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The reason for this paper

• Industrial facilities are installing bus 
protection to reduce arc flash hazards

• Requires careful design of bus 
protection
– CT performance for phase fault protection
– Sensitivity for ground fault protection



Texas A&M  Protective Relay Conference 3

Impedance grounding 

• Reduces equipment damage, maintains 
process uptime

• Low-impedance grounding
– Limits ground fault current to 200A to 500A
– Good sensitivity to ground faults

• High-impedance grounding
– Limits ground fault to 2A to 5A
– Some sensitivity to ground faults
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Arc flash risk



Texas A&M  Protective Relay Conference 5

Arc flash incident energy
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Example system

X Winding

138kV

600:5
C400

52

400 A
10 sec

H Winding

Y Winding

ResistorResistor

3Y

200:5
C50

200:5
C50

400 A
10 sec

13.8 kV

1200:5
C200

52

138 - 13.8/4.16 kV (HV-HX-HY)
H: 40 MVA (138/79.67 kV)
X: 25 MVA (13.8/7.967 kV)
Y: 15 MVA (4.16/2.4 kV)
Z on 25 MVA Base 9% (H-X), 15% (H-Y),
   23% (X-Y)

600:5
C400

3Y

525252

3Y

3Y

3Y3Y3Y

4000:5
C200

1200:5
C200

1200:5
C200

1200:5
C200

4.16 kV

2000:5
C100

52

52 52 52

3Y

3Y

3Y 3Y 3Y

4000:5
C200

400:5
C100

400:5
C100

400:5
C100

87

from
feeders

from
feeders

I 3P = 35,000 A
I PG = 400 A

I 3P = 30,000 A
I PG = 400 A

87

52

3Y

400:5
C100

52

3Y

400:5
C100

52

3Y

400:5
C100

52

3Y

400:5
C100

I3φ = 10.1 pu

Iφg = 0.115 pu

ILoad = 0.6 pu

IMax Load = 1.0 
puBOL op in 1 
sec

IE = 54 
cal/cm2
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Phase currents for ground 
fault

puI o
A 3565.0 −∠=

puI o
B 14560.0 −∠=

puI o
C 9359.0 −∠=
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Bus protection requirements

as likely to be
C50 or C20

400 A
10 sec

Y Winding

Resistor
200:5
C50

4.16 kV

2000:5
C100

52

52 52 52

3Y

3Y

3Y 3Y 3Y

4000:5
C200

400:5
C100

400:5
C100

400:5
C100

52

3Y

400:5
C100

52

3Y

400:5
C100

52

3Y

400:5
C100

52

3Y

400:5
C100

Must operate for
this fault, even

at 0.115 pu

Must be secure /
selective for
10.1 pu fault
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CT saturation

• Relay sees reduced current 
• Can result in loss of security or 

selectivity
Bus protection performance is all about the 

CTs!
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CT Sizing
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CT performance
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400:5, C100 CT performance

• From PSRC CT Saturation Calculator
• Relay will see ~42% of ideal secondary 

current for 10.1 pu phase fault
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Neutral current vs. Ground 
current

Relay

Relay

Neutral (residual)
connection Ground connection

ABCN

Relay

ABCN

Relay

Ground
fault

Ground
return path

0 IG

Core balance CT
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CT physical dimensions
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CTs mounted in 
rear bus 
compartment

CT physical dimensions
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Mounted in MCC

CT physical dimensions



Texas A&M  Protective Relay Conference 17

Bus protection methods

• Most common:
– Zone sequence interlocking (ZSI)
– High-impedance differential
– Low-impedance differential
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Zone sequence interlocking
400 A
10 sec

Y Winding

Resistor
200:5
C50

4.16 kV

2000:5
C100

52

52 52 52

3Y

3Y

3Y 3Y 3Y

4000:5
C200

400:5
C100

400:5
C100

400:5
C100

52

3Y

400:5
C100

52

3Y

400:5
C100

52

3Y

400:5
C100

52

3Y

400:5
C100

50 51

ZSI Signal

50 51

other feeders identical

Feeder relay
pickup BLOCKS

505 cycle delay
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ZSI

• Arc flash
– 5 cycle op + 5 cycle breaker = 10 cycles
– IE = 9.03 cal/cm2 (Category 3)

• CT requirements
– Uses the same feeder CTs as for 

overcurrent
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ZSI phase fault
400 A
10 sec

Y Winding

Resistor
200:5
C50

4.16 kV

2000:5
C100

52

52 52 52

3Y

3Y

3Y 3Y 3Y

4000:5
C200

400:5
C100

400:5
C100

400:5
C100

52

3Y

400:5
C100

52

3Y

400:5
C100

52

3Y

400:5
C100

52

3Y

400:5
C100

50 51

ZSI Signal

other feeders identical

Feeder relay
pickup BLOCKS

505 cycle delay

50 51
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ZSI ground fault
400 A
10 sec

Y Winding

Resistor
200:5
C50

4.16 kV

2000:5
C100

52

52 52 52

3Y

3Y

3Y 3Y 3Y

4000:5
C200

400:5
C100

400:5
C100

400:5
C100

52

3Y

400:5
C100

52

3Y

400:5
C100

52

3Y

400:5
C100

52

3Y

400:5
C100

50 51

ZSI Signal

other feeders identical

No pickup

5 cycle delay

50 51
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ZSI: complete
400 A
10 sec

Y Winding

Resistor
200:5
C50

4.16 kV

2000:5
C100

52

52 52 52

3Y

3Y

3Y 3Y 3Y

4000:5
C200

400:5
C100

400:5
C100

400:5
C100

52

3Y

400:5
C100

52

3Y

400:5
C100

52

3Y

400:5
C100

52

3Y

400:5
C100

50 51

ZSI Signal

50 51

other feeders identical

200:5 200:5 200:5 200:5 200:5 200:5 200:5

200:5
50G 51G

50G 51G

Ground
ZSI Signal

Required for ground
fault protection

Recommended for
ground fault
protection
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High-impedance differential

Hi-Z

52 52 52

A

D

VR

Junction Point

Fault

I1
N CT 1 I2

N CT 2

RL RLIF
N

I1 + I2
N=

CT 3RS

Maximum lead
length, and maximum
RL from junction point

to CT lead
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High-impedance 

• Arc flash
– 1 cycle op + 5 cycle breaker = 6 cycles
– IE = 5.4 cal/cm2 (Category 2)

• CT requirements
– Dedicated CTs
– Same accuracy class
– Same turns ratio (full ratio ideal)
– Identical secondary burden
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High-impedance settings 

• VR < VX worst CT
• VR < 67% of VE @ 10A                                    

of worst CT

( )( )( )
N
IPRRkV F

LSR += 6.1
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CT selection
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High-impedance: ground fault

• Minimum operating current for internal 
fault: 0.028 pu

• Minimum ground fault current: 0.115 pu
• Adequate for ground fault protection

Rm Xm

iE2

Rm Xm

iE1

Rm Xm

iE4

Rm Xm

iE3

Rm Xm

iE6

Rm Xm

iE5

Rm Xm

iES

Rm Xm

iE7

ZB

iR
iMin
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High-impedance: complete
400 A
10 sec

Y Winding

Resistor
200:5
C50

4.16 kV

2000:5
C100

52

52 52 52

3Y

3Y

3Y 3Y 3Y

4000:5
C200

400:5
C100

400:5
C100

400:5
C100

2000:5
C100

2000:5
C100

2000:5
C100

52

3Y

400:5
C100

2000:5
C100

52

3Y

400:5
C100

2000:5
C100

52

3Y

400:5
C100

2000:5
C100

52

3Y

400:5
C100

2000:5
C100

Hi-
Z
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Low-impedance differential
ID
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IRestraint: Through Fault

TRIP
81 ...

→→

++= IIIDiff

81Re ...
→→

++= III st

RESTRAIN

Allowable
CT error

IRestraint: Internal Fault

I D
iff

er
en

tia
l: 

In
te

rn
al

 F
au

lt

Internal
Fault

Minimum Pickup

Slope

stDiff ISlopeITRIP Re×≥=



Texas A&M  Protective Relay Conference 30

Low-impedance

• Arc flash
– 1 cycle op + 5 cycle breaker = 6 cycles
– IE = 5.4 cal/cm2 (Category 2)

• CT requirements
– Different turns ratio, accuracy class 

acceptable
– Effect of CT saturation impacts settings
– Calculate impact of different CTs on 

settings
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Calculating settings
400 A
10 sec

Y Winding

Resistor
200:5
C50

4.16 kV

2000:5
C100

52

52 52 52

3Y

3Y

3Y 3Y 3Y

4000:5
C200

3Y 3Y 3Y

52

3Y

3Y

52

3Y

3Y

52

3Y

3Y

52

3Y

3Y

Phase
Relay(s)

200:5
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CT selection



Texas A&M  Protective Relay Conference 33

Low-impedance 
• Phase 

differential 
pickup > 0.115 
pu ground 
fault current

• Requires 
ground 
differential 
scheme

400 A
10 sec

Y Winding

Resistor
200:5
C50

4.16 kV

2000:5
C100

52

52 52 52

3Y

3Y

3Y 3Y 3Y

4000:5
C200

2000:5
C200

2000:5
C200

2000:5
C200

3Y 3Y 3Y

200:5 200:5 200:5

52

3Y

2000:5
C200

3Y

200:5

52

3Y

2000:5
C200

3Y

200:5

52

3Y

2000:5
C200

3Y

200:5

52

3Y

2000:5
C200

3Y

200:5

Phase
Relay(s)

Ground
Relay

200:5
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Low-impedance differential
400 A
10 sec

Y Winding

Resistor
200:5
C50

4.16 kV

2000:5
C100

52

52 52 52

3Y

3Y

3Y 3Y 3Y

4000:5
C200

2000:5
C100

2000:5
C100

2000:5
C100

3Y 3Y 3Y

200:5 200:5 200:5

52

3Y

2000:5
C100

3Y

200:5

52

3Y

2000:5
C100

3Y

200:5

52

3Y

2000:5
C100

3Y

200:5

52

3Y

2000:5
C100

3Y

200:5

Differential
Relay

200:5

Phase currents
( Zone 1 - 3 )

Ground currents
( Zone 4 )
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Comparing bus protection
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Summary

• Any of these bus protection schemes 
will reduce incident energy for arc flash

• Any of these schemes can work for 
ground fault protection of bus

• These schemes only work if CT issues 
are properly addressed

Bus protection performance is all about the 
CTs!
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For more information

• C37.110 IEEE Guide for the Application of 
Current Transformers Used for Protective 
Relaying Purposes

• IEEE PSRC CT Saturation Calculator 
www.pes-psrc.org

• Blackburn, Protective Relaying, Principles 
and Applications 

• IEEE Recommended Practice for Protection 
and Control of Industrial and Commercial 
Power Systems (the Buff Book)

http://www.pes-psrc.org/�
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