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What is a fault?
• suddenly applied Short Circuit

v(t) = 

KVL: v(t) = L di
dt

+ Ri 
    

          Vmax[sin(ωt + α)] = L di
dt

+ Ri 

 where: 
• v(t)  = instantaneous value of the voltage at t seconds
• Vmax = amplitude or max, peak voltage of the sinusoidal waveform
• ω = angular frequency in radians (ω =2πf and f is the frequency in Hz)
• α = 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
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Vmax[sin(ωt + α)] = L
di
dt

+ Ri 
        
Solve this equation for current with respect to time:

i t =
Vmax

Z
sin ωt + α − Θ − sin α − Θ e−

Rt
L  

This can be represented as such:

𝐢𝐢 𝐭𝐭 = 𝐢𝐢𝐢𝐢𝐢𝐢 𝐭𝐭 + 𝐢𝐢𝐢𝐢𝐢𝐢 𝐭𝐭

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

𝐢𝐢𝐢𝐢𝐢𝐢 𝐭𝐭 =
𝐕𝐕𝐦𝐦𝐦𝐦𝐦𝐦
𝐙𝐙

𝐬𝐬𝐬𝐬𝐬𝐬 ω𝐭𝐭 + 𝛂𝛂 − 𝚯𝚯  𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒 𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬 𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜

𝐢𝐢𝐢𝐢𝐢𝐢 𝐭𝐭 =
𝐕𝐕𝐦𝐦𝐦𝐦𝐦𝐦
𝐙𝐙

𝐬𝐬𝐬𝐬𝐬𝐬 𝛂𝛂 − 𝚯𝚯 𝐞𝐞−
𝐑𝐑𝐑𝐑
𝐋𝐋  𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓 𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜 𝐨𝐨𝐨𝐨 𝐃𝐃𝐃𝐃 𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨

• R is the resistance
• L is the inductance
• X = 2πf L
• X is the reactance
• Z = R + jX
• Z is the impedance
• Θ is the angle of Z

Short Circuit Current
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What is the Fault Inception Angle (FIA = 𝛼𝛼)?
• 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.
• FIA dictates the initial magnitude of DC offset.

𝑖𝑖 𝑡𝑡 =
𝑉𝑉𝑉𝑉
𝑍𝑍 [sin 𝜔𝜔𝑡𝑡 + 𝛼𝛼 − Θ − sin 𝛼𝛼 − Θ 𝑒𝑒−

𝑅𝑅𝑅𝑅
𝐿𝐿  ]

𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑅𝑅 = 0, 𝑒𝑒0 = 1,  𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑖𝑖 𝑡𝑡 =
𝑉𝑉𝑉𝑉
𝑍𝑍 [sin 𝜔𝜔𝑡𝑡 + 𝛼𝛼 − Θ − sin 𝛼𝛼 − Θ  ]

First, let’s discuss the DC portion:



6

DC Offset
• Why is “Offset” added to “DC” for the DC portion of total fault current? 
 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, I(0-)=I(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, I(0-)=0 prior to fault, but because current cannot 

change instantaneously, therefore I(0+)=0 just after the fault as well.

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

• DC offset to the rescue – it allows compliance with both 
principles simultaneously
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• DC offset current is created at 
the instant a fault occurs.

• At t=0, DC offset is equal to AC 
component but opposite 
polarity, Idc = - Iac.

• Therefore, the total fault current 
= 0 at t=0, Iac + Idc = 0 at t=0.

• At t=0, Itotal(t) = Iac(t) + Idc = 0 

DC Offset

Iac(t)

Time

Idc(t)

Itotal(t) = Idc(t) + Iac(t)

fault
occurs
@ t = 0



8

i t = iac t + idc t = Vmax

Z
sin ωt + α − Θ − sin α − Θ e−

Rt
L  ,Θ is the angle of Z

i t

iac t

idc(t)

α=0o

idc t = −
Vmax

Z sin α − Θ e−
Rt
L  = −

Vmax

Z sin 0 − 90o e−0 = −
Vmax

Z ∗ −1 ∗ 1 =
Vmax

Z

iac t =
Vmax

Z sin ωt + 0 − 90o

• Fault at positive-going voltage zero crossing, results in 
IAC = - max, therefore IDC = + max

DC Offset

v(t)

Iac(t)= steady 
state current

Time of fault
occurance

Time

L constant and R = 0

DC offset

Itotal(t) = Iac(t) + DC offset
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• Fault at negative-going voltage zero crossing, results in 
IAC = + max, therefore IDC = - max

DC Offset

v(t)
Iac(t)= steady 
state current

Time of fault
occurance

Time

DC offset

Itotal(t) = Iac(t) + DC offset
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Fault at max voltage results in min DC offset current
• fault @ Vmax, then per ELI, i(t) is at a zero crossing so DC Offset = 0 A.

idc t =
Vmax

Z sin α − Θ e−
Rt
L  =

Vmax

Z sin 90° − 90° e−0 =
Vmax

Z sin 0° e−0 = 0 A 

i t = iac t + idc t =
Vmax

Z sin 𝜔𝜔𝑡𝑡 + α − Θ − 0 =
Vmax

Z sin(𝜔𝜔𝑡𝑡)

DC Offset

v(t)

Time of fault
occurrence

Time

L is constant and R = 0, Θ = tan-1 (X/R) = 90o 

α=90o

Idc(t)

now Iac(t) = Itotal(t) because Idc(t) = 0
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 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 𝜏𝜏.

v(t)
iac(t)= steady state current

Time of fault
occurrence

Time

i(t) = iac(t) + dc offset

α- θ= 90º 

i

L is constant and R     0≠

Exponentially 
decaying dc Offset

idc t =
Vmax

Z
sin α − Θ e−

Rt
L  

Vmax

Z sin ωt + α − Θ

DC Offset
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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

Why do we care about DC Offset?
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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

• From the simple RL circuit:

• Assume Vrms = 2.4 KV, R = 0.1 Ω, XL = 2 Ω:

• 𝐼𝐼𝐼𝐼𝐼𝐼(𝑅𝑅𝑅𝑅𝑅𝑅) = 𝑉𝑉
𝑅𝑅+𝑗𝑗𝑗𝑗𝑗𝑗

= 2400
0.1+𝑗𝑗2

= 1199 ∠ − 87° 𝐴𝐴 ≈ 1200 𝐴𝐴

• Multiply this RMS value by 2 to get the peak value, which will be the max 
possible DC offset:

• 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 2 ∗ 𝐼𝐼𝐼𝐼𝐼𝐼(𝑅𝑅𝑅𝑅𝑅𝑅) = 2 ∗ 1200 = 1697 ≈ 1700 𝐴𝐴
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1)  DC Offset – Breaker sizing (continued)

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

• 𝜏𝜏 = 𝐿𝐿
𝑅𝑅

= 𝑋𝑋
𝜔𝜔𝜔𝜔

= 2
377∗0.1

= 0.053 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

• The transient DC offset will be:

• 𝐼𝐼𝐼𝐼𝐼𝐼 𝑡𝑡 = 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 ∗ 𝑒𝑒−
𝑡𝑡
𝜏𝜏 = 2 ∗ 𝐼𝐼𝐼𝐼𝐼𝐼(𝑅𝑅𝑅𝑅𝑅𝑅) ∗ 𝑒𝑒−

𝑡𝑡
𝜏𝜏

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

• 𝐼𝐼𝐼𝐼𝐼𝐼@2𝑐𝑐𝑐𝑐𝑐𝑐 = 2 ∗ 1200 ∗ 𝑒𝑒−
0.033
0.053 = 905 𝐴𝐴

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

• 𝐼𝐼𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝐼𝐼𝐼𝐼𝐼𝐼(𝑅𝑅𝑅𝑅𝑅𝑅)2 + 𝐼𝐼𝐼𝐼𝐼𝐼@2𝑐𝑐𝑐𝑐𝑐𝑐2 = 12002 + 9052 = 1503 𝐴𝐴 (2 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏)

 = 1207 A (for 8 cycle breaker)
                    𝒔𝒔𝒔𝒔 𝑫𝑫𝑫𝑫 𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑 𝒊𝒊𝒊𝒊 𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂 𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇 𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈



15

2)  DC Offset – Instantaneous Overcurrent 

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

• 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖; 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝐿𝐿𝐿𝐿 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 < 50𝑇𝑇 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 < 𝑚𝑚𝑚𝑚𝑚𝑚 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑜𝑜𝑜𝑜 𝐻𝐻𝐻𝐻 
• 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 1.6 ∗ 𝐼𝐼𝐼𝐼 𝑆𝑆𝑆𝑆𝑆𝑆 (𝟏𝟏.𝟔𝟔 𝐢𝐢𝐢𝐢 𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫 𝐨𝐨𝐨𝐨 𝐭𝐭𝐭𝐭𝐭𝐭𝐭𝐭𝐭𝐭)

• Max DC offset is 2 ∗ 𝐼𝐼𝐼𝐼𝐼𝐼

• 𝐼𝐼 𝑡𝑡 = 𝐼𝐼𝐼𝐼𝐼𝐼2 + 𝐼𝐼𝐼𝐼𝐼𝐼(𝑡𝑡)2 = 𝐼𝐼𝐼𝐼𝐼𝐼2 + ( 2 ∗ 𝐼𝐼𝐼𝐼𝐼𝐼 ∗ 𝑒𝑒−
𝑡𝑡
𝜏𝜏)2 = 𝐼𝐼𝐼𝐼𝐼𝐼 1 + 2𝑒𝑒−

2𝑡𝑡
𝜏𝜏

• At t = 0, max total fault current is 3 ∗ 𝐼𝐼𝐼𝐼𝐼𝐼 = 1.732 ∗ 𝐼𝐼𝐼𝐼𝐼𝐼

• Because there are no 0 cycle breakers, a general “rule of thumb” is to use the 1.6 
factor, instead of the theoretical max 𝟑𝟑 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.

22.4 MVA
Xt = 15% at 22.4 MVA

24.9 KV

138 KV

Substation 
fence

R
50T

Feeder
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3)  DC Offset – CT Saturation

With DC Offset = 0.75 pu

With DC Offset = 0.50 pu
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4)  DC Offset – Event Analysis

Most breaker’s are designed to interrupt the fault 
current at a zero crossing.  If breaker interrupts 
current with no zero crossings, it may not be able to 
extinguish the arc resulting in extensive damage.

Gen breaker should be rated to interrupt current 
with DC offset including with delayed zero crossings.

Severe DC offset can result in missing or delayed 
zero crossings which can damage breaker and 
other equipment, endanger personnel, and cause 
system instability.  

Different relay protection elements may look for 
a zero crossing to process the measured current 
and detect the event, resulting in delayed 
tripping if there are 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 
the 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.

STG
700 MVA

19 KV

GSU
700 MVA

345 KV

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.
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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.
• It is the time-decaying AC component of the total fault current for faults 

near generators due to the varying generator reactance.

Vmax [sin(ωt + α )]

R
Faulti(t)

Next, discuss the AC portion of fault current:

jXd” = subtransient reactance
jXd’ = transient reactance
jXd = synchronous 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.
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Generator Short-Circuit AC Current Decay

Subtransient period
(0 to 20 msec)

Actual 
Envelope

Extrapolation of 
Steady ValueExtrapolation of 

Transient Envelope

Sh
or

t-C
irc

ui
t C

ur
re

nt

Time0

X”d

X’d
Xd

Transient period
(20 to 500 msec) Steady State period

(> 500 msec)

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

• Represents the fault current decay after the generator breaker opens, 
but prior to the field breaker opening assuming no field forcing.

𝑰𝑰𝑰𝑰𝑰𝑰 𝒕𝒕 = (𝑰𝑰𝑰𝑰𝑰 − 𝑰𝑰𝑰𝑰𝑰) ∗ 𝒆𝒆
−𝒕𝒕
𝑻𝑻𝑻𝑻𝑻 + (𝑰𝑰𝑰𝑰𝑰 − 𝑰𝑰𝑰𝑰) ∗ 𝒆𝒆

−𝒕𝒕
𝑻𝑻𝑻𝑻𝑻 + 𝑰𝑰𝑰𝑰

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

𝑰𝑰𝑰𝑰𝑰𝑰 𝒕𝒕 = 𝑰𝑰𝑰𝑰𝑰𝑰 ∗ 𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰

𝑰𝑰𝑰𝑰𝑰𝑰 𝒕𝒕 = 𝑰𝑰𝑰𝑰𝑰 − 𝑰𝑰𝒅𝒅′ ∗ 𝒆𝒆−
𝒕𝒕

𝑻𝑻𝒅𝒅′′ + 𝑰𝑰𝒅𝒅′ − 𝑰𝑰𝑰𝑰 ∗ 𝒆𝒆−
𝒕𝒕
𝑻𝑻𝒅𝒅′ + 𝑰𝑰𝑰𝑰 ∗ 𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰

𝑰𝑰𝑰𝑰𝑰𝑰 𝒕𝒕 =
𝟏𝟏
𝑿𝑿𝑿𝑿𝑿 −

𝟏𝟏
𝑿𝑿𝒅𝒅′

∗ 𝒆𝒆−
𝒕𝒕

𝑻𝑻𝒅𝒅′′ +
𝟏𝟏
𝑿𝑿𝒅𝒅′

−
𝟏𝟏
𝑿𝑿𝑿𝑿 ∗ 𝒆𝒆−

𝒕𝒕
𝑻𝑻𝒅𝒅′ +

𝟏𝟏
𝑿𝑿𝑿𝑿 ∗

𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺
𝟑𝟑 ∗ 𝑽𝑽𝑽𝑽𝑽𝑽

𝑰𝑰𝑰𝑰𝑰𝑰 𝒕𝒕 =
𝟏𝟏

𝟎𝟎.𝟐𝟐𝟐𝟐𝟐𝟐 −
𝟏𝟏

𝟎𝟎.𝟐𝟐𝟐𝟐𝟐𝟐 ∗ 𝒆𝒆−
𝟎𝟎.𝟓𝟓𝟓𝟓
𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎 +

𝟏𝟏
𝟎𝟎.𝟐𝟐𝟐𝟐𝟐𝟐 −

𝟏𝟏
𝟏𝟏.𝟔𝟔𝟔𝟔 ∗ 𝒆𝒆−

𝟎𝟎.𝟓𝟓𝟓𝟓
𝟏𝟏.𝟒𝟒 +

𝟏𝟏
𝟏𝟏.𝟔𝟔𝟔𝟔 ∗

𝟕𝟕𝟕𝟕𝟕𝟕 𝑴𝑴
𝟑𝟑 ∗ 𝟏𝟏𝟏𝟏 𝑲𝑲

𝑰𝑰𝑰𝑰𝑰𝑰 𝒕𝒕 = 𝟓𝟓𝟓𝟓,𝟐𝟐𝟐𝟐𝟐𝟐 𝒑𝒑𝒑𝒑𝒑𝒑 𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂

AC portion of the total fault current
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• Mfgs typically provide the generator decrement curves with 
time on the horizontal axis:

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

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

AC portion of the total fault current
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Time

i''max
i'max

imax

Total Asymmetrical Current
DC Component + AC Component

• 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 (ΦΦ, ΦG, ΦΦG).  NOTE:  Some resources may interchange the terms 
asymmetrical, unsymmetrical, and unbalanced.  I prefer not to use the term 
“Unsymmetrical” at all, and instead just say “Unbalanced” faults or if I am 
referring to the symmetry of the current waveform relative to the time axis, I 
use the term “Asymmetrical”.  

Total fault current:  i(t) = iac(t) + idc(t)
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G

IGen ISystem

Power 
SystemX

Current IGen Current Decay

Time
Generator 

Breaker Trips

ISystem

0

Total Fault Current 

• 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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3Φ gen fault current, total = AC + DC

Phase A

DC ComponentC
ur

re
nt 0 Time

C
ur

re
nt

0 Time

DC Component
Phase C

DC Component

Phase B
C

ur
re

nt
0 Time

Effect of DC Offset 
shifts are different 

on each phase

Total Fault Current
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Short Circuit Calculations

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

+
V1

+
V2 Z2

• Calculate the RMS symmetrical short circuit current:

• 𝐼𝐼 = 𝑉𝑉
𝑍𝑍
 (ac portion of the fault current)

• Where V is the RMS driving voltage
• Z is 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

𝒁𝒁𝒁𝒁 = 𝒁𝒁𝒁𝒁 ∗
𝑽𝑽𝑽𝑽𝟐𝟐

𝑽𝑽𝑽𝑽𝟐𝟐

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

Per Unit Math
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• 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 %

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

Per Unit Math
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Establish two base quantities:

• S3Φ – Base Power – 3 phase
• VLL – Base Voltage – line to line

§ Other quantities are derived with basic power 
equations

Per Unit Math
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𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 =
𝑆𝑆𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

3 ∗ 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉

𝑍𝑍𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 =
𝑉𝑉𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿2

𝑆𝑆𝑏𝑏𝑏𝑏𝑏𝑏𝑒𝑒

Per Unit Math



32

𝑝𝑝𝑝𝑝𝑝𝑝 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 =
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

𝑉𝑉𝑝𝑝𝑝𝑝 =
𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏𝑒𝑒

𝐼𝐼𝑝𝑝𝑝𝑝 =
𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑒𝑒

𝑍𝑍𝑝𝑝𝑝𝑝 =
𝑍𝑍𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑍𝑍𝑏𝑏𝑏𝑏𝑏𝑏𝑒𝑒

Per Unit Math
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𝑍𝑍𝑝𝑝𝑝𝑝2 = 𝑍𝑍𝑝𝑝𝑝𝑝1 ∗
𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏2

𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏2
2 ∗

𝑆𝑆𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏2

𝑆𝑆𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏1

𝑍𝑍𝑝𝑝𝑝𝑝2 = 𝑍𝑍𝑍𝑍𝑍𝑍1 ∗

𝑆𝑆𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏2

𝑆𝑆𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏1

• Use if equipment voltage ratings are the same as system base voltages.

• 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.

Per Unit Math
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13.8 KV

R

GSU
72.8 MVA

Gen Relay

Dist. XFMR
22.4 MVA

115 KV 24.9 KV X
3Φ fault

57.3 MVA

Xd’ = 0.245 pu

Xgsu = 13.85% Xt = 15.27%

Z L = 0.55 + j4.47 Ω

• What will Gen Relay see for a 3Φ 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

Per Unit Math
e.g. using per unit math to easily calculate fault current thru transformers:
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• 𝑋𝑋𝑋𝑋𝑋 =  0.245 𝑝𝑝𝑝𝑝

• 𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋 = 𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋 ∗ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆_𝑛𝑛𝑛𝑛𝑛𝑛
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆_𝑜𝑜𝑜𝑜𝑜𝑜

= 0.1385 ∗ 57.3
72.8

=  0.109 𝑝𝑝𝑝𝑝

• ZL = 𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍
𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍

 = ZL
𝑉𝑉𝐿𝐿𝐿𝐿

2
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

= (0.55 + j4.47)
1152
57.3

= 0.0024 + 𝑗𝑗𝑗.0194 𝑝𝑝𝑝𝑝

• 𝑋𝑋𝑡𝑡 = 𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋 ∗ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆_𝑛𝑛𝑛𝑛𝑛𝑛
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆_𝑜𝑜𝑜𝑜𝑜𝑜

= 0.1527 ∗ 57.3
22.4

=  0.391 𝑝𝑝𝑝𝑝

Per Unit Math
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• 𝐼𝐼𝐼𝐼𝐼𝐼 = 𝑉𝑉𝑉𝑉𝑉𝑉
𝑍𝑍𝑍𝑍𝑍𝑍

= 1
𝑋𝑋𝑑𝑑′+𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋+ZL+𝑋𝑋𝑋𝑋

= 1
𝑗𝑗𝑗.245+𝑗𝑗𝑗.109+0.0024+𝑗𝑗𝑗.0194+𝑗𝑗𝑗.391

= 1.3 𝑝𝑝𝑝𝑝

• 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼𝐼𝐼𝐼𝐼 ∗ 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 1.3 ∗ 57.3 ∗ 1000
3 ∗ 13.8

= 3116 𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

ZL XtXd’

Vg

X
3Φ faultXgsu

Per Unit Math
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“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
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• Standard power system equations assume a balanced 
3Φ 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 
AIEE conference.

Symmetrical Components
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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:

Symmetrical Components
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Examples of Protection functions that use symmetrical component quantities:

78 – Out-of-Step
(Positive-Sequence Impedance)

87GD – Ground Differential
(Zero-Sequence Current)

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

46 – Negative-Sequence Overcurrent 59D – Third Harmonic Voltage Ratio
(Zero-Sequence Voltage)

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

59N – accelerated ground overvoltage scheme with V2 and V0 supervision

• Vo > V2 for GSU low side ground faults 
• Vo < V2 for GSU high side ground faults

Symmetrical Components
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• 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:

𝐼𝐼𝐴𝐴 =  𝐼𝐼𝐼𝐼0 +  𝐼𝐼𝐼𝐼𝐼 +  𝐼𝐼𝐼𝐼𝐼
𝐼𝐼𝐵𝐵 =  𝐼𝐼𝐼𝐼0 +  𝐼𝐼𝐼𝐼𝐼 +  𝐼𝐼𝐼𝐼𝐼
𝐼𝐼𝐶𝐶 =  𝐼𝐼𝐼𝐼𝐼 +  𝐼𝐼𝐼𝐼𝐼 +  𝐼𝐼𝐼𝐼𝐼

• 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.
• IA0, IB0, and IC0 also have equal phase angles.
• While IA1, IB1, IC1 and IA2, IB2, IC2 do not have equal phase angles, but 

they are always 120° apart as defined. 

Symmetrical Components
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Positive

lC1

lA1

lB1

lB0
lA0

lC0

ZeroNegative

lB2

lA2

lC2

Sequence Phasors

• 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.

Symmetrical Components
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“a” Operator or “a” Phasor

1∠ 0°

a=1∠ 120°

a2=1∠ 240°

• 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°
• “a2” rotates a vector by 240°

Symmetrical Components
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Combine Sequence Phasors with “a” Phasors

lB2 = aIA2

lA2

lC2 = a2IA2

NegativePositive

lC1 = aIA1

lA1

IB1 = a2IA1

lB0 = IA0
lA0

lC0 = IA0

Zero

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

Symmetrical Components
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Sequence Network Equations
• Re-write the phase equations with “a” operators included
• If no phase designation, assume it is in reference to A phase:

𝐼𝐼𝐼𝐼 =  𝐼𝐼𝐼𝐼𝐼 +  𝐼𝐼𝐼𝐼𝐼 +  𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼𝐼 + 𝐼𝐼𝐼 + 𝐼𝐼𝐼 
𝐼𝐼𝐼𝐼 =  𝐼𝐼𝐼𝐼𝐼 +  𝐼𝐼𝐼𝐼𝐼 +  𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼𝐼𝐼0 + 𝑎𝑎2𝐼𝐼𝐴𝐴𝐴 + 𝑎𝑎𝑎𝑎𝑎𝑎2 = 𝐼𝐼0 + 𝑎𝑎2𝐼𝐼𝐼 + 𝑎𝑎𝑎𝑎𝑎
𝐼𝐼𝐼𝐼 =  𝐼𝐼𝐼𝐼𝐼 +  𝐼𝐼𝐼𝐼𝐼 +  𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼𝐴𝐴0 + 𝑎𝑎𝑎𝑎𝑎𝑎𝑎 + 𝑎𝑎2𝐼𝐼𝐴𝐴𝐴 = 𝐼𝐼𝐼 + 𝑎𝑎𝑎𝑎𝑎 + 𝑎𝑎2𝐼𝐼𝐼

• 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

3𝐼𝐼0 = 𝐼𝐼𝐴𝐴 +  𝐼𝐼𝐼𝐼 +  𝐼𝐼𝐼𝐼
3𝐼𝐼1 = 𝐼𝐼𝐴𝐴 + 𝑎𝑎𝐼𝐼𝐵𝐵 + 𝑎𝑎2𝐼𝐼𝐶𝐶
3𝐼𝐼2 = 𝐼𝐼𝐴𝐴 + 𝑎𝑎2𝐼𝐼𝐵𝐵 + 𝑎𝑎𝐼𝐼𝐶𝐶

Symmetrical Components

• Solve simultaneous equations for sequence quantities:

𝐼𝐼0 = 1/3 ∗ (𝐼𝐼𝐴𝐴 +  𝐼𝐼𝐼𝐼 +  𝐼𝐼𝐼𝐼)
𝐼𝐼1 = 1/3 ∗ (𝐼𝐼𝐴𝐴 + 𝑎𝑎𝐼𝐼𝐵𝐵 + 𝑎𝑎2𝐼𝐼𝐶𝐶)
𝐼𝐼2 = 1/3 ∗ (𝐼𝐼𝐴𝐴 + 𝑎𝑎2𝐼𝐼𝐵𝐵 + 𝑎𝑎𝐼𝐼𝐶𝐶)
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IN = 3Io proof:
𝑰𝑰𝑰𝑰 = 𝑰𝑰𝑨𝑨 +  𝑰𝑰𝑰𝑰 +  𝑰𝑰𝑰𝑰
𝑰𝑰𝑰𝑰 = 𝑰𝑰𝑰𝑰𝑰𝑰 +  𝑰𝑰𝑰𝑰𝑰𝑰 +  𝑰𝑰𝑰𝑰𝑰𝑰 + 𝑰𝑰𝑰𝑰𝟎𝟎 + 𝒂𝒂𝟐𝟐𝑰𝑰𝑨𝑨𝑨𝑨 + 𝒂𝒂𝒂𝒂𝒂𝒂𝟐𝟐 + (𝑰𝑰𝑨𝑨𝟎𝟎 + 𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂 + 𝒂𝒂𝟐𝟐𝑰𝑰𝑨𝑨𝑨𝑨) 
𝑰𝑰𝑰𝑰 = 𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑 + 𝑰𝑰𝑰𝑰𝑰𝑰 𝟏𝟏 + 𝒂𝒂 + 𝒂𝒂𝟐𝟐 + 𝑰𝑰𝑰𝑰𝑰𝑰(𝟏𝟏 + 𝒂𝒂 + 𝒂𝒂𝟐𝟐)

𝑰𝑰𝑰𝑰 = 𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑
𝑰𝑰𝑰𝑰 = 𝟑𝟑𝟑𝟑𝟑𝟑
𝟑𝟑𝟑𝟑𝟑𝟑 = 𝑰𝑰𝑨𝑨 +  𝑰𝑰𝑰𝑰 +  𝑰𝑰𝑰𝑰

1∠ 0°

a=1∠ 120°

a2=1∠ 240°

𝟏𝟏 + 𝒂𝒂 + 𝒂𝒂𝟐𝟐 = 𝟎𝟎

1∠ 0°

a=1∠ 120°a2=1∠ 240°

Symmetrical Components
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Example Calculation using sequence equations
• Given the following unbalanced currents:

𝐼𝐼𝐼𝐼 = 148.7 ∠3.3° 
𝐼𝐼𝐼𝐼 = 49.3 ∠142.3°
𝐼𝐼𝐼𝐼 = 41.2 ∠198.6°

• Calculate the symmetrical component values using the equations:

𝐼𝐼𝐼𝐼𝐼 = 1/3 ∗ 𝐼𝐼𝐼𝐼 +  𝐼𝐼𝐼𝐼 +  𝐼𝐼𝐼𝐼 = 25 ∠20°
𝐼𝐼𝐼𝐼𝐼 = 1/3 ∗ 𝐼𝐼𝐼𝐼 + 𝑎𝑎𝐼𝐼𝐼𝐼 + 𝑎𝑎2𝐼𝐼𝑐𝑐 = 50 ∠0°
𝐼𝐼𝐼𝐼𝐼 = 1/3 ∗ 𝐼𝐼𝐼𝐼 + 𝑎𝑎2𝐼𝐼𝐼𝐼 + 𝑎𝑎𝑎𝑎𝑐𝑐 = 75 ∠0°

𝐼𝐼𝑏𝑏𝑏 = 𝐼𝐼𝐼𝐼𝐼 = 25 ∠20°
𝐼𝐼𝐼𝐼1 = 𝑎𝑎2𝐼𝐼𝐼𝐼𝐼 = 50 ∠240°
𝐼𝐼𝑏𝑏𝑏 = 𝑎𝑎𝑎𝑎𝑎𝑎2 = 75 ∠120°

𝐼𝐼𝑐𝑐𝑐 = 𝐼𝐼𝐼𝐼𝐼 = 25 ∠20°
𝐼𝐼𝑐𝑐𝑐 = 𝑎𝑎𝑎𝑎𝑎𝑎1 = 50 ∠120°
𝐼𝐼𝑐𝑐𝑐 = 𝑎𝑎2𝐼𝐼𝐼𝐼2 = 75 ∠240°

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

Symmetrical Components

http://www.relaytech.com/symcomp_calculator.htm
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Symmetrical Components
Network Representations

I2

Z2

Negative 
Sequence

I0

Z0

Zero Sequence

1 pu I1

Z1

Positive 
Sequence

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

Symmetrical Components
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Symmetrical Components
Transformer Representations

Grounded Wye - Grounded Wye

L
Z1 or Z2

H

N1 or N2

H L
Z0

N0

Short Circuit Calculations

Symmetrical Components
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Symmetrical Components
Transformer Representations

Z1 or Z2

Z0

N0

H L

N1 or N2

H LDelta-  Grounded Wye

Short Circuit Calculations

Symmetrical Components
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Most faults are ΦG faults:

Fault  Sequence network involved
3Φ  positive
ΦΦ  positive, negative
ΦG  positive, negative, zero 
ΦΦG  positive, negative, zero

Fault Types

• 77% of faults are ΦG
• 12% of faults are ΦΦ
•  7% of faults are ΦΦG
•  4% of faults are 3Φ
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3Φ Fault – represented on a 3 Phase Diagram

ZΦ

ZΦ

ZΦ

G
BΦCΦ

AΦ
X

X



X



Fault Types
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3Φ Fault – Sequence Network

1 pu I1

Z1

Positive Sequence

X

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

Fault Types
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Answer:  Identify Boundary Conditions and solve sequence equations.

Fault Types
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X

X


ZΦ

ZΦ

ZΦ

G
BΦCΦ

AΦ

ΦΦ Fault – represented on a 3 Phase Diagram

Fault Types
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ΦΦ Fault – Sequence Networks

1 pu I1

Z1

Positive Sequence

X

X

I2

Z2

Negative Sequence

Fault Types
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Fault Types
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X

X

ZΦ

ZΦ

ZΦ

G
BΦCΦ

AΦ

ΦG Fault – represented on a 3 Phase Diagram

Fault Types
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ΦG Fault – Sequence Networks

1 pu I1

Z1

Positive Sequence

X

X

I2

Z2

Negative Sequence

X

I0

Z0

Zero Sequence

Fault Types



62

Fault Types
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X

X



ZΦ

ZΦ

ZΦ

G
BΦCΦ

AΦ

X

ΦΦG Fault – represented on a 3 Phase Diagram

Fault Types
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ΦΦG Fault – Sequence Networks

1 pu
X

X

X

Z2

Z1 

Z0

I1

I2

I0

Positive Sequence

Negative Sequence

Zero Sequence

Fault Types
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Fault Types
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Generator Fault Calculations for (5) Cases:

19 KV

STG
700 MVA

GSU
700 MVA
Z = 12.3%

0.26 Ω

Gen 
Breaker

High Side 
Breaker

345 KV

1) 3Φ fault on LS of GSU
2) 3Φ fault on HS of GSU
3) ΦG fault on LS of GSU
4) ΦG fault on HS of GSU
5) V2 & V0 calcs for LS & HS ΦG fault for 59N supervision

• LS = Low Voltage Side

• HS = High Voltage Side

Fault Calculation Examples
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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.

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

Rg𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 ∗ 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

2
= 0.26 ∗ 19000

208

2
= 2169.47 𝛺𝛺𝛺𝛺𝛺𝛺𝛺𝛺

𝑅𝑅𝑅𝑅 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑡𝑡𝑡𝑡 3𝐼𝐼𝐼𝐼 =
3 ∗ 𝑉𝑉

𝑋𝑋𝑋𝑋𝑋 + 𝑋𝑋𝑋𝑋𝑋 + 𝑋𝑋𝑋𝑋𝑋 + 3𝑅𝑅𝑅𝑅 =
3𝑉𝑉
3𝑅𝑅𝑅𝑅 =

𝑉𝑉
𝑅𝑅𝑅𝑅 =

19000
3 ∗ 2169.47

= 5.1 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

𝑅𝑅𝑅𝑅𝑝𝑝𝑝𝑝 = 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍 = 2169.47

192
700

= 4206.7 𝑝𝑝𝑝𝑝𝑢𝑢

𝑋𝑋𝑋𝑋 = 0.123 𝑝𝑝𝑝𝑝
𝑋𝑋𝑠𝑠𝑠 = 0.104 𝑝𝑝𝑝𝑝,  𝑋𝑋𝑋𝑋2 = 0.104 𝑝𝑝𝑝𝑝, 𝑋𝑋𝑋𝑋0 = 0.093 𝑝𝑝𝑝𝑝

Fault Calculation Examples
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Draw
Sequence Networks

Xt1 Xs1Xg1

Vg Vs

Xt2 Xs2Xg2

Xt0 Xs0Xg0

3Rg

Positive
Sequence

Negative
Sequence

Zero
Sequence

STG
700 MVA

19 KV

GSU
700 MVA
Z = 12.3%

0.26 Ω

Gen 
Breaker

High Side 
Breaker

345 KV

System

Why 3Rg? 

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

• The zero-sequence network represents 1 of the 3 phases where 1pu Io flows:

• With equal current in all 3 phases, Io 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 = 
3Io*Rg (or if it is re-arranged VNGR = 3Rg*Io).

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

Fault Calculation Examples



70

Case 1)  3Φ fault on LS of GSU

19 KV

STG
700 MVA

GSU
700 MVA
Z = 12.3%

0.26 Ω

Gen 
Breaker

High Side 
Breaker

345 KV

X
3Φ fault

Fault Calculation Examples
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3 phase fault on low side of GSU
• Assume no fault impedance, Rfault = 0 Ω
• Only positive sequence network is involved for a balanced 3 phase fault
• No negative sequence or zero sequence circuit connections for this fault type

Xt1 Xs1Xg1

Vg Vs

Xt2 Xs2Xg2

Xt0 Xs0Xg0

3Rg

X
3Φ fault

Rfault = 0 Ω

Xg1 is 3 reactances, 
decaying over time:

• Xd”  
• Xd’ 
• Xd 

Fault Calculation Examples
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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 fault i.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:

Xt1 Xs1

Xg1

V

Fault Calculation Examples
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3 phase fault on low side of GSU – Subtransient
• Calculate Xeq (using Xd” for Xg1):

 𝑋𝑋𝑋𝑋𝑋𝑋 =
𝑋𝑋𝑔𝑔𝑔 ∗ (𝑋𝑋𝑋𝑋𝑋 + 𝑋𝑋𝑋𝑋𝑋) 
𝑋𝑋𝑔𝑔𝑔 + 𝑋𝑋𝑋𝑋𝑋 + 𝑋𝑋𝑋𝑋𝑋

=
0.224 ∗ (0.123 + 0.104) 
0.224 + 0.123 + 0.104

= 0.112745 𝑝𝑝𝑝𝑝

Xeq

V

>
Itot 

• Calculate Itot:

 𝐼𝐼𝐼 = 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =
𝑉𝑉 
𝑋𝑋𝑒𝑒𝑒𝑒 =

1 
0.112745 = 8.86957 𝑝𝑝𝑝𝑝 𝐼𝐼𝐼𝐼 = 𝑎𝑎2𝐼𝐼𝐼

𝑉𝑉𝑉 = 𝑉𝑉𝑉 = 0
𝑉𝑉𝑉 = 0 = 𝑉𝑉𝑉𝑉 = 𝑉𝑉𝑉𝑉 = 𝑉𝑉𝑉𝑉

𝐼𝐼𝐼𝐼 = 𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼𝐼

𝐼𝐼𝐼𝐼 = 𝐼𝐼𝐼𝐼𝐼 + 𝐼𝐼𝐼𝐼𝐼 + 𝐼𝐼𝐼𝐼𝐼
𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼𝐼𝐼𝐼 = 0

𝐼𝐼𝐼𝐼 = 𝑎𝑎𝑎𝑎𝑎

Fault Calculation Examples
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3 phase fault on low side of GSU – Subtransient
• Use current division to calculate the gen and system contributions:

Xt1 Xs1

Xg1

V

>

>

>

Itot 

Is

Ig

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 ∗
𝑋𝑋𝑋𝑋𝑋 + 𝑋𝑋𝑋𝑋𝑋 

𝑋𝑋𝑔𝑔𝑔 + 𝑋𝑋𝑋𝑋𝑋 + 𝑋𝑋𝑋𝑋𝑋 = 8.86957 ∗
0.123 + 0.104 

0.224 + 0.123 + 0.104 = 4.464 𝑝𝑝𝑝𝑝

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 ∗
𝑋𝑋𝑋𝑋𝑋 

𝑋𝑋𝑔𝑔𝑔 + 𝑋𝑋𝑋𝑋𝑋 + 𝑋𝑋𝑋𝑋𝑋 = 8.86957 ∗
0.224 

0.224 + 0.123 + 0.104 = 4.405 𝑝𝑝𝑝𝑝

Fault Calculation Examples
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3 phase fault on low side of GSU – Subtransient
• Convert from per unit to actual amps: 

𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ∗ 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 4.464 ∗
700 ∗ 1000

3 ∗ 19
= 94,953 𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠 ∗ 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 4.405 ∗
700 ∗ 1000

3 ∗ 19
= 93,698 𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑜𝑜𝑜𝑜 𝐿𝐿𝐿𝐿 𝑜𝑜𝑜𝑜 𝐺𝐺𝐺𝐺𝐺𝐺

𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 𝐼𝐼𝑝𝑝𝑝𝑝 ∗ 𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠 ∗ 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 4.405 ∗
700 ∗ 1000

3 ∗ 345
= 5160 𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝐻𝐻𝐻𝐻

Fault Calculation Examples

Generator contribution to the fault:

System contribution to the fault:
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3 phase fault on low side of GSU – Subtransient
• Alternate method which may only be used for 3 phase faults: 

𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼" ∗ 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =
1

𝑋𝑋𝑋𝑋𝑋 ∗ 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =
1

0.224 ∗
700 ∗ 1000

3 ∗ 19
= 94,959 𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼𝑠𝑠𝑝𝑝𝑝𝑝 ∗ 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =
1

𝑋𝑋𝑋𝑋𝑋 + 𝑋𝑋𝑋𝑋𝑋 ∗ 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =
1

0.123 + 0.104 ∗
700 ∗ 1000

3 ∗ 19
         = 93,704 𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

Xt1 Xs1Xg1

Vg Vs

X

Ig Is

Fault Calculation Examples
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3 phase fault on low side of GSU – Transient
• Calculate fault current using the generator transient reactance (Xd’):

𝐼𝐼𝑑𝑑′ = 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼′ ∗ 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =
1

𝑋𝑋𝑋𝑋𝑋
∗ 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =

1
0.295

∗
700 ∗ 1000

3 ∗ 19
= 72,104 𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

• The system contribution will be the same as previously calculated.

Fault Calculation Examples
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3 phase fault on low side of GSU – Synchronous
• Calculate fault current using the generator synchronous reactance (Xd):

𝐼𝐼𝐼𝐼 = 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 ∗ 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =
1

𝑋𝑋𝑋𝑋𝑋
∗ 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =

1
1.66

∗
700 ∗ 1000

3 ∗ 19
= 12,814 𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

• The system contribution will be the same.

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
3 ∗ 𝑉𝑉𝑉𝑉𝑉𝑉

=
700 ∗ 1000

3 ∗ 19
= 21,271 𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

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

• 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).

Fault Calculation Examples
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3 phase fault on low side of GSU – Summary
• Subtransient, transient, synchronous gen and system contributions:

Xt1 Xs1Xg1

Vg Vs

X

Id” = 94,959 pri amps
Id’ = 72,104 pri amps
Id = 12,814 pri amps Is = 93,704 pri amps Is = 5160 pri amps

19 KV

STG
700 MVA

GSU
700 MVA
Z = 12.3%

0.26 Ω

Gen 
Breaker

High Side 
Breaker

345 KV

X
3Φ fault

Id” = 94,959 pri amps
Id’ = 72,104 pri amps
Id = 12,814 pri amps

Is = 93,704 pri amps Is = 5160 pri amps

System contribution 
on GSU LS

System contribution 
on GSU HS

Fault Calculation Examples
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Id” = 94,959 pri amps

Id’ = 72,104 pri amps

Id = 12,814 pri amps

𝑰𝑰𝑰𝑰𝑰𝑰 𝒕𝒕 = (𝑰𝑰𝑰𝑰𝑰 − 𝑰𝑰𝑰𝑰𝑰) ∗ 𝒆𝒆
−𝒕𝒕
𝑻𝑻𝑻𝑻𝑻 + (𝑰𝑰𝑰𝑰𝑰 − 𝑰𝑰𝑰𝑰) ∗ 𝒆𝒆

−𝒕𝒕
𝑻𝑻𝑻𝑻𝑻 + 𝑰𝑰𝑰𝑰

Fault Calculation Examples
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Case 2)  3Φ fault on HS of GSU

Xt1 Xs1Xg1

Vg Vs

X

19 KV

STG
700 MVA

GSU
700 MVA
Z = 12.3%

0.26 Ω

Gen 
Breaker

High Side 
Breaker

345 KV

X
3Φ fault

Fault Calculation Examples
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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 fault i.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:

Xt1

Xs1

Xg1

V

Fault Calculation Examples
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3 phase fault on high side of GSU – Subtransient
• Calculate Xeq (using Xd” for Xg1):

 𝑋𝑋𝑋𝑋𝑋𝑋 =
(𝑋𝑋𝑔𝑔𝑔 + 𝑋𝑋𝑋𝑋𝑋) ∗ 𝑋𝑋𝑋𝑋𝑋 
𝑋𝑋𝑔𝑔𝑔 + 𝑋𝑋𝑋𝑋𝑋 + 𝑋𝑋𝑋𝑋𝑋

=
(0.224 + 0.123) ∗ 0.104 
0.224 + 0.123 + 0.104

= 0.08 𝑝𝑝𝑝𝑝

Xeq

V

>
Itot 

• Calculate Itot:

 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =
𝑉𝑉 
𝑋𝑋𝑒𝑒𝑒𝑒 =

1 
0.08 = 12.5 𝑝𝑝𝑝𝑝
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3 phase fault on high side of GSU – Subtransient
• Use current division to calculate the gen and system contributions:

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 ∗
𝑋𝑋𝑋𝑋𝑋 

𝑋𝑋𝑔𝑔𝑔 + 𝑋𝑋𝑋𝑋𝑋 + 𝑋𝑋𝑋𝑋𝑋 = 12.5 ∗
0.104 

0.224 + 0.123 + 0.104 = 2.8825 𝑝𝑝𝑝𝑝

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 ∗
𝑋𝑋𝑋𝑋𝑋+Xt1 

𝑋𝑋𝑔𝑔𝑔 + 𝑋𝑋𝑋𝑋𝑋 + 𝑋𝑋𝑋𝑋𝑋 = 12.5 ∗
0.224 + 0.123

0.224 + 0.123 + 0.104 = 9.6175 𝑝𝑝𝑝𝑝

Xg1 Xt1

Xs1

V

>

>

>

Itot 

Is

Ig
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3 phase fault on high side of GSU – Subtransient
• Convert from per unit to actual amps: 

𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ∗ 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 2.8825 ∗
700 ∗ 1000

3 ∗ 345
= 3377 𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠 ∗ 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 9.6175 ∗
700 ∗ 1000

3 ∗ 345
= 11,266 𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

Fault Calculation Examples
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3 phase fault on high side of GSU – Subtransient
• Alternate method for 3 phase faults only: 

𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼" ∗ 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =
1

𝑋𝑋𝑋𝑋𝑋 + 𝑋𝑋𝑋𝑋𝑋 ∗ 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼

=
1

0.224 + 0.123 ∗
700 ∗ 1000

3 ∗ 345
= 3376 𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝑎𝑎𝑎𝑎 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑜𝑜𝑜𝑜 𝑙𝑙𝑙𝑙𝑙𝑙 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑜𝑜𝑜𝑜 𝐺𝐺𝐺𝐺𝐺𝐺 = 𝐼𝐼𝐼𝐼𝐼 ∗
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 = 3376 ∗

345
19 = 61,299 𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼𝑠𝑠𝑝𝑝𝑝𝑝 ∗ 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =
1
𝑋𝑋𝑋𝑋𝑋 ∗ 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =

1
0.104 ∗

700 ∗ 1000
3 ∗ 345

         = 11,264 𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

Xt1 Xs1Xg1

Vg Vs

X

Ig Is
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3 phase fault on high side of GSU – Transient
• Calculate fault current using the generator transient reactance (Xd’):

𝐼𝐼𝑑𝑑′ = 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼′ ∗ 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =
1

𝑋𝑋𝑋𝑋𝑋 + 𝑋𝑋𝑋𝑋𝑋
∗ 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼

=
1

0.295 + 0.123
∗

700 ∗ 1000
3 ∗ 345

= 2802 𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝑎𝑎𝑎𝑎 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑜𝑜𝑜𝑜 𝑙𝑙𝑙𝑙𝑙𝑙 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑜𝑜𝑜𝑜 𝐺𝐺𝐺𝐺𝐺𝐺 = 𝐼𝐼𝐼𝐼′ ∗
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 = 2802 ∗

345
19 = 50,887 𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

• The system contribution will be the same.
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3 phase fault on high side of GSU – Synchronous
• Calculate fault current using the generator synchronous reactance (Xd):

𝐼𝐼𝐼𝐼 = 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 ∗ 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =
1

𝑋𝑋𝑋𝑋𝑋 + 𝑋𝑋𝑋𝑋𝑋
∗ 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =

1
1.66 + 0.123

∗
700 ∗ 1000

3 ∗ 345
= 657 𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝑎𝑎𝑎𝑎 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑜𝑜𝑜𝑜 𝑙𝑙𝑙𝑙𝑙𝑙 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑜𝑜𝑜𝑜 𝐺𝐺𝐺𝐺𝐺𝐺 = 𝐼𝐼𝐼𝐼 ∗
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 = 657 ∗

345
19 = 11,930 𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

• The system contribution will be the same.
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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:

Xt1 Xs1Xg1

Vg Vs

X

Id” = 61,299 pri amps
Id’ = 50,887 pri amps
Id = 11,930 pri amps Is = 11,264 pri amps

Id” = 3376 pri amps
Id’ = 2802 pri amps
Id = 657 pri amps

Fault Calculation Examples
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Case 3)  ΦG fault on LS of GSU

19 KV

STG
700 MVA

GSU
700 MVA
Z = 12.3%

0.26 Ω

Gen 
Breaker

High Side 
Breaker

345 KV

X
ΦG fault

Fault Calculation Examples



91

Phase-Ground fault on LS of GSU

Xt1 Xs1Xg1

Vg Vs

Xt2 Xs2Xg2

Xt0 Xs0Xg0

3Rg

X

X

X

3Rfault = 0 Ω

Fault Calculation Examples
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Phase-Ground fault on LS of GSU – Subtransient

Xt1 Xs1

Xg1

V

Xt2 Xs2

Xg2
Xg0 3Rg

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

𝑋𝑋𝑋𝑋𝑋𝑋𝑋 =
𝑋𝑋𝑋𝑋𝑋 ∗ (𝑋𝑋𝑋𝑋𝑋 + 𝑋𝑋𝑋𝑋𝑋) 
𝑋𝑋𝑋𝑋𝑋 + 𝑋𝑋𝑋𝑋𝑋 + 𝑋𝑋𝑋𝑋𝑋 =

0.224 ∗ (0.123 + 0.104) 
0.224 + 0.123 + 0.104 = 0.113 𝑝𝑝𝑝𝑝

𝑋𝑋2𝑒𝑒𝑒𝑒 =
𝑋𝑋𝑋𝑋2 ∗ (𝑋𝑋𝑋𝑋2 + 𝑋𝑋𝑋𝑋2) 
𝑋𝑋𝑋𝑋2 + 𝑋𝑋𝑋𝑋2 + 𝑋𝑋𝑋𝑋2 =

0.224 ∗ (0.123 + 0.104) 
0.224 + 0.123 + 0.104 = 0.113 𝑝𝑝𝑝𝑝

𝑋𝑋0𝑒𝑒𝑒𝑒 = 𝑋𝑋𝑋𝑋𝑋 + 3𝑅𝑅𝑅𝑅 = 0.128 + 3 ∗ 4206.7 = 12,620 𝑝𝑝𝑝𝑝

Fault Calculation Examples
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Phase-Ground fault on LS of GSU – Subtransient

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =
𝑉𝑉 

𝑋𝑋1𝑒𝑒𝑒𝑒 + 𝑋𝑋𝑋𝑋𝑋𝑋𝑋 + 𝑋𝑋𝑋𝑋𝑋𝑋𝑋 =
1 

0.113 + 0.113 + 12,620 = 0.00008 𝑝𝑝𝑝𝑝

 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼𝐼 = 𝐼𝐼𝐼 = 𝐼𝐼𝐼𝐼

X1eq

V

>
Itot 

X2eq X0eq
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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:

Xt1 Xs1

Xg1

V

Xt2 Xs2

Xg2
Xg0 3Rg

>

>

>

I1 

Is1

Ig1
>

>

>

I2

Is2

Ig2
>
Io

Fault Calculation Examples
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Phase-Ground fault on LS of GSU – Subtransient

𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼1 ∗
𝑋𝑋𝑋𝑋𝑋 + 𝑋𝑋𝑋𝑋𝑋 

𝑋𝑋𝑔𝑔𝑔 + 𝑋𝑋𝑋𝑋𝑋 + 𝑋𝑋𝑋𝑋𝑋
= 0.00008 ∗

0.123 + 0.104 
0.224 + 0.123 + 0.104

= 0.00004 𝑝𝑝𝑝𝑝

𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼𝐼 − 𝐼𝐼𝑔𝑔𝑔 = 0.00008 − 0.00004

𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼2 ∗
𝑋𝑋𝑋𝑋𝑋 + 𝑋𝑋𝑋𝑋𝑋 

𝑋𝑋𝑔𝑔𝑔 + 𝑋𝑋𝑋𝑋𝑋 + 𝑋𝑋𝑋𝑋𝑋 = 0.00008 ∗
0.123 + 0.104 

0.224 + 0.123 + 0.104 = 0.00004 𝑝𝑝𝑝𝑝

𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼𝐼 − 𝐼𝐼𝑔𝑔𝑔 = 0.00008 − 0.00004 = 0.00004 𝑝𝑝𝑝𝑝

𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼𝑜𝑜 = 0.00008 𝑝𝑝𝑝𝑝
𝐼𝐼𝐼𝐼𝐼 = 0 

𝐼𝐼𝐼𝐼𝐼 = 0.00004 𝑝𝑝𝑝𝑝

𝐼𝐼𝐼𝐼2 = 0.00004 𝑝𝑝𝑝𝑝
• QUESTION:  Notice that the system 

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

• Why is that?

Fault Calculation Examples
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Phase-Ground fault on LS of GSU

Xt1 Xs1Xg1

Vg Vs

Xt2 Xs2Xg2

Xt0 Xs0Xg0

3Rg

X

X

X

3Rfault = 0 Ω

• ANSWER:  Because of the GSU connection (Delta-LS/grounded Wye-HS)

𝐼𝐼𝐼𝐼𝐼

𝐼𝐼𝐼𝐼2

𝐼𝐼𝐼𝐼0 = 0

Fault Calculation Examples
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Phase-Ground fault on LS of GSU

Xt1 Xs1

Vs

Xt2 Xs2

Xt0 Xs0

X

X

X

3Rfault = 0 Ω

• How about if the generator is off-line (LS gen breaker is open) and the GSU HS 
breaker is closed while a ΦG fault occurs on the GSU LS?

There is no continuous circuit so no 
3Io 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.

STG
700 MVA

19 KV

R

25000/5

GSU
700 MVA
Z = 12.3%

HS tap = 353.6 KVGen 
Breaker

OPEN

High Side 
Breaker25000/5

345 KV

R R

R

   
3Yg/         

M-3921

R
64F

Ia,b,c IA,B,C

3VoVA,B,C

   3Yg/3Yg

Main Aux 
Transformers

0.26 Ω

R
VN

R
IN

400/5

20 Hz Gen

Filter

Exc Xfmr

19KV/208V
= 91.3

ΦG fault

backfeed

CLOSED
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Phase-Ground fault on LS of GSU – Subtransient
• Convert from per unit to actual amps: 

𝐼𝐼𝐼𝐼 = 𝐼𝐼𝑠𝑠𝑠 + 𝐼𝐼𝐼𝐼𝐼 + 𝐼𝐼𝐼𝐼𝐼 ∗ 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 0.00004 + 0.00004 + 0 ∗
700 ∗ 1000

3 ∗ 19
 = 1.7 𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  (1.7*19/345 = 0.09 A as seen on HS)
• System contribution is still so small, why? Because of NGR

𝐼𝐼𝐼𝐼 = (𝐼𝐼𝑔𝑔𝑔 + 𝐼𝐼𝐼𝐼𝐼 + 𝐼𝐼𝐼𝐼𝐼) ∗ 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = (0.00004 + 0.00004 + 0.00008) ∗
700 ∗ 1000

3 ∗ 19
= 3.4 𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼𝐼𝐼 + 𝐼𝐼𝐼𝐼 = 1.7 + 3.4 = 5.1 𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐:  3𝐼𝐼𝐼𝐼 = 3 ∗ 𝐼𝐼𝐼𝐼 ∗ 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 3 ∗ 0.00008 ∗
700 ∗ 1000

3 ∗ 19
= 5.1 𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

• Transient and Synchronous fault current calculations come out similar.
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Phase-Ground fault on LS of GSU – Summary

19 KV

STG
700 MVA

GSU
700 MVA
Z = 12.3%

0.26 Ω

Gen 
Breaker

High Side 
Breaker

345 KV

X
ΦG fault

Ig = 3.4 pri amps
Is = 1.7 pri amps 0.09 pri amps

Fault Calculation Examples
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Case 4)  ΦG fault on HS of GSU

19 KV

STG
700 MVA

GSU
700 MVA
Z = 12.3%

0.26 Ω

Gen 
Breaker

High Side 
Breaker

345 KV

X
ΦG fault

Fault Calculation Examples
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Phase-Ground fault on HS of GSU

Xt1 Xs1Xg1

Vg Vs

Xt2 Xs2Xg2

Xt0 Xs0Xg0

3Rg

X

X

X

Fault Calculation Examples
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Phase-Ground fault on HS of GSU – Subtransient
Xt1Xg1

Xs1

V

Xt2Xg2

Xs2

Xt0

Xs0

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

𝑋𝑋𝑋𝑋𝑋𝑋𝑋 =
(𝑋𝑋𝑋𝑋𝑋 + 𝑋𝑋𝑋𝑋𝑋) ∗ 𝑋𝑋𝑋𝑋1 
𝑋𝑋𝑋𝑋𝑋 + 𝑋𝑋𝑋𝑋𝑋 + 𝑋𝑋𝑋𝑋𝑋 =

0.224 + 0.123 ∗ 0.104 
0.224 + 0.123 + 0.104 = 0.08 𝑝𝑝𝑝𝑝

𝑋𝑋2𝑒𝑒𝑒𝑒 =
𝑋𝑋𝑋𝑋2 + 𝑋𝑋𝑋𝑋2 ∗ 𝑋𝑋𝑋𝑋2 
𝑋𝑋𝑋𝑋2 + 𝑋𝑋𝑋𝑋2 + 𝑋𝑋𝑋𝑋2 =

0.224 + 0.123 ∗ 0.104 
0.224 + 0.123 + 0.104 = 0.08 𝑝𝑝𝑝𝑝

𝑋𝑋0𝑒𝑒𝑒𝑒 =
𝑋𝑋𝑋𝑋𝑋 ∗ 𝑋𝑋𝑋𝑋0 
𝑋𝑋𝑋𝑋0 + 𝑋𝑋𝑋𝑋0 =

0.123 ∗ 0.093 
0.123 + 0.093 = 0.053 𝑝𝑝𝑝𝑝

Fault Calculation Examples
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Phase-Ground fault on HS of GSU – Subtransient

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =
𝑉𝑉 

𝑋𝑋1𝑒𝑒𝑒𝑒 + 𝑋𝑋𝑋𝑋𝑋𝑋𝑋 + 𝑋𝑋𝑋𝑋𝑋𝑋𝑋 =
1 

0.08 + 0.08 + 0.053 = 4.7 𝑝𝑝𝑝𝑝

 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼𝐼 = 𝐼𝐼𝐼 = 𝐼𝐼𝐼𝐼

X1eq

V

>
Itot 

X2eq X0eq
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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.

Xt1Xg1

Xs1

V

Xt2Xg2

Xs2

Xt0

Xs0>

>

>

I1 

Is1

Ig1
>

>

>

I2

Is2

Ig2
>

>

>

Io

Is0

It0
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Phase-Ground fault on HS of GSU – Subtransient
𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼1 ∗

𝑋𝑋𝑋𝑋𝑋 
𝑋𝑋𝑔𝑔𝑔 + 𝑋𝑋𝑋𝑋𝑋 + 𝑋𝑋𝑋𝑋𝑋

= 4.7 ∗
0.104 

0.224 + 0.123 + 0.104
= 1.08 𝑝𝑝𝑝𝑝

𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼𝐼 − 𝐼𝐼𝑔𝑔𝑔 = 4.7 − 1.08 = 3.62 𝑝𝑝𝑝𝑝

𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼2 ∗
𝑋𝑋𝑋𝑋𝑋 

𝑋𝑋𝑔𝑔𝑔 + 𝑋𝑋𝑋𝑋𝑋 + 𝑋𝑋𝑋𝑋𝑋
= 4.7 ∗

0.104 
0.224 + 0.123 + 0.104

= 1.08 𝑝𝑝𝑝𝑝

𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼𝐼 − 𝐼𝐼𝑔𝑔𝑔 = 4.7 − 1.08 = 3.62 𝑝𝑝𝑝𝑝

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

• However, 3Io current does return up thru the GSU ground leg which 
allows use of a 51G relay as ground fault system backup protection.  

𝑰𝑰𝑰𝑰𝑰𝑰 = 𝐼𝐼𝑜𝑜 ∗
𝑋𝑋𝑋𝑋𝑋 

𝑋𝑋𝑋𝑋𝑋 + 𝑋𝑋𝑋𝑋𝑋 = 4.7 ∗
0.093 

0.123 + 0.093 = 2 𝑝𝑝𝑝𝑝

𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼𝐼𝐼 − 𝑰𝑰𝑰𝑰𝑰𝑰 = 4.7 − 2 = 2.7 𝑝𝑝𝑝𝑝
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Sidebar:  Determine 51G relay Pickup

19 KV

STG
700 MVA

GSU
700 MVA
Z = 12.3%

0.26 Ω

Gen 
Breaker

High Side 
Breaker

345 KV

X
ΦG fault
R 51GIt0

𝑰𝑰𝑰𝑰𝑰𝑰 = 𝐼𝐼𝐼𝐼𝐼𝐼 ∗ 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 2 ∗
700 ∗ 1000

3 ∗ 345
= 2343 𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎,  

2343
240 = 9.76 sec𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

• 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.

3Io during max load (use 10% of max load)  ≤  51𝐺𝐺 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 ≤  min𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

 0.488 ≤  51𝐺𝐺 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 ≤  2.44

0.10 ∗ 700∗1000
3∗345

∗ 5 
1200

 0.488 ≤  51𝐺𝐺 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 ≤ 0.25 ∗ 9.76
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Phase-Ground fault on HS of GSU
𝐼𝐼𝐼𝐼 = 𝐼𝐼𝑠𝑠𝑠 + 𝐼𝐼𝐼𝐼𝐼 + 𝐼𝐼𝐼𝐼𝐼 ∗ 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 3.62 + 3.62 + 2.7 ∗

700 ∗ 1000
3 ∗ 345

 = 11,644 𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝐼𝐼𝐼𝐼 = (𝐼𝐼𝑔𝑔𝑔 + 𝐼𝐼𝐼𝐼𝐼 + 𝑰𝑰𝑰𝑰𝑰𝑰) ∗ 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = (1.08 + 1.08 + 2) ∗
700 ∗ 1000

3 ∗ 345
= 4873 𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼𝐼𝐼 + 𝐼𝐼𝐼𝐼 = 11,644 + 4873 = 16,517 𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐:  3𝐼𝐼𝐼𝐼 = 3 ∗ 𝐼𝐼𝐼𝐼 ∗ 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 3 ∗ 4.7 ∗
700 ∗ 1000

3 ∗ 345
= 16,517 𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝑎𝑎𝑎𝑎 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑜𝑜𝑜𝑜 𝐿𝐿𝐿𝐿 = 𝟎𝟎.𝟓𝟓𝟓𝟓𝟓𝟓 ∗ 4873 ∗
345
19

= 51,057 𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

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

19 KV

STG
700 MVA

GSU
700 MVA
Z = 12.3%

0.26 Ω

Gen 
Breaker

High Side 
Breaker

345 KV

X
ΦG fault

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

IA1

IC1 IB1

1 pu
Positive 

sequence

IA2

IB2 IC2

1 pu Negative 
sequence

Zero 
Sequence

IA0

1 pu

IB0 IC0

Ia1

Ic1

Ib1

1 pu

Ia2

Ib2

Ic2
1 pu

HS
LS

0.577 pu

0.577 pu

HS

LS

1 pu
0.577 pu
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IA1

1 pu
IA2

1 pu
IA0

1 pu

Ia2

1 pu

Ia1
1 pu

𝐼𝐼𝐼𝐼 = 𝐼𝐼𝐼𝐼𝐼 + 𝐼𝐼𝐼𝐼𝐼 + 𝐼𝐼𝐼𝐼𝐼
𝐼𝐼𝐼𝐼 = 1𝑝𝑝𝑝𝑝 @ 30° + 1𝑝𝑝𝑝𝑝 @ 330° + 0

𝐼𝐼𝐼𝐼 = 3

𝐼𝐼𝐼𝐼 = 𝐼𝐼𝐼𝐼𝐼 + 𝐼𝐼𝐼𝐼𝐼 + 𝐼𝐼𝐼𝐼𝐼
𝐼𝐼𝐼𝐼 = 1𝑝𝑝𝑝𝑝 + 1𝑝𝑝𝑝𝑝 + 1𝑝𝑝𝑝𝑝

𝐼𝐼𝐼𝐼 = 3

Delta-LS Wye-HS 

𝐼𝐼𝐼𝐼
𝐼𝐼𝐼𝐼

=
3

3
=

1
3

= 0.577

𝐼𝐼𝐼𝐼 = 𝐼𝐼𝐼𝐼𝐼 + 𝐼𝐼𝐼𝐼𝐼 + 𝐼𝐼𝐼𝐼𝐼
𝐼𝐼𝐼𝐼 = 1𝑝𝑝𝑝𝑝 @ 330° + 1𝑝𝑝𝑝𝑝 @ 30° + 0

𝐼𝐼𝐼𝐼 = 3

𝐼𝐼𝐼𝐼 = 𝐼𝐼𝐼𝐼𝐼 + 𝐼𝐼𝐼𝐼𝐼 + 𝐼𝐼𝐼𝐼𝐼
𝐼𝐼𝐼𝐼 = 1𝑝𝑝𝑝𝑝 + 1𝑝𝑝𝑝𝑝 + 1𝑝𝑝𝑝𝑝

𝐼𝐼𝐼𝐼 = 3

𝐼𝐼𝐼𝐼
𝐼𝐼𝐼𝐼

=
3

3
=

1
3

= 0.577

Sidebar:  For a Wye-HS ΦG fault, the Delta-LS sees 58% of Wye-HS amps
Fault Calculation Examples
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Phase-Ground fault on HS of GSU – Summary

• 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.

19 KV

STG
700 MVA

GSU
700 MVA
Z = 12.3%

0.26 Ω

Gen 
Breaker

High Side 
Breaker

345 KV

X
ΦG fault

Ig = 51,057 pri amps Is = 11,644
        pri ampsIg = 4873 pri amps
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Case 5)  V2 and V0 calcs for GSU HS and LS ΦG faults

59N – accelerated ground overvoltage scheme with V2 and V0 supervision

• Vo > V2 for GSU low side ground faults 
• Vo < V2 for GSU high side ground faults

Fault Calculation Examples
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Check to ensure that the chosen setpoints
of 5% for V2 and 7% for V0 are OK for this application. 

V2 > 5 %
V0 < 7 %

59N
§ Pickup
§ Time Delay

Trip
Outputs

Blocking 
Inputs

InhibitOR

FL
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Verify chosen V2 and V0 Inhibit settings are OK for this application:

Xt1 Xs1Xg1

Vg Vs

Xt2 Xs2Xg2

Xt0 Xs0Xg0

3Rg

X

X

X

>
Ig1

>
Ig2

>
Ig0

ΦG fault on HS of GSU – sequence network connections

+

_
V1

+

_
V2

+

_
V0

3Rf

Xcw

Xc0

• Xcw is the GSU 
interwinding 
capacitive 
reactance

• Xc0 is the total 
capacitive 
reactance to 
ground i.e. stator 
winding, iso-
phase bus, 
surge equip, etc 
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+ _V1

3Rf

Zc0Xg1Xt1

Xs1

V

Xs0

Xt0
>

>

>
I1 

Is1

Ig1

>
I2

>

>

>

Io

It0

Is0

+ _V2

Xg2Xt2

>

>

Is2

Ig2

Xs2

3RgXg0
>

Ig0

+ _V0

Zcw
>
Ib

ΦG fault on HS of GSU – network reduction
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ΦG fault on HS of GSU

Fault Calculation Examples
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Verify chosen V2 and V0 Inhibit settings are OK for this application:ΦG fault on LS of GSU – sequence network connections

Xt1 Xs1Xg1

Vg Vs

Xt2 Xs2Xg2

Xt0 Xs0Xg0

3Rg

X

X

X

>
Ig1

>
Ig2

>
Ig0

+

_
V1

+

_
V2

+

_
V0

3Rf

Xcw

Xc0
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ΦG fault on LS of GSU – network reduction
+ _V1

3Rf

Zc0Xg1

Xt1 Xs1

V

Xs0

Xt0
>

>

>
I1 

Is1

Ig1

>
I2

>

>

Io

Ia

Is0

+ _V2
3RgXg0

>
Ig0

+ _V0

Zcw

Xg2

Xt2 Xs2
>

>

Is2

Ig2

>
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ΦG fault on LS of GSU

Fault Calculation Examples
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