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Short Circuit Current

What is a fault?
« suddenly applied Short Circuit

L R
| PN AN —
v(t) = Vmax [sin(wt + a )] @ I(t) > Fault

KVL: v(t) = L3 +Ri
VialSin(ot + )] =L+ Ri

where:
* v(t) = instantaneous value of the voltage at t seconds
 Vmax = amplitude or max, peak voltage of the sinusoidal waveform
* ® = angular frequency in radians (o =2xf and f is the frequency in Hz)
* o = Fault Inception Angle (FIA) i.e. the point in the sinusoidal
waveform where the fault is applied or when breaker closes into fault



Short Circuit Current

di
sin(ot + a)] =L—+ Ri

\Y
dt

max[

Solve this equation for current with respect to time:

oo Vi , _Rt * Ris the resistance

i) =— lsm(mt +a—0) —sin(a—0)e L « Lis the inductance
e X=2rflL

This can be represented as such: X s the reactance
« Z=R+jX

i(t) =iac(t) + idc(t) Z is the impedance

O is the angle of Z

Therefore, fault current can be represented as (2) seperate components:

max

iac(t) = sin(ot+ a — 0) Steady state current

v Rt
idc(t) = ;ax sin(a — 0)e L Transient current or DC offset
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First, let’s discuss the DC portion:

What is the Fault Inception Angle (FIA = )?

FIA is the point or angle on voltage waveform when fault occurs in reference to the
nearest preceding zero crossing.

« DC offset current is referred to as just “DC offset” as current is implied.
FIlAdictates the initial magnitude of DC offset.

Rt
i(t) = [sm(a)t +a—0)—sin(a —0)e L]
m
withR = 0,e° =1, therefore i(t) = A [sin(wt + a — ©) — sin(a — 0) ]

A

I,-‘"‘ Fault inc.ept\on angle




DC Offset

 Why is “Offset” added to “DC” for the DC portion of total fault current?

v" When a fault occurs, it shifts the sine wave asymmetrically with respect to
the time axis i.e. creates "offset”.

» This offset is necessary to maintain some basic principles of electricity at the
precise moment that the current makes a sudden change:
1. (ELI the ICE man) Inductive circuit, current lags voltage by 90°.
» Therefore, if a fault occurs at a voltage zero crossing (V=0), then the
current will be at a positive or negative maximum.
2. Current through an inductor cannot change instantaneously, 1(0-)=1(0%).

« Assume gen carrying no load prior to fault (e.g. breaker syncs closed into a fault):
1. If fault occurs at V=0, then I=max.
2. Because at no load, 1(0-)=0 prior to fault, but because current cannot
change instantaneously, therefore 1(0*)=0 just after the fault as well.

v How can I=max and I=0 at the same time?

 DC offset to the rescue - it allows compliance with both
principles simultaneously



DC Offset

ltotal(t) = Idc(t) + lac(t)

 DC offset current is created at

A .
the instant a fault occurs.
- 1dc(t)
[ « Att=0, DC offset is equal to AC
component but opposite
// \ polarity, Idc = - lac.
' Time * Therefore, the total fault current
5 =0 at t=0, lac + Idc = 0 at t=0.
T lac(t)

fault . Att=0, Itotal(t) = lac(t) + Idc = 0

OCccurs

@t=0



DC Offset

» Fault at positive-going voltage zero crossing, results in
l,c = - max, therefore I = + max

A

Itotal(t) = Tac(t) + DC offset
DC offset
v(t)
Iac(t)= steady
state current
-///// Time
Time of fault L constant and R = 0
occurance

i(t) =1iac(t) +idc(t) = Yina lsm(a)t +a—0)—sin(la—0)e L ] O is the angle of Z

V —& VmaX VmaX VmaX
i,.(t) = — r;axsin(oc —0Q)e L =— 7 sin(0 — 90°)e™Y = — 7 * —1%x1= 7

\Y%
i .(t) = %sin(wt + 0 —90°)



DC Offset

* Fault at negative-going voltage zero crossing, results in
|,c =+ max, therefore I, = - max

v(t)

Iac(t)= steady
state current

N A

occurance
Itotal(t) = Iac(t) + DC offset



DC Offset

Fault at max voltage results in min DC offset current

fault @ V. then per ELI, i(t) is at a zero crossing so DC Offset = 0 A.

now Iaq(t) = Itotal(t) because Idc(t) = 0

-
N

|
|
\ 4

Time
o=90°

Time of fault Lis constantand R =0, 0 = tan' (X/R) = 90°
occurrence

Rt Viax .
i,.(t) = %sin(a —0)e L = Za sin(90° — 90°)e~°

\Y/
%sin(m)e‘o =0A

i(t) = iac(t) + idc(t) = V;ax [sin(wt + a — 0) — 0] = V;ax [sin(wt)]
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DC Offset

Fault at Voltage Zero when R# 0

« The higher the X/R ratio, the longer it takes for dc offset to decay to zero.
 The smaller the R, the higher the X/R and the higher the time constant .

Exponentially
A decaying dc Offset

v(t)

i(t)

[/ \

\Y _Rt
i,.(t) = %sin(a —0)e L

Rt

V\

= i, (t) + dc offset
I,.(t)= steady state current
NV

7 —= [sin(ot + a — ©)]

>

/

a-0=90°

Time of fault
occurrence

L is constantand R #0

Time

1"



Why do we care about DC Offset?

1) Breaker sizing

» Slow breakers — may not be as critical to calculate the amount of DC offset
that is possible because the DC offset component may decay down to zero by
the time a “slow” breaker operates.

» Fast breakers — may be more important to calculate the maximum amount of
DC offset that is possible as it may still be present when breaker opens.

2) Instantaneous overcurrent relay (or 50DT relays with very short time delays)

« May be important to calculate the maximum possible DC offset for older E/M
and some Static relays that do not filter out the DC component.

* Modern digital relays use filtering e.g. DFT filtering that filter most of the DC;
therefore, it may not be as necessary to calculate the max asymmetrical fault
current.

3) CT Saturation Calculations (CT dimensioning, CT modelling, etc)
4) Event Analysis

5) POW (Point-On-Wave) switching
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1) DC Offset — Breaker sizing

System planner says a 2-cycle breaker is required for maintaining system stability
How big a breaker do we need to specify in terms of fault interrupting capability?

Offset will vary depending at what point on the waveform the fault occurs
Size breaker for worst case conditions — max possible DC offset, V zero crossing

R

L
From the simple RL circuit: I __>_(.. o
@ i(t) Fault

Assume Vrms = 2.4 KV, R=0.1 Q, X, =2 Q:

lac(RMS) = —— =229 — 1199 . —87° A ~ 1200 A
R+jXL 0.1+j2

Multiply this RMS value by V2 to get the peak value, which will be the max
possible DC offset:

Ipeak = Idcmax = V2 * [ac(RMS) =2 * 1200 = 1697 ~ 1700 A

13



1) DC Offset — Breaker sizing (continued)

The DC offset will exponentially decay with time constant t, based on system X/R
from the source to the fault location (the higher the X/R, the slower the decay):

X 2

L
T=—= = = 0.053 seconds
R  wR 377+0.1

The transient DC offset will be:

t t
Idc(t) = Idcmax * e = = /2 * lac(RMS) x e =

At the 2-cycle breaker interrupt time (2/60 = 0.033 sec):

0.033

[dc@2cyc = /2 * 1200 * e 0053 = 905 A

The total transient RMS current, accounting for both the AC and DC components:

Itotar = V1ac(RMS)2 + Idc@2cyc? = V12002 + 9052 = 1503 A (2 cycle breaker)

= 1207 A (for 8 cycle breaker)
so DC portion is almost fully gone
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2) DC Offset — Instantaneous Overcurrent

Substation
fence

138 KV I

22.4 MVA
Xt =15% at 22.4 MVA

| 1 ? S_ 24.9 KV [ 1
L1 L1

‘ é 3
AY

50T

N
- Feeder

Set > max asymmetrical fault current for LS fault as seen by HS relay (E/M relays):

inrush; asymm LS fault < 50T Pickup < min phase fault on HS
lasymm = 1.6 x [F SYM (1.6 is rule of thumb)

Max DC offset is V2 * Iac

2t

t
I(t) = \/IClCZ + Idc(t)? = \/Iacz + (\/—*[ac* e 1) = Iac\/l +2e 7

At t = 0, max total fault current is V3 % Iac = 1.732 * lac

Because there are no 0 cycle breakers, a general “rule of thumb” is to use the 1.6
factor, instead of the theoretical max /3 factor.

Instantaneous Overcurrent relays are not truly “instantaneous”, and they may also
have a time delay setting making them a Definite Time relay, so depending on what
the time delay is set at, the DC offset may not need to be considered e.g. < 30 cycles
or so (to be very conservative), then may disregard DC.
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3) DC Offset — CT Saturation

INPUT PARAMETERS:
Inver=e of sat. curve slope =
RMS voltage at 10A exc. current =
Turnz ratio = n21=
Winding resistance =
Burden resistance =
Burden reactance =

System X/R ratic = XoverH =

Per unit offset in primary current =
Per unit remanence (based on Ws) =
Symmetrical primary fault current =

G =
e =
M=
Rwe =
Rb =
¥b=

Off=
Lrem
Ip =

ENTER:

22

200

40

0.300

0.500

0.500

12.0

0.50

0.50

2,000

voltz rms
ohms
ochms
ochms

=1=0ff<1

damps rms

Saturation Curve

\mfg r's

data

log-log plot,

equal
decade
spacing

IE

ampsrms 1

Lamzat =

CALCULATED:

Rt = Total burden resistance = Rw + Rb =

pf= Total burden power factor =
Zb = Total burden impedance =
Taul = System time constant =
Peak flux-linkages correzsponding to Vs
Radian freq =

RP = Hmz-to-peak ratic =

@ =

A = Coefficient in instantaneous ie
versus lambda curve: ie = A * "5

dt = Time step =

Lk = Burden inductance =

Thick lines: |deal (blue) and actual {black) secondary current in amps vs time in seconds.

Thin lines: Ideal (blue) and actual {black) secondary current extracted fundamental rms value, using a simple DFT with a one-cycle window.

120

100 +

With DC Offset = 0.50 pu

0.300
0.848
0.543
0.032
0.750
376.99
1.34584

1.61E+04
0.000033
0.00133

A

A

TAY

_%

/

/

w \

[\
\

[\
\

0.000

0.7

0.033

0.050

0.067

0.083

0.100

0117

0.133

0.150

With DC Offset = 0.75 pu

ﬁ

/

0.000

.oy

A
\Y

0.050 o

0&vT 0

0&3 010

| 0117

Vi \

-\.--\.-

chms
ochmz
seconds
Wh-turns
rad/s

seconds
henries
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4) DC Offset - Event AnaIyS|s

e A \ \ \
Severe DC offset can result in missing or deIayed f J] \ WW f H ww M\ ‘ W f/ \.I .NI / [\”\ ‘M fl‘\"\l‘JH\ ]Hm “w’
ww s zero crossings which can damage breaker and HJ ‘ i \ ‘\ |1 ‘\ I, .f‘ U\‘ \ “ : r\
| other eCluipnt:(Tnt, endanger personnel, and cause W ‘J |/ .u'( HMI{ H ‘JI\" HI ] {“(m i || ‘l\/u J Mf\f"u”x” /u
v | system instability. m.‘-'-m‘,‘, Ty ,
LA Il t Mu“' Il I AAMAARARARAARAS HLAMAAL
| i W | MM\J‘ M il U“ Jf;,u” AT ﬂ( MANARANA
=m | Different relay protection elements may look for r :
a zero crossing to process the measured current Awwnr\v\ Nr--ur\Jr\lylﬂ.uﬂwr\un.\ﬁf\r :
w7 —| and detect the event, resulting in delayed ,J- """ "‘m;\ """" -
J ! IJ J . i
tripping if there are delayed zero crossings. Jv\fwwv)m,fv\fv«f\/m«w\/\W\J W —
-2.02 2.02 - ,
IC(W 000 7 ,‘
A A S A VAN A AV AV AV AV A VAV AVAPAPAVAVATAV Al f‘f\f\f\fv\/vv\m\f\/\f\f\;\f\f\ﬂ\f‘f\r’u'\f\;’\f\f\/%fwv\/wwt\f\tL VAFAVAVAVAVAVAVAVE J‘Jﬁ \ *\f\fl AYAYAVAYAY,
027 027 437 V4
la (A) 0.00 13.71 , F------------------I
I
I
1
: | y lfv\/\/vv\mmvv\/\l/\m\/www—
WA A \ i Ty «l"(“wM H A i Y
{73 ;
‘ ‘ ‘ , i 1500
I ‘\ J |
: / M/ “luv ,,/ ;3:20:56.531 Tripped Time: 08:20:58.000 |Mark 1: 08:20:56.581 Mark 2: (8:20:56.581 NUM
P ]
2% ’ I
I 4
: k Most breaker’s are designed to interrupt the fault
: WU current at a zero crossing. If breaker interrupts
: W current with no zero crossings, it may not be able to
: extinguish the arc resulting in extensive damage.
1
B _ = = —===== Gen breaker should be rated to interrupt current
s s ms s sms s s s s s SmmmRE s mmmssmm====2] with DC offset including with delayed zero crossings.
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5) POW (Point-On-Wave) switching

Consider the transformer inrush current when closing in this GSU HS breaker which energizes

t

he xfmr pack (GSU + 4 UATs) during startup or to back energize the plant load during outage:

Transient mitigation strategies such as pre-insertion resistors or surge arrestors, only dampen
the transient after it has already occurred.

POW (Point-On-Wave) switching can prevent DC offset current before it occurs i.e. to
energize xfmr pack, close breaker at Vmax to give min DC offset i.e. min inrush current.

However, must also consider possible residual flux in the GSU and UATs.

By
St

B
St

GSU
700 MVA

=, T = L Ea

345 KV

u\ [9

POW device was added here to close A-
phase at Vmax and delayed closing of B
& C phases by 7 cycles to automatically
demagnetize the residual flux in the
cores of the transformer pack.

Ld Ll
1 MM
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Next, discuss the AC portion of fault current:

What is the generator decrement curve?
* This is the amount of fault current that a generator can contribute to a fault

with respect to time.

* ltis the time-decaying AC component of the total fault current for faults
near generators due to the varying generator reactance.

NOTE: For faults far away
from a generator, the AC
portion of the total fault
current does not decay. Only
the DC portion may decay.

Vmax [Sn(ut +a )] @

P YN AAA—

jXd” = subtransient reactance
jXd’ = transient reactance
jXd = synchronous reactance

_—

i(t)

R

X Fault

19



AC portion of the total fault current

Generator Short-Circuit AC Current Decay

Subtransient period
. (0 to 20 msec)

\
/ Transient period

'~ X' (20 to 500 msec)  Steady State period
S < _‘q.‘\ (> 500 msec)

1 _Tr:.ﬂ._\ _ﬂ ?UZ‘_XE P Xa_
AT
O__,_____ TR IS &J__‘&w—_ﬂme

j - AU Actual
- ,—,U-" Envelope
Q Extrapolation of

I.’ Extrapolation of  Steady Value
Transient Envelope

Short-Circuit Current

r'
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AC portion of the total fault current
Generator Decrement Curve Equation:

—t —t
Iac(t) = (Id" — Id") = eTd" + (Id' — Id) * eTd" + Id

« Represents the fault current decay after the generator breaker opens,

but prior to the field breaker opening assuming no field forcing.

Example calculation of the AC portion of the fault current that a generator can
contribute at 0.50 seconds to a 3 fault:

Iac(t) = Ipu = Ibase

' t t
Iac(t) = |(Id" —Id") e Td" + (Id' — Id) x e Td" + Id] x Ibase

[ 1 1 __t 1 1 _t 1 Sgen
lac(t) = ( )*e Td”+< )*e Td’ N

Xd' Xd Xd Xd T xd|” 3 « VLL
raeo < |2 1 050 (1 1)\, 90 1) 700M
- —_— k . —_ * . *
*=10224 0295/ € 0.295 1.66) °© 1.66| V3+19K

Iac(t) = 54,298 priamps



AC portion of the total fault current

» Mfgs typically provide the generator decrement curves with
time on the horizontal axis:

ESTIMATED SHORT CIRCUIT CURRENT DECREMENT CURVES

TAKS—ZP—?OOOGDkVA—SBUDmm-LCH—I S000V-21271A-60Hz-0.85PF-H ,PRESSURE: 65psig
{ FOR 3 PHASE )

15

-+ SYMMETRICAL RMS ~ | ||
—— ABYMMETRIGAL RMS | |/
---- STEADY STATE

10

SHORT CIRCUIT CURRENT (PU)-

0 10 20 30 40 50 60
TIME AFTER SHORT CIRCUIT (CYCLES)

 Whereas when plotting the gen decrement curve against
your 51V curve, then time is typically on the vertical axis.




AC portion of the total fault current
I(t) and X(t) are inversely proportional:

A
I'*ﬁ
\|
N
T~ (o)
I’ - ‘\ \\ |
| T — |
l — — +_
I 4——a4 - + T === ==
| |
| |
| |
| | _
tl ta
A
X(t
. J________ X w.
d ‘ P——
|—
e
—_— |
—
— |
/ ‘
>< I o ’/
d \ — |
= |
xd"fel‘ }
| | —
I I —
tl ta
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AC portion of the total fault current

When to use which generator reactance: Xd”, Xd’, Xd?

Instantaneous relay pickup (e.g. 50) criteria may use fault current
calculated from just the Xd” subtransient reactance.

Use the generator decrement curve equation to calculate the fault current
at a certain time if you want to account for the relay’s operate/pickup time.

Or if it is a definite time relay then may calculate the fault current at the
relay’s time delay setting plus the operate/pickup time.

Transient stability studies may use the Xd’ transient reactance although
some transient stability study software may use all 3 reactances with the
generator time constants.

Fault studies may use Xd” or Xd’ or some fault study software may use all
3 reactances with the generator time constants.
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Total fault current: i(t) = iac(t) + idc(t)

« Asymmetrical Fault Current — Asymmetry with respect to the time axis
indicates there is some DC offset current present.

* Unsymmetrical or Unbalanced Fault Current — Current from unbalanced
faults (PP, OG, PPG). NOTE: Some resources may interchange the terms
asymmetrical, unsymmetrical, and unbalanced. | prefer not to use the term
“Unsymmetrical” at all, and instead just say “Unbalanced” faults or if | am

referring to the symmetry of the current waveform relative to the time axis, |
use the term “Asymmetrical”.

Total Asymmetrical Current
DC Component + AC Component

T /\/\/\/\/\/\ ------- -
[TTTVTVTT e
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Total Fault Current

ISystem

Current '\ lgen Current Decay
K\ IGen ISystem
Power
'\ System

0 Time
__ Generator

Breaker Trips

After the gen breaker trips, the system contribution to the fault is cleared
immediately.

The generator contribution will take some time to decay based on the
generator’s time constants due to trapped magnetic flux.

If field forcing is applied, the decay will be slower.

Then, when the field breaker is tripped, the excitation current to the rotor is
cut off causing field flux to collapse, further accelerating current decay.
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Total Fault Current

3P gen fault current, total = AC + DC

ntn AR AT I
< O[TV
S IUY> —  Phase A
s Ad
DC Component
Effect of DC Offset
shifts are different
= I\ DC Component
on each phase ® 'W‘Hﬁ[\
ST A RAR
0 VWY L' Time
Phase B
8_ [ ] i)
0 U Y Time
Phase C

4 DC Component



Per Unit Math

Short Circuit Calculations
e Calculate the RMS symmetrical short circuit current:

o | = g (ac portion of the fault current)

 Where V is the RMS driving voltage

« Zis the thevenin equivalent system impedance from the fault point back
to and including the source

* max asymmetrical (ac + dc) fault current = 1.6 * symmetrical fault current

« When doing fault calculations using actual values, must
transfer impedances thru transformers:

V12 + + %

« This can get a bit tedious. Per Unit math to the rescue.

28



Per Unit Math

Parameters fall into relatively narrow range, so can more
easily identify incorrect values

Convert all system parameters to a common base
All components at all voltage levels are combined

Transformers become “transparent” to calculations
regardless of winding configuration

Operating system current and voltage values can then be
derived

Can use pu or % but pu has advantage in that pu*pu=pu;
whereas %*% must be divided by 100 to get %

v Always use pu for calculations by hand, rather than %

29



Per Unit Math

Establish two base quantities:

« S;, — Base Power — 3 phase
- V  — Base Voltage — line to line

= QOther quantities are derived with basic power
equations

30



Per Unit Math

Sbase
Ibase —
3xVLLbase
V 2
Zbase — LLbase

S base



Per Unit Math

, actual
per unit =
base

Vpu — Vactual
L/base

I — Iactual

i Ibase

7 = Zzactual

pu
Z base

32



Per Unit Math

2

Vbasel S base?
k Xk

Loz = Ly

2
VbaseZ S basel

* Only use at same voltage level where slightly different voltage bases exist.
« NOTE: Do not use this equation to transfer impedance
from 1 side of xfmr to the other.

SbaseZ

Z. ., =2Zpu
bz 1>I<Sbasel

« Use if equipment voltage ratings are the same as system base voltages.
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Per Unit Math

e.g. using per unit math to easily calculate fault current thru transformers:

GSU Dist. XFMR
57.3 MVA 72,8 MVA 22.4 MVA
= N, 13.8 KV 4t 115KV R ¥
| é U Bid 7,=055+4470 Bid o
Xd'=0.245 pu AY Ay ault
Xgsu = 13.85% Xt=15.27%

Gen Relay

« What will Gen Relay see for a 3® fault on the 24.9 KV Distribution Line?
« Get all impedances on same base then can add directly.
* Define Sbase = 57.3 MVA

« NOTE: For gen relays, use gen max rating for Sbase, whereas for
transmission protection fault calcs, typically use 100 MVA as base

34



Per Unit Math

Xd = 0.245pu

Sbase new

57.3

Xgsu = Xold * (

Zactual Z, _ (055+]447) _

Sbase old

) = 0.1385 * (?8) = 0.109 pu

° Z — =
L Zbase S_‘;)LL_
ase

Sbase new

Xt = Xold (Sbase_old

= 0.0024 + j0.0194 pu

1152

57.3

) = 01527 « (22) = 0391 pu

35



Per Unit Math

Xd’ Xgsu Z, Xt 30 fault
— VN NN AN AN
Vg o
e Ipu = vpu : : = 1.3 pu

Zpu  Xd'+Xgsu+Z;+Xt  j0.245+j0.109+0.0024+j0.0194+0.391

57.3 %1000

* Jactual = Ipu * Ibase = 1.3 * 5138

= 3116 pri amps



Symmetrical Components

“Provides a practical methodology for
understanding and analyzing power
system operation during unbalance
conditions”

“In a sense Symmetrical Components can
be called the language of the relay
engineer or technician”

Protective Relaying - Principles and Applications
J. Lewis Blackburn



Symmetrical Components

« Standard power system equations assume a balanced
3P system.

 What to do when it is not balanced?

* Need a technique to de-construct the unbalanced
currents into a set of balanced currents to do the
calculations.

« Symmetrical Components to the rescue.

* On 6/28/1918, CL Fortescue of Westinghouse
presented a Symmetrical Components paper at an
AlEE conference.



Symmetrical Components

Purpose:
From the relay’s measured voltages and currents, symmetrical component math
is used to calculate sequence components.

Why it is important to understand symmetrical components:
Because multi-function numerical relays use symmetrical component voltages and
currents for some of the protection functions:

Setpoints

Wiew Style
@ Becoview (7) Explorer

58 ) [Lse | [s5e | Lms] [ 2

Phase Phase Inst. Phase Time Directional Recloser
Undervoltage Overvoltage Overcument Overcument Overcurmer Synchrocheck i Relay

(_2re ] [ _sopp ~TT e~ (32 | [ 79 Sequence |
Phase to Phase to i nverse Time . . Cirectional Trip Recloser
Phase Phase Meg. Seq. eg. Seq. irecti Power Het Line Tag Sequence
Undervoltage Cwervoltage Qyercures ~

[ 2w |

Undervaltage
sl
Residual
Cvervoltage

50BF o [ s0HCL |
Ground Inst. round Time Ground Breaker Fallure High Cument
O\rercurrent O\rercun'errt D1rect|ona| Restoration Lockout
TN I TN O T 27 B5SVS
Residual Inst. R sidual Time Hesidual i
O\rercurrent O\refcurrerrt rectional Frequency

——

Negative
Sequence
Suapuabefc

Ground
Sensitive
N

Gmund Ground
ens rtwe T'me Sen rtwe D|r

B1F{

Rate of
Change of
Frequency
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Symmetrical Components

Examples of Protection functions that use symmetrical component quantities:

; 31,
Blascler B v v v M
. —
T~ Mhe Unkt IG ®

it i
F / Swing Locus J
Superising \’;; / L

Mo Characlenahc

87GD — Ground Differential

78 — Out-of-Step (Zero-Sequence Current)

(Positive-Sequence Impedance)
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Symmetrical Components

Examples of Protection functions that use symmetrical component quantities:
(Continued)

> 1, 3 m :

________________

. \/ 3 3V, )
I The ratio (umsru }DE( """um) > Pickup
Cc
46 — Negative-Sequence Overcurrent 59D — Third Harmonic Voltage Ratio

(Zero-Sequence Voltage)

Y|



Symmetrical Components

Examples of Protection functions that use symmetrical component quantities:
(Continued)

ol

AAA/
AYY Y

Irgif=

L
f_‘-’_,-,-[-.-\

farny

s—

59N — accelerated ground overvoltage scheme with V2 and VO supervision

* Vo > V2 for GSU low side ground faults
* Vo < V2 for GSU high side ground faults
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Symmetrical Components

Each phase of voltage and current is made up of 3 separate components (or
sequences) such that the sum of these components make up the total:

IA IAO0 + [A1 + [A2
IB IBO + IB1 + IB2
IC = ICO + IC1 + IC2

Although the phases are unbalanced, the individual sequence networks are
balanced.

This allows us to go from 6 degrees of freedom to just 2.

Any individual sequence component can never exist alone in 1 phase i.e. if
any sequence is in 1 phase, then it must exist in all 3 phases.

And each sequence component must be equal in magnitude in all 3 phases.
|IAO, IBO, and ICO also have equal phase angles.

While 1A1, IB1, IC1 and IA2, IB2, IC2 do not have equal phase angles, but
they are always 120° apart as defined.
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Symmetrical Components

Sequence Phasors

IC1 IB2

.
IAl1 1A2 ?:ICO
o e

Positive Negative Zero

Zero sequence phasors are of equal magnitude and in phase with each other.
Zero sequence phasors do not rotate in sequence, but they do still rotate in time.
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Symmetrical Components

“a” Operator or “a” Phasor

« Shorthand method for representing 2 of the phases (typically B and C), using
the reference phase (typically A phase) shifted by the appropriate phase angle.

« “a” rotates a vector by 120°

« “a?’ rotates a vector by 240°

a=1,/120¢°

1/0°

a’=1. 240°
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Symmetrical Components

Combine Sequence Phasors with “a” Phasors

« To represent them all in terms of one phase (typically A-Phase)

IC1=alAl IB2 = alA2
I1AQ

IBO =1A0
ICO=1A0

IB1 = a2IA1l IC2 = a2|A2 J

\\\

Positive Negative Zero
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Symmetrical Components
Sequence Network Equations

* Re-write the phase equations with “a” operators included
» If no phase designation, assume it is in reference to A phase:

[A = A0 + [A1 + A2 =10+11+ 12
IB IBO + IB1 + IB2 = IA0 + a?IA1 + alA2 = 10 + a?I1 + al2
IC ICO + IC1 + IC2 = IAO0 + alAl + a?IA2 = 10 + all + a?I2

» Solve simultaneous equations for sequence quantities:

10=1/3%(IA + IB + IC) 310 = 1A + IB + IC
I1=1/3%(IA +alB + a2IC) 311 = IA + alB + a2IC
12=1/3*(IA 4+ a?IB + al(C) 312 =1A +a®IB +alC

Negative-sequence and zero-sequence quantities typically only exist during system
unbalance or unbalanced faults. Therefore, protection functions that operate on
these quantities can be set to be more sensitive.

Same equations for voltage or current
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Symmetrical Components

IN = 3lo proof:

IN=IA+ IB + IC
IN = (IA0 + IA1 + IA2) + (IAO + a?IA1 + alA2) + (IAO + alAl + a%1A2)

IN =3140 + IA1(1 + a+ a?) + IA2(1 + a + a?)

N g — A
Af“\:f"“\. < B (1+a+a2):O
m‘lo_)i =
— a=1.,120°
fi
) 1/0°
!.L a’=1/240°
T IN = 3140
IN = 310

310=I1IA + IB + IC

IN 48



Symmetrical Components

Example Calculation using sequence equations

« Given the following unbalanced currents:

la = 148.7 £3.3°
Ib = 49.3 £142.3°
Ic =41.22£198.6°

« Calculate the symmetrical component values using the equations:

Ia0 =1/3 x(Ia + Ib + Ic) = 25 £20° Ib0 = 16;0 = 25220° o
Ial =1/3*(Ia + alb + a*Ic) = 50 £0° ;Z; - a1131_=720441%9
Ia2 =1/3«(Ia + a®Ib + alc) = 75 2£0° = ala2 =

Ic0 = 1Ia0 = 25 £20°

Ic1 = alal =50 £120°
Ic2 = a”la2 =75 £240°

http://www.relaytech.com/symcomp calculator.htm

12 7499 0.00
Base - |
- 49



http://www.relaytech.com/symcomp_calculator.htm

Symmetrical Components

For short circuit calculations to connect the sequence networks for
different conditions, must know how to represent different equipment:

Symmetrical Components
Network Representations

Z,
1 pu@% I,
Positive O
Sequence Z>
— VW=
I,
Negative O
Sequence Zo

Io

Zero Sequence
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Symmetrical Components

Short Circuit Calculations

Symmetrical Components
Transformer Representations

Ho——wv\——0L
ZiorZ;

O O
N1orN:

Grounded Wye - Grounded Wye

Ho—"/V\»—o0oL
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Symmetrical Components
Short Circuit Calculations

Symmetrical Components
Transformer Representations

Ho A oL
Zl or Zz

O O
N1 or Nz

Delta- Grounded Wye

HO—O MA/ oL
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Fault Types

Most faults are ®G faults:

/7% of faults are G
12% of faults are PP
7% of faults are PPG
4% of faults are 3P

Fault Sequence network involved
30 positive

Ol positive, negative

OG positive, negative, zero

OPG positive, negative, zero
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Fault Types

3® Fault — represented on a 3 Phase Diagram

. ZCDM }
)
G ™
Co -~ BO
L z0
V4
T L, X

LO



Fault Types

3® Fault — Sequence Network

VA
VY —

1 pu I,

O

Positive Sequence

Question: Why is the sequence network for a 3® fault represented
with this circuit connection and with no
negative or zero sequence circuits?
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Fault Types

Answer: Ildentify Boundary Conditions and solve sequence equations.

(sam: as 3¢ -6n0 FavLT)

A — By

enl B O Za= Zar
{/c;) _?/ o :"IJ_: Vo .lr/. =0

po
@ Ve = Y = o = 0O

7
)
J L _.f:}j ,‘\Jc_ ea Th
—x /__ v,f_,;

—_—

. +al 74 a )z"l :)

Tar= 3( Ty 7
= ol . z.
&) = 5(Ta+ a*Tnt o Ta )
w =2 (Tt In +Tn) == _Zar= Zaeg ~T 7 1c
Thz = F (’{ Iy + A dp+ ale)
— L T " £ - ¥ '\_
(%) = z(dat+ a’'Ta+ a Ta)
LTa(lta+ar) = Iiz =0

Vao - j f( Ve, + lffs_:-J 7 J/N,f'
= % (Vg + Vao + Vae ) = Moo = O

Vai = 3 Vag + aVe + o Ue ) = a1 = O

$( Vao + a?Vass a Vo) = _az SO

@ Vo

_: QUENCE, s TuwioRY

.
_"/' T4) LAt - "-Eﬂl'_'
!'I_.';.";,J ]’\,_ ¥ ESR—— ! 7"{
o - [T Taa i
Yy T L )
Vag N ) v.(,




Fault Types

®OP Fault — represented on a 3 Phase Diagram

. Z@%
)
G ™
Co_ T B
1 Wﬁ% X
N
L x




Fault Types

QD Fault — Sequence Networks

Z
WA ~
1pu (v I

Positive Sequence

Negative Sequence
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Fault Types

Dy®
0

@

3

2 -C FAULT
2. C.

B~ - = — {fj' Is = '_:]-C_.
— e ® Ix=0
E«In Iy :%1;, @) L-"]ac—, = [/3_{1

Tho = 3(Ta+Te+ Te)
Tao- {0+ Te-TIe)

= | Zao = O

Xk = —.Ls )
Tao + a®>Tm + ada: = ~ Tao — ala ~a Thr
= _JTay= —Taz

(o™ C’RBT-’IL = (oty o) Taz
Var = 3 (4o + a Ve + a*Mea)

Var = 3 ( Vag + aVee +.0° Vraf—,) @® —
Vaz = % (Ve +a*Vee 4 a Vee, D —Z\
2 =% (Vao* abhet aVhs) @ ——= _Va1 = Vaz

:.I-.I ] I&J F
T

"'fﬂr

7 ]

—i T}

]
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Fault Types

®G Fault — represented on a 3 Phase Diagram

W\/E)m—/\/\/ X
A‘I@G N
o ] )
L WGy
WA AN,




Fault Types

®G Fault — Sequence

-_—
©
c
4@7
-
[T
X

Positive Sequence
Z>
— VWV

I,

Negative Sequenc
Lo
EnAVAVAY

—

Io

Zero Sequence

Networks
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Fault Types

)
®

=

A -G FAVLT

A — _B.C.
B O bhe =0
c & Zs = Te=0O
{3) ZA = L'F
Vae = O - Voo + Va4 V= = O

Ie = Te

Tho+ a*In + aTpe = Zdo + a Lo # a"Tae

(a*-a)Ta = (27-a) Taz e
In = ©
Tao+ 0°Tar +a Taz = O
Thac + aTamit alam = O
Tho = = (e™+a) Tal

Zar = Taz @

H:‘Haa‘. o /= —(‘H(’PB.

Tao = Ta = Tao = Ta, = Tas
L= Ty F
N
Il’:"ué L..:“ I'R Elil“-' + 1/-4‘
ar =V — &, Ta

En Fa=
J’?’N:- e ;—)——_]

- T
Vﬂ z

. B -
Fo Tag ]
——#’b m‘-_——-_‘p__,q_,‘_ —
f Vio
= -t

0= Z.Tne + Vaz
Vae = — Z.Taz

',/ch = T '?.u I,-d.-:,:
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Fault Types

OPG Fault — represented on a 3 Phase Diagram

AD
)
G N
Co BO 0
e ww

N
A

yAQ)




Fault Types

PDG Fault — Sequence Networks

1pug\% 11

Positive Sequence
Z2

.

12

20

o [

Zero Sequence

Negative SequencT




Fault Types

B-C-6ND  FAuLT
_,q. —_— B' Ca
S W Za=0
. — - S W — @ VBG s L”é"v : O
& :] Iy ?1?:,
7
0 Ty =0 - a4 Ta + Tae = o
Wao = 9;‘ (Vﬂf-: + Ve 4 1,"‘@,,')
@ | Vao:=% Vag @
Va1 = _\L.:}li Ef::'lc, + ab”ﬂ&,'l- uabf»_c:,)
© Va5 Wag @
V-“Ll = J‘j {:b’:v"l(.-l o’ L”g(., 4 o VC&B
@ Ve = E VAE. &
G & G = Voo = a1 = Vae
;-zl I*I F
ek L B e —X _
12 (& Vi Var = =& Tan
— Fr T.-u \)-—.._..‘g UAZ = - 'Z'Z I.ﬂ‘!
-
'I.i",q-; N
7 S— Vao = = ig'l-nko
——v—/_%;—'—g'u————r}-—-;—
L______“ Vo
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Fault Calculation Examples
Generator Fault Calculations for (5) Cases:

1) 3O fault on LS of GSU

) 3® fault on HS of GSU
) @G fault on LS of GSU
) @G fault on HS of GSU
)

« LS =Low Voltage Side
HS = High Voltage Side

A~ W N

V2 & VO calcs for LS & HS ®G fault for 59N supervision

&)

GsU
st 700 MVA
700 MVA Gen D High Side

345

Break r r
|| [ f?\ 19 KV = ? S_ o
L N 3 l]

M N

KV
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Fault Calculation Examples
Generator, NGR, GSU, and System Thevenin Data

« All values in per unit at generator base of 700 MVA.
« Ignore generator, GSU, and system thevenin resistances for ease of calculations.

Saturated Unsaturated Time Constants
Xd” 0.224 0.260 Td” =0.025 seconds Tdo™ =0.031 seconds
Xd- 0.295 0.324 Td* = 0.9 seconds (3@ short-circuit) Tdo” = 5.1 seconds
Xd 1.66 1.83 Td* = 1.4 seconds (@& short-circuit)
Xg2 0.224 0.260 Td* = 1.6 seconds (@G short-circuit)
Xg0 - 0.128

Note: Xg2 = Xd” for nonsalient machines. This is a round rotor machine.

N 2 2
Rgpri = NGRpri = NGRsec * (Zgif;) = 0.26 * (12320) = 2169.47 Qpri

3%V 3V Vv 19000
Xgl+Xg2+Xg0+3Rg 3Rg Rg +/3%216947

Rg limits ground current to 3lo = = 5.1 Apri

NGRpri __ 2169.47

ZbaseLS 192
700

Rgpu = NGRpu = = 4206.7 pu

Xt =0.123 pu
Xs1 =0.104 pu, Xs2 =0.104 pu, Xs0 = 0.093 pu
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Fault Calculation Examples

345 KV
GSU
MOWA . 2o
19 KV reaker T Hiﬂgas:‘re ———> System
| C /A T 36 e
13 L
AY
Draw m L|
Sequence Networks -
Xg1 Xt1 Xs1
Positive Vg (. ) Vs
Sequence
Xg2 Xt2 Xs2
Negative
Sequence
Xt0 Xs0

Why 3Rg?
\ Xg0
Zero

3Rg
Sequence
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Fault Calculation Examples
Why do we multiply Rg (NGR) by 3?

* The zero-sequence network represents 1 of the 3 phases where 1pu lo flows:

A Phase B Phase C Phase
gl ¥l ¥sl Igl m ¥el xn
Xg2 2 Xs2 g2 X2 Nsi g2 X2 K:i
AR AN AN AN AN AN AN
Xt Xs0 Kel X XsD i Xt X0
L—&?\,— A A L—«ﬁx\,— A A C o8 A A
W= Rg > W=
1 1 1

« With equal current in all 3 phases, lo adds to 3pu current that is flowing up the
ground and thru the NGR.

» Therefore, the voltage drop across the NGR in the zero-sequence network is VNGR =
3lo0*Rg (or if it is re-arranged VnGr = 3Rg*lo).

« This means that the impedance of anything connected between the power
system neutral (or star point) and ground must be multiplied by 3.
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Fault Calculation Examples

Case 1) 3O fault on LS of GSU

345
GSU

sTe 700 MVA
700 MVA Gen Z=12.3% High Side
Breaker Breaker
— D\ 19kv ¥ 3¢
L

0.26 Q

I, - 3
m 30 fault A“f]




Fault Calculation Examples
3 phase fault on low side of GSU

» Assume no fault impedance, Rfault =0 Q
« Only positive sequence network is involved for a balanced 3 phase fault

* No negative sequence or zero sequence circuit connections for this fault type

Xgl s3pfaur Xtl
Xg1 is 3 reactances, — :
decaying over time:

Xd”
Xd’
Xd

Vg

3Rg

) Vs

Xsl
) Rfault=0Q [
|
Xg2 Xt2 Xs2
Xg0 Xt0 Xs0
SV
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Fault Calculation Examples

3 phase fault on low side of GSU - Subtransient

First, calculate the subtransient fault current (use Xd” for Xg1).
Assume system voltage is at nominal value prior to the faulti.e. 1 pu.

Assume all sources are in phase and of equal magnitude, which is
equivalent to neglecting prefault load current.

Therefore V =Vg =Vs =1 pu at 0°, and network reduces as such:

Xgl

Xt1 Xsl1
—AAAAN
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Fault Calculation Examples

3 phase fault on low side of GSU - Subtransient

« Calculate Xeq (using Xd” for Xg1):

Xgl*(Xtl+Xs1)  0.224 % (0.123 + 0.104)

Yeq — — = 0.112745
U= Xg1+ Xt1+ Xs1 0224 + 0.123 + 0.104 pY
Xeq
Ifot
v (o
 Calculate ltot: Ia = Ial + Ia2 + Ia0
[a0 =1a2 =0
11 = Itot = Xeq ~ 0112745~ 8.86957pU  [p—lal=11 Ib=a21 Ic=all
Vo=V2=0

Vli=0=Va=Vb=Vc
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Fault Calculation Examples

3 phase fault on low side of GSU - Subtransient

« Use current division to calculate the gen and system contributions:

Xgl
> AN
e
ot | xg1  Xsl

V(Y Is

o, KEL+Xs1 @ o, 012340104 e
= * = O. * - a,
gt = O N1 + Xt1 + Xs1 0.224 + 0.123 + 0.104 pu
Xg1 0.224

Ispu = Itot * = 8.86957 * = 4.405 pu

Xg1l+ Xt1 + Xs1 0.224 + 0.123 + 0.104



Fault Calculation Examples

3 phase fault on low side of GSU — Subtransient
« Convert from per unit to actual amps:

loctual = Ipu * Ipgse

Generator contribution to the fault:

Id" = Igact" = Igpu" * IbaselLS = 4.464 709 » 1090 94,953 pri
= Igact" = u" x IbaselLS = 4. * = 94, ri amps
g gp /3 19 p p
System contribution to the fault:
700 = 1000 _
Isact = Ispu * IbaseLS = 4.405 = 93,698 pri amps on LS of GSU
V3 %19
700 = 1000

Isact = Ispu * IbaseHS = 4.405 * = 5160 pri amps as seen from HS

V3 % 345
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Fault Calculation Examples

3 phase fault on low side of GSU — Subtransient

» Alternate method which may only be used for 3 phase faults:

Xgl Xtl Xsl

1 700 % 1000

1
Id" = Igpu" = IbaseLS = ——* IbaselLS =

= 94,959 pri
Xg1 0224 3x19 prEATRS
o . I 1 700 = 1000
= * = * = *
A T PRI T T v Xs1 0 T 0123+ 0104 3+ 19

= 93,704 pri amps
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Fault Calculation Examples

3 phase fault on low side of GSU - Transient

« Calculate fault current using the generator transient reactance (Xd'):

1 o1 700+1000
X = X
Xgl Pt T 0295 T U319

Id' = Igact’ = Igpu’ = IbaseLS =
= 72,104 pri amps

* The system contribution will be the same as previously calculated.
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Fault Calculation Examples

3 phase fault on low side of GSU — Synchronous

« Calculate fault current using the generator synchronous reactance (Xd):

1 IbaselS 1 700 1000
* ase = *
Xg1 1.66 V3 %19

Id = Igact = Igpu * IbaselLS =
= 12,814 pri amps

« Compare the synchronous fault current to the generator rated current:

Srated 700 %« 1000
Irated = =
V3 *VLL 3%19

= 21,271 pri amps

» That is why cannot use 51 function for system backup protection. Must
use 51V instead i.e. because Id < Irated, use 51V function rather than 51
function (or use 21 function).

* The system contribution will be the same.
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Fault Calculation Examples
3 phase fault on low side of GSU — Summary

» Subtransient, transient, synchronous gen and system contributions:

System contribution System contribution
on GSU LS on GSU HS

Id” = 94,959 pri amps l l

Id" = 72,104 pri amps

Id = 12,814 priamps Is = 93,704 pri amps Is = 5160 pri amps
_ &— «—

Xg1 Xt1 Xs1

Vg () Vs

Id"” = 94,959 pri amps .
r o - Is = 93,704 pri amps Is = 5160 pri amps
Id" = 72,104 pri amps

é 345 KV

0.26 Q

Id = 12,814 pri amps
- GSU
16 700 MVA
700 MVA BSZL‘GF Z=12.3% Hégza?(i:re
/% 19 KV [ ] / ? F [ ]
s 9 L] X 3 L]
m 3O fault A
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Fault Calculation Examples

1000.00

100.00

10.00

Time (seconds)
=
=
=

0.10

(50,13 stator thermal curve
| 5 gen dec curve for LS 3ph fault
® o  |Sgendeccurve for HS 3ph fault
w51V @ 100% voltage

= ==« 51V @ 25% voltage

50 #1

s SODT #1

50 #1, 50DT #1, 51V curve

—t —t
Iac(t) = (Id" — Id") = eTd" + (Id' — Id) * eTd' + Id

— Id = 12,814 pri amps

Id’ = 72,104 pri amps

- 1d” = 94,959 pri amps

100000
pri amps at 19 KV

1000000
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Fault Calculation Examples

Case 2) 30 fault on HS of GSU

345 KV

GSU
700 MVA
mﬁTanA Bg::er Z=123% High Side
Ill_w E @ 19KV } s— Breaker
W '] 30 fault
Xgl Xtl Xsl
S x— AN\

~) Vs
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Fault Calculation Examples

3 phase fault on high side of GSU — Subtransient

Calculate the subtransient fault current contribution (use Xd” for Xg1).
Assume system voltage is at nominal value prior to the faulti.e. 1 pu.

Assume all sources are in phase and of equal magnitude, which is
equivalent to neglecting prefault load current.

Therefore V =Vg =Vs =1 pu at 0°, and network reduces as such:

Xgl Xt1
/\W/\ ANVAWA

Xsl
L A AN

<
/@
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Fault Calculation Examples

3 phase fault on high side of GSU — Subtransient

« Calculate Xeq (using Xd” for Xg1):

oo (gL Xe1)«Xs1 _ (0.224+0.123) « 0.104
®4= "Xg1 + Xt1+ Xs1 _ 0224 + 0.123 + 0.104

= 0.08 pu

Xeq

Vv

| Ifot

‘o

e (Calculate ltot:

Itot = —— =~ — 125
%" T Xeq 008 ““7PY
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Fault Calculation Examples

3 phase fault on high side of GSU — Subtransient
« Use current division to calculate the gen and system contributions:

Xgl Xtl

Itot . Xs1

Xs1 0.104

Igpu" = Itot =125 = 2.8825
gt = O N1 + X1 + Xs1 " 0.224 + 0.123 + 0.104 pu
1 o, XglAxil e 0.224 + 0.123 o c1e
= % = e 3K - .
SPU = RO 1 + Xt1 + Xs1 0.224 + 0.123 + 0.104 pu



Fault Calculation Examples

3 phase fault on high side of GSU - Subtransient

« Convert from per unit to actual amps:

700 * 1000
V3 * 345

Id" = Igact" = Igpu" * IbaseHS = 2.8825 * = 3377 pri amps

700 * 1000
V3 % 345

Isact = Ispu * IbaseHS = 9.6175 * = 11,266 pri amps
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Fault Calculation Examples

3 phase fault on high side of GSU — Subtransient

» Alternate method for 3 phase faults only:

Xgl Xtl Xsl

Vg () @ @ Vs

1
Id" = Igact" = Igpu" * IbaseHS = Xg1+ Xt1 * IbaseHS
1 700 = 1000 3376 Dri
—_— *k —_—
0224+ 0.123 3« 345 prt amps
VbaseHS

45
376 x —— = 61,299 pri amps

as seen on low side of GSU = Id *W_3 15

oo 1 7001000
k = *k
Xs1  Pas¢e 0.104 /3 « 345

Isact = Ispu * IbaseHS =

= 11,264 pri amps
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Fault Calculation Examples

3 phase fault on high side of GSU - Transient

1
Id' = Igact’ = Igpu’ * IbaseHS = Xg1+ Xt * IbaseHS
1 700 = 1000
= *
0.295+ 0.123 /3 % 345

= 2802 pri amps

VbaseHS _
VbaselLS

345
as seen on low side of GSU = Id’ * 802 * 19 = 50,887 pri amps

* The system contribution will be the same.

Calculate fault current using the generator transient reactance (Xd'):
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Fault Calculation Examples

3 phase fault on high side of GSU - Synchronous

« Calculate fault current using the generator synchronous reactance (Xd):

e - 1 b aselS 1 700 * 1000
= = * = * = *
gact = IgPU=I0WEES =t + xe1 0T T 166 +0.123 /3 345
= 657 pri amps
VbaseHS

345 _
57 * —— = 11,930 pri amps

as seen on low side of GSU = Id * VbaselS 6 19

* The system contribution will be the same.

88



Fault Calculation Examples

3 phase fault on high side of GSU — Summary

« Subtransient, transient, and synchronous generator contributions to the
high side fault showing fault amps on HS and as seen from the LS of the
GSU, along with the system contribution to the fault:

Id” = 61,299 pri amps Id” = 3376 pri amps
Id" = 50,887 pri amps Id" = 2802 pri amps
Id = 11,930 pri amps Id = 657 pri amps Is = 11,264 pri amps
E— —> —
Xgl Xtl Xsl
x;

Vg ~Vs
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Fault Calculation Examples

Case 3) O®G fault on LS of GSU

345
GSU

sTe 700 MVA
700 MVA Gen Z=12.3% High Side
Breaker Breaker
— D\ 19kv ¥ 3¢
L

0.26 Q

I, - 3
m ®G fault A‘.f]




Fault Calculation Examples
Phase-Ground fault on LS of GSU

Xtl Xsl

Vg o

%VS

3Rpuit =0 Q Xt2 Xs2

Xt0 Xs0




Fault Calculation Examples

Phase-Ground fault on LS of GSU - Subtransient

Xgl Xg2
——MN—— ——N——
Xg0 3Rg

T xa Xsi Xt2  Xs2 | PV
AN AN AR AN —

« Calculate equivalent reactances in each network (use Xd” for Xg1):

1og XL (XEL+X5T) 0224+ (01234 0.104) _
= "Xg1+ Xt1+Xs1 _ 0224 +0.123+0104 P

Xg2* (Xt2 +Xs2)  0.224x (0.123 + 0.104)

_ —0.11
XgZ + Xt2 + Xs2 0224 +0123 + 0104 _ O1i3pu

X2eq =

X0eq = Xg0+ 3Rg = 0.128 + 3 *4206.7 = 12,620 pu
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Fault Calculation Examples
Phase-Ground fault on LS of GSU - Subtransient

Xleq X2eq X0eq

\'

Itot

vV

V 1

%"~ X1eq + X2eq + X0eq  0.113 + 0.113 + 12,620

= 0.00008 pu

Itot =11 =12=1o



Fault Calculation Examples

Phase-Ground fault on LS of GSU - Subtransient

« Break apart the equivalent reactances and use current division to
calculate the gen and system contributions to the fault:

—— NN —>— NN
Ig1 Ig2 Xg0 3Rg
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Fault Calculation Examples

Phase-Ground fault on LS of GSU - Subtransient

o, Xt1+Xs1 0 00005 . 0123 +0.104 0 00004
— X = . E3 == .
g Xg1+ Xt1 + Xs1 0.224 + 0.123 + 0.104 pu

Is1=11-1g1 = 0.00008 — 0.00004
Is1 = 0.00004 pu

o, XE2H X2 0 00005 . 0123 +0.104 0 00004
— X = . E3 == .
g Xg2 + Xt2 + Xs2 0.224 + 0.123 + 0.104 P

I[s2 =12 —1g2 =0.00008 — 0.00004 = 0.00004 pu

Is2 = 0.00004 pu
« QUESTION: Notice that the system

contributes positive and negative sequence
current to the fault, but no zero-sequence

Ig0 = 1o = 0.00008 pu
g P current.

[sO=0
. Why is that?
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Fault Calculation Examples
Phase-Ground fault on LS of GSU

« ANSWER: Because of the GSU connection (Delta-LS/grounded Wye-HS)
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Fault Calculation Examples
Phase-Ground fault on LS of GSU

How about if the generator is off-line (LS gen breaker is open) and the GSU HS

breaker is closed while a ®G fault occurs on the GSU LS?

backfeed

e 345 KV

VAB,C G5
STG 700 MVA
700 MVA Gen 2-12.3% o
HS tap = 353.6 KV High Side
19KV1208V — 250005 ﬁg\ SYgl3Ye Breaker 2500015 < f\paYg& 3¢ Breaker
I Y T - N
Exo ximr OPEN /}' 8% CLOSED
- G fault
N

)
D

IA,B,C
W la,b,c 6aF

—
o / \V Xt1 Xs1

%VS

%nfam =00 Xt2 Xs2

L Xt0 XsO

There is no continuous circuit so no
3lo fault current will flow.

Typically, a calculated 3Vo from (3)
Yg/Yg VTs or a measured 3Vo from
a broken delta VTs is used for bus
ground fault protection when the
gen is off-line and the GSU is back-
feeding local plant aux load.
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Fault Calculation Examples

Phase-Ground fault on LS of GSU — Subtransient

« Convert from per unit to actual amps:
700 % 1000

V3 %19

Is = (Is1 + Is2 + Is0) = IbaseLS = (0.00004 + 0.00004 + 0) =

= 1.7 pri amps (1.7*19/345 = 0.09 A as seen on HS)
» System contribution is still so small, why? Because of NGR

700 * 1000
Ig = (gl +1g2+ 1g0) * IbaseLS = (0.00004 + 0.00004 + 0.00008) * 7519
X
= 3.4 pri amps
Itot =Is+1g =1.7+ 3.4 =5.1 pri amps
700 * 1000 ,
check: 3lo = 3 * Io *x IbaseLS = 3 * 0.00008 * = 5.1 pri amps
V319

« Transient and Synchronous fault current calculations come out similar.
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Fault Calculation Examples

Phase-Ground fault on LS of GSU — Summary

Is=1.7 priamps  0.09 pri amps
Ig = 3.4 pri amps «— —

7/

345 KV

GSU
700 MVA

STG Z=12.3%
700 MVA Gen ’

Iy Qe X }ﬁ

High Side

m dG fault aY
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Fault Calculation Examples

Case 4) OG fault on HS of GSU

345 KV
GsU
STG 700 MVA
700 MVA Gen 2= 123% High Side
Breaker ? S_ Breaker
| — (\ 19Ky
L X

N 3
m A‘.'] ®G fault
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Fault Calculation Examples
Phase-Ground fault on HS of GSU

Xgl Xtl Xsl

Vg () Vs
Xg2 Xt2 Xs2
Xg0 Xt0 Xs0

TV
3Rg
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Fault Calculation Examples

Phase-Ground fault on HS of GSU - Subtransient

Xgl Xt1 Xg2 Xt2 Xt0
— AN — NN A AN
Xsl Xs2 Xs0
AN — AW AW

« Calculate equivalent reactances in each network (using Xd” for Xg1):

(Xg1+Xt1) = Xs1  (0.224 + 0.123) * 0.104

Xleg = = = 0.08
D= "Xg1+ Xt1+ Xs1 0224+ 0.123 + 0.104 pu

_ (Xg2+Xt2) «Xs2 _ (0.224 + 0.123) * 0.104

X2eq = = = 0.08
U= Xg2 + Xt2 + Xs2 0224+ 0.123 + 0.104 U

Xt0*Xs0  0.123 x0.093
= = 0.053 pu

X0eq = - =
U= %0+ Xs0 0123 + 0.093
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Fault Calculation Examples
Phase-Ground fault on HS of GSU - Subtransient

Xleq X2eq X0eq

\'

Itot

V 1

%"~ X1eq + X2eq + X0eq _ 0.08 + 0.08 + 0.053

= 4.7 pu

Itot =11 =12=1o
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Fault Calculation Examples

Phase-Ground fault on HS of GSU - Subtransient

« Break up the equivalent reactances and use current division to calculate
the gen and system contributions to the fault.

Xgl Xtl Xg2 Xt2 Xt0
> AAN—ANM— S AN AN
Igl Ig2 It0
|>1 Xsl E Xs2 ﬁ: Xs0
AN > AN AN
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Fault Calculation Examples
Phase-Ground fault on HS of GSU - Subtransient

Xs1 0.104

Igl =11 =47 = 1.08
g "Xg1+ Xt1 + Xs1 " 0.224 + 0.123 + 0.104 pu
Is1=11—1Igl =47 —1.08 = 3.62 pu
Ig2 =12 Xs2 4.7 0.104 1.08
= % = 4./ * = 1.
g Xg2 + Xt2 + Xs2 0.224 + 0.123 + 0.104 pu

Is2 =12—-1g2 =4.7—1.08 = 3.62 pu

Xs0 47 0.093
= 4./ % =
Xt0 + Xs0 0.123 + 0.093

It0 = [o *

2 pu
IsO =10 —1t0 =4.7—-2 = 2.7 pu

» Generator does not contribute any zero-sequence current to the fault,
only positive and negative sequence current.

* However, 3lo current does return up thru the GSU ground leg which
allows use of a 51G relay as ground fault system backup protection.
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Fault Calculation Examples

Sidebar: Determine 51G relay Pickup

GSU
700 MVA

STG Z=12.3% e
G High Side
700 MVA Bre:lr(ler Blgreakler
| — [\ 19kv 3¢
L N4 3 X

avl @G fault

026 Q It0 ? 51G

= * = * = 4
pu ase 3 priamps,

= 9.76 secamps

« Therefore, set 51G Pickup < 9.76 A with plenty sensitivity margin.
« For example, with a 25% sensitivity margin = 0.25*9.76 = 2.44 A.

3lo during max load (use 10% of max load) < 51G Pickup < min fault

700+1000 5
\V3%345 1200

0.10 = 0.488 < 51G Pickup < 0.25%9.76

0.488 < 51G Pickup < 2.44
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Fault Calculation Examples
Phase-Ground fault on HS of GSU

700 = 1000
Is = (Is1 + Is2 + Is0) = IbaseHS = (3.62 + 3.62 + 2.7)
V3 * 345
= 11,644 pri amps
700 = 1000 ,
Ig = (Igl +1g2 + It0) * IbaseHS = (1.08 + 1.08 + 2) * P = 4873 pri amps
*

345
as seenon LS = 0.577 « 4873 *

¢ 19

The Delta side will see 58% of the fault current for a @G fault on the Wye side.

= 51,057 pri amps

58% of Wye side amps s Ky

GSU
700 MVA

STG =
700 WA Gen Z=12.3% High Side

| O\ __takv Blreikler 3 il
% L

m v ®G fault

Itot =Is+1g = 11,644 + 4873 = 16,517 pri amps

700 x 1000 ,
check: 3lo =3 *lo x IbaseHS = 3 x 4.7 * = 16,517 pri amps
\/§ * 345 107
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Fault Calculation Examples
Sidebar: For a Wye-HS @G fault, the Delta-LS sees 58% of Wye-HS amps

O.§77 pu
0.577 pu
lal
I
I 1pu
Icl
Ibl
la2 |
1pu I
Ic2
b2

A1
1lpu
IC1 IB1
A2
1pu
B2 IC2

IAO IBO ICO

[ 11

Positive
sequence

Negative
sequence

Zero
Sequence
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Fault Calculation Examples

Sidebar: For a Wye-HS @G fault, the Delta-LS sees 58% of Wye-HS amps

Delta-LS

<
L
L)
‘\
[ ]

la2 )/ lal

=
©
[
=
©
c

Ia =1I1al + Ia2 + 1a0
la = 1pu @ 330° + 1pu @ 30°+ 0

Jla =3

la /3

A~ 3

1

Wye-HS

AlAl

1pu
AIAZ
1pu
AIAO

1pu

[A =1A1 + 1A2 + T1AQ
IA = 1pu + 1pu + 1pu
1A =3

— = 0.577

3
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Fault Calculation Examples

Phase-Ground fault on HS of GSU — Summary

Ig = 51,057 pri amps . Is = 11,644
J A P Ig = 4873 pri amps pri amps
GSU &
Jnwen
700 MVA Bg::er = 189% H;?Zaii:re ‘
I, —F Qe | 3 T
m a¥ G fault
0.26 0 345 KV

« Because the generator does contribute negative sequence current to an
unbalanced fault on the GSU HS, the 46 negative sequence overcurrent
relay on the generator does need to coordinate with system relays for
unbalanced faults.

« This is usually quite easy to coordinate as the 46 element in the generator
relay typically has a much slower response time that that of system relays.
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Fault Calculation Examples
Case 5) V2 and V0 calcs for GSU HS and LS ®G faults

o]

AAA/
AYY Y

Irgif=

L
f_‘-’_,-,-[-.-\

farny

s—

59N — accelerated ground overvoltage scheme with V2 and VO supervision

* Vo > V2 for GSU low side ground faults
* Vo < V2 for GSU high side ground faults
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Fault Calculation Examples

Vo>5%
Vo<7%

Check to ensure that the chosen setpoints

OR

Inhibit

Blocking
Inputs

S9N

= Pickup
= Time Delay

_>

Trip
Outputs

of 5% for V2 and 7% for VO are OK for this application.
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Fault Calculation Examples

DG fault on HS of GSU — sequence network connectlons

T

Xg1 Xt1 / Xs1
’%Igr/\\/\v/\\f \/\/\/7 X \\/ V \/
|
Vg V1 Vs
| - +
Xg2 Xt2 Xs2 \‘
« Xcw is the GSU Ig>r \V/ v \vf/\\/\v/\/i %/\\\//\\\V///\\/ /4
interwinding V2 — 3Rf
capacitive ~ 7
reactance |
Xcw |
( |
: XgO0 L] Xt0 Xs0
i XCO IS the tOta| \v /A\v /A\ L o d /\\/\\//\\/ X /\\/\\/\\/ /w”
capacitive /L g0 + /
reactance to 3Rg vo Xc0
ground i.e. stator ) _ -
winding, iso- ‘\\ 4

phase bus, -
surge equip, etc
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Fault Calculation Examples

DG fault on HS of GSU — network reduction

Xs0

Xs1 Xs2
AN AN
Is1 Is2 I1sO
11 Xt1 Xgl 12 Xt2 Xg2 lo
> > ARA .
AQ g1 + V1 - g2 + V2 - It0

3Rf
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Fault Calculation Examples

PG fault on HS of GSU

712 Bl (Bt Xelsub) o Zs2(Zt4+Xg2) o
251+ 2t + Xglsub Zs2 + 214+ Xg2
Jo= ! Ip=Ip
ZI+Z24+20+3-RHS

Izl ::.{.5'-IIJ &l ! Izl =Ip—Igl
\E’:f +Ef+Ig’IsuE=J

Ig? ==Ia=z-'r 2 ) [2:=In—Ig2
\2’52‘ +Zf+IgEJ

J'i‘ﬂ'::l'uﬁ--lif Z:0_| Ie0:=Jo — 110
\zs0+2)

_ ZCo-(Xg0+3-Rg) T ZatZCy Zew BED gp. T0-Ie
ZCo+Xgl+3+Rg Zt+2b 250+ Ze
In:=lp
g2 ) Ig0 | Z
Ea'ﬂ-I—EbJ lECﬂ+Ig‘U+3 RgJ

V2:=Igl.Xgl

V0:=Igl+Za

72.100]=22 %, and because 22% > 3%, it will correctly block operation for this hizh side fault

|170100| =0.19 %, and because 0.19% < 7%, it will correctly block operation for this high side fault
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Fault Calculation Examples

DG fault on LS of GSU — sequence network connections

Xtl Xs1

Xt2 Xs2

Xt0 XsO
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Fault Calculation Examples

DG fault on LS of GSU — network reduction

V(Y

Xs0
Xt1 Xsl Xt2 Xs2 Z‘c/w
—> A A > AN AAM 2
Is1 Is2 IsO I\ Xt0
A N—
11 Xgl 12 Xg2 lo 7¢0
> > AN 1/

3Rf



Fault Calculation Examples

PG fault on LS of GSU

' - e | X .4 FALY A Sl e
gp BT dgl gy (B24T) Mg ZCo-(Yg43-Re) 5 IRD0 s g D0l
25l + 21+ Xglsub Zs2+Zt+ Xg? ZCo+Xg0+3+Rg it+Z:0 fa+ic
1
o= Ip=Io In=Io
ZI+22+20+3-RILS
fel=lps| 21 \‘ Isl=lp-Ig]
251+ 2+ Xglsub J
It =ine| 223 I2i=In—Ig2
252+ Zi+ Xgl
I.:;H:..!'-::uIr & Is0:=Io—Ia Iel:=la« 2o 1
lfﬂ+& EC'G+Xgﬂ+3EgJ
V2:=IglXgl |72:100|=0.01 %, and because 0.01% is not > 5%, it will correctly allow a trip for this low side fault

V0:=Igl«Za 70.100]=99 %, and because 99% is not < 7%, it will correctly allow a trip for this low side fault
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