 per unit

Toward P from T,

Inline A4: [, = —j0.4839 per unit
Inline B: I = —70.4839 pcr unit
In line C: [~= —j0.4839 per unit

Note that positive-, ncgative-, and zcro-sequcence components of current flow in
lines A4, 8, and C from T, but only zero-sequence components flow in these lines
from 7,. Kirchhof's current law is fulfilled, however.

In the gencerator the currents are

L= 104 =04 0.8065/ —90° - 30° + 0.8065 / —90° + 30°

= —j1.396Y

)
Il

() 2phy ()
[ +al,’+al,

I

0+ 0.8065/ —120° + 240° + 0.8065/ —60° + 120°

= j1.3969

L =194a M +a /¥ =0+ 0.8()65/ ~120° + 120° + 0A8065/ —60° + 240°

=0

The three-bhasc circuit diagram of Fig. 12.23 shows all thc current flows in per



01S

i

1

=0
\ —

—

]b = _)'1.3969

J—

FIGURE 12.23
Current flows in
the system of Fi
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unit. From this diagram pote that:

e Lines are lettered and polarity marks are placed so that Eqgs. (11.88) are valid.
» Stubs are connected to each line at the fault.

¥

 For a single line-to-ground fault stub currents /g =17, = 0, but I}BO’, [)(3‘), ]}321
19, 19, and I in the stubs all have nonzero values.

 Fault current flows out of stub A4, then partly to T, and partly to 7.

* In the generator only positive- and negative-sequence currents are flowing.
* In the A windings of 7', only zero-sequence currents are flowing.

* In the A windings of T, each phase winding contains positive-, negative-, and
zero-sequence components of current. These components are shown in Fig.

1, = 1.3969 /- 90°
I = 0.1863/ ~ 90°
I{y = 0.4656 / 30°
13 = 0.4656 / 150°

19 = 0.1863/—90°

I, = 0.2794/90° I8 = 04656/ — 90°
=0 — < % I® = 0.4656 / — 90°
I{9 = 01863/ — 90° Iy = 11175/ —90°
I§D = 0.4656/ 150° N
2 = 0.4656/30° .
I,. = 0.2794 / 90°
— b
I, = 1.3969 /50°
1 = 0.3226/ — 90°

A " 'IA = 19356{ -90 I‘(Al) = (0.8065/—ap°

19 = 0.8065/ - 90°

I = 0.3226/—90°
—— Iy =0.4839/90° (I =0.8065/150°

3 = 0.9678/—-90° I = 0.8065/ 30°

I = 0.3226 /-~ 90°

0.4839/90° ( I = 0.8065/30°

(2y — °
1 = 0.8065/ 150

FIGURE 12.24
Symmetrical components of currents in transformer 7, of Fig. 12.23.
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12.24 and yield

! fa 1.1175/ —90
= = = 1.11 —~90°
b ‘/5

18
I, = o 0.2794 / 90°
i fe 3.2794 / 90
. C— 0°
il \/3 T

12.6 OPEN-CONDUCTOR FAULTS

When one phase of a bal

created and asymmetrical currents flow. A simil

when any two of the three phases are opened while the third phase remains
closed. These unbalanced conditions are caused, for example., when one- or
two-phase conductors of a transmission line are physical

storm. In other circuits, due to current overload, fuses or other switching
devices may operate in one or two conductors and fail to

conductors. Such open-conductor faults can be analyzed by means of the bus
impedance matrices of the sequence networks, as we now demonstrate.

Figure 12.25 depicts a section of a three-phase circuit in which the line
currents in the respective phases are /,, /,, and I, with positi
bus @ to bus (7)) as shown. Phase a is open between points p and p’ in Fig.
12.25(a), whereas phases b and ¢ are open between the same two points in Fig.
12.25(b). The same open-conductor fault
phases are first opened between points p and p’, and short circuits are then
applied in those phases which are shown to be closed in Fig. 12.25. The ensuing
development follows this rcasoning.

Opcning the three phases is the same as removing line @— () altogcther
and then adding appropriate impedances from buses @ and (1) to the points
pand p'. If li
simulate the opening of the three phases by adding the negative impedances
-2y, —Z,, and —Z, between buses (M) and (7) in the corresponding Thévenin
equivalents of the three sequence networks of the inract system. To exemplify,
. consider Fig. 12.26(a), which shows the connection of —Z, to
sequence Thévenin equivalent between buses @ and (7). The impedances
shown are the elements Z!) | Z{() and Z{)) = Z{)) of the positive-sequence bus
impedance matrix Z{, of the intact system, and Z{),,, = Z&\), + 280 — 225,
is the corresponding Thévenin impedance between buses @ and (n). Voltages
V,, and V, are the normal (positive-sequence) voltages of phase a at buses
and () before the open-conductor faults occur. The positive-sequence
impedances kZ, and (1 — k)Z,, where 0 <k <1, are added as shown to
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@, I, P p @
— | |
a | | i
]
@ L
I
Iy ! I @
. ; |
|
ol — 1
I 1
I (
™ I, ' , ®
e i t
o — —
(@)
@ 1, p P ®
— I |
S — } |
¢ I I | 1
I |
I
@ 1, L ®
- I
b { 1 i
| : ! 1 FIGURE 12.25
@ I 1 I Open-conductor faults on a section
e T |I @ of a three-phase system between
c | - - | buses @) and (@): (@) conductor a
g ‘ open; (b) conductors b and ¢ open
) between points p and p’.

represent the fractional lengths of the broken line (7)— () from bus ) to
point p and bus @ to point p’, respectively. To use a convenient notation, let
the voltage V! denote the phase-a positive-sequence component of the voltage
drops V. 0y Vb, @and V. from p to p’ in the phase conductors. We shall
soon see that Va(”; and the corresponding negative- and zero-sequence compo-
nents V. and V), take on different values depending on which one of the
open-conductor fault

By source transformation we can replace the voltage drop V" in series
with the impedance [£Z, + (1 — k)Z,] in Fi
in parallcl with the impedance Z, as shown in Fig. 12.26(6). In this latter figure
the parallel combination of —Z, and Z, can be canceled, as shown in Fig.
12.26(c).

The above considerations for the positive-sequence network also apply
directly to the necgative- and zero-sequence networks, but we must remember
that the latter networks do not contain any internal sources of their own. In
drawi
understood that the currents V®/Z, and V% /Z,, like the current V{/Z, of
Fig. 12.26(¢), owe their origin to the open-conductor fault between points p and
p' in the system. If there is no open conductor, the voltages V", V.®, and V,©
are al
each of the sequence currents V9 /Z, V1 /Z  and V?/Z, can be regarded

In turn as a pair of injections into buses @ and @ of the corresponding



1 1
z, -z @

. — P
' —_ ) +
kZ,
| Z0 . [ e
B (1
V., Zpp:
oz -zm @ (1-k2Z,
1 — P -
H zy, =z !

(a)

SLTINVA IVONILIWWASNN 21 Y9.LdVHD 4 [

P o — ®

th,mn
_
rzp-z O Loz -zl
: S —
20 - 24) ' Hzm - 740
(b) (c)

FIGURE 12.26
Simulating the opening of line
svstem; (b) transformation to current source; (¢) resultant equivalent circuit.
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sequence network of the intact system. Hence, we can use the bus impedance
matrices ZO, Z{) | and Z@3, of the normal configuration of the system to
determine the voltage changes due to the open-conductor faults. But first we
must find expressions for the symmetrical components V@, V1 and V@ of the
voltage drops across the fault points p and p’ for each type of fault shown in
Fig. 12.25. These voltage drops can be regarded as giving rise to the following
sets of injection currents into the sequence networks of the normal system

configuration:

Positive Negative Zero
Sequence Sequence Sequence
44 V(@2 Va(O)
At bus @: ‘ .
Z, Z, Zy
i v @ O
At bus (n): - - — - —
Z, Z, Z,

as shown in Figs. 12.26 and 12.27. By multiplying the bus impedance matrices
7., 2" and Z{?, by current vectors containing only these current injections,

we obtain the following changes in the symmetrical components of the phase-a
voltage of each bus (1):

VA A
1 on
Zero sequence: AV©® = "~ pO
Zo
ZWm _ 7®
.y tm mn
Positive sequence: AV = ———— (12.27)
1 7 a
1
7@ _ 7@
Negative scquence: AV,? = L'Z—ml/a(z)
2

Before developing the equations for V[, V" and V® for each type of
open-conductor fault, let us derive expressions for the Thévenin equivalent
impedances of the sequence networks, as seen from fault points p and p’.

Looking into the positive-sequence network of Fig. 12.26(a) between p
and p’, we see the impedance Z{) given by

Zl(?i) (_Z‘l) —Z‘2
]) L ,mn _ _
Zy = k24— —Zl+(1 K)Z, 70 7, (12.28)

Wb,
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z® —z @ z®, - z3) C’?

| B | p
(I " I
kZ,
Z(2 -2, -4—‘ V(@ ‘ (D Ve
th, mn a i Z
VAL (2) ’
‘ PP 2y mn
z® -z ® ‘ 1 -kZ, | z2-2z8 ®
— 21 S
" | 7@ — 7@ 1
L
(a)

20, -2, @ 20, -2, @

1 — P 1

| — + |

‘ *Z,
I | —Zy Z© VO (}) vy
pp’ Z,
ng?mn Z(g)
th, mn
VAR AYI) C;‘) ‘ -1z, A AN Gl‘)
.‘ ‘Z(O) — Z’(zo’z1 I V —:l_ ' ‘Z(()) . Z(O) .
(b)

FIGURE 12.27
Simulating the opening of line @— () between points p and p’: (@) negative-sequence and (b) zero-sequence equivalent circuits.
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and from p to p’ the open-circuit voltage obtained by voltage division is

-Z, VAL
Open-circuit voltage from p to p’' = 57— (V,, = V) = 22 (v, = V)
Zth.mn —-Z Zl

(12.29)

Before any conductor opens, the current J
positive sequence and Is given by

in phase a of the line (m)— () is

mn

Lyn = o (12.30)

Substituting this expression for /= in Eq. (12.29), we obtain

min

Open-circuit voltage from p to p' =1/, Z}) (12.31)

Figure 12.28(a) shows the resulting positive-sequence equivalent circuit between
points p and p’. Analogous to Eq. (12.28) we have

— 72 _ 72
(2) - 4_22__ and 70 — __ﬁ____ (12.32)
or Zt(r?)mn - Z2 i Z%‘r?)mn - ZO .

which are the negative- and zero-sequence impedances, respectively, between p
and p' in Figs. 12.28(b) and 12.28(c). We can now proceed to develop expres-
sions for the scquence voltage drops V., V. and V@

a

One open conductor

Lct us consider one open conductor as in Fig. 12.25(«). Owing to the open
circuit in phasc «, the current [, = 0, and so

JO 4 1My [ = (12.33)

where 79, 7¢9 and I{?) are the symmetrical components of the line currents J,,
/,, and [. from p to p’. Since phases b and c are closed, we also have the
voltage drops

V

pp b

0 V. .=0 (12.34)

pp ¢

Resolving the series voltage drops across the fault point into their symmetrical
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m @
— p p
L f '| } !
Zn T * Z®, t
pp’ PP
+

. .
Imnz;(zl)' () Va( ) Va(z)

(a) (b)

(c)

FIGURE 12.28
Looking into the system between points p and p’: (a) positive-sequence, (b) negative-sequence, and
(¢) zero-sequence equivalent circuits.

components, we obtain

W) |
V) ) 1 1 1 Voo a i Voo a
Vil =—11 a a? 0 =3 Vop' a (12.35)
2) 2
VS 1 a* a Vo . a
That is,
0 1 2 Vp/’, a
VO =ph < p@ = PPl (12.36)

3

In words, this equation states that the open conductor in phase a causes equal
voltage drops to appear from p to p' in each of the sequence networks. We can
satisfy this requirement and that of Eq. (12.33) by connecting the Thévenin
equivalents of the sequence networks in parallel at the points p and p’, as
shown in Fig. 12.29. From this figure the expression for the positive-sequence
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i , @ , 1©

W zo T e [ e F
[z, Zpy V(” z® A% Ze Vo
mreRr I_ p’;ll_ P'.l_l
FIGURE 12.29

Connection of the sequence networks of the

and p'.

current /fV is found to be

Z(!)?
]“) - oy
u mn (2)[ ((}])‘
(4 pe’ “ppt
7:".” /(7) + Z((J)

e pp’

4(1)(2("3 + é(”))

"y i e

f’””Z‘U’é“’ y 770§ z2zO

[0 P P pp B»p

(12.37)

The sequence voltage drops V™, V" and V® are then given by Fig. 12.29 as

Z(z)»Z(O)

0 — @) — ) gy eP T ep
Vil = 18 = i =

The quantities on

a 2) (0)
prl + pr/

Z(“),Z”),Z(z),
_ (12.38)
mn 0 2 2 0
z®zZh + Z0Z2 + Z2.ZO)

Py

the right-hand side of this equation are known from the

impedance parameters of the sequence networks and the prefault current in
phase a of the line (?)— (#). Thus, the currents V,/Z,, VY /Z,, and V?/Z,
for injection into the corresponding sequcnce networks can be determined from

Eq. (12.38).

Two open conductors

When two conductors are open, as shown in Fig. 12.25(b), we have fault
conditions which are the duals? of those in Eqs. (12.33) and (12.34); namely,

Vowa= VO + VM 4 v =0 (12.39)

I, =0 =0 (12.40)

2Dua/iry is treated in many textbooks
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Resolving the line currents into their symmetrical components gives

I
IO =M= @ ?“ (12.41)

Equations (12.39) and (12.41) arc both satisficd by connccting thc Thévenin
equivalent of the ncgative- and zero-scquence nctworks in series between points
p and p’, as shown in Fig. 12.30. The sequence currents are now expressed by

é([)
M — 2y — gty _ e
] [ ! lmu :/tll) } /l') } /( ] (1242)

11 i i

where [, is again the prefault current in phase a of the line (7)- () before
the open circuits occur in phases b and c¢. The sequence voltage drops are now
given by

yo < 1(1)(2(2) + Z(O)) iy Zf)})),(szl) + Z(O))

a pp nmz(l) + Z(Z) + Z(O)
Pp

_ 7)) 7()
VO~ 7@ =] Zor Lov (12.43)
a a “pp' mnZ () 4 7)) 4 7(0) '
pp' pp’ pp
— 7MW 7O
Vo = —[0z© = br__bp
a op nman D) L (2) (0)
Zp/) k Zpﬂ’ + Zpﬂ'

In each of these equations the right-hand side quantities are all known before
the fault occurs. Therefore, Eq. (12.38) can be used to evaluate the symmetrical
components of the voltage drops between the fault points p and p’ when an
open-conductor fault occurs; and Eq. (12.43) can be similarly used when a fault
due to two open conductors occurs.

The net effect of the open conductors on the positive-sequence network is
to increase the transfer impedance across the line in which the open-conductor
fault occurs. For one open conductor this increase in impedance equals the
parallel combination of the negative- and zero-sequence networks between
points p and p'; for two open conductors the increase in impedance equals the
series combination of the negative- and zero-sequence networks between points
p and p'.



126 OPEN-CONDUCTOR FAULTS 521

I
— P
(N +
+H 25 4
) A v
- g Y-
12
— . D
z®), At
v I =1® = 1O
Py _
i
1(0)
7 — > p
‘ +
(0
pr' +
v
Py -

FIGURE 12.30
Connection of the
poiots p and p'.

Example 12.8. In the system of Fig. 12.5 consider that machine 2 1s a motor
drawing a Joad equivalent to S0 MVA at 0.8 power-factor lagging and nominal
system voltage of 345 kV at bus @ Determine the change in voltage at bus @
when the transmission line undergoes (a) a one-open-conductor fault and (b) a

two-open-conductor fault along its span bctween buses @ and @ Choose a base
of 100 MV A, 345 kV in the transmission linc.

Solution. All t
choosing the
current in line .— () as follows:

L _F —j@  0.5(0.8 — j0.6)
2Oopx T 1.0+,00

= 0.4 — /0.3 pcrunit

The scquence networks of Fig. 12.6 show that linc @— @ has paramctcrs
Z, =7, =j0.15 per unit Z, = j0.50 per unit

The bus impedance matrices Z{, and Z{!), = Z{2 are also given in Example 12.1.

Designating the open-circuit points of the line as p and p’, we can calculate from

I
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Eqgs. (12.28) and (12.32)

._212
2+ 25 - 275 - Z,

() o 72 _
ZDP' pr’

~(j0.15) o |
B =j0.71 t
j0.1696 +;0.1696 — 2(j0.1104) ~ j0.15 J per uni

52
ZO, = %
Y 0 ©) _ A 70
Z9+ 2 - 22N - z,

—(j0.50)
- =
j0.08 + j0.58 — 2(0.08) — ;0.50

Thus, if the line from bus @ to bus @ is opened, then an infinite impedancc is
seen looking into the zero-sequence network between points p and p’ of the
opening. Figure 12.6(b) confirms this fact since bus @ would be 1solatcd from the
reference by opening the connection between bus @ and bus @

One open conductor

In this example Eq. (12.38) becomcs

() (2)/
V(O)=V0(2)=V(l) = ]23%
VANIRS pr,
(j0.7120)( j0.7120)
70.7120 + j0.7120

= (0.4 - j0.3)

= 0.1068 + j0.1424 pcr unit

and from Eqgs. (12.27) we now calculatc the symmetrical components of the voltage

at bus
VAV ALY j0.1104 — j0.1696
AVID = Ay = LB oy o _ (0.1068 + j0.1424)
. jO.15
= —0.0422 - ;0.0562 per unit
VA ALY 0.08 — j0.58
AV = 273 oy - ]_—j (0.1068 + j0.1424)
0 J0.50
= —0.1068 — j0.1424 per unit
AV, = AVE? + AVEY + AV = —0.1068 — j0.1424 — 2(0.0422 + j0.0562)

--0.1912 — j0.2548 per unit

I
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Since the prefault voltage at bus @ equals 1.0 + j0.0, the new voltage at bus @
1s

Vi =V, + AV, = (1.0 +j0.0) + (—0.1912 — j0.2548)

= 0.8088 —j0.2548 = 0.848/ —17.5° per unit

Two open conductors

Inserting the infinite impedance of the zero-sequence network in series
between points p and p’ of the positive-sequence network causes an open circuit
in the latter. No power transfer can occur in the system—confirmation of the fact
that power cannot be transferrcd by only onc phase conductor of the transmission
linc in this case since the zero-scquence network offers no return path for current.

12.7 SUMMARY

Il the emis in a positive-sequence network like that shown in Fig. 12.2 are
rcplaced by short circuits, the impedance between the fault bus @ and the
reference node is the positive-sequence impedance Z}) in the equation devel-
oped for faults on a power system and 1s the series impedance of the Thévenin
equivalent of the circuit between bus @ and the reference node. Thus, we can
regard Z{'A’ as a single impedance or the entire positive-sequence network
between bus @ and the reference with no emfs present. If the voltage V; is
connected in series with this modified positive-sequence network, the resulting
circuit, shown in Fig. 12.2(e), is the Thévenin equivalent of the original
positive-sequence network. The circuits shown in Fig. 12.2 are equivalent only in
their effect on any external connections made between bus @ and the refer-
ence node of the original networks. We can easily see that no current flows in
the branches of the equivalent circuit in the absence of an external connection,
but current will low in the branches of the original positive-sequence network if
any difference exists in the phase or magnitude of the two emfs in the network.
In Fig. 12.2(b) the current flowing in the branches in the absence of an external
connection 1s the prefault load current.

When the other sequence nctworks arc interconnected with the positive-
sequence network of Fig. 12.2(b) or its equivalent shown in Fig. 12.2(e), the
current flowing out of the network or its equivalent is /{;> and the voltage
between bus (&) and the reference is V/{. With such an external connection,
the current in any branch of the original positive-sequence network of Fig.
12.2(b) is the positive-sequence current in phase a of that branch during the
fault. The prefault component of this current is included. The current in any
branch of the Thévenin equivalent of Fig. 12.2(e), however, is only that portion
of the actual positive-sequence current found by apportioning 1“‘,) of the fault
among the branches represented by Z{} according to their impedances and
does not include the prefault compone