ECL 4340
POWER SYSTEMS

LECTURE 17
SYMMETRICAL COMPONENTS, UNBALANCED
FAULT ANALYSIS
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© Be reading Chapters 8 and 9

® HW 9is uploaded, due November 11, Friday.

Exam Il is on November 8, Tuesday.

N

Except for the balanced three-phase fault, faults
result in an unbalanced system.

The most common types of faults are single line-
ground (SLG) and line-line (LL). Other types are
double line-ground (DLG), open conductor, and
balanced three phase.

System is only unbalanced at the point of fault!

The easiest method to analyze unbalanced system
operation due to faults is through the use of
symmetrical components
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® The key idea of symmetrical component analysis is to
decompose the system into three sequence
networks. The networks are then coupled only at the
point of the unbalance (i.e., the fault)

® The three sequence networks are known as the

- positive sequence (this is the one we’ve been using)

- negative sequence

zero sequence

IS

® The positive sequence sets have three phase
currents/voltages with equal magnitude, with
phase b lagging phase a by 120°, and phase c
lagging phase b by 120°.

® We've been studying positive sequence sets

T
Tui Positive sequence
sets have zero
neutral current
T

]

® The negative sequence sets have three phase
currents/voltages with equal magnitude, with
phase b leading phase a by 120°, and phase ¢
leading phase b by 120°.

© Negative sequence sets are similar to positive
sequence, except the phase order is reversed

Lpa.
Teo /. Negative sequence
l“

sets have zero
neutral current
Tas

[e)]
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® Zero sequence sets have three values with equal
magnitude and angle.

® Zero sequence sets have neutral current

Vio Voo Veo = Vo

;s

7

Vo Voo Vo = Vo

Vv
(a) Zero-sequence (b} Positi q (c) Neg: q
components components components

Ve Veo

Phase a Phase b Phase ¢

® Any arbitrary set of three phasors, say /,, /,, I, can
be represented as a sum of the three sequence
sets:

I,= 10+ +1,
I, = D+ +1;

I +17

~
Il

where

1 2 N/ 1? A, 3 is the zero sequence set

I7,IF,I7 is the positive sequence set

1,.1,,1; is the negative sequence set
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Only three of the sequence values are unique,

10,17, 17 ; the others are determined as follows:

a =1/120° a+a’+ad’=0 ad=1

I 2 =1 ,(3 =1 3 (since by definition they are all equal)

Iy =a’l] IF=al] Iy=al, I.=dI,

I, = I°+IF+1;
I, = ID+1 +1, =10 +&*I +al,

D+ 1; =10 val! +aI,

~
Il

=
o

~
I

10410+,
I, = B+I;+ 1, =10+ o’} +al;

L= 12+17+1; =10 +al] +a’I;

I 1 1 1 [ R | 5
L =00+ |+ a |=[1 &% a |1}
I, 1 @ a? 1 a o 1,

Define the symmetrical components transformation
matrix
1 1 1
A=l & «a
1 a o
I, 10 1°
Then I=|1,| = A|I] |=A|I" |=Al,
1. I, I




10/31/2022

By taking the inverse we can convert from the

phase values to the sequence values

I, = A1
1 1 1
with A_I:% 1 a o
1 & «a

Sequence sets can be used with voltages as well

as with currents

13

I, 10£0°
LetI=| I, |=|10£-120° Then
I, 10£120° |
L O I (1 0
IS:A’II:% 1 a o®|10£-120°|=|10£0°
1 &2 o | 10£120° 0
10£0° 0
If 1=[10£+120°| — I,=| 0
10 -120° 10£0°

v,1 [ 5490° v Vf
LetV=|V, |=| 8£150° \
V.| |8£-30° ve

c

Then
| LT 152900 1.67.£90°
VS=A’1V=§ 1 a ol 8£150° |=|3.294-135°
1 o o |82-30° 6.12/68°
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11 T 10200
Letl, =|I" |=|-10£0° N |
———— 0
I 5.0° r
Then
I 1 1] 1020° 5.0£0°

I=AIL =|1 o&® a ||-10£0°|=| 18.0246.1°
1 a | 5200 | [18.02£-46.1°

Consider the following wye-connected load:
T I,=1,+1,+1,

- =>
% ty SV =1,2,+1,2,
Ig—;h g =Zy+Z ), +Z,1,+Z,1.
L tn Vig = Zyly +(Zy + Z,)1, + Z,1,
e A Vg =Zyly + Z, 1y +(Zy + Z,)1,
v, Z, +

ag y 4 n Z, n 4 n 1, a
Ve |l= | 2, Z,+z, z, |1,
Vi Z, z, Z,+7, L

Vig R zZ, 1,
Ve |l= | Z, Z,+2Z, Z, |1,
Veg Z, zZ, Z,+7,|L

V = Z1, V=AV, I=Al,
AV, = ZAI, > V.= A'ZAI,
Z,+3z, 0 0
ATZA = 0z, 0|=Zg
0 0 z,
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[v° z,+3z, 0 o]1°

vl = 0 Z, 0|I"|<V,=Z],

s 0 0 z,|\| 1"

Systems are decoupled

0 _ 0 + _ +

Vi=(Z,+3Z,)1 vtoo= 2,1

Vo= Z2,I"
T°—> Tt l TS
o o 2\5 i < + -
-V 32 =V [ VY

19

® Key point: generators only produce positive
sequence voltages; therefore, only the positive
sequence has a voltage source

%-F E 2O
Eq 32

During a fault Z* ~ Z"~ X,". The zero
sequence impedance is usually substantially
smaller. The value of Z, depends on whether
the generator is grounded

N
o

® The positive and negative sequence diagrams for
transformers are similar to those for transmission
lines.

® The zero-sequence network depends upon both
how the transformer is grounded and its type of
connection. The easiest to understand is a double
grounded wye-wye
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® The first step in the analysis of unbalanced faults is
to assemble the three sequence networks. For
example, for the earlier single generator, single
motor example let’s develop the sequence

networks

loo MU} t= X0

com K09 fav |t

x (e e

g i [y AN uags

\/T=io Y=0./ < 3 o X =0-8/
vtz 0.1 SE=Eol
= €@ 011 PR
o= 0-0S
Xn=0

Positive Sequence Network

Jots . o go:ps gouf 0.0

(‘%; J.os (o I-05 LO ;%)

Negative Sequence Network
I_\TJOW—,/}IJ

01" O«
J J ) Jo-

24
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foo MU e e
base g “o= O‘}/SCP ‘Qu lf
H ‘ —— é Vy=108
: 0Ya A xi=020
Vo= Lo Y=o0.l ® YarT X =0-8/
T ytzo.ls 3 x°=o0.I
Y= @@ 01N Xp=0-0S"
N = D0ST
Xn=9

Zero Sequence Network

20.05 ol yo.365 voul Jou!
Jois €
R T e fav [+
ﬂ o Y’& 2 Vp=10S
5 xt=0.00
Vy= Lo ¥=0./ ® qtﬁ, X =0-8]
S o < x°=o.l
= €@ 01N Xn= 008
¥°z 0-05
Xn=9

o To do further analysls we first need to calculate the
Thevenin equivalents as seen from the fault location.
In this example the fault is at the terminal of the right
machine so the Thevanin equivalents are:

Jos ol yo-bS  youf Y 0.0 @

j.os [0 |05 LO

Positive Sequence Network  z* — ;0.2 in parallel with j0.455

26
loo mu: *s X"= Vo
B g o FOTT
ﬂ Vy=10S
: Aﬁ fr 2 Mgee
= Lo 2.l X" =08/
R et x°=o-
= €@ 017 Xn= 008
¥°z 0-05
Xn=0

® To do further analysisg we first need to calculate the
Thevenin equivalents §s seen from the fault location.
In this example the fault is at the terminal of the right
machine so the Thevenin equivalents are:

Negative Sequence Network

Z,, = j0.21 in parallel with j0.475

27



THEVENIN
EQUIVALENTS

In this example the fault is at the terminal of the right
machine so the Thevenil equivalents are:

30-0% ol yo3i5 vl Jo-!
0]
‘ \]o.l§}

Zero Sequence Network 7% = j0.1and j0.15 in series
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Z ﬁ ert{—i% THEVENIN
'.V’T:f”f: o \(ol & ® x=o.l J ;;;noa’ EQUIVALENTS

Xp=0:08

To do further analysis we first need to calculate the
Thevenin equivalents as seen from the fault location.
In this example the fault is at the terminal of the right
machine so the Thevenin equivalents are:

® ©

Liontesy 101456 10.65
3 oS [o

Z} = j0.2 in parallel with j0.455
Z,, = j0.21 in parallel with j0.475

29

SINGLE LINE-TO-GROUND
(SLG) FauLTs

Unbalanced faults unbalance the network,
but only at the fault location. This causes a
coupling of the sequence networks. How
the sequence networks are coupled depends
upon the fault type. We'll derive these
relationships for several common faults.

With a SLG fault, only one phase has non-
zero fault current -- we’ll assume it is phase
A.

30
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Then since
70
h I N 7 T T
+ 1 2 S I S a
Ip| = - 1 o « 5
- 31 1] =319
I; 1 « al 0 ’
31

/ /= 0) _ 0
% z,1] =7,(315) =321}

0
v/ I W =
T\,
vWil=11a alVf ot e
ch 1 a o Ve 5

This means V,/ =V +V; +V; =3Z,1I)

The only way these two constraints can be satisified

is by coupling the sequence networks in series

e With the
sequence
networks in
series we can
solve for the
fault currents
(assume Z=0)

l05Lo

e 1.05.20° -
S j(0.1389+0.1456 +0.25+3Z,)

. - 0

I=AI, > 1/ =—j5.8 (of course, I/ =1/ =0)

33
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G 1 %T‘ T’E 2 M
100 MVA & 1 % =600 __I__b( A
138 kV 100 MVA 100 MVA
X" = 0.16  13.8-KVA/138-kVY 138KV Y/13.8kV A
X = 0.10 per unit

X, = 0.17 X = 0.10 per unit
Xo = 0.05 per unit

X, =

e

100 MVA
13.8 kV

X" =020
X; = 0.21
Xo =0.10
0.05 per unit
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