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A fault is an undesired current flow (short circuit) or interruption of flow (open). These faults may also occur in
substations or distribution systems, not just transmission lines.

Transient or Permanent Faults and Reclosures

Transient Faults
Most faults are short-duration short circuits cause by tree branches, birds or mylar balloons. All of these would be
blown to smithereens by the large short-circuit current and not cause permanent damage, at least to the power system.

Sometimes a short-duration short circuit or a lightning strike can establish an arc from line to line or from a line to the
tower (flashover). An arc through the air ionizes the air and makes it a conductor. Once the air is ionized, the arc
typically continues until the power is shut off for a short time. Relays at both ends of a transmission lines should
detect this short and cut the power using large circuit breakers. It is common for these relays to automatically reclose
the breakers after a short time (1/3 second or so) to see if the problem has cleared. You have almost certainly
experienced these very short power outages that make the lights flicker and alarms and microwaves go "beep".

Permanent Faults
If a reclosure relay makes one or more attempts to re-energize the line and the fault persists, then it opens the circuit
breakers "permanently”, or rather, until the fault has been found and repaired by a repair crew. Then, after safety
protocols have been met, an operator will reclose the circuit breaker(s).

Local distribution lines are usually protected by fuses rather than expensive reclosure devices, so even transient faults in
local systems can result in longer-term outages.

Types of Transient or Permanent Faults

Short circuits  (Listed from most common to least common)

1. Single line to ground (80% or more of all faults) SLG
2. Line to line (ground not involved) LL
3. Double line to ground DLG

4. Balanced three lines to ground (Symmetric 3-line fault) 3P
Shorts may have zero impedance (called "bolted" or "solid") or non-zero fault impedance, Z;
Open circuits
Open circuits can involve 1, 2, or all 3 lines
Any fault except the balance 3-phase short or 3 open lines is called "unsymmetrical” and will result in unbalanced

currents and voltages. Therefore we need a way to deal with unbalanced systems. Symmetrical faults can be
analyzed in the same way as unsymmetrical faults, they're just simpler. So we'll jump straight to unbalanced systems.

Unbalanced Systems

Unbalanced systems can be analyzed by an odd form of superposition of three balanced systems. Any unsymmetrical
or unbalanced set of three-phase of voltages or currents can be broken down into three symmetrical sets of balance
three-phase components. The voltages or currents of those three balanced components are:
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Al
For voltages: We Vo
= - Same
sequences
for currents
Vc
VBl
Negative sequence Zero sequence

Positive sequence
(normal sequence) (reverse sequence)
(a-c-b)
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Expression of Unbalanced 3-phase voltages and currents Transmission Line Faults p2

Any three voltages can be expressed as a sum of a positive sequence, a negative sequence, a zero sequence.

V
Im A
VCl VAO
Ve Vsz VAZ \VJ
V BO
Al
Re We VCO
= et + o
Vg
Vc
VBl
Any three voltages Positive sequence Negative sequence Zero sequence
(normal sequence) (reverse sequence)
(a-b-c) (a-c-b)
Vg, =V 11200 =V, 1/24C° Vg, =V ,,1/12C° Vieo=Vao
Vi =V 1/120° Vip =V 11200 =V ), 1/24C° Vo=V
Define: a=7112(Cc so &2= 1/24C° and a=1
Which means that: V gq= a2-V Al and Vpgo= aV o
_ _ 2
V1= aVvoa Vo= aVap

We want to find the

magnitudes (& angles)

of our three sequences

such that:

NRRYAERY - Please_note a source of
ALT A2 T A0 VA 11 1|V confusion The order of the

sequences is 0,1,z in the

matrices, but 1,2,Cin most

Ve 1 a & 7 other sets of equations and

in the drawings.

VA= VartVartVao

_ 2 _ 2
VB Vet Vgt Vg = &V taV,+Vy Ve (= 1a a|Vy

_ 2
V= Vet Vet Ve = @V taV,+Vy,

all referred to V 5,

Vo 11 1]|Val 1 1 1 ]/Va
Invert matrix to find components: Vi l= 11 a 2| Vg | = é 1 120 240 ||V g
Vo, 14 a| Vg 1 240 120 ]|V ¢

\

\ \ Input any three complex voltages

To get the magnitudes and angles of the three sequences
which will add up to get those three voltages.

Same goes for currents. Now we can use these to analyze faults
Some Assumptions about Faults

1. The system was balanced before the fault, so negative- and zero-sequence voltages and currents were all zero.

2. There is only one fault location at a time. This is the location where the negative- and zero-sequence voltages and
currents interact.

3. Generators (and other large 50+ hp rotating machines) should be represented by their subtransient synchronous
reactances (Z" 4 or X" ;) and a generated emf that would have resulted in the pre-fault voltages and currents with that
special reactance. It's actually even more complicated than that. There's even a DC current component. Refer you
to chapter 12 of the Chapman text if you want to know more.

The additional compllexities are beyond the scope of this class. Transmission Line Faults p2



Pre-Fault Setup

Location of a short-circuit fault

TR v L
Z Jeft A\ z right
AITE - T
VB
A
g g p— T Z load
é v 3
E
§ A

Fault currents

Q

Draw the per-phase drawing of phase A, pre-fault.

Find the terminal voltage of the generator (V1)
and the generator current (I).

Now replace Z, (or X) with the sub-transient
impedance of the generator (Z" g or X" g)
Find the value of E" 5 that will result in the
same V and | 4, usually like this:

E'" A= V-1 gen-j-X" g

OR gerZ" g

Sequence-components per-phase drawings of phase A

I
Z Jeft1 f‘:“ Al z rightl
W—l—«m—f‘m“\—

E"A: VTfl

gl
Va1 Z Joad1
E" A |
E a1 ! |
Z \eft2 [|5‘ A2z right2
fm“—l—«m—fasmﬂ—
Z g2 /b
\
E A2 A2 Z Joad2
0 |
|
Z jefto ﬁﬁ 'ao  Zrighto
Zg= T ——
0
Z g0 +3-Z gN /b
V A0 Z |0ado
E
A0
0 ‘ |

Thévenin equivalents:

helpful for the short-circuit faults

Z Th1 |[|3 ™
ETha Va1l
|
Z Th2 ﬁ; | Ao
ETha2 V an
0
|
Z Tho ﬁ; | 0
E Thao V a0
° |
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Symmetrical 3-phase to ground fault

Z \eft VA
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Z right
Y

] —

O % B
o 11 1]/a 11 1
ME =1 =l ad@ligl = L1 120 240
3 3 2 3 0} 0}
o 1 & I o 1 24C 120
20 11 1 1 1 1
1 _ 1 0 0
ME = =J1 a a = =1 120 240 |-
3 3
2 0} 0}
A2 1a a 1 240 120
Sequence-components per-phase drawings of phase A Thévenin equivalents:
Z \eft1 gﬁ\ a1 Zrightl
/m\—l—m/\.— z
Thl I
' 1% /]\ — ﬁ‘ Al
7 L
Va1 loadl /b
Va1
E" A | | E Tha |
Z \eft2 la2  Zright2 Z Th2 |
S T — |t
— A
Z g2 4\ Vv
7 A2
‘ Va2 load2 |
T
Z 1efto a0 Zrighto ZTho |
o r AL Y
0 4\ Rk ﬂ L] I
Z 40 v . Va0
+3.Z oN AO load0 |
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Single line to ground fault

z left
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Z right
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4 [Jows
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?Q lc
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2 (o] (o]
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Sequence-components per-phase drawings of phase A

Z Jeft1 gﬁ\ Al Zright
A

z
Va1 loadl
E" A | |
T
Z \eft2 gﬁ. Ia2  Zright2
z., é A
g
‘ Va2 Z Joad2
T
Z 1eft0 ZF‘ a0 Zrighto
Zg= MW_\
2 é M
9 Vv z
+3.Z oN A0 load0

Thévenin equivalents:

z
Thl ‘[ﬁ. I A1
L] I
Va1
E Tha |
z
— e
L A
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|
z
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L A
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|
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Double line to ground fault

Transmission Line Faults p6

Z eft Vo Z right
YU \ TR
ST T ———
z v B\|
11 AL, [] Z |oad
: : Yevey, ! ]
Q Ic
I no 111 1 1 1
Iy | = =1 -1l1a & =11 120 a0
3 3
2 0} 0}
IAZ 1l a a 1 240 120
Vo 11 1||Va 1 1 1
V= = é 1 a a =11 120 a0
2 0} 0}
VAZ 1l a a 1 240 120
Sequence-components per-phase drawings of phase A
Thévenin equivalents:
A A A
Thl ﬁ. I A1 Th2 ﬁ. | A2 ThoO ﬁ. | AQ
— 1 — 4 — 4
VAL Va2 Va0
E Tha | | |
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Double line fault ( ground not involved)

Z |eft

e\
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2
I a2 1& aj|lc
Vo 11 1]/Va

VAZ

Sequence-components per-phase drawings of phase A

Thévenin equivalents:

2
la a

:}.1aa2.VB
3

Ve

ﬁ'Az

Z Th1 Z Th2
— [t ]
L A L |
Va1
ETha |

Va2

1 1 1
111 120 240
3

1 240 120
1 1 1
111 120 240
3
1 240 12¢°
Z
ThO I
—_ |'ao
—

Va0
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Open-Circuit Faults Z \oft | Z right
A
T —= V5 M TE
!
E Vv A ———
Zg I c B

E =) T
]

Now the voltages are measured across the fault point and the "fault” currents are the line currents.
Single line A Open

Vo 111 I po 111

1 2 1 2
V= = =1 a a |- Ly | = = =1 a a |-
\% 1 & a | 18& a

A2 A2

Sequence-components per-phase drawings of phase A

Z Jeft1 z rightl

I MW\—‘
I A1

gl
ZIoadl

E* A

Z \eft2 z right2

|_[}+ V ao W
ZgZ A2

ZIoad2
ZIoadO
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Double line B & C Open

ZIeft
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Sequence-components per-phase drawings of phase A

Z Jeft1 z rightl
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ZIoadl
Z \eft2 z right2
I_[;}+ V a W
ZgZ A2
ZIoad2
ZIoadO
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Example Consider this power system Transmission Line Faults p10

V 1 =1.0pu/@®
Fault
point
T - e
0 X Line1 - 0.12pu ar:I 3are
E X gen ~0-8PU AN X Line2 ~0-12pu e
X" '=0.10pu \]L-'—- =
gen. * 1= X Lineo ~0-20pu
X genz‘:o.lopu X tr1 = 0.08pu I3
B B all 3 are
X geno =0-05pu Xtr2 =0.08pUy o came
X tro = 0.08pu

Create a per-phase diagram of the pre-fault system, using all the positive sequence impedances. Only one weirdity,
instead of using Xqe; and Ep for the generator, use X" to find E". That's because we need to find E". E" is found such
that E" in series with X" would produce the same current and terminal voltage at the generator as the original E, and

X ger.in pre-fault conditions.

X trl = 008‘pU X Linel = 0.12'pu

V1=1'pu
I'Load ~ : =
X" gen1=0-1'pu ‘?| J? R Load™ 1" (X tr1+ X Line1)
Load R Long=1'PU i
§ I Load| =0.9806pu
argl | gaqg) = 11.31:deg

Pre-fault, back-calculate E" as though X" were valid at that time:
E" =V 441 X : See item 3, undc_ar
17" Load” gent) "Some Assumptions about Faults",
E"| =1.024 arc(E") =5.38%deg way back on page 2 of the notes.

Note: in this case we had the pre-fault generator terminal voltage (V,) and could find the pre-fault current (I ,.4)-
If we didn’t have those numbers, we might need to find them using a pre-fault diagram with the original E, and X, .

a) A three-phase fault (all three lines grounded) occurs at the fault point. Find the fault current.
Since it's a symmetrical fault, we only need the positive sequence drawing.

|
E—=
T
X" X 1 =0.08pu | X jne1=0.12'pu
genl
0-12pu | fault
I A R Load §
0.9604
o
I fault = . _ o '
(X" gent X tr1) ! fault| =5.6875 arg(l fayl) =84.611+deg

| fault = 569 A-88.€°
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Example Continued

Transmission Line Faults p11

b) Instead of a three-phase fault, a single-line to ground (SLG) fault occurs at the fault point. Find the fault current.

We don't have to do anything with the matrices, since that's already been figured out for the SLG fault.

X 1 =0.08pu  |f1 o1
AT TR
v % X Line1 =0-12:pY
X" gen1=0-1'pu Linel
Va1 R Load §
| 1-pu

|
X2 =0.08pu |4 A2

ST ATTE
X gen2: O.l'pu é X Line2 = 012'pu
‘ Va2 R Load §

| 1-pu

|
X tq=0.08pu A0
trO
— T ?

TR
X genO: 005°pu é X Line0 = 0.2‘pU
Va0 R Load §
1-pu

N
Note the short here.
Caused by the A winding
of the transformer

. . 1
Ztot‘*<x genl*xtr1> LR 1 1
+
Zpa1 Za2tZ A0
o E
E = d
Z 1ot I g| =2.5337pu

Va1 TE - e (X gentt X )l

|V a1| =0.5847pu

lagim e I a1] =2.3208pu

= The fault current

a2 = Tao = a1

I p| =6.9623pu

define: Z o1 =X Line1d + R Load
Z pq =1+0.12 -pu

|Z p1| =1.0072pu arg Z pq) =6.843deg

define:
1

1 1
. + .
<X gen2t X tr2> 1 X Line2l + RLoad
: 3
Z pp =29.725+171.083j 10 *-pu
Z po| =01736pu  arg(Z p,) =80.144deg

ZAZ::

1
1 1

. + .
<X tr0> 1 X Lineol + R Load

define; Z AO 'S

: 3
Z pp=5.935+78.338j*10 ~pu
|Z pg| =0.0786pu arg Z pq) =85.668deg

Z 1ot =82.424+395.564 10 >pu

|Z tot| =0.4041pu  arg(Z 1) =78.23deg

arg(l E) =-72.84+deg

- 3
V a7 =583.47- 38.4j *10 >pu

arg(V A1> =-3.765'deg
arg | oq) = 85.629-deg

arg(l A) =-85.62%deg
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ECE 3600 homework LF1 Due: Tue, 12/8/22 a

1. A transmission line suffers a single-line to ground fault on phase-A.
The fault currents are: 1 o :=6-pu /Q° lg =0 lc =0

Calculate the symmetrical components of the fault current, 1 5, , 15, and 1, .

2. A transmission line suffers a line-line fault between phase-A and phase-B.
The fault currents are: |, =Cand Iz =-1-=4/0°pL.

Calculate the symmetrical components, |5, , 15, and | 5.

3. A transmission line suffers an unknown fault.
The symmetrical components of | , are: | pq :=-2+ 3] pu I pp =2~ 3jpu l p0 =0
a) Find the fault currents, | 5, Ig and I .
b) What kind of fault is it?

4. If a short occurs between lines b and ¢ of a 3-phase transmission line, the zero-sequence circuit can be
ignored in the analysis, why?

5. A transmission line suffers an unknown fault.
The symmetrical components of |, are: I ap =1+ ﬁ-j pu I pp =1~ ﬁ-j pu I pg =4
a) Find the fault currents, | 5, Ig and |- .
b) What kind of fault is it?

6. At point X in the power system, there is an open-circuit fault. Phase-A is open. The voltage across the
open-circuit is: V, = 0.9/0° pL. Since the other two lines are intact, the other two voltages across point X
are Vg =V-=C

a) Calculate the sequence components V,; , V,, and V,, at the fault point.
Note: this is the same as the calculations of the short-circuit sequence currents, only now the voltages are
measured across the fault point and the "fault" currents are the line currents.

b) Is there anything you can say about the symmetrical line current components, |, , | 5, and 1,4 ?

Answers I A0 0
1. all 2-pu 2.2.309-pu -2309pu O OR |lap| = 2309 |-pu
| Ao ~2.309j

3.a) 0 5.196+ 3.464] -5.196- 3.464j b) Since Ig = -l, must be a line-to-line fault between phase-A and phase-B

4. No connection to ground means no zero-sequence current can flow.
Since there is no zero-sequence voltage source (E,, = C), no current means no voltage as well.

5,.a) 6 6 0 b) Since I, =15, and |, =0, must be a double line-to-ground fault with phase-A and phase-B grounded

6. a) a"OSpU b) IA: |A1+|A2+IA2:0
ECE 3600 homework LF1



ECE 3600 homework LF2 Due: Tue, 12/8/22 May be handed in on day of final for full credit a
XD XL

1. One phase of a balanced 3-phase system is shown here. STTR SIER F
A fault occurs point F. It is a short between
lines b and ¢ with an impedance of Z;. X"g
a) Draw the circuit you would have to analyze to find <f R Load
the fault current. ldentify the parts and Include the <
component voltages and currents at the fault.

b) Set up a mathematical expression (or expressions) to find the fault current. (don't forget j & that the fault current is
NOT 1,,)

2. Consider this power system. Same as the example in the notes, except for V; and X, .

V1 =1.1pu/Q°
Fault
point
W |:| Rioad ~1-pu
X Line1 = 0-12pu all 3 are
E X gen 0.8pu /_\ X | ingp = 0.12pu the same
X genliz 0.10pu iT X Lineo =0-20pu
X gen21: 0.10pu Xtr1 = 0.08pu i3
. - all 3 are
X gen0 0.05pu X tro :=0.08pu the same
X0 = 0.12pu
There is a phase-A single-line to ground (SLG) fault with a fault impedance of Z;=0.15pu [Q°
Find the fault current. You may be able to use some numbers already calculated in the example
3. Repeat problem 2 if before the fault, the load was zero, thatis, P ,,g=Cand R j5q4 =
hint: this problem is considerably easier now
Answers
X X 4| 1 i—
ATER ETEE S A1k
. R X X
é X" g1 S Xgp D2 L2
Va1 Va2 S Rioad2
E"
R oad1
b) define Zvy = Z¢+ 1 | = E
X f S
1 - (X" g1t XpptXpq)i+ + 2
. , s1tAD1t ALy _—
(X2t Xp2t X2 Rioad2 Rioadl Zx

v
_ 1 Va1 _ 2 _ /2
Vari=I's a1 = —— lfauit = 1B = @ lparralap = \a’a>'|A1
1 1 Zy
+7
RLoadl Zx
2. 4.69pu [-45.70 3. 5.016pu /-46.85
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