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FAULT FUNDAMENTALS

IMPORTANCE OF SHORT CIRCUIT CALCULATIONS

Calculation of short circuit values is essential in Power system Analysis.
The results are used in a number of applications like:

» Sizing of breakers and other elements
»» Designing grounding grids

»  Setting protective equipment

» Evaluating THD of harmonic currents

» Arc Flash Analysis
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NATURE OF SHORT CIRCUIT CURRENTS

When calculating short circuit currents, it is necessary to take into account two
factors which could result in the currents varying with time:

s The presence of the DC component

* The behavior of the generator under short circuit conditions



FAULT FUNDAMENTALS

NATURE OF SHORT CIRCUIT CURRENTS
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NATURE OF SHORT CIRCUIT CURRENTS

The previous expression for the short circuit current is a differential equation,
whose solution has two parts:

i()=1i,(t) +i,(t)
Where:

in(1) is the solution to the homogeneous equation
corresponding to the transient period

I, () is the solution to the particular equation
corresponding to the steady state period
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NATURE OF SHORT CIRCUIT CURRENTS

By the use of differential equation theory, the complete solution can be
expressed in the following form:

i(?) =% sin (ot + @ — 0) —sin(a — Q)e{ﬂt

Z=+(R* + 0’ I*)

The first term varies sinusoidally and is called the AC component. The
second term decreases exponentially and is called the DC component.
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NATURE OF SHORT CIRCUIT CURRENTS

a is the closing angle which defines the point on which the fault occurs.

[ oL
0 is defined as: tan 1(7)

The effective value of the total asymmetric short circuit current can be

obtained from the following expression:

2 2
]rms asym — \/]rms T ]DC
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VARIATION OF FAULT CURRENT DUE TO THE DC COMVMPONENT

g
OA A\/A ANTANA
a—-0=0
b ------- DC Current
) — i)




FAULT FUNDAMENTALS

EXANMPLE

L
CO000
Esin(ot + a) ——R
E=7620V w = 377 rad/s o =30°=0.524 rad
R =1.50hms L =0.032H wl =12.064 Ohms

%f =8.043 7| =1.5% +12.064’ 6 = tan'(8.043) = 1.447



EXAMPLE
0

E sin(a)t + a) L p

Substituting into equation of current short circuit:

i(f) = 626.8sin (377t —0.923) + 500e***

¢
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NATURE OF SHORT CIRCUIT CURRENTS

As an illustration of the validity of the curves for any situation, consider
a circuit breaker with a total contact separation time of two cycles —
one cycle due to the relay and one related to the operation of the
circuit breaker mechanism.

If the frequency, f, is 60 Hz and the ratio X/R is given as 50, with t = 2
cycles = 0.033 s, then (X/R) = (wL/R) = 50.

Thus (L/R) = (60/w) = (50/2f) = 0.132. Therefore:

7 \/ _2( \/ 0033
;Sym: 2e ) 41=V2e 0132 +1=1.49
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MULTIPLYING FACTORS
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VARIATION OF GENERATOR REACTANCE DURING A FAULT
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VARIATION OF GENERATOR CURRENT DURING A FAULT
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SYNCHRONOUS GENERATOR SHORT CIRCUIT CURRENT
CONTRIBUTION

Reactance Description Symbol Range per-unit Period

Determines maximum

Sub-transient instantaneous current and .

reactance current at time Molded Case Xd 0.09-017" 0-6Cycles
Circuit Breaker usually open

Transient Determlngs cgrrent at short time Xd’ 013 —0.20 6 cycles to 5

Reactance delay of circuit breakers sec.

Synchronous Determine steady state current

reactance together with AVR Xd 1.7=33 After 5 sec.

Zero sequence A factor in L-N short circuit X0 0.06 — 0.09

reactance current

Negative .

sequence A factor in single-phase short X2 010 — 0.22

reactance

circuit current
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ROTATING VMIACHINE REACTANCES

Subtransient reactances for use in fault current
determination according to : IEEE Std C37.010™-2016

Positive sequence reactances for
calculating
Closing and
Interrupting duty latching duty
Type of rotating machine (per unit) (per unit)
A]I_turbn generators, all h}fdm—generat_ms with am- 10X"d 10X"d
ortisseur windings, and all condensers®
Hydro generators without amortisseur windings® 0.75Xd 0.75Xd
All synchronous motors™®* 1.5X"d 1.0X"d
Induction motorse<¢ 1.5X"d 1.0X"d
Above 750 kW (1000 hp) at 1800 r/min or less Above 185 kW (250 hp) 30X7d 12X"d
at 3600 r/min
From 37.5 kW (50 hp) to 750 kW (1000 hp) at 1800 r/min or less
From 37.5 kW (50 hp) to 185 kW (250 hp) at 3600 r/min
NOTE—Neglect all three-phase induction motors below 37.5kW (50 hp) and all single-phase motors.

Source: IEEE Std C37.010™-2016
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FAULT TYPES

Symmetrical or Faults
Three phase
Three phase to ground

Unsymmetrical Faults
Phase to ground
Phase to phase

Phase to phase to ground
« Special faults: open conductor, faults between 2 voltage levels

Calculation methods

« Standard ANSI/IEEE C37.10

« Standard IEC 909

« Superposition method from load flow calculation
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DEFINITION OF SPECIAL FAULTS

» Fault definition in phase

system T R
R S » Any kind of fault definition
y . possible (e.g. SC between
S AT different voltage levels)

» Connection of 3 definable
nodes by fault impedances Zf
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Special FAULTS (Fault between 2 phases)

Node 1 Node 2 Node 3

R(L1) ® ®
S(12) @ Zt ®
T(L3) @ ® ®

1-L1 ->2-L2 : Zf = 3.0 Ohm
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TERMINOLOGY

ANSI English IEC

1/,¢ Subtransient short-circuit lk”
current/ Have cycle current
Al'/c Angle of I'/,¢ AlK”
I/ ctot = 1.6x Momentary Current doesn’t

1/,c exist

lcres = 2.7x Peak current Ip
1/,c

lint Interruption current Ib
130c Steady state current Ik
IDC DC current component Ioc

lint as Asymmetrical interruption lasy

current
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PU NORMALIZATION

In power system calculations a normalization of variables called per unit normalization is
almost always used. It is especially convenient if many transformers and voltage levels
are involved.

The idea is to pick base values for quantities such as voltages, currents, impedances,
power and so on, and to define the quantity in per unit as follows.

actual quantity

quantity in per unit = -
base value of quantity
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PU NORMALIZATION

A vital points is that the base variables are picked to satisfy the same kind of
relationship as the variables. For example, corresponding to the equation between

actual variables (complex numbers),
V=z-1 (1)
We have the equation for base quantities (real numbers),

V,=Z,-1, 2

Dividing (1) by (2), we get — =

(3)
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PU NORMALIZATION
OR

Equation (3) has the same form as (2), which implies that we can do circuit
analysis using (3) exactly as with (2). The p.u. subscript indicates per unit
and is read “per unit”.

What we have done for Ohm’s law can also be done in the case of power
calculations. For example, corresponding to

(4)

S=v-I
We have
S,=V,-1, ()
And
S =V I (6)
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PU NORMALIZATION

CHANGE OF BASE

With several items of equipment, with different ratings, it is not usually possible to pick base
values so that they are always the same as the nameplate ratings. It is the necessary to
recalculate the per unit values on the new basis. The key idea is that Z depends on Z ;but, of
course, Z .. .does not. We note the relationship between old and new values:

old old new new
Zactual :Zp.u .ZB :Zp.u .ZB (7)
Then . old
new __ o B
Zp-” R ZP-U ) Znew
B
2
— 71, vy Sp
p.u V;ew Sgld (8)

Note: In applying (8), we can substitute three-phase and/or line-line values.
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EXXAMPLE
11/132kV 132/33kV
11KV 0 50MVA, 10%
20MVA SOMVA, 10% OVERHEADLINE . ° FEEDER
0.3 pu 3 400 < 30
=3 =3 =
| ' 3® FAULT
At the Generator At the Transf. At the Line At the Transf.

Base kVg = 11 Base kVg = 11 Base kVg =132 Base kVj = 33
Base MVAg = 50 Base MVAg = 50 Base MVAg = 50 Base MVAg = 50
(11kV ) 0.1p.u (1324V )
= = Z, =~—""") —348.5Q
5= Ssomva - S BT s0MVA 0.1p.u
50MVA
B=M=2624A B:—:218_7A ]B
J311kV V3132V
Z Genp. ON COMMoON base 200
u =Y. pu A
Z Genpu = 0.3 SOMVA _ s 75 pu Oftri 348503

20MVA

_B3kr)
50MVA
50MV A

~ 333k

FEEDERpu —

21.78Q2

At the Feeder

Base kVg = 33
Base MVAg = 50

=21.78Q

=874.77 A

82 _ 0367 pu
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EXANMPLE

1.432p.u

[ = —0.698pu
pu g 1432 P

1,y =0.698pau-26244=1831.554

I, =0.698pu-218.74=152.654
Iy, =0.698p1-874.774=610.6A4
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INTRODUCTION TO SYMMETRICAL COVIPONENTS

On June 28, 1918, Mr. Charles L. Fortescue
presented at the 34" Annual Convention of the
AIEE, in Atlantic City, N.J. a very famous paper
entitted “Method of Symmetrical Co-ordinates
Applied to the Solution of Polyphase Networks”.

This method allowed the representation of any
unbalanced system with n phases, into n
systems of balanced networks. The method was
later called Symmetrical Components.

The main use of this method was of course in
the analysis of unbalanced three phase systems.

Presented of the 34th Anwnwol Convemtion of
the American I'nstitule of Electrical Engineers,
Atlawtic City, N. J., June 28, 1918,

Copyright 1918, By A. L E, E.

METHOD OF SYMMETRICAL CO-ORDINATES APPLIED
TO THE SOLUTION OF POLYPHASE NETWORKS

BY C, L. FORTESCUE

ABSTRACT OF PAPER

In the introduction a general discussion of unsymmetrical
systems of co-planar vectors leads to the conclusion that they
may be represented by symmetrical systems of the same number
of vectors, the number of symmetrical systems required to define
the given system being equal to its degrees of freedom. A few
trigonometrical theorems which are to be used in the paper are
called to mind. The paper is subdivided into three parts, an
abstract of which follows. It is recommended that only that
part of Part I up to formula (33) and the portion dealing with
star-delta transformations be read before proceeding with Part II.

Part 1 deals with the resolution of unsymmetrncal groups of
numbers into symmetrical groups. These numbers may repre-
sent rotating vectors of systems of operators, A new operator
termed the sequence operator is introduced which simplihies the
manipulation. Formulas are derived for three-phase circuits.
Star-delta transformations for symmetrical co-ordinates are given
and expressions for power deduced. A short discussion of har-
monics in three-phase systems is given.

Part Il deals with the practical application of this method to
symmetrical rotating machines operating on unsymmetrical
circuits. General formulas are denved and such special cases,
as the single-phase induction motor, synchronous motor-genera-
tor, phase converters of various types, are discussed.
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SYNVIMETRICAL COVIPONENTS - SEQUENCE
CONPONENTS

Icl Ib2 Ia2 a0
Ib0

Ial IcO

of S e

Positive Negative Zero

N\
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SYMNETRICAL COVIPONENTS - “a” OPERATOR

a=1-120°
Ip1=1,12 240 = a21a1

120° I.1=1,1Z 120 = aly

a’=1., 240°
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SYMMETRICAL COVIPONENTS - NETVWORK EQUATIONS

Current values of any three phase system, la, Ib, and Ic, can be
represented as:

]a :]aO +]a1 +]a2
ly=1,,+1,+1,
[c :[CO +]cl +102

Replacing the sequence component values, the following
equations obtained:

]a :]aO +[a1 +]a2

2
I, =1,+al, +al_,
. 2
[.=1,+al +a’l,
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SYMMETRICAL COVIPONENTS - NETWORK EQUATIONS

Therefore, the following matrix relationship can be established:

1ot 171,
2
I, 1l a° a .
2
I.| (1 a a||l,
Inverting the matrix of coefficients:
I, 1 11,
2

al 5 1 d d b

1, | 1 a a||l
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SYMMVETRICAL COVIPONENTS - NETWORK EQUATIONS

Voltage values of any three phase system, Va, Vb, and Vc, can be
represented as:

Va :VaO +Va1 +Va2
Vb :VbO +Vbl "'Vbz
Vc :Vco +Vc1 ""ch

Replacing the sequence component values, the following
equations obtained:

Va :VaO + Val + Va2

2
V, =V ,+aV  +aV_,
. 2
V.=V ,+aV  +a'V_,
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SYMMETRICAL COVIPONENTS - NETWORK EQUATIONS

Therefore, the following matrix relationship can be established:

Inverting the matrix of coefficients:

V. 1 1 1 V.,
V, 1 a° a | V,
_P; _}_ a az_ P;z_

V., 1 1 1 1][V

V., 1 a a | V,
3

_P;z_ _1 a’  a _V;
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SYMMETRICAL COVIPONENTS - NETWORK EQUATIONS

From the above matrix it can be deduced that:

VaO :%(Va +Vb+VYC)

A

; =%(Va +al’, —I—aZVC)

8 =%(Va +a’V, +aV.)

In three phase systems the neutral voltage is equalto V, = (V,, + Vg T Vo)
and, therefore, IV, =3 1V,
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ILLUSTRATION ON AN UNBALANCED SYSTEM

V, V

ch VaO V;;o Vco

AR

V, 4
V, =10253° V, =72—90° V. =18.332130.89° o

V,, = 11.19722643° Vg, = 2.84 —136.02° V,, = 5.3342111.95°
Vyy = 11.1972 —93.57° V,, = 2.824—-16.02° V,, = 5.3342111.95°
V., =11.1972146.43° V., = 2.82103.98° V., = 5.3342111.95°
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ILLUSTRATION ON AN UNBALANCED SYSTEM WITH VOLTAGE

IM-7679 R-PAC |

ALARM B (LB G - -
SELECT SETP .
AC [BATTERY B ]
ALT SETTINGS B @
& @ N/G/SEF

[ ] -] 50
Eﬂg’ cNFG| |reser
FREQ/VOLT ' . 1]
HOT
pokaur] | LINE M-7679
REMOTE RECLOSE GROUND
DISABLE DISABLE DISABLE

BECKWITH
ELECTRIC D—cu. b

@ Integrated Protection Systems® 5 Smart Flash
SD Card
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ILLUSTRATION ON AN UNBALANCED SYSTEM WITH VOLTAGE
INUECTIONS

D@ F‘ & @ Status History |"‘ Seconds‘ 1|i Primary |@
, 7, SECONES) i N

Ma;-mg.e Apply Test Phasor Impedance Report Overload Monitor | % Cycles Secondary F
Views = Layout~™ | View View View View |1|i7‘ @I

Layout Activate Views Show Units

Test View: QuickCMC

Analog Outputs

Direct j
1000V 53.00° 60000 Hz
7.000 V -90.00°  60.000 Hz
1833V 130.89°  60.000 Hz

0.00A -80.00°  60.000 Hz
0.00 A 0.00°  60.000Hz
0.00 A 0.00°  60.000Hz

ﬂ IPScom S-7679 - (USB) [M-7679 HID&SN-00065]
File Communication Monitor Setup Utility Help

HEa % @
=

Secondary Metering (S
Curments (A) Violtages (V) Sequence Components
Voltages (V)
Phase A Pos. Seq. 11.1
Phase B Neg. Seq. 281
Phase C Zero Seq 33

3V,

Ground
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EQUIVALENT SEQUENCE NETWORKS OF A
SYNCHRONOUS GENERATOR

(a)

(2]

';..'lll
—————
A z.cll
y "llsﬁ
l|l-L'II

(b)

(c) I, (d)
Reference bus
Reference bus
‘L'.:u &
J'.'H
. L
£y 3 <7 £,
M fhz2
¥ o S ——
.
e
||I.|| "fr:.' s
' !.1_‘.
(r)

Reference bus

a Positive sequence current
b Positive sequence network
c Negative sequence current
d Negative sequence network
e Zero sequence current

f Zero sequence network
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SEQUENCE NETWORK CONNECTION FOR FAULT CALCULATION

"0
E, (~

(a) 14 14
E, Zl E al Zz E a2
lVal
Zy L L ] fal 4 Y ]3.2 Y
Z l Va2 Phase to phase fault
ZOE lVao © é
I
™ Val

Phase to earth fault

%

Ip

Y

Vﬂ2 Z(] E

Double phase to earth fault
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| & V FOR VARIOUS TYPES OF FAULTS

(a)

Fault | Positive- | Negative-| Zero- Fault (b) Fault | Positive- | Negative-| Zero- Fault
sequence | sequence | sequence | currents sequence | sequence | sequence | voltages
network | network | network network | network | network
current current current voltage voltage voltage

a1 a 4 Zeroa
1
a,b,c ClAbl g)A\b a, b,c CI/L.M fault
b ‘/ﬂ azY:z a\ b i a?Yz / %
’ ¢ b1 by c=0\'b ’ ¢ b1 by  a=b
aq c3 aq c a
2 c b 2 2
b,c -t b,c
= a
a i b3 by b=0 »a - /t bwz c"\,_\
’ ‘1 b 2 c ’ ‘1 b, ) a=c b
b Aal a;_YcZ ag, by, g ak b ‘/‘Q ag'w/ﬁz o A
s Mo _ s s C
€1 b1 bz / c=0 b €1 bl bg ap, bo, Co a=h=0
ay Cy l a=0 a4 Cy 5 g, bOa Co a
b,c, e b,c,e T

? e c b c b T ] b

! 1 2 |8 bpcy | PN 1 ap b=c=0
a a
o ‘/Ti b3 YN ‘/]‘ e )\1 b3 T N j\*b
o €y bl Cy g, bo, Cq ¢ b=0 o € b] Cy ap, bo, Co a=c=0
/‘EJ) a, ag, by, o Ta /‘Q‘ a, l a=0
a, e a, ¢
! 1 b 2 T b=c=0 1 b b £21 ag, by, co CA/\b
a C ay C a
b,e 1 ’ ~ N b,e a i o~
€] b, a4 by g, by, Cp a=c=0 € b,| 2 by ag, bg, g | © b=0
SASARAL SANTAING
c, e c, e
cl bl 02 ) ao, bo, CO a:b:() Cl bl Cz a3 / C:0 b
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EXANMPLE

» Calculate the short circuit current for a three phase fault at busbar D.

« Consider that the Hydro Power Station is under maintenance and
therefore all the breakers associated are open.

* Let base MVA =75 MVA

* Let base kV on 132 kV nominal part of system = 132 kV

* The base kV on other parts of the system is obtained by referring this
voltage through the interconnecting transformers.
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EXANMPLE

HYDRO POWER STATION

9?“

Hf r—(_T_“
132 kY, .
X * A
‘ D14
] Oié
| ‘
132 w-—i—,—x—r:—c 132 kv_i.,_ _,_i_.q
X x
“_ﬁ Ti Ty >u< rﬁf T:gfg_{
oL
) 1 D
MV o4 ¢ 33 wa;ngB
STEAM POWER STATION
G Gy Gg
Ry 2 Rg
'H'\ﬁ) ?‘J\{h |}ﬁn§a> @rﬂ-{h
Ons © © i
it {‘I’j‘r-,‘(%’} I - -
T T
(EETIT S Lo I 1
X M
Ds
|
U0 i‘ﬂ( b
Cj TJ;I\"J (D44 Dag
x X |
o
J. x—t 2 ‘
U GRID SUB-STATION | J( |
[ 3 ! 132 kvfxﬁ;
Fan
, b, (o i
D B g g
" b T [

GRID SUPPLY

Hydro Power Station

G, G, 66.6 MVA, 11kV
X,=0.95 =0.325 X, =0.26
T, T, 75 MVA, 11/145kV £ 10%, X =0.125

Steam Power Station
G; G, Gs, G 75 MVA, 11.8kV

X,;=1.83 X, =0.615 X, =0.111
75 MVA, 11.8/145kV +10%, X =0.125

60 MVA, 132/33kV, X=0.125

TI5I Tlél T17’ T18
TIII TIZI T13’ T20’T21

T, T, 30 MVA, 132/33kV X=0.1
T, T 45 MVA, 132/11kV X=0.125
Ty, T}y 120 MVA, 275/132/11kV
Xy =0.15 Xyr=0.35 X, 7=0.25 on 120MVA
Grid Supply

Short circuit fault level 7500MVA on 275kV

Overhead Lines

AlL132kV lines are 0.175 sq. In. except D;, Dswhich are 0.4 sq. in.
0.175 sq. in.

R =0.00146 per mile on 100MVA Base

X'=0.00385 per mile on 1T00MVA Base

0.4 sq. in.

R =0.000627 per mile on 100MVA Base

X'=0.00356 per mile on T00MVA Base

é:2.5
1
Lengths
D, 50 miles D; 20 miles
D, 60 miles D, 30 miles
D;100 miles D, ,, D;,;15 miles

D,,, D,z 30 miles

Allimpedances are per unit
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EXAMPLE - SOLUTION

132/275 kV

132kV

1

11.8/145 kV
T
- D,,
Tl6 ’\/\/\, IR
(D D,
T AVAYAY - (000)
QD D,
GDTIS oo i <

Ly

132kV

275kV

GRID
SUPPLY

O
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POSITIVE SECUENCE DIAGRAM FOR FAULT AT BUSBARD

In order to calculate the short circuit currents for a three phase fault at
busbar D, only those busbars having sources that contribute to the fault
are considered. Lines in the path of the short circuit currents are also

considered.

That is why for a three phase fault at busbar D, only buses D, E, E’ and
F are left as shown in the equivalent diagram.
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POSITIVE SECUENCE DIAGRAM FOR FAULT AT BUSBARD

D E E
G T, .
' | 44

G, T o &
(OO D,y ca L

Gs Tl7 = Tlo o

T o D5 D6 N

G6 ]18 o
S an

F
I, Neutral Bus ‘N’
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POSITIVE SEQUENCE NETWORK

. Generator Impedances Calculation

Since the initial value of fault current is required, the generator
subtransient reactance Xd” should be considered.

The value of Xd” = 0.111 p.u. based on 75 MVA & 11.8 kV
Old base MVA = MVAI =75 MVA

Old base kV=kVI =11.8kV

V2 11.8°
MV4, 75

Old base impedance = Zlbase =

Actual value of
11.8°

75

Xd” =Xd”act =0.111 x Zlbase = 0.111 x
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POSITIVE SEQUENCE NETWORK

Actual value of

2
Xd”=Xd” act =0.111 x Z,base = 0.111 x 1.8
For the purpose of calculation: 3
New base MVA = MVA,= 15 MVA
11.8
New base kV =iV, =132 x 25 =10.74 kV
. P 10.74°
New base impedance = Z, base = K, 107
MVA4, 75
Xd"act 11.8° 75
it i = =0.111 =0.134 p.u.
New per unit impedance Z.base X o742 pu

L Xd” o, =Xd” = Xd" ;;=Xd", =0.1340 p.u.
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POSITIVE SEQUENCE NETWORK

. Transformer Impedances Calculation

11.8
Generator transformers T15, T16, T17 and T18 ratio 145x)

The value of X. = 0.125 p.u. base on 75 MVA and 145 kV on H.V. side
Or base on 75 MVA4 and 11.8 kV on L.V. side

Old base MVA, =75 MVA
Old base £V, = 145 kV on H.V. side or 11.8 KV on L.V. side.

New base MVA, =75 MVA
New base kV, = 132 kV on H.V. side or

132 x 11.8=10.74 k¥ on L.V. side

Consider H.V. side. 145 145)?
New p.u. reactance = 0.125 x Ex ( )2 =0.151 p.u.
75 (132)
Consider L.V. side. 75 (11.8)
New p.u. reactance =0.125x —x =0.151 p.u.

757 (10.74)
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POSITIVE SEQUENCE NETWORK

i.e. the p.u. reactance of the transformer is the same on both sides of the
transformers.

o Xpys =Xy = Xy = Xpye = 0151 pou

Transformers T9, T10, ratio 275/132 kV
75 (132)°

New p.u. reactance =0.15x —x > =0.094 p.u.
132
Xy, =X, = 0.09%pu, 1200 (132
Transformers T7, T8, ratio 132/11 kV
2
New p.u. reactance = 0.125 x EPgCL. 0.208 p.u.

X
132)°
X, = X, = 0.208 p.u. v 13
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POSITIVE SEQUENCE NETWORK

. Transmission Line impedances
Neglecting resistance

75 _(132)°

Z,,=60x0.00385x
100" (1 2)

=0.1732 p.u.

(132)
132)2

Z i =Zp.p=30x0.00385x =0.0866 p..

(132)°
132)’

132
7, =30x0.00356x— x> )2
100 (132)

7 =20x0.00356 —0.0534 pu.
ps=<UX x1oo P

=0.0801 p.u.
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POSITIVE SEQUENCE NETWORK

. Grid Source Impedance

Fault level = 7500 MVA on the 275 kV busbar E”.

Actual source impedance = Zs act = A’Z; = izg;
Base kV =275 kV
Base MVA =75 MVA
Base impedance = Zbase = 2;:2
>
LS pau. = %o = 3230 X 2;22 =0.01 p.u.

Z

base
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POSITIVE SEQUENCE NETWORK

D

0.134  0.151

o0 i 0.0866

0.134 0.151 “o 0.094

7o ] 0.0866 o0 0.01
0.134  0.151 o 0.094 oo
o —1 0.0534 | 0.0802 o0

0.134  0.151 o | 7o

N 20

F

lpu.l
I Neutral Bus ‘N’

lp.u.l

),
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EQUIVALENT IMPEDANCES

The resulting positive sequence diagram is shown below:

0.134+0.151 0285

Z, =0.0712 p.u.
4

Z,=0.01+ 0.054 + 0.0435x0.1335 =0.01+0.047+0.0327=0.0897 p.u.
0.1768

7= 0.0712+0.0897 00397 pu.

0.1607
E 1
L =—= =25.19 p.u.
FT 7 0.0397 P
6
Base current (1 pu.)= 75x10 =328 4

V3 x132x10°
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CASE EXAMPLE

S 1, =25.19x328 =82624

e N3x132x103x8262 = 1889 M4

75
0.0397

=1889 MVA

Alternatively Fault MVA =
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SOLUTION OF CASE EXAMVIPLE WITH SOFTWARE

.’,.:'q. "f-{:'.
_." T "
- -
\ ) \
]

®
®
®
®
Q>
.
L

Equivalent Network



FAULT FUNDAMENTALS

SOLUTION OF CASE EXAMPLE
WITH SOFTWARE

G1

L1)=0.000kA

AR 0.0
1[1)-0.000 W

7]
Y ng

T T1=0.000kA |
al
1(1j=0.000kA

BRRRAIED

IELB2T kA

AR (LY)=300°
1(1)8.27 1 kA

TR 1-0.687 Ky
AIFYL13=00.0
\[1}=0. 57 ki

WILT=1 152 b

TTLT=1 T52kA|
Al 1000 "

TL1=0000 kA
ARLY=500°
1[1]-0 000 kA

k(L1800
W1I=1152 kA

[1)=1.152kA

Results for Fault at Busbar D

E|

T
ARTL=900°
I(1}=1 383k

: T ST
ikiliano A nesng”
i aricn
1) arin

WL1-13 155 k] TRALT= 1 155k
AlkiL1 =000 A= 800"
1) =14.165 ki W114.155 kA
THL1j=0.000 ko
AR =200

W11 B32kA 0110 a0k

1(1]-0.879kA

TELT)=0.000 |y
ARLT=000°
1j=0.000kA

LT 0000 kA
AL N=000"
\{1ED.000kA
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FAULT CONTRIBUTION FROMV DG & IBR

> Nature of Short Circuit Currents

>  Fault Types

> PU Normalization

>  Symmetrical Components

>  Example on a Power System Network

> Fault Contribution from DGs & IBRs
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FAULT LEVEL WITH IBRS

Steady-state response to faults:

C— R
vaABc

— L e
i e m A
Cde Tde _m_“” b
GFM: T fame . ol 1l -
T wvsc T T
PWM C|l_J e Current | Vfltage Voltage | Droop  [¢—— [Vsers Wset]
oop ¢ limiter oop ¢ limiter | Relation [¢&—— [p q]
\ Control Control Y /
idr'
/_’ ' vVaABC \
I r 2 *3 <
L. |me E=ias SO
Tg ] e _ PWM = Pulse Width Modulation
GFL: - | fune “111
Isc = kI, where k = [1.1 — 1.5]
G Current Power
PWM Loop |« urrent - e +«—[p.q]
limiter controller
\ Control /

This is enforced by:

« Saturation of current references

» Protection functions like desaturation or overcurrent trip
« DC-link voltage control and active switching algorithms
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SYNCHRONOUS AND IBRs SHORT CIRCUIT VALUES

Synchronous Generator IBRs

Magnitude Upto5-10p.u 1.2-15p.u

Depending on FRT

Duration Until fault is cleared by CB )
requirement

Can be modeled based on
Sequence network ) No model
symmetrical component

+ sequence Yes Yes
No, unless designed to
- sequence Yes .
inject
0 sequence Yes No
DC offset 1.5 - 1.6 AC component No

Serval time-rated current

Negative current depending on the negative Limited to VA capacity and

sequence impedance of the inverter requirement
network
Symmetrical component +,-,0 No

Sources:
Impact of Inverter Based Resources on Power System Protective Relaying,
Fault Calculation and Protection Setting: A Systematic Literature Review
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FAULT LEVEL WITH IBRS

Dynamic response to faults: Fault Ride Through functions

[id,ref’ iq,ref ]
_—

lq,1
Current [ d> *q ]
limiter

. ’ 2 . 2

uF:FC [Pu]
1.0 1
2T ; ——————————
uT‘l'_ | v -
I ///
Upot ! | )
b Trip
|
Lan zone
| | | |
T I I I
tr te tr tra
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FAULT LEVEL WITH WIND TURBINES

Collector
Bus

) Generator Grid
: Gearbox
l Turbine

Transformer

Induction

Type 1 WTG: Squirrel Cage
Induction Generator-SCIG

Colloctor

Type 3 WTG: Double-Fed Induction Generator-
DFIG

Hydrodynamic Synchronous
Speed Control generator

Induction Collector

Generator

Turbine
Transformer

Type 2 WTG: Wound-Rotor Induction
Generator with Variable External Rotor
Resistance

PWM Converter Collector
Bus

-é + .@ Turbine

Transformer

Type 4 WTG: Full-Converter Wind
Turbine Generator

Collector

Turbine
Transformer

Type 5 WTG: Synchronous Generator
mechanically connected
through a torque converter

Source: Gevorgian, V.; Muljadi, E. “Wind Power Plant Short Circuit Current Contribution for Different Fault and Wind Turbine Topologies”. The 9th Annual International Workshop

on Large-Scale Integration of Wind Power into Power Systems as well as on Transmission Networks for Offshore Wind Power Plants, Québec, Canada. October 18-19, 2010
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FAULT LEVEL WITH WIND TURBINES

How to model SC contributions of wind turbines ?

SC model for WT

Type of model Cases
Type 1
Induction
machine ek
Type 3 with

crowbar circuit

Type 3 with LVRT

function
Current source
Type 4
Synchronous Type 5

generator




ASYNCHRONOUS GENERATOR SHORT CIRCUIT CURRENT

CONTRIBUTION

FAULT FUNDAMENTALS

Time [s]
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EXAMPLE ] Feeder

3-phase fault at - U,q=150 KV
MV distribution network: the MV busbars HY
of the substation Network ‘1
Transformer p
MV
1 2 3 4 U,=20 kV
F
L1 L2 L3 L4
U.=20 kV
R non-rotating loads
U290 KV S=35 MVA
- £.=0.85 laggi
U,=400 V T3 T18 P maak
o U,=690 V
\ . ./’I -
'
‘l\- !
Y Un=20 kV
T12 Wind farm 3 149 T20
? | U,=690 V
G12 G19 G20 G21
J " J
e '
Wind farm 2 Small Hydroelectric Plant

Source: Boutsika, T.N.; Papathanassiou, S.A. “Short-circuit calculations in networks with distributed generation”. Electric Power Systems Research 78, 2008.
pp: 1181-1191
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EXANMPLE

MV distribution network:
Fault level calculation procedure and results

Network feeder Ung = 150KV, S, = 3000MVA, Rg/Zg = 0.1
System transformer Set = SOMVA, 1y = 20.5% (up— = 19.5%, up+ = 22%), Pt = 160kW.1p = 150 (t:%;:) /21kV
Wind farm 1 6 x 600 kW (G1-G6)
Generator (G1-G6) Synchronous with converter (Type IV): Pig = 600kW, U, =400V, [, = 866 A, k=15
Unit transformer (T1-T6) St = 630kVA, i = 20(£5%)/0.4kV, upr = 4%, g = 1.2%
Line L1 Overhead line: R, = 0.215 2/km. X = 0.334 2/km, /| = 10km
Underground cable: R = 0.162 £2/km, Xp. = 0.1152/km, I} = 0.5km
Wind farm 2 6 x 660 kW (G7-G12)
Generator (G7-G12) DFIG (Type LII): Pg = 660kW, Ug = 690V, ;g = 560 A
Unit transformer (T7-T12) St = TO0KVA, i = 20(£5%)/0.69kV, ugr = 5%, ugyr = 1.2%
Line L2 Overhead line: R, = 0.215 2/km, X = 0.334 £2/km, [ = 10km
Underground cable: R = 0.162 £2/km, X = 0.1152/km, [ = 0.5km
Wind farm 3 6 x 850 kW (G13-G18)
Generator (G13-G18) Asynchronous (Type 11): Pig = 850kW, Ug = 690V, I, = TI10A, Itr = 5.5kA, Rg/ X = 0.1
Unit transformer (T13-T18) St = 1000 kVA, 1 = 200£5%)/0.69kV, uyr = 6%, g = 1.1%
Reactor S = 6MVA, Upg = 20KkV, uy, = 14%, up, = 0%
Line L3 Overhead line: R, = 0.215 2/km. X = 0.334 £2/km, /5 = 10km
Underground cable: R = 0.162 £2/km. Xy = 0.115 £2/km, /5 = 1 km
SHEP 3 x 1500kW (G19-G21)
Generator (G19-G21) Synchronous (Type 1): 8,6 = 1650kVA, U = 690V, x§ = 0.18 p.u., Rg/X] = 0.15, cos ¢rg = 0.9(lag) (operating
p.£.=0.95 lag. to 0.95 lead.)
Unit transformer (T19, T20) T19: 5t = 3.5 MVA, T = 20(£5%),/0.69kV, wit = 8%, urer = 1%
T20: S, = 2MVA, 17 = 20(£5%)/0.69kV, T = 6%, upet = 1%
Line L4 Overhead line: R = 0.215 £2/km, X1 = 0.334 £2/km, l4 = 7.5km

Source: Boutsika, T.N.; Papathanassiou, S.A. “Short-circuit calculations in networks with distributed generation”. Electric Power Systems Research 78, 2008.
pp: 1181-1191
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EXANMPLE

MV distribution network:

Fault level calculation procedure and results

Contribution of upstream grid
Network feeder
System transformer

Contribution of the grid

Contribution of wind farm 1 (Type IV)
Single generator
Wind farm contribution

Contribution of wind farm 2 (Type III)

Single generator

Unit transformer

Line L2

Wind farm contribution
Contribution of wind farm 3 (Type II):

Single generator

Unit transformer

Reactor

Line L3

Wind farm contribution

(10) = Zg =825 2
Zoo = Zo/12 =0.016 +j0.161 (£2)

(11)= Zp = 1.812,  (12) = Ry = 0.028 2

(13) = X7 = 18082,  (17) = K7 = 0.930556

Zp = 0.026 + j1.682 (£2)

(22) = I = 6.889kA (8] = 238.65MVA, ¢, = 88.684°)

(24) = I}l = 1.5 kg = 1.299kA
(24) = I!' = 6-(I],/1;) = 0.156kA (S = 5.4MVA, ¢, = 90°)

(16) = Zg = 0.089 2
Zg = Zg - 12 = 7.434 + {74338 ()

(11) = Zy = 28572,  (12)= Ry = 6.85702
(13) = X7 =27.7362,  (17) = Kt = 1.015428
Zy = 6.963 + j28.164 (2)

7, = ZR,- i+ ZX,- I

i i
Z2 = 2231 4+ j3.398(12)

(23) = [} = e = I = 0.605kA (S| =20.95MVA, ¢; = 77.261°)

VIHZg, [0+ L [6+Z5)

(16) = Zg = 0.0722
Za = Zg - 1F = 6.055 + j60.552(£2)

(1) = Z1 =242, (12) = Rr =442

(13) = X1 = 23.593 22, (17) = Kt = 1.009282
Zp = 4.441 +j23.812(2)

()= g = Xp =933302

ZL= ZR,- Ny in e

i i
Z13 = 2312 4+ j3.455(12)

U
23) = I} = it

V(266 + Z1/6+ Zg + Z13)
(S; = 162 MVA, ¢, = 81.3087)

= I} = 0.468 kA

Please note: according to
IEC 60909

. cU,
k _\/§Zk

I: initial symmetrical SCC
U, : line-to-line voltage
Zy: Thevenin impedance of
the grid
c: scaling factor.

¢ =1.05 for MV/HV

¢ =1.10 for LV

Source: Boutsika, T.N.; Papathanassiou, S.A. “Short-circuit calculations in networks with distributed generation”. Electric Power Systems Research 78, 2008.

pp: 1181-1191
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EXANMPLE

Example case - MV distribution network:

Fault level calculation procedure and results

Contribution of SHEP (1lype 1)

Single generator

Unit transformer

Correction factors

(G19/G20+T19)
(G21+T21)

Line L4

SHEP contribution

Resulting fault level at the MV busbars
5 = 299.96 MVA
S5, = 299.28 MVA

Source: Boutsika, T.N.; Papathanassiou, S.A. “Short-circuit calculations in networks with distributed generation”

pp: 1181-1191

Please note: according to
IEC 60909

Re = (Ra/X}) - x} - (UZ;/S:c) = 0.008 2

(14) = Z; = 0,008 + 0.052(£2) U
(11)(13) = Zrigmv) = 1.143 4 j9.071 (£2) 17 C n
(11)(13) = Zpaguyy, = 2+ j11.832(2) k —_ —
(17) = K119 = 0.997496 fgzk

(19) = Kg = 1.041465(sin ¢ = 0.312)

{21] = K:,'(J = |.ﬂ4|465{ﬂ(;. T =D.5in{p =0.312)
Zy= 2650 2 4 K1i9Zrg = 4548 + 31.771(2)
Zy = KsolZ - 17 + Zy) = 8.9 4j57.769(£2)

Zi4 = 1613 +)2.505(£2)

" el " " -

I: initial symmetrical SCC
U, : line-to-line voltage
Zy: Thevenin impedance of

Algebraic sum the g rid
Phasor sum with contribution of WF1 added algebraically .
c: scaling factor.

¢ =1.05 for MV/HV
c =1.10 for LV

. Electric Power Systems Research 78, 2008.
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