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Faulted Power System Analysis

» Faulted Power System Review
— Connection of Power Variables and Physics

— Introduction of Asymmetrical Fault Analysis
-2 Symmetry from Asymmetry

— Review with MathCad Tutorial



faculty
Typewritten Text
Source: www.mwftr.com

ckim
Typewritten Text
Charles Kim, "Lecture Notes on Fault Detection and Location in 
Distribution Systems," 2010.


Faulted Power System

» Power System Variables: V, |, and @

* Impedance and Its Expression in Per-Unit (pu)
« Symmetrical Fault Current Calculation

» Systematic Fault Calculation with Bus Matrix

« Asymmetrical Fault Calculation Approach
— Symmetrical Component (Sequence Component)
» Sequence Component Application to
Asymmetrical Faults

* Fault Current Distribution

3-phase Power System

* Network of Circuit Elements in branches
radiated from nodes

* One of the most complex networks

« ACoverDC & =

: 1-P iy 3-P M t; 'a‘ [ ' =k e

* 60Hz vs 50Hz

* Rotor speed, pole, f relationship
* Lighting performance

 400Hz

* Transformers and motors for 400 Hz are much smaller and
lighter than at 50 or 60 Hz, which is an advantage in aircraft
and ships.




Mathcad

» Engineering calculation software

* Unique visual format

» Scratchpad interface

» Text, figure, and graph in a single worksheet
+ Easytolearn and use

« 30-day trial version
+ If you have not installed it on your laptop.

http://www.ptc.com/products/mathcad/

« Academic Version: ~ 100 Euros

3-Phase System

« 3-phase System « LA
— 3 alternating Ean c
driving voltages L
sources ta b z B

— Same magnitude
with 120 degrees
apart —
“balanced”

— Constant
Instantaneous
power




Mathcad Tutorial with 3-Phase Instantaneous Power
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Fault Conditions

. Fault:
— A sudden abnormal alteration to the normal circuit arrangement.
— The circuit will pass through a transient state to a steady state.

— In the transient state, the initial magnitude of the fault current
will depend upon the point on the voltage wave at which the fault
occurs.

— The decay of the transient condition, until it merges into
steady state, is a function of the parameters of the circuit
elements.

+ Symmetrical Faults:

— three-phase fault, which involves all three phases equally at the
same location

— Analysis with single —phase network (per-phase analysis)
+ Asymmetrical Faults
— Single-phase and Double-Phase faults
— Analysis with Sequence Components 9

3-Phase Fault Current Calculation - basis

Per-Phase Analysis with Injection & Thevenin & superposition
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Another Example of Fault Calculation
 First, Let’s start with an example problem.
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System Fault Analysis with Bus
Impedance Matrix

+ What we employed in the previous example

— Thevenin Theorem
* Thevenin Voltage
* Thevenin Impedance
+ Circuit Manipulation (reduction)
— Size Problem
* Small power circuits only
* Impractical for real power system
» A systemic, computer-programmable method for
real power system of any size

— Bus Impedance Matrix Approach

N-bus power system

« A component: buses i and k.

. Fault at bus k ¢ L3
G i
o,

 Equivalent Circuit R 8
— Pi for transmission line
— Load Impedance
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Bus Equation

V. 2V
bus 2= é\lbus .
* Then, what are “ Vi o) al,
Ybus and Zbus? . :
* Why do we Vi c0) ak
always use Ybus : :
then inverse it to /A% aVa
Zbus? (o) +2aY,
— Ybus is better Vous (F) = %us ° bus
with Power Flow
Analysis _
— Zbus approach From V= Z1
is better in Fault V = Z . I GI)
Analysis Pa LMS LuS bus ™k
=
Zb\o\‘;: ;’:E..'-. ./-' 3
n
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Ybus Example

* So, Ybus is:
— Easy to formulate

Zl! ZH Il
Zy Z, |1,
Z., Z. |1

1 33J|_ %J\

VJ_ = 21| I[ -rsz_Iz + 225I3

- 7 - \[_z_;Z_zﬁ'*_‘_Z_’ﬁ Dr."/.-J Print J—V-Fﬂ'lﬂ“‘f&
22”7 T,
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Iz_ =T,=0
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Zbus Problem and Promise

+ ZBus is: @
— Driving Point Impedance: Thevenin Equivalent @ Vz
Impedance

— Involves all circuit elements
— Avoid if possible
— Instead get
* YBus = Inverse (Zbus) @
— Algorithms to directly build Zbus available
— Best for fault calculation, though
* In principle, drawing Zbus element at a bus is done by
injection of current at the node, and no current injections
at all other buses
* Injection of the current : fault current
» Strategy in fault calculation in power system
— Formation of Ybus
— Inverse Ybus to get Zbus
— Injection of Current at a faulted bus
— Calculate voltages and currents for the entire network

Ty

u

21

Fault Calculation using Bus Matrix - Example
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Voltage and )
Current Zbus =
Calculation v, v, (e) joab sesp p(|O
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Asymmetrical Fault Analysis

» Motive and Principle of Symmetrical Components
Cc
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Unbalanced Example

\e - =
’ v e

Ve =
#- Va tp+Ve = VR Is it symmetrical?
Ve

Let Vo= éVR )
l/A Vg Ve -lg=0 = Va+Us +ig —3V,=0
= (Vo) + (Vo )T (le-Vo ) =0 .
Ve Vo Ve pur §ymm}r?coji .
\/A"‘Vb'”/c:a ) Mof
« We could make the sum zero, but we still have to

decompose the unbalanced phasor into symmetrical
sets

25

Symmetrical Sets

« Can we be assured that two
such symmetrical sets exist?

« Can we decompose them
into the two symmetrical
sets?

* The answer is yes
— Two such symmetrical sets

This illustration from “Pelyphase Met-

eXiSt_ works” shows a vector diagram illustrat-

ing a method of using phase converters

—_ Ch I F rt ’ to supply a balanced three-phase
aries rortescue s paper A ‘

proved that- load, such as al
configuration shown achieves a low
w“ - o - - . single-phase power factor (Trans. AIEE,
Method of Symmetrical Co-Ordinates Applied vol. 37, pt. 2 1918)
to the Solution of Polyphase Nerworks” o v

13



Symmetrical Components

* Theorem: We can represent ANY unsymmetrical
set of 3 phasors as the sum of 3 constituent
sets, each having 3 phasors:

— A positive (a-b-c) sequence set and
— A negative (a-c-b) sequence set and
— An equal set

* The three sets
— Positive (V 1 Vbl Vl)
— Negative W 2yt VZ)
— Zero (Va"yb“,;/c“) c

sequence components.. ”

V.=V 4V ' +V°
V,=V,’+V, +V,’
V=v'+v'+Vv}’

Pos, Neg, and Zero Sequences

. ~
Vu. ns:h.-t’. Vi Neg;:”"}-
pse‘b“"u 5
A “
A AT RN | G Vpe e £6=Vy i
,'= vy 2% = ot V= Vp Ju=aV,
Vo' =V, 0 zaV, Vo= V40 =00V,
Zerp-Ser (0
AR k4
4 / EM in-phese
A

28
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(a) )
Frgure 9 = Example Crrevar and Currents 1 Time Domam

For the positive and negative sequence. a cuivent
supplied by one phase conductor is remirned 1o the
source by the other rwo. This relationship is always
try

1 three-phase circuits,

—

(a) (b)
Figure 10 - Zero-Sequence Current and Return Path

There is no angular displacement between the phases, so
whatever instantaneous current flows on the top wire also
must flow on the middle and bottom wires.

Fig. 10(a) shows a total of 3 I, deliverad from the source to
the load. A retumn path to the source must exist. The Zero
sequence current is supplied fo the load on the phase
conductors, but it cannot return to the sonrce on the phase
conductors. A fourth conductor must be present to serve as the
retum path. The neutral conductor retums the zero-sequence
current supplied by each phase conductor, or 3 Iy, as shown in
Fig. 10(b). If a fourth conductor fremun pathi does nar exise,
zero-sequence crrent will mor flow. This property is a
¢l

acteristic of three-phase circuits.

+ Source: R. E. Fehr, “A Novel Approach for Understanding Symmetrical Components and 2
Sequence Networks of Three-Phase Power Systems,” TE-2006-000213 9

he physical sense?

This situation causes a
problem since the current
supplied (Iy) and the current
returned (3 1) are different.

Any impedance in the neutral retwmn path is subjected to
three thmes the zero-sequence ciuurent as is flowing

in each of the phase conductors: therefore. to provide

sequence ne tworks .

the proper voltage drop. any impedance in the neutral portion
of the circuit must be rripled when modeling the circuit as

For the single-phase equivalent to be valid. the comrect voltage
drop must be calculated for the neutral return path. If the
series reactance in the retum path is Xy, the voltage drop for
the neutral retumn path is found using Ohm'’s Law.

V=031 = Xy

But the calculated voltage drop remains correct
if the coefficient is simply grouped with the term (Xy)

V=Is= (3 Xxn)

/_—-F-—'H_:

30
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Matrix Form of Conversion

v,=v,"+v,'+v,’ ;.2%
v, =v,"+V, +V,’ a=/120 = €
(/] 1 2
V.=V 4V 4V, Vors —> Vape

Ve 1 1 1 v, re
V! 4=|1 o' «a V, |=AlV]
V2 1 a o 14 J72

[

31

Sequence Impedance

K— wanedid Ba [anced losd |
A —> IA _ﬁ/f_‘
Vo> By th%
Vow=Tp Zyt T
N Vo> Toh il
KCL @ Loed Jumhen

TA 4?5‘1’__'}_3 Iny

Vo= TA DY Hp+ Ltk )zv s (ZtA) G+ 2Tt 0,
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Vo = T 2y + (T B+TIZo 20 t 2/l t (ZB%e,
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» Zy tZy Zv Zw A

‘3’ _| zv Zytiv 2y ie | 2 \‘/mc::%_\?nc

VCN 2 Zy Z)l'l'z;.: I ‘ﬂ(—‘-w |
Vo= Zow Lorz

From %c‘zﬂ‘%{z 4 I,qy_-':/q.l‘o{z
AVors = ZA»C'A'Iolz )
D AT AV, = A Zase A o
Vyio = A Zape A-Tora
20[‘2-
33

Z012

U [Zpd2e 2w AT ’
Z 2k 1 g Lo
o1z 31 Do 2y Zytiy Zv | o ‘

Lo a)| zy 2y H| . & 0"

Zmz' IO:Z—

Voia®

- Z,
Z.. = Zo - YHZ” °e V.2 Zyt3%w © © IAD
Ak 2\ g & M1 = Zy ©|| Ia
Zy o [#] Z)( /A'N o ! .
- V;*Fb o o Z)‘ I,p‘

2 —7

_ A ( .
Vo' =24 4320 Ta°, Vaw =GTp , Van = 2yt

+ Off-diagonal terms =0 (Uncoupled)

— the only current that determines the zero sequence voltage
is the zero sequence current.

— the only current that determines the positive sequence
voltage is the positive sequence current.

— the only current that determines the negative sequence
voltage is the negative sequence current.

— 3 separate, distinct single phase equations

17



3 single phase circuits

* Some questions:

*  Why doesn’t the neutral
impedance appear in the positive &
negative sequence networks?

— Because the positive and negative
sequence networks contain
balanced currents only, and
balanced currents sum to 0 and
therefore do not contribute to flow
in the neutral.

*  Why do we have 3Zn in the zero
sequence network instead of just

Zn?
— ‘ — Voltage drop is
|2 Z\FI=Z,*3*19=19*3Z,,. Therefore, to
2 A 5 obtain the correct voltage drop
Va EZY =z, seen in the neutral conductor with

a flow of only ,model the zero-
sequence impedance as 3Zn.

B L(Tpetartdotn »

Some Questions - Continued

* What do these three networks
look like if the neutral is solidly
grounded (no neutral
impedance)?

— Positive and negative sequence
networks are the same. Zero

sequence is the same except
Zn=0.

. . (ny]
0 *What if the neutral is 7L 7. +137
A ; T 4y N
ungrounded (floating)?
V0 +Positive and negative |§
A sequence networks are the
same. Zero sequence has \4\0
an open circuit, which
means 1=1°=0.  ——

18



Asymmetric Load/Line?

« What if the load (or line, or load and line) is not
symmetric? %

» General Impedance matrix
— Self-Impedance: Zaa, Zbb, Zcc
— Non-Zero Mutual Impedance: Zab, Zbc,Zacc

Z Z. Z
02 an ab ac
ZO 2012 —
Z A Z A 132 012 12 Zabc_ Zab be Zbc
012 %12 %12 %12 Z, Z, Z,
20 21
%12 %12 2122
11 1 11, £, Z_.|1 1 1
=§1 e |z, Z, 7, |1 & «a
1 a alZ,  Z, Z_ |1 a a

37

Requirement for Decoupling

7% » For our sequence circuits
ZO12 012 012
7 |z N 2 to be decoupled (and
bz | o2 %2112 %1222 thus obtain the
e Ly Lo advantage of
: symmetrical component
G T+ 2+ 2, 22,422, +22,) decomposition) the off-
L diagonal elements of Z
%12 7%= 32 4 Z v E, —Ey—Z, ~Z,) g 012

must be 0.

] Conditions for the off-
R R A N diagonal elements of Z,,
%12 (Z +a’z,+az_+2a7,+2a%, +“Z)/ to be 0:

272 Yz +a%, ez, -az,-ak, -z, ]/
012 ‘01z 3 .

7= (Z +az,+a’z_+2a%7,+2a7,_ 127, Zaa :be :Z“‘
Z =ZR=ZM

ab

19



* When
— Diagonal phase impedances are equal
— Off-diagonal phase impedances are equal

0
= N |
0 et 2 Z,+27Z, 0 0
1 e _
Qe %z LuZa 7 = 0 . 0
20 12 o2
01_ 20 _ 02 _ 10 _ 12 _ 21 _
2= %n" S~ %" %2 T 4 =0 0 0 Z,-Z,

e Observations:

— the positive and negative sequence impedances are always
equal, independent of whether the load is symmetric or not. This

is true for transmission lines, cables, and transformers. (*itis not true
for rotating machines because positive sequence currents, rotating in the same direction as
the rotor, produce fluxes in the rotor iron differently than the negative sequence currents
which rotate in the opposite direction as the rotor.

— Zero Sequence impedance is not the same even in the symmetric load,
line, unless mutual phase impedances are zero; Zab=Zbc=Zac=0

39

Symmetric Component Approach in Fault Analysis

« Symmetric Component provides 3 decoupled
systems for analysis of unbalanced sources
applied to a symmetrical system.

» Faulted systems (except for 3-phase faults) are
not symmetrical systems, so it would appear that
symmetric component is not much good for
asymmetrical faults.

* Practical way

— Replace the fault with an unbalanced source, then the
network becomes symmetric.

— Then get the sequence components of the
unbalanced source at the fault point,

— Perform per-phase analysis on each sequence circuit.

40
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Developing Sequence Networks for Fault Analysis

* (1) Develop the sequence network for the system under
analysis.

— Express abc voltages as a function of abc currents and abc
impedances.

— Substitute symmetric components for abc voltages and currents
(€.9., Vanc=AVp1, and lop =Algy).
— Manipulate to obtain the form V,,=Z,,*15,,.
— Obtain the Thevenin equivalents looking into the network from
the fault point.
* (2) Connect the Sequence Networks to capture the
influence of the particular fault type.
 (3)Compute the Sequence fault current from the circuit
resulting from step 2.

* (4) Compute the phase currents |, I, and |, from
Iabc:A* 012-

41

Sequence Network

42
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Sequence Networks — Load and Line

Y LoAD A LOAD LINE
P —
- ; —7 .
a 4 2.3 s T I;\ 2.'. - 27
! Z=Z,+3Z, vy =0 0 =Z 4227,
A yHis A ] Vi sa’ 2 Lot
— = =2 [77]
I; | s AII Z
‘| 2z | C BT 22,02
A,

. ) . Za
Y ¢ 3 1
- — —> -
|.\7 4 |A2 . | ] -2
% . 2 2 LA 'y A =
[ 22, v 22 Zez;2
/X 43 el

» Typical Overhead Line
— Zab = 0.4*Zaa

— Therefore, Z°=1.8Zaa Z'=0.6Zaa Z2=0.6Zaa
>70=37 "

Sequence Networks for Transformer

« Many different types of transformers

 General Guidelines

— Exciting current is negligible so shunt path is infinite
impedance and we only have the series Z (winding
resistance and leakage reactance) in abc model.

Z1 =72 =Zs, where Zs is the transformer winding resistance
and leakage reactance.

70 =7Zs +( 3*Znp + 3*Zns), where, Znp is neutral impedance
on primary, and Zns is neutral impedance on secondary
— Transformers in A-Y or Y-A configuration are always
connected so that positive sequence voltages on the
high side lead positive sequence voltages on the low
side by 30° ( industry convention).

44
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Transformer

g yY AYA

2’= 7,432, + 3Z,)
—> 0] = =7
—F- =Tk 2 F-
T n I R :
0 0 i
Wl Z=2,46Z,+3Z,)% T Z'= ZHBZ, 4 3Z,) W
= = [7 =
z — 7
Iy ly ] 2
A
V;T z=2, VA‘T 2=2, z=2,
2 —> 2 —> 2
: : ¥
A > IA 2 L 2
\4\2 z= Zg Vi 7= Zg Va e

Transformer

o >

Z’= 2,432, +32Z,

T D

2= 7,+37, +3Z,

46
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Rotating Machine

* Reactance

— Positive sequence reactance

» Use Xd, X'd, or X"d, depending on time frame of interest.
— Negative sequence reactance

» the negative sequence reactance is generally assumed equal to X"d.
— Zero-sequence

» The zero sequence reactance is typically quite small.

» The reason - the zero sequence currents in the a, b, and ¢ windings are in-
phase. Their individual fluxes in the air gap sum to zero and therefore
induce no voltage, so the only effect to be modeled is due to leakage
reactance, Zg°.

» As with loads, if the neutral is grounded through an impedance Zn, model
3Zn in the zero sequence network
d 2°=70+32,

* Voltage source

— Generators produce balanced positive sequence voltages, no
negative or zero sequence voltages.

— Model a voltage source only in the positive sequence circuit.

47

Rotating Machines

=z +32,

Smooth  Salient Synclronous | Motor

Rotor Pole Condensers
3 1.1 1.15 1.8 1.2
XW X 0.23 0.37 0.4 0.35
X 0.12 0.24 0.25 0.30
X 0.13 0.29 0.27 0.35
x0 0.05 0.11 0.09 0.16

48




Example for Sequence Network (with Fault Cases)

13.8 kV h/ ﬁ
5 MVA = —
-

13.8/69 kV ;
‘ ‘ A

1
;{ g:ip” 1 5MVA )

L P Z'= 0.065pu
Z= D.DSpu Seq_Comp.xmed|

* Q: Determine the positive, negative, and zero-
sequence Thevenin equivalents as seen from
Bus 2, on a 1 MVA base.

49

Process Steps

« (1) Impedance Unification under 1IMVA
KL= 0.05x+ = 0.0 py VA
’ 5 " Zpy = Zor” MVAS, -

! L -
T =0.0.X—= = 0,024 pu
@ ), | g n ot f_ f kWi N
z'=0.12pu | v ol l_ Xﬁz = 03%k5 = 0.026fU  Zp, = Zy, K Vbe
Y 3;::: e X_: = 0.065% J5,"==0,f.‘4|3f’”‘

= X‘r! =¥-rz

* (2) Sequence Networks (These are Thevenin
equivalents seen at Bus 2)

2 VA z
Iﬂﬁ_ﬂ - o.024p0013 00260013
T”’ L b
T z .
z%=0.025  2'=0.037 Z=0.039 V=lo 50
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Analysis of Each Fault Type at Bus 2

* (1) 3-Phase Fault (ABC-G)
— Symmetric Network

I 111, I=I,/0
1
=1, :AII*:EI a L] oL/
B 1d alfl 1 =1,2100°

111 120 0
1 ) \
:31 a o |I./-10°|=|I,

1 & eI 0| |0

- OnIy osmve sequence network exists

0.037 1
fo& g

51

3-phase Fault (continued)

[
SR 3
0037 I1 1‘ =37 27.0 (W
1.00 o I,f I =2

0

1, Il [t 1 19 o 27.03
I, |=41,|=[1 " a|27.03(=|27.03£-120
I, Ip| |1 a af o 27.03.£120
* So what is the actual fault - 5
Z’ = .l - pu= ___”‘_L.Pu

current of each phase at s+ “buse 1£}7
the low voltage side of the
transformer? (27.03pu)

26



(2) Single Phase Ground Fault (A-G)

* What would be the sequence network
which satisfies above two equations?

53

2) A-G continued

1
From ¥, =V ¥+ 72 =0 EI#:LOZE:E

1.0

2
Lu=Ta=Tn= 0037100391 0023 01074 I]ga:3-|0
I,] [1%5] 1 1 171010 [3030 ST
L|=41|=|1 & a1010]=| o fip” hg
| |l 1 a af1010] | o

/94}(3030 -IZJFLAI

J—bAQQ. FU TM

27



(3) Line-to-Line Fault (BC)

I 1 1 1 11,
-1
I =14 =4 sz5 1 o a' |l
I a’ a |
11 1
=3 1l «a V3I,,290°
1 o Ilbfg 90°
J o I'=-r

a I,l — ],2

Sequence Network Formation Condition

55

(3) BC continued

» Sequence Network Formation

» Fault Current Calculation

L I, Iyt 1 1 o
Le=1u= g oarr0030 10| 1, |= AT, |=|1 & a| 13.16
7, Il 1 a & ]-1316
0 0
1 p = (LBHQ2T79=954 [A] L \/5(13.16) 90° |=| 22.79./90°
V3(13.16)£-90° | | 22.79.£-90°
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(4) Two-Line-to-Ground Fault (BC-G)

a’l,~al
IO+ 1,2 _ I&f‘f‘ Icf n azlbj-i- a/Icf\’_’_’/

2
=1+ af]bf +]cf+ajcf

o0 1 1 1][r v
=1+ @)y + U+ a)l, D 2| T 1T
—Caly+ (o )1, v, _5 1l o « 0 =3 V.
— @ I+ a’I) y2 1l o al|0 v,
:-]1

'=-(I° + %) 1=t =y

_ 0
4 v %12 1 . 1 1 111,
_ 2
B V 012_ 112 =A Idbﬂ 5 1 [24 & Ib
. V. 5 1 & a |l
, 1 1 1] 0 , I+1,
r _5 1 o a2 Ig,f :g a‘lbj+ achf
I=0 Vp=0 ¥=0 1 :

(4) BC-G continued

» Sequence Network Formation — Parallel

11
af
0037 — -
; ;razf -12.22
1 )Va _/Vz 19.42
o -72

B 0037+ 003900023 A2PE
12— 1947 0B

w=—1942 ————=-72pu 0 ]
0.039 40.023 .

R M =| 29.45,129
S 2945/-129°

* Actual Fault Currents

(41.84)(29.45)=1232 [A] m

Seq_Comp.xmcd
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Fault with Fault Impedance, Zf

» From the one-line diagram of a simple
power system, the neutral of each
generator is grounded through a current-
limiting reactor of 0.25/3 per unitin a
100-MVA base. ~
. 1
« The generators are running on no-load 2’
at their rated voltage and rated 2 (G
frequency with their emfs in phase. ~ T S
* (Q) Determine the fault current for the L, e
following faults: N~
— (a) A balanced three-phase fault at bus 3
through fault impedance Z=j0.1 pu.
— (b) A single line-to-ground fault at bus 3
through fault impedance Z=j0.1 pu.
— (c) A line-to-line fault at bus 3 through
fault impedance Z=j0.1 pu.
— (d) A double line-to-ground fault at bus 3
through fault impedance Z=j0.1 pu.

59

System Data

+ The system data expressed in per unit on a common 100-MVA base:

Ttem Base MVA Voltage rating x! x? x°
G, 100 20 kV 0.15 0.15 0.05
G, 100 20 kV 0.15 0.15 0.05
T 100 20220 kV 0.1 0.1 0.1
T, 100 20/220 kV 0.1 0.1 0.1
L, 100 220 kV 0.125 0.125 0.3
L, 100 220kV 0.15 0.15 0.35
L, 100 220kV 0.25 0.25 0.7125

N
=& & 2
T | TT'. I . .r’h'\
— oA AN A4
S N P e
A[F %T-
s =
1 2
\"'1-\ A
S 60
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Pre-Processing

* Thevenin equivalent circuit seen from bus 3.

/_k\
( j Pos-Seq Impedance at Bus 3
0.2857143)( 70.3005238
G 015 L 73, WO2TIR)OI9238) | g o714286 = j0.22
' 30325 J0.5952381
L, 0.1 )

A 022
S o1

jo1s "{9/((_1015 \
hd

' TN -
K (

T :)

2025 j025 3

./
AN

\

) (Neg-Seq = Pos. Seq)
’ Zi=12,=j022 .
Jr 10.22
S . 4 §) WSS—

I 2
Rt jﬁ
joossTia NS0 joosos

\%JO 071428

s [

Zero-Seq Circuit

. current-limiting
10.25 £ reactor

current-limiting .J
10.25 ’ 0.25/3 per unit

reactor
0.25/3 per unit

j0.05
j0.05

x°
0.05
0.05
0.1
0.1
0.3
0.35

L, 0.7125

j0.7125

62
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Final Zero-Seq Circuit

035

j0.156881

Ei0.183026
3

j0.077064

63

(a) Balanced 3-Phase Fault

V4V +V, =0 T,=a
L+1§ 4120 I°= o

4= 50 .
Im:ﬁ'lﬁk-[fo‘-k oo

[H L Symmetnial, Foslt
: ']:o: Iz=0 3 I:Ia'{

T w5 Y—" = -j3.125
jC Z’;+Z_j- 5022450 |

A

z' 1Mz —Et— e :

E, I'<~| GYyo Bz (7 g =80l
=262

b4
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b) Single Line to Ground Fault

V‘Z‘I Ih L=°

1,7 2T=I=(%
TR I, I ,":',..-E._i',f’_f)
VO:Z;vZI ‘ ‘{‘ VO*V‘+V1

251"02.1\::1” V EZI @
S Sy N
0 M”ZEI y'e 0-2°1° =)

s
21 Z"’ZL{-Z‘*}Z{

z . ) o
_: I":If=I* g z:Zr*lf(Z+3-z{)
\-'n‘ . -r_ _?- \/‘(0) : :
—l 2 T=I=1 = 7012 Jg_llijulﬂ,i\jg“s *(ﬁ'jm)

= “‘iUm?lfPU

b AW *_._4_:.@,1553\)[;_?_} .
‘(: uo ::" T : : » "::II?’J-); '_';'-_:-,.«

(c ) Line to Line Fault

T <o == V v, V) Vy
:’ ;’I:’ ';I- v »/.u\ﬁmf

. : t-ateimn | pfue v’-h:ulf taV’™ 5
on. F' {‘-"b] :u"'-'-- \;h..v (o, s']CV Vv E_ZI
-y 'I_g-l'h(u :)IL-"I v‘- o ZI

%

(d-n»)(E -7'1'+1 )
21- 11)

d.'-a‘ 32‘_ 1‘ (ﬂ"‘\‘ﬂ'o E

2
Frwe T=e % I2-L

PR i I LN =
I=-I= z+z,z,c prTTEE
Jrgm

ke ot 1 1\f0 3
f =T = [ia m}(—ﬂ_ghq i (—5,,0 %
1 g Bena ) 3207

: : v:n .‘1’
: z ity f0) Z,
Iy = Le” (3. 2e 5 k)= G2 LM 1
- e T ) \
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(d) Double Line to Ground Fault
L L0 I T T
V=V,= fo-IIp"'I) AR
- E‘F(r $o I{&I +I."‘GI.+“I

2Z(2F-1=L) 3%
v, =V, Vb=v°+arV'+aVl)v—v

O
-n/bv+L_;r|g)V 3%t »

z
5> o0-1°Z’"(E" I-’“) %
0

= p

(d) Double line to ground fault - continued

eq_Comp_Zf.xmcd
5/27/2010 10:24 PM
Mathcad Document

fi=+ Po_p 2 po_p _Z'=3zZ
R ALY NEAET AR T ZTiziaz,
27432,
0635
= 2602 - - -
L =i Iabc = A-1012 = | —3.936 + 09871
Loed . 3.936 + 0.987i
IabcACT = Ibase-Iabc = —1.033 = 1 + 238.97%
L L0353 x 1 + 238078 |
68
Actual Fault Current is the sum of Ib + lc = TabcACT, + IabcACT, = 317.938
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Fault Impedance Placement in Sequence Analysis

3-Phase Symmetrical Fault Single Line to Ground Fault
[
z % \
I
Line to Line Fault Double Line to Ground Fault

Sequence Circuit in Other Situations
1. Single Phase Open Circuit

o « Boundary conditions at
iz the fault point
V. % 1V *la=0
‘T: i » la=I0+ 1" + |2 =0
* Vb=Vc=0

» Vo=V1=V2=Va/3

0
I' | o I p 1° | o
1 — P 2 ———0 40 ——HP
N [y +ve ! Ne|yg-ve y N | g Zero
D_‘I Sequence T\-’ °_‘I Sequence T\' a_‘I Sequence T\'D
Network _ | OI Network _ | 02 Network __| Q°

70
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Single-Phase Open Example

Z
z Sl 5 z
E P Q =
1
N
E |/’:\;F\\ 1 Vis 1 1 i f/:\q\l
’ \;\T' N ! Y P Q ~ AR l\I‘T'I/ B
r ¥ A oy
7y Tr Zu N " i + Zir
) 2 7 2
N / N 2
I3 Vas L P2 Q2 Var L
;Y‘r'\ - "Y'/Y'\ o s V/Y - f; R
ES Za I } R
G : ® .
N
5} Vos & Vor &
Y Y YL o e Y YL Y
Zos j\ ZL:L Po QO ZPL (L Zor 71
(&) : ‘ R

Sequence Circuit of cross-country Fault

» Cross-country fault

— A situation where there are two faults affecting the
same circuit, but in different locations and possibly
involving different phases.

— Example: A-G @F and B-G @F’

72
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Sequence Network

Boundary Conditions at F

« Ib=Ic=0
» 1a% = la! = 182 POV PSPV SV

" Va=0 L7 .71
» Va%+Va'+Va2=0 T ol ! o T

Boundary Conditions at F’ -

* I'a=I'c=0
» I'bo=I'b'=I'b?

« V'b=0

» V'bO+V’b'+V’b2=0
« Conversion of the currents and voltages at point F’ to the sequence
currents in the same phase as those at point F.

v 1 i2 0 G 1 e v 0 v 1 2 v 0
— = 12 oo =
I b I b — I b > 4 ‘ru et '{“rr! =] a el ‘rn T ("‘?Irf =al a

T 2 , 0 i 7 12 v 0
VI} +V{; +Vb =0 = ('l‘?vﬁ +(¢'V” +V{: =0 =

II
a

|2 FU
Vi, +a?V, +aV', =0|"

Final Equivalent Circuit

1 @F
I Ia I
~e arvv v e Ia1 = Ia2 = IaO
2
rf F T A Va +Va +Va = 0
\I Va f)
1 e 1 2
N , N agl.aE I'a =a2|-a - al.aO
la |'82 . v 1 2\ 2 ' 0
UM I S, a+a?Va +ava=o
F E F 3¢
2 3 >T 2yrd
TVa [ T\/a2 3 ; a-Va
I)
2 2
N 0 N
I ' 0 , 0
a I'a 14 al'a
AR SR R ga, Phase-Shifting
FT .3 F T . 3 ;T 0 Transformers
Va ) \V'a j ;a\/a
O') l o ’ o
N N'O
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Fault Current Distribution

¢ So far, we focused on the fault current in the faulted branch.

« Practical Importance in the investigation on the effect of a fault in the
branches other than the faulted branch - “fault current distribution”

e Case: A fault at A and want to find the currents in the line B-C due to
the fault.

Power system

Load

» Assumption: Positive and Negative Sequence Impedances are

equal 75

Fault Current Distribution — Equivalent Sequence Networks
(with typical values of impedance)

A B

Illﬂ - jo.4

76

38



Zero and Pos & Neg-Sequence Networks Current
Distributions

Zero Seq.

Pos. & Neg. Seq. -

A

j0.75
] ;l.o RS

4 }0 ‘0}’}

[

[= |
Im >
0-""‘ jo4

1 I
I;: | 6" a I

’.
la’: Phase-a
current flowing in the
line B-C

19 :Zero Seq Current
on line B-C

lo: Zero Seq Current
at the Faulted Point
A.

ERNIEs

¢

laot|] T
o
[ 1ro-n2l

= |t callo.33 T

oo ||03m T




Fault Current Contribution (A-G Example Case)

¢ <]

’ AR (1 11ro.n2l

Ia 1 1, 1 A

/(=] 1%a][T = |t 0al]o.33 T

"] ’ )

’ || T “1o.273 1
I lao]] T laaollo |

o / I?.
‘o2 ¢+ 0.373T +0.373
Io\_\._o_l__/I — C, : pos ses. Contribudion

Co » Zero Sgt lCan‘h'll'Mﬁ': .

F'tr A"G’ 'FOU'-U'/ Ia: = Ia
L's (26, +C)T = 0.658T°
11’: I;: -'CC‘-C,,) 1°=-~0.2611

Power system

79

Fault Voltage Distribution (A-G Case)
« Voltage at bus B due to the fault at A

I -2

‘f:l"'l—

Zero Seq.

Vi = (o0 o- 19 T.)
:J 00771,

U= 5o 0%
‘j 0. 22T,

jo4

a"ﬁb \fbi= V#__ (ja_‘j)(ﬂ.lfg)l-o

L \/B‘: , Vﬂ; 'Q, Va'c
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Effect of System Earth on Zero Sequence Quantities

* Observation
— Zero Sequence Network is connected only in ground
fault
— 19 flows in the earth path during earth fault.
— 19 flow is influenced by the method of earthing

"=+ I+ 1) 1
]r' I=3IO
R R
Ji=317°

81

Residual Voltage and Residual Current

* Residual Current and
Residual Voltage

— Normal System Operation AR =T+l +L |
(Balanced) F -{ Ve = Vow + Vi + Voo

+ All symmetrical (even r 1 _ _
capacitance) @ Ie = 310 |

* No current flow between e Va = 3o
any two earth points T L

— Unbalanced Earth Fault : Ve = Vo + Vi {
Case ‘ F e %= Va +T.e‘

« Potential Difference ‘|' e J _ o
between the earth points, o sinee Vin= a7 Vg Vg =aVy then:
resulting in a current flow in J Ve=3V,e
the earthed path Rl sl L ]

» Vector sum of phase
currents (phase voltages)

82
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The ratio of residual and phase values

» Fault Point as Reference — Point of Injection of
Unbalanced Voltages (Currents) Into the Balanced
System

» Practical Benefits (in distribution of residual quantities
through the system) of
— Residual Voltage in relation to the Normal System Voltage
— Residual Current in relation to the 3-Phase Fault Current

— The characteristics can be expressed in terms of the system
impedance ratio (Z%/2")
- b4 z
T 0.024-0.013 0.026-0.013

= £ 10.0110.013
I 0 | 4 100y,

[-II :
IR 3}-” 3 Zn 3 //] »

AN >
' Z' Z 83

System Impedance Ratio (Z°%/Z' = K

» Sequence Impedance Ratio Viewed from Fault.

» Dependent upon method of grounding, fault position, and
system operating arrangement

» Characterization of the relationship between Residual
and Phase values
. 71
— is mostly Reactance only while
. 70
— contains both earth reactance and resistance
« Approximation of K (= Z%/Z")

0
1

z° _RO+x® x° RO _XO_J_R

K=

84
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Iz/l, and Vg/Vp for A-G Case

f 1 1 3
f‘_BIO_SI 1 Vz [ 1V [
N \Z +L°+Z 22°+ 27 )

1 7 — % :_.3;:3&..‘_
SV'Zl 3 ) Vl 3 N 0:37_”7‘;_[ ~ _'f;r./.::_ Iy K
2:2%/  2+K 7' 2+K 4

[z I'D / )

I, 3 " w3
I, 2+K
1
v.=wo =3z = |z
- 22 +Z
3.2°/
= .uZ_.- 'VIZ 3K -V1
2+-7‘-'___,-'Z1 2+K
_'_V—i::i V_: 3K V-.;
V' 24K v
I 3 - 7 =K
I, 2+K I

30

V 3K Residual current for
R _ Double-Phase-Earth fault
1 25

V 2 + K Residual woltage for

Single-Phase-Earth fault

Vg and I as multiples of Vand I,

20

T A
Residual voltage for

1.0
l Double-Phase-Earth fault
= o5 £

] /
/

Residual current for
Single-Phase-Earth fault

) £ -0

K= ' K=00
Solid Impedance 5 Isolated
Neutral Neutral Neutral
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Residual Compensation and k Factor
' r ' r ' r r a’ ’
V. =I'Z'+DIPZ°+I°Z° > +I°)Z' +I1° Z° %}/
' ' ' ' ' [ ’ 7 ; a
I, =I" +1* +1° >1' +1* =1, -1° . ®<z L

f [

310 =1, +1, +I, =1,

v, =, I1')z2'+1°z2°=2'1, +1°(Z° -z

:ZIIa'Jr—Ir (z -2
3
' 0
o L (202 Z
R T A A
_ zl[;a' +k1;] 37} 3
87

Summar

Time Waveform and Vector/Phasor Expression
Thevenin Approach in Fault Current Calculation
Ybus — Zbus Approach in Systematic System
Analysis

Asymmetric Fault Cases

— Symmetrical Component Approach

— Fault Distribution

— System Impedance Ratio (K = Z%Z")

— Residual Compensation Factor (k)
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