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Power System Analysis:

Protection / Coordination Analysis

Dave Loucks, PE, CEM
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Definitions

e Selective Coordination: device closest to
fault clears the fault

e 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

e Time Current Curve: Curve that describes
how fast an overcurrent device clears a fault
for different values of current.

F-T-N
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Protective Function (IEEE Device Number)

e Over/undervoltage (59, 27)

* Phase loss/unbalance (46,47)

* Directional current/power (67, 32)
e Over/underfrequency (81)

« Synchronization (25)
 Overcurrent (50, 51)

3
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Time Current Curve — Protective Relay
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Time Current Curve — MV Fuse
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Time Current Curve — LV Power Breaker

CURRENT IN AMPERES
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Time Current Curve — LV Fuses
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Time Current Curve — LV MCC
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Time Current Curve — LV MCC w/ MCP
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Time Current Curve — MV MCC
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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
« UL891
- 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

.1°N
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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

« ULB891
*  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

.1°N
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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
- UL891
- 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

.1°N
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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
e Short Time Rating: Up to 100kA (double wide), 85KA (single wide)

e Design Standards
+  ANSI C37.20.1
-+ ANSI C37.51
+ UL 1558
»  CSAC22.2 No. 31-10
 Applicable Breakers
*  Power Circuit Breaker (UL1066), 800-6000A

E-T-N
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2014: 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

.1°N
E- © 2015 Eaton Corporation. All rights reserved
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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.

.1°N
EF. © 2015 Eaton Corporation. All rights reserved
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Why Isn’t Instantaneous Good Enough?

Instantaneous Trip } NG trip

Margin

fArcing fault

Phase Amps |
Nominal ~ Inrush
P
Motor
Started

e Even with instantaneous tripping, fault current
(typically due to GF) might be too low

.1°N
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Reduce Arcing Time — Bus Differential

* Bus Differential (87B)
e MV or HV

1 =l e+ 1

+ IF4 87B

1 =l e+ 1

1 # lrs ¥ I+ s

* |nstantaneous
trip!

e CTissues
« CT balancing

o CT accuracy / linearity

* CT “burden” capacity
e Load impedance - saturation

E-T-N
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Reduce Arcing Time — ZS|

M1

Zone Selective Interlocking

 Uses communications between
devices

 Tells each other
If a fault is seen

35kA fault current

SD=

ey
F1

M1 “asks” if any other }
breaker sees fault

e No 5 Vdc restraint
sent

Without ZSI=0.5 S:

e M1 clears
Instantaneously! 43.7 Calicm?
y: Greater than Cat. 4 PPE
DANGER!

.1°N
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With ZS1=0.08 S:
7.0 Cal/cm?

Cat. 2 PPE
FR Shirt & Pants
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Reduce Arcing Time — ARMS

Circuit Breaker

 Not all “ARMS” are the same

e Some simply
bypass ZSI

——N

” ~
2 N

Settings \

IA/D uP>&
+V Signal

N I
>@%\ Dglay V

Trip /
Solenoid p 4
7
\ -_— e, == -

40-80 ms
Fault occurs until breaker trips

E-T-N
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Circuit Breaker

o “Faster than
Instantaneous”

~o|:-|:—- = —y

i -, 2.5x ~y
1 R1 .
' ’ ARMS Settings S

q RZQDI \
- V @ :D?p ‘
MH?L o) .) /I

Trip
Solenoid ‘—“DS P 7
-

B

17-40 ms
2-3 times faster clearing
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Also ARMS Provides a Lower Pickup

Instantaneous Trip

Phase Amps

T
Margin

.No trip

fArcing fault

Nominal ~ Inrush
i R
Motor
Started

Instantaneous Trip

ARMS Trip

Phase Amps

T
Margin _
' Trips

:"'Arcing fault

Nominal ~ Inrush
R |
Motor
Started

e Picks up to clear at lower current— reduces
iIncident energy

e Clears faster than instantaneous — further
reduces incident energy

E-T-N
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1200A NG Breaker

SDT @ Instantaneous

E-T-N
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Documented Example of ARMS

e Olin Chemical

* Energized 480V
work (21 kAIC)

« Come-along used to
pull cable

e Chain drifted to bus
e Faulted bus

E-T-N
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Implementation of an Arc Flash Reduction Maintenance Switch —
A Case Study

Copyright Material IEEE
Paper No. ESW-2012-08
Thomas Domitrovich, P.E. Ken White
LEED Associste Professional Senior Member, IEEE
[Eaton Corporation Ofin
1000 Cherringion Parkvay 2400
Moon Township, PA 15108 Niagara Falls NY 14302
UsA USA
tromasidombroachEeaton com pwhiteZoiin com
Abstract - This presents a case study of an event that  and 130.5(B), 2 shock and arc flash work hazard analysis was
ocasred in an indusirial faclity thal resulled in an oulsge performed. This analysis found that a complex lockout and sale

present opporiunities for %o ocowr that should be

frough proper use of installed safety equipment
cowpled with the successful i of a safety
program...

. SAFETY PLANS AND PROCEDURES

A Project Preparation / Background

This project involved a major rework of a 480 volt distribusion
system which was supplied from a 1000kVA transformer. One of
the first steps in this project. as per NFPA 70E Section 130.4{A)

work permit was required for the kst porfion of the project which
included the removal of a three conductor cable from the back

on the swilchgear, was placed in the on posiion and appropriste
locks were put in place.

C. Event

slong could more force.  The first conducior was
successfully with this new todl. Upon removing the
second conducior 3 small fash below him. A

contractor stopped his work and waited for the plant electricians
o arrive not knowing what had just ocourred.

© 2015 Eaton Corporation. All rights reserved




Olin Chemical ARMS Case Study

* No injury to
electrician, no loss of
equipment

« Completed project
and re-energized the
switchgear.

e Total down time for
the plant due to this
event was minimal

F-T-N
= © 2015 Eaton Corporation. All rights reserved 24
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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

800AF/600AT
<>
1200A CLE 1500
MVS UST LVA 61 KA 100E kVA °

'\ ! (L] )DE 4 or more feeders
ol =IO I e N R e N S R —— x R
100E %%% MV Switch and Fuse / .
Fusing

L ]
Fault at 480V Switchgear Bus 800AF/600AT

N
» 323" AF boundary <=

¢ 105.4 cal/cm?
* NFPA 70E-2004 Category - Extreme Danger!

.1°N
E- © 2015 Eaton Corporation. All rights reserved
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Reduce Arcing Time — Unit Substation

MVS UST LVA
NN
Mini Vac
Retrofit | 1
Fault at 480V Switchgear Bus
\ 800AF/600AT * 323" AF boundary
45N * 105.4 cal/cm?
1200A  600A or 1500 <= * NFPA 70E-2004 Category - Extreme Danger
61 kA  1200A kVA ¢
MiniVac ° Versus
q%g 4 * 40.7” AF boundary
— { or more feeders )
° * 4 callcm
* NFPA 70E-2004 Category 2
50/51 o
— 800ﬁF/600AT
<

E-T-N
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ARMS MV Retrofit Photos

. I DANGER |

Additional
protective

device and
eontrols _—.

vacuumn
breaker

10- §

.1°N
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Light Sensing Relays

* Able to “see” flash of light

* When correlated with current (reduce nuisance
trips), can trip quickly

e |ssues
* Mechanical clearing time of power breaker ~ 80 ms

e 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
e 40 cal/lcm? = 39 cal/cm? (no real savings)

.1°N
E- © 2015 Eaton Corporation. All rights reserved
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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.

F-T-N
- g © 2015 Eaton Corporation. All rights reserved
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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.

F-T-N
- © 2015 Eaton Corporation. All rights reserved
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Selective Coordination

o 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.’

-1°N
A C
wering Busi

. n Corporation. All rights reserved
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Selective Coordination

o 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.

F-T-N
- g © 2015 Eaton Corporation. All rights reserved
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Selective Coordination

Load Side Breaker
- Indicates the
frame family and

Breaker Family

— Indicates line
side molded case
breaker frame

Type Trip Unit —
Indicates the type
of the trip unit.

Minimum Trip —
Indicates the
minimum available

Maximum

Trip — Indicates
the maximum
available amper-

amperage range family to selec- TM = Thermal amperage rating age rating for a
of the load side tively coordinate Magnetic Trip, for a specific specific breaker
molded case with the load ETU = Electronic breaker family on family on the
circuit breaker side breaker Trip Unit the line side line side
Table 2. "
! Line Side Breaker
Breaker Family | LG /LG LG LG N N N N N R R R
Load | Type Trip Unit | ETU ETU ETU~ | TM ETU ETU ETU ETU ETU ETU ETU ETU
Side Minimum Trip 100A 160 A 250 A 630A 150 A 400 A 400 A 400A~ | 600 A 800 A 800 A 800 A
Breaker | Maximum Trip | 250 A 400 A 600 A 400 A 600 A 800 A 1200 A 800 A 1000 A+ | 1200 A

BRH, QPHW, QBHW & QCHW (120{Vac for 1-Pol

e, 120/240 Vac for 2-Pole and 240 Vac for Delta Rate 2-Pole and All 3-Pole

E-T-N
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15 10 14}4 22 22 22 22 22 22 22 22 22 22
20 9.0 14I¢l 22 22 22 22 22 22 22 22 22 22
30 9.0 14lﬂ 22 22 22 22 22 22 22 22 22 22
40 15 m 22 22 22 22 22 22 22 22 22 22
50 15 1 72 72 72 22 72 72 22 72 72 722
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Tools

e Selective Coordination Calculator:
http://www.eaton.com/ecm/idcplg?ldcService=
GET_FILE&allowinterrupt=1&RevisionSelectio

nMethod=LatestReleased&noSaveAs=0&Ren
dition=Primary&dDocName=AP01200003E

e Short Circuit Calculator:
http://www.eaton.com/ecm/idcplg?ldcService=
GET_FILE&allowinterrupt=1&RevisionSelectio

nMethod=LatestReleased&noSaveAs=0&Ren
dition=Primary&dDocName=PCT 459616

A
F:1-N
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More Tools

« Selective Coordination Guide B -

Selective Coordination Breaker Application
by Short Circuit Current Ratings in Panelboards

Induustry Ap i A 1400001E

Introdustion indicated by circut breskes The test ket utlized by in adidition 16 the panelbosrd
] ’ imacunentcunes Tis B mamdachaers tavmkiots  ssecte sooeinsion da, we
Thigguice s esgoeato i poriery Pt proweis seeoeciry ook
o fohagond Stale-oMne-anl load side high b krown and (essonatie. current data for sedect, con
oMponss e pariommance mokis s Tela cacu bsskers iy oy e sk ccp-
panalbodrde, Trpas PRI e et loh o mammer siie lo e isebton
P Ll e st Wb, e Lo 45 ety yansigmers ThG e £ i
jmng rofed e G0l ugh fome Mo cass 10 Bl midsdcasa Groal. o0 s 1 Agpands.
i o e e
: S, sy maricc s cument  tows o ¢ ectof wh un e Organizatin of Data
documen ullocs ermaln o) Dats s e kol et e bk T e
corined in ATIZ0OO0E o e bore he st e a4 Inet o v ength for fa coniain
s kit il ¥ eyl pe. rseig e ihe combinllon of ke jom | Bublestn e aranged i
mpedance mio the Grouit, he load £ide of the kne Dreak-
o sl o e g ek L & INOLgh ek rskar 1o Uioing Exion tesiad breakar
ihiough current with resulting  the point of the faul_Forssch  S2MiEmaLons of selsetely

“The raings & @ gad e cooidasted Cutectiammars
i faull current at wihich foed side bresies reduces (he  live conrdination test uiizes  oided Case chout beskers.
. on the u: una el

. e he - riei b pans:
tested data typieally are signifi- e sxde brasker rsulting breskers pec National Electical  LGNING Paneibosrds snd
canthy higher than would be ‘selective eoordination Coda® Table 310.16. EomESE o

eaton.com/selectivecoordination
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CT Error

Primary Current / (r+ 1) 7 I” Secondary Current
o TR0 -O-
+

o o CT excitation
' current § 2

_\G |

Q

I,=— E'=I-Z'+2,)

I
I'+1,

CTory =

.1°N
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CT Saturation

22.5V

Z- (conductor impedance)

[+
600:5 }. _ VCT ZC % ZRLY (relay burden)

— AN

| o l lsec or |

Ver =1'+2(Zc) + Zriy)  Ver<V
#14 AWG (0.002525 Q/ft)

100’ total wiring (50’ x 2)
Zrnv=0.2 Qload

Z- =100 * 0.002525 =0.25 Q
lcec = ' =5A * 10 = 50A (10x fault)
Ve = 1I""Z2 =50%(0.25+0.2) = 22.5V
0.5% (or better) accuracy?

Max

E-T-N
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N 1600:5
= 500:
- /9" ] 1200:5
8 fanst! i
L 10 A 750:5
T} Z e 600; 5 [S———
DS Vi —
]
> 7
&
<
o
=
[
O
IR
w

Secondary exciting mlts—E'

.01 .02 .05 0.1 0.2 0.5 1.0 2 5 0
SECONDARY EXCITING CURRENT 60Hz
500
1l
Il
- | _
:6'(:)'0:5 it ES
s | e et -
1l
450:5 = -
5400':52 71
1l i ~ o
— 3005+ -
N 50:5
X
100:5
g 1505
! 7 \ 2005
0.1 / i IIIIII
0.001 0.01 0.1 1 10
Secondary exciting amps—I,
0.04A
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CT Error

i — ’éﬁ‘ e I Secondary Current
| Primary Current " " "
LI € -
. I, « '=50A
err T 1, * 1,=0.04
0.04
err 5 O 004 ] Better than 0.5%

 Why should differential relaying schemes use

the same CTs at each bus?
EF;T.N © 2015 Eaton Corporation. Al rights reserved 39
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