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Power System Analysis:  
 
Protection / Coordination Analysis 

Dave Loucks, PhD, PE, CEM 
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Definitions 

• Selective Coordination: device closest to 

fault clears the fault 

• Series Rating: for currents above the 

interrupting rating of the device, an upstream 

device (with a higher interrupting rating) clears 

the fault before the device closest to the fault 

• Time Current Curve: Curve that describes 

how fast an overcurrent device clears a fault 

for different values of current. 
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Protective Function (IEEE Device Number) 

• Over/undervoltage (59, 27) 

• Phase loss/unbalance (46,47) 

• Directional current/power (67, 32) 

• Over/underfrequency (81) 

• Synchronization (25) 

• Overcurrent (50, 51) 

CAG 1.5-1 to 1.5-5 
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Time Current Curve – Protective Relay 

Medium Voltage Switchgear 
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Time Current Curve – MV Fuse 

Medium Voltage Load 

Interrupter Switchgear 
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Time Current Curve – LV Power Breaker 

I2t 

Flat Low Voltage Switchgear  

(UL-1558) 

Long Time Pickup 

Long Time Delay 

Short Time Pickup 

Short Time Delay 

Instantaneous Pickup 

Inst 

LTP 

STP 

LTD 
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Time Current Curve – LV Fuses 
Current Limiting Non-Current Limiting 

Safety Switch 

I2t slope 
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Time Current Curve – LV MCC 

LTP 

Inst Low Voltage  

Motor Control Center 
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Time Current Curve – LV MCC w/ MCP 

Low Voltage  

Motor Control Center 
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Time Current Curve – MV MCC 

Medium Voltage  

Motor Control Center 
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Bolt-On MCCB (P&S) – UL891 
Low Voltage Switchboard – Bolt-On MCCB (P&S) – UL891 

• Electrical Ratings 

• Voltage: 600A 

• Insulation Rating: 600V 

• Bus Rating: 6000A Main bus & 4000A distribution 

• Short Time / Withstand Rating: 3-Cycle 

• Short Circuit Rating: up to 200kAIC 

• Front or Rear Access 

• Design Standards 

• UL 891 

• NEMA PB-2 

• Applicable Breakers & Devices: 

• Power Circuit Breaker (UL1066), 800-5000A (Main and Tie Devices), fixed or drawout 

• Insulated Case Circuit Breakers (UL489), 800–4000A  

• Molded Case Circuit Breakers (UL489), 15–2500A, fixed group mounted 

• Bolted pressure switches, 800–5000A  

• FDPW fusible switches, 400–1200A 
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Drawout MCCB (P&S) – UL891 
Low Voltage Switchboard – Drawout MCCB (P&S) – UL891 

• Electrical Ratings 

• Voltage: 600A 

• Insulation Rating: 600V 

• Bus Rating: 6000A Main bus & 4000A distribution 

• Short Time / Withstand Rating: 3-Cycle 

• Short Circuit Rating: up to 100kAIC 

• Front or Rear Access 

• Design Standards 

• UL 891 

• NEMA PB-2 

• Applicable Breakers & Devices: 

• Power Circuit Breaker (UL1066), 800-5000A (Main and Tie Devices), fixed or drawout 

• Insulated Case Circuit Breakers (UL489), 800–4000A  

• Molded Case Circuit Breakers (UL489), 15–1200A, drawout 

• Molded Case Circuit Breakers (UL489), 15–2500A, fixed or group mounted 

• Bolted pressure switches, 800–5000A  

• FDPW fusible switches, 400–1200A 



13 
13 © 2015 Eaton Corporation. All rights reserved. 

Drawout ICCB (LVA) – UL891 
Low Voltage Switchboard – Drawout ICCB (LVA) – UL891 

• Electrical Ratings 

• Voltage:  600Vac  

• Insulation Rating:  2200Vac 

• Bus Rating: 10,000A Main bus & 6,000A Vertical Section bus 

• Short Circuit Rating: Up to 200Kaic(Current Limiting), 150kA 4 cycle 

• Short Time Rating:  Up to 100kA (double wide), 85kA (single wide) 

• Design Standards 

• UL 891 

• CSA 

• Applicable Breakers 

• Power Circuit Breaker (UL1066), 800-4000A  

• Insulated Case Circuit Breakers (UL489), 800–6000A  Insulated Case Circuit Breakers (UL1066), 800-4000A 

• Molded Case Circuit Breakers (UL489), 15–2500A, fixed group mounted 
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Low Voltage Switchgear (LVA) – UL1558 
Low Voltage Switchgear (LVA) – UL1558 

• Electrical Ratings 

• Voltage:  600Vac  

• Insulation Rating:  2200Vac 

• Bus Rating: 10,000A Main bus & 6,000A Vertical Section bus 

• Short Circuit Rating: Up to 200Kaic(Current Limiting), 150kA 4 cycle 

• Short Time Rating:  Up to 100kA (double wide), 85kA (single wide) 

30 cycle 

• Design Standards 

• ANSI C37.20.1 

• ANSI C37.51 

• UL 1558 

• CSA C22.2 No. 31-10 

• Applicable Breakers 

• Power Circuit Breaker (UL1066), 800-6000A 
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MV Metal Enclosed Switchgear (MVA) – 
ANSI C37.20.3  

• Electrical Ratings 

• Voltage:  4.76 – 38 kV 

• Basic Impulse Rating (BIL) Rating:  5 kV – 60 kV, 15 kV – 95 kV,  

25.8 kV – 125 kV, 38 kV – 150 kV 

• Bus Rating: 1200A 

• Switch Rating: 600A, 1200A 

• Design Standards 

• ANSI C37.20.3 (structure) 

• ANSI C37.20.4 (MV switches used in structure) 

• ANSI C37.22 (MV breakers used in structure) 

• Other 

• No compartmentalization 

• Limited operations (ANSI specifies 30 electrical operations!) 
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MV Metal Clad Switchgear (MVA) – ANSI 
C37.20.3  

• Electrical Ratings 

• Voltage:  4.76 – 38 kV 

• Basic Impulse Rating (BIL) Rating:  5 kV – 60 kV, 8.25k V – 95 kV, 

15 kV – 95 kV, 27kV – 125 kV, 38 kV – 150 kV 

• Bus Rating: 1200A, 2000A, 3000A, 4000A 

• Breaker Rating: 1200A, 2000A, 3000A, 4000A, 4000A FC 

• Design Standards 

• ANSI C37.20.3 (structure) 

• ANSI C37.20.4 (MV switches used in structure) 

• ANSI C37.22 (MV breakers used in structure) 

• Other 

• All bus insulated 

• Completely isolated cubicles and bus 

• Limited operations (ANSI specifies 1000 electrical operations) 
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2011+ NEC Article 240.87 

240.87 Arc Energy Reduction. Where the highest continuous current 

trip setting for which the actual overcurrent device installed in a circuit 

breaker is rated or can be adjusted is 1200 A or higher, 240.87(A) and 

(B) shall apply.   

(A) Documentation. Documentation shall be available to  those 

authorized to design, install, operate, or inspect the installation as 

to the location of the circuit breaker(s).   

(B) Method to Reduce  Time. One of the following or approved 

equivalent means shall be provided:   

1) Zone-selective interlocking  

2) Differential relaying 

3) Energy-reducing maintenance switching with local status indicator 

4) Energy-reducing active arc flash mitigation system 

5) An approved equivalent means 
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2014: 240.87 Informational Notes 

1. An energy-reducing maintenance switch allows a worker to 

set a circuit breaker trip unit to “no intentional delay” to 

reduce the clearing time while the worker is working within 

an arc-flash boundary as defined in NFPA 70E-2012, 

Standard for Electrical Safety in the Workplace, and then to 

set the trip unit back to a normal setting after the potentially 

hazardous work is complete.   

2. An energy-reducing active arc flash mitigation system helps 

in reducing arcing duration in the electrical distribution 

system. No change in the circuit breaker or the settings of 

other devices is required during maintenance when a worker 

is working within an arc flash boundary as defined in NFPA 

70E-2012, Standard for Electrical Safety in the Workplace. 
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Why Isn’t Instantaneous Good Enough? 

• Even with instantaneous tripping, fault current 

(typically due to GF) might be too low 

Motor 

Started 

Nominal 

Instantaneous Trip 

Phase  Amps 

Arcing fault 

Inrush 

Margin 
No trip 
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• Bus Differential (87B) 

• MV or HV 

Reduce Arcing Time – Bus Differential 

87B 

• CT issues 

• CT balancing 

• CT accuracy / linearity 

• CT “burden” capacity 

• Load impedance - saturation 

IM1 

IF2 IF3 
IF1 

• IM1 = IF1 + IF2 + IF3 

M1 

F1 F2 F3 

• IM1 = IF1 + IF2 + IF3 + IF4 

• IM1  IF1 + IF2 + IF3 

X 
IF4 

• Instantaneous 

trip! 
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Without ZSI = 0.5 S: 

43.7 Cal/cm2 

Greater than Cat. 4 PPE 

DANGER! 

With ZSI = 0.08 S: 

7.0 Cal/cm2 

FR Shirt & Pants 

Cat. 2 PPE 

35kA fault current 

SD= 
0.5S 

Reduce Arcing Time – ZSI 

• Zone Selective Interlocking 

• Uses communications between 

devices 

• Tells each other  

if a fault is seen 

M1 

F1 F2 F3 
X 

IF4 

IM1 

IF2 IF3 
IF1 

• M1 “asks” if any other 

breaker sees fault 

• No 5 Vdc restraint 

sent 

• M1 clears 

instantaneously! 
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Reduce Arcing Time – ARMS 

• Not all “ARMS” are the same 

• Some simply 

bypass ZSI 

• “Faster than 

instantaneous” 

40-80 ms 

Fault occurs until breaker trips 

Settings 

P A/D 

C
ir
c
u

it
 B

re
a

k
e

r 

Trip 

Solenoid 

+V 

17-40 ms 

2-3 times faster clearing 

Settings 

P A/D 

C
ir
c
u

it
 B

re
a

k
e

r 

Trip 

Solenoid 

+V 

ARMS 

OFF 2.5x 

4 x 

R1 

R2 
D1 

D2 

D3 

D4 

Signal 

No 

Delay 
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Also ARMS Provides a Lower Pickup 

• Picks up to clear at lower current– reduces 

incident energy 

• Clears faster than instantaneous – further 

reduces incident energy 

Motor 

Started 

Nominal 

Instantaneous Trip 

Phase  Amps 

Arcing fault 

Inrush 

Margin 
No trip 

Motor 

Started 

Nominal 

Instantaneous Trip 

Phase  Amps 
Inrush 

Margin 
ARMS Trip Trips 

Arcing fault 
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Documented Example of ARMS 

• Olin Chemical 

• Energized 480V 

work (21 kAIC) 

• Come-along used to 

pull cable 

• Chain drifted to bus 

• Faulted bus 
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Olin Chemical ARMS Case Study 

• No injury to 

electrician, no loss of 

equipment 

• Completed project 

and re-energized the 

switchgear.  

• Total down time for 

the plant due to this 

event was minimal 
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Unit Substation – Excessive Fault Energy 

• Unit substations without secondary overcurrent 

protection present some significant challenges  

• Unit subs without secondary main breakers are very 

common  

• Design can be NEC-compliant as long as there are 

no more than six feeder breakers 

UST MVS LVA 

CLE 

100E 

Fusing 
Fault at 480V Switchgear Bus 

• 323” AF boundary 

• 105.4 cal/cm2 

• NFPA 70E-2004 Category - Extreme Danger! 

800AF/600AT 

CLE 

100E 

1500 

kVA 

1200A 

61 kA 

4 or more feeders 

800AF/600AT 

MV Switch and Fuse 
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Reduce Arcing Time – Unit Substation 

UST MVS LVA 

800AF/600AT 

1500 

kVA 

1200A 

61 kA 

800AF/600AT 

Fault at 480V Switchgear Bus 

• 323” AF boundary 

• 105.4 cal/cm2 

• NFPA 70E-2004 Category - Extreme Danger 

4 or more feeders 

Mini Vac 

Retrofit 

50/51 

52 

600A or 

1200A 

MiniVac 

50/51 

Versus 

• 40.7” AF boundary 

• 4 cal/cm2 

• NFPA 70E-2004 Category 2 
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ARMS MV Retrofit Photos 

Fuses Replace 

with MV 

vacuum 

breaker 

Additional 

protective 

device and 

controls 
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Light Sensing Relays 

• Able to “see” flash of light 

• When correlated with current (reduce nuisance 

trips), can trip quickly 

• Issues 

• Mechanical clearing time of power breaker  80 ms 

• If light relay could detect in 2 ms (vs 4 ms for 

current sensing, worst case): 

• 80 + 2 = 82 ms (light sensing alone) 

• 80 + 4 = 84 ms (current sensing alone) 

• (82-84)/84 = 2.3% faster 

• 40 cal/cm2  39 cal/cm2  (no real savings) 
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Selective Coordination 

• A 208Y/120 volt branch panelboard consisting 

of main lugs only and 40 - 20A trip single-pole 

breakers and 1 - 35A trip 2-pole breaker is 

located 113 feet away from the 225A trip 

feeder breaker supplying the panelboard 

through 1-4/0 copper conductor in metallic 

conduit per phase and neutral. There is 67,000 

amperes rms available at the 225A trip 

breaker. 
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Selective Coordination 

• Step 1: Utilize Eaton Web site calculator or other 

means to determine the short circuit current at the 

branch panelboard. When using the Eaton calculator. 

select system voltage of 208Y/120 volts; enter 67,000 

starting amperes into the RED box of the calculator. 

Select copper conductors in metallic raceway. 

conductor  size of 4/0 and length of 113 feet and 1 

conductor per phase. The calculator yields 10,968 

amperes rms symmetrical of available fault  current at 

the load side breakers in the branch panelboard. 
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Selective Coordination 

• Step 2: First determine the model of the load side 

breaker from  Tables 6, 7 and 8, which has an 

interrupting capacity greater than or equal to the 

available fault current of 10,968 amperes and of a  

bolt-on type because they are used in a panelboard.  

 

The first breaker model meeting this criteria is a 

‘OBHW.’   
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Selective Coordination 

• Step 3: Utilizing Table 9, find the row for the QBHW 

breaker having a trip rating of 35 amperes. Since this 

is NOT shown in the table, go to the next larger trip of 

40 amperes. Move horizontally to find the minimum 

value that exceeds 10,968 amperes. Proceeding 

horizontally across page 20, stop at the value of 14.4 

kA (14,400 amperes). Proceeding up the column, find 

the heading of LG Family of breakers having ETU with 

an available trip unit range of 160 to 400 amperes. 

Since the required trip unit of 225 falls within this 

range, the LG Family of breakers is suitable to provide 

selective coordination with the QBHW breaker. 
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Selective Coordination 
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Tools 

• Selective Coordination Calculator: 

http://www.eaton.com/ecm/idcplg?IdcService=

GET_FILE&allowInterrupt=1&RevisionSelectio

nMethod=LatestReleased&noSaveAs=0&Ren

dition=Primary&dDocName=AP01200003E 

• Short Circuit Calculator: 

http://www.eaton.com/ecm/idcplg?IdcService=

GET_FILE&allowInterrupt=1&RevisionSelectio

nMethod=LatestReleased&noSaveAs=0&Ren

dition=Primary&dDocName=PCT_459616 

http://www.eaton.com/ecm/idcplg?IdcService=GET_FILE&allowInterrupt=1&RevisionSelectionMethod=LatestReleased&noSaveAs=0&Rendition=Primary&dDocName=AP01200003E
http://www.eaton.com/ecm/idcplg?IdcService=GET_FILE&allowInterrupt=1&RevisionSelectionMethod=LatestReleased&noSaveAs=0&Rendition=Primary&dDocName=AP01200003E
http://www.eaton.com/ecm/idcplg?IdcService=GET_FILE&allowInterrupt=1&RevisionSelectionMethod=LatestReleased&noSaveAs=0&Rendition=Primary&dDocName=AP01200003E
http://www.eaton.com/ecm/idcplg?IdcService=GET_FILE&allowInterrupt=1&RevisionSelectionMethod=LatestReleased&noSaveAs=0&Rendition=Primary&dDocName=AP01200003E
http://www.eaton.com/ecm/idcplg?IdcService=GET_FILE&allowInterrupt=1&RevisionSelectionMethod=LatestReleased&noSaveAs=0&Rendition=Primary&dDocName=PCT_459616
http://www.eaton.com/ecm/idcplg?IdcService=GET_FILE&allowInterrupt=1&RevisionSelectionMethod=LatestReleased&noSaveAs=0&Rendition=Primary&dDocName=PCT_459616
http://www.eaton.com/ecm/idcplg?IdcService=GET_FILE&allowInterrupt=1&RevisionSelectionMethod=LatestReleased&noSaveAs=0&Rendition=Primary&dDocName=PCT_459616
http://www.eaton.com/ecm/idcplg?IdcService=GET_FILE&allowInterrupt=1&RevisionSelectionMethod=LatestReleased&noSaveAs=0&Rendition=Primary&dDocName=PCT_459616
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More Tools 

• Selective Coordination Guide 

eaton.com/selectivecoordination 
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CT Error 

𝐶𝑇𝑒𝑟𝑟 =
𝐼𝑒

𝐼′ + 𝐼𝑒
 

Primary Current Secondary Current 

CT excitation 

current 

𝐸′ = 𝐼′ ∙ 𝑍′ + 𝑍𝑒  𝐼𝑒 =
𝐸′

𝑋𝑒
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CT Saturation 

• #14 AWG (0.002525 /ft) 

• 100’ total wiring (50’ x 2) 

• ZRLY = 0.2  load 

• ZC = 100 * 0.002525 = 0.25  

• ISEC = I’ = 5A * 10 = 50A (10x fault) 

• VCT = I’*Z = 50*(0.25+0.2) = 22.5V 

 

ZRLY (relay burden) 

ZC (conductor impedance) 

ZC 
+ 

- 
VCT 

ISEC or I’ I PRI 

600:5 

𝑉𝐶𝑇 = 𝐼′ ∙ 2 𝑍𝐶 + 𝑍𝑅𝐿𝑌  

0.04A 

22.5V 

22.5V 

• 0.5% (or better) accuracy? 

VCT < VMax 
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CT Error 

• I’ = 50 A 

• Ie = 0.04 

• Why should differential relaying schemes use 

the same CTs at each bus? 

𝐶𝑇𝑒𝑟𝑟 =
𝐼𝑒

𝐼′ + 𝐼𝑒
 

𝐶𝑇𝑒𝑟𝑟 =
0.04

50 + 0.04
= 0.08% 

I   Primary Current 

I’   Secondary Current 

 
Better than 0.5% 


