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Information required for relay calculations

* Gather as much of the following
information as possible.

* |f some of this information is not
available from mfg, may refer to specific
industry guidance, standards, etc.



 Gen/Turbine Nameplate, Data Sheets, Capability Curves

GCC (for 40 & 21 coordination, PRC evaluations, etc)

V/Hz withstand capability curve (24, 59 @ 60 Hz)

Stator winding pitch diagram and factor (27TN, 59D)
friction, windage, iron, rotor, excitation, turbine losses (32)
motoring withstand time (32)

continuous and short time |, rating/curves (46)

mechanical thermal overload curve and time constant (49)
Off-nominal frequency capability curve (810/U)
mechanical overspeed device (12) settings (off-line 810)

AN NI N NN N Y NN

e Excitation Control System settings/curves (PRC-019 coord)
v’ 24EX, 40EX, 59EX, VPFL, UEL, OEL, Field I*t

e GSU Nameplate, Data Sheets
v' V//Hz withstand capability curve (24, 59 @ 60 Hz)
v' GIC withstand capability curve (NERC TPL-007)



Gen Breaker Nameplate
v’ Speed Test, rated interrupt time (50BF)
v’ out-of-phase interrupt rating (78)

Run as synch condenser? (32, 40, 46, 24)

Round Rotor — Directly or Indirectly cooled? (46)

Salient Pole — Connected Damper windings? (46)

Black start capable? (Isync trip, 25)

NGT and NGR information (59N, 64S)

Governor response time (81)

CT Saturation Curves (87)

Drawings: 1-line, 3-lines, DC Schematics, relay 1/O

System Thevenin equivalent impedances on GSU HS w/o gen
Fault Study

Transient Stability Study (21 with PSB, 40, 50BF for CCT, 78)
Tripping mode requirements: simultaneous, sequential, etc.



NERC (North American Electric Reliability Corporation)

FERC (Federal Energy Regulatory Commission) oversees NERC.

NERC develops standards for the reliable operation of the bulk power system.

NERC covers the continental United States, Canada, and the northern portion of

Baja California, Mexico.

NERC was first created in 1968 after investigating the 1965 NE blackout:

30 million people out-of-service

v’ Initial cause was a transmission line 21
zone 3 setting that picked up on load,
which could have been avoided if the relay
engineer had checked the “MVA to Trip”
(S=V?/Z) of the 21 zone 3 setting.

v' Initially, NERC did issue some general
reliability guidelines, but there was no
mandatory compliance as it was all
voluntary and many utilities did not follow
the guidelines.

v" Now, the “MVA to Trip” security check is
covered in NERC Relay Loadability
Standards PRC-023 (Transmission) and PRC-
025 (Generation).
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2003 North East Blackout

Transmission — Generator System Coordination

Why is NERC so concerned about
Transmission — Generator system coordination?

THE 2003 East Coast Blackout:

Biggest Blackout in North American History

Largest Area Ever Involved in a Blackout

290 Generator Trips — Most Tripped Improperly
52,743 MW Lost i P e

B o
\.-

50 million people
out-of-service




2003 North East Blackout — how it happened

First, system voltage was depressed from faults and transmission line trips.
Then, generators gave VAR support via field forcing to help the system voltage.
Some gens tripped before they needed to (relays set too sensitive or just wrong).
Therefore, the tripped gens were no longer available to provide voltage support.
This resulted in cascading system voltage collapse and a much wider outage.

This outage was studied in detail and documented in report:

U.S.-Canada Power System Outage Task Force

Final Report on the
August 14, 2003 Blackout

in the
United States and Canada:

Causes and
Recommendations
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2003 North East Blackout

* Which relay elements tripped during this outage?

Table 1: 2003 Blackout Generation Protection Trips

- 50
Function Type 21 |24 |27 | 32 |40 | 46 | 50/27 — 51V |59 | 78 | B1 | 87T

Total

Unknown

o
n

Mumber of Units | & 1 |35 8 |13 ]| 5 7 1 20 |26 7 | 59| 4 290

* Were some correct trips? Yes.

 Were some trips due to incorrect relay settings or settings that
were overly and unnecessarily sensitive? Yes.

e After thoroughly studying this outage, NERC created standards
with specific relay setting criteria to maintain system reliability.

* In 2007, FERC approved these NERC relay setting standards where
compliance became mandatory and legally enforceable.

 What are these new NERC PRC gen relay settings standards? ‘
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NERC PRC standards for BES plants

NERC Standard Gen Relay Settings

 This list may not include all
PRC-019 24, 40, 59 settings requiring evaluation.

e Gen relay settings compliance
PRC-024 24 at 60 Hz, 27, 59, 81 will be shown.
PRC-025 21. 51V. 50. 50DT * GSU relay settings compliance

’ > will not be shown in this

PRC-026 21, 40, 78, 50, 50DT presentation.

 UAT & export line relay settings
PRC-027 various compliance will not be shown.

* Next several slides are just a brief introduction to these standards.

* Detailed calculations, coordination plots, and evaluation against
the criteria as outlined in the standards will be presented at the
end of each relay element’s section (when applicable).

These standards outline criteria for gens to stay on-line (without damaging
equipment) to provide system support and avoid a wider outage i.e. they require
secure relay settings, so the generators do not trip unless they need to, as opposed
to being set overly sensitive.
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PRC-019

Coordination of Generating Unit or
Plant Capabilities, Voltage Regulating
Controls, and Protection

Purpose: To verify coordination of generating unit Facility or synchronous
Condenser voltage regulating controls, limit functions, equipment capabilities
and Protection System settings.

* in-service limiters are set to operate prior to the protection elements tripping
« protective elements will trip prior to equipment damage or stability limits

Limiters < Protection < GCC/SSSL

First, the Limiter (UEL, OEL, V/Hz Limiter, etc) should be given a chance to
address the issue; however, if the Limiter cannot fix it within a certain time, then
the relay (40, 24, etc) should trip to protect the generator and ensure stability.
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PRC-019

PQ and RX diagram examples

Section G Attachment 2 — Example of Capabilities. Limiters, and Protection on an R-X Diagram at nominal

frequency
Section G Attachment 1 — Example of Capabilities, Limiters and Protection on a P-Q Diagram at nominal \I
frequency
@ MR
000

R (AT

o NOTE: 40 zone 2 plots
between the UEL and GCC




PRC-019

As V/Hz and/or Time
increase, the V/Hz
operating locus will travel
to the right and upward
traversing, in order:

1st _ VPFL (LM
2nd — 24 trip /
31 — V/Hz withstand

Therefore, these 24 & 59

100.00

10.00

e (minutes)
=
=
=

X \S

settings are shown to

0.01 *

PRC-019 Volts per Hertz vs. Time

|
\
\

S
-—

= =GSU V/Hz withstand capability
24 Trip (M-3311A)

= = =24 Alarm (M-3311A)

== (Gen V/Hz withstand capability
24 Trip (M-3425A)

= = =24 Alarm (M-3425A)

=59 Relay Trip at 60 Hz

= = =59 Relay Alarm at 60 Hz

— -\/PFL
/ =
b
e
L.
T S
vent locus fram
iverfluxing condition
100 110 120 130 140 150
Volts per Hertz (%)

comply.
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PRC-019

PRC-019 Field I*T diagram

210 \ | | | |
C50.13 rotor thermal capacity](Field Forcing Capability)||—

200
190 \ == Excitation Over-Current Protection -
180 \ ——on-line OEL B

170 \

160 \ Yes, it complies:

150 \

N « 3 _ rotor thermal

1:2 \\\ // capacity per C50.13
120 —~ « 279 _ Field I*T trip
110 -— . s oEL

; —

80
70

% Field Current

0 20 40 60 80 100 120 140
Time (seconds)
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PRC-024: Generator Frequency and Voltage Protective

Relay Settings

Eastern Interconnection Boundaries

(=g}
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o
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/."

Mo Trip Zone”

Purpose: Ensure Generator

T ——
i

Frequency (Hz)

Owners set their generator 2 ERmaas ‘t*:iN -
protective relays such that o =TTl ;’t‘,f; rf]ustotri;zonoene ®
generating units remain connected | " | . & i s e

during defined frequency and Time (Sec)

voltage excursions.

The Voltzge Mo Trip Zone ends at 4
seconds for applicability to PRC-024
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{per unit)!?

G0 0 = =~ 06 R0 00 €000 it s P3P

J outside "No Trip Zone" is
not a must trip zone

NOTE: The requirements in this standard for =
the voltage coordination go up to 4 seconds

Volta

only, i.e. any relay settings or excitation
settings that are inside the "No Trip Zone" but
have time delays greater than 4 seconds, are
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PRC-024

PRC-024 voltage no trip zone
points are given at POI (Point
of Interconnect).

POl is on the HS of the GSU.

Gen VTs feeding 27, 59, 24 @
60 Hz protection are on LS of
GSU.

Must transfer PRC-024 points
from GSU HS to GSU LS to
compare apples to apples.

NERC also has an
Implementation Guide
available on the NERC website,
where they transfer the GSU

LS relay setting to the GSU HS

POl instead of the way | have
done it here.
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PRC-025
Generator Relay Loadability

Purpose: To set load-responsive protective relays associated with generation
Facilities at a level to prevent unnecessary tripping of generators during a system
Disturbance for conditions that do not pose a risk of damage to the associated
Equipment.
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PRC-025

PRC-025-2 One-Line

0
& GSU Data

2000/5 903 MVA
Options 14a and 14b I I 345 kW [ 22 KV
2000/5 ¥=12.14%
| 21 _-§
) Gs5U bl .
Options 16a and 16k |""'|""| '*'r"‘l Options 7a, 7b, and 7c
® @

Dptinns 9a, 9b, and 9c
*

. BE I 5000/5 UAT To auxiliary
200/1 = 3F
Options 1a, 1b, and 1c

e QI%EM
N/

* Generator Nameplate
. 903 MVA @ 0.85 pf
Opt 3
@ @ pron 22 KV

Options 2a, 2b, and 2c

Options 15a and 15b

Options 13a and 13b

Figure 5: Relay Connection for corresponding synchronous options

* specific protective
functions to be set
and evaluated
against the PRC-025
criteria in this
presentation.
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PRC-025

PRC-025-2 Exclusions:

» Isync Trip (OOPS protection)
» 50/27, Breaker Flashover

» 50FD with 21

» LOP armed 50

> RAS

> 49 (50/51)

» 50 0.L. > 15 minutes

» Non-adjustable LV devices

21



PRC-025

Beware of this gotcha:

Per PRC-025-2 Guidelines and Technical Basis:

 Use Gross MW as reported to the
Transmission Planner

« This can be different than the MW at rated PF

For example, for these sample calculations:
e P=S*PF=700 MVA *0.85 = 595 MW
 However, 591.77 MW was used as MW reported to TP

22



PRC-026

Relay Performance During
Stable Power Swings

Purpose: To ensure that load-responsive
protective relays are expected to not trip

in response to stable power swings during
non-Fault conditions. R

23



PRC-026

Criterion A: 21, 40, and 78 (within blinders) must be completely contained

within the unstable power swing regions Ol have time delay > 15 cycles.

N,

PRC-026 RX diagram - M-3425A s MR
L EEE—————————— oo Lens - right side (full)
| o ns - left side
SV o AN .
/ s, / / N [ [ | Lens - left side (full)
{/ . y. /\ = impedance locus
/ m— Lower Circle
(, 10 /, //] = Upper Circle
"/
\ // b

_;é \ / | "~~~ The unstable power swing
7 e e m;";’# -——————— | region is represented by
= ] ya '\,.-\ this “peanut-shaped” or
/7 / /\\ “dumbbell-shaped”
T A g/ / impedance locus which is
( _,/ j/ / /f) defined in PRC-026.

a4

\/JL/
\4

R (sec. ohms)

.
®
(]
L |
AL
1C
L
20
LE}
=

NN




PRC-026

Yes, complies as 21, 40, 78 plot inside peanut or have time delays > 15 cycles.

Lens - right side

PRC-026 RX diagram | ... Lens - right side (full)
30 Lens - left side
------ Lens - left side (full)

2
=

= impedance locus

/ N \ Lower Circle
/ Z4 N = |Jpper Circle
. — 1 zone 1
- 21 zone 2

— 40 #1 M-3425A-PRI
e A1) 2 W-3425A-PRI
— 78 mho circle
= 78 right blinder

~— ' [’ Tr N

- 78 left blinder
_E ) — 40 #1 M-3425A-BU
o 40 #2 M-3425A-BU
o ——— 40 #2 Dir M-3425A-BU
'-E-! T |
< | | U LTI T D TIVN N At s
--"__'P—Q———q.‘___-“ :
/'_ _‘q"\ b :
/ ( AN
3l
2 1 — :
1 =k
R (sec. ohms) 2 3




PRC-027

Coordination of
Protection Systems
for Performance
During Faults

Purpose: To maintain the coordination of
Protection Systems installed to detect
and isolate Faults on BES elements, such
that those Protection Systems operate in
the intended sequence during Faults.

Guidance/Reference:

Considerations for Power\x.\_

Plant and Transmission
System Protection
Coordination

Technical Reference Document — Revision 2

System Protection and Control Subcommittee

July 2015

RELIABILITY | ACCOUNTABILITY
—_— N

W -
e

Suite 600, North Tower
Atlanta, GA 30326

404-446-2560 | www.nerc.com




PRC-027

« Coordinate Generation/Transmission protection < every 6 years, or if fault current
changes by > 15% in < 6 years then perform coordination study.

« Share/Coordinate with GO/TO/DP

» Here are some (not all) Generator/GSU protection relay elements that may
require coordination with Transmission protection:

27
50/27
21
Gen @ Broaker §3Y9/& > Ereaker
A
@ 21 50/27 L
51V 51G
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Sample application — 700 MVA Steam Turbine Generator

Main Aux

Transformers 345 KV

VAB.C X GsU
oW 22125
= .0 7/0
7(1% WA Gen HS tap = 353.6 KV  High Side
‘ 19KV/208V o005 3Yg/3Yg T Breaker 55000/ h(\3\(9& ? F Breaker
=913 —
— N\ 1 B | 3
™
Exc Xfmr AY

IA,B,C
64F =

20 Hz Gen

» Most of the relay setting calculations, coordination, and NERC compliance
evaluations will be demonstrated using the parameters from this sample
application.

* The exception will be for the functions 50N, 51N, 67N, 87GD that are typically
used on low impedance or solidly grounded generators. For these functions a
sample, small hydro will be used.
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Generator Nameplate

A.C.GENERATOR

PHASE 3 TYPE
POLES 2 kVA

VOLTS 18000 AMPERES
RATING _ CONT, GAS PRESS,
POWER FACTOR 0,85
EXCITATION VOLTS 580
STATOR TEMP, RISE 90°F
STATOR CONNECTION Y

STATOR INSULATION CLASS _F
STANDARD SPECIFICATION
SERIAL No,

TAKS FORM
700000 RPM
21271 Hz
65psig

INLET COOLANT TEMP,
FIELD AMPERES
FIELD TEMP,RISE

LCH

3600
60

122°F
5080

108°F

ROTOR INSULATION CLASS Ll

ANS] C50,13-1889

MANUFACTURED IN

2005

29



1.

1.

1T REACTANCES

DATA Design value
Saturated Unsaturated
DIRECT —AXIS SYNCHRONOUS REACTANCE (x d) 166% 183%
DIRECT —AX|S TRANSIENT REACTANCE (Xd") 20. 6% 32. 4%
DIRECT—AX|S SUBTRANSIENT REACTANCE {(Xd" ) 22. 4% 26. 0%
QUADRATURE—AX IS SYNCHRONOUS REACTANCE (X q) 164% 181%
QUADRATURE—AXIS TRANSIENT REACTANCE (X q’ ) 44, 8% 52. 0%
QUADRATURE—AXIS SUBTRANSIENT REACTANCE (X q” ) 22. 4% 26. 0%
ARMATURE REACTANCE 0.193% {at 75°%)
NCGATIVE PHASE REACTANCE (X2) 22. 4% 26. 0%
LEAKAGE REACTANCE (X 1) 17. 8% 21, 7%
ZERO PHASE REACTANCE (X0) - 12. 8%
2 TIME CONSTANT
DATA Design value
DIRECT—AX|S TRANSIENT TIME CONSTANT (Td" #)| 1. 6sec (line to neutral) &1
1. dsec {line to lined =2
0. 8sec (thresphase) #3
DIRECT —AXIS SUBTRANSIENT TIME CONSTANT (Td” ) 0. 025sec
! DIRECT—AXIS TRANSIENT OPEN-CIRCUIT TIME CONSTANT (Tdo" ) 5.1 sec
DIRECT—AXIS SUBTRANSIENT OPEN-GIRQUIT TINE CONSTANT (T do” ) 0. 031sec
QUADRATURE—AXIS TRANSIENT TINME CONSTANT (Tq' ) 0. 32sec
QUADRATURE—AXIS SUBTRANSIENT TIME CONSTANT (Tg" ) 0. 02Bsec
QUADRATURE —AX 1S SUBTRANS IENT OPEN-CIRCUIT T INE CONSTANT (T q o” ) 0. 050sec
ARNATURE TIME CONSTANT (Ta#) | 0. 22sec (line to neutral) #
1
0, 268sec (linetoline) =2
0. 26 s ec (threephase) #3
GQUADRATURE—AXIS TRANSIENT OPEN-CIRCUIT TINE CONSTANT (T gqo' ) 1.1 sec

Typically, use Saturated
reactances for calculations
e.g. to get the max fault
current. Saturated
reactances are < the
unsaturated values and
therefore will provide
higher fault currents and
more conservative settings
in general:

e Xd”sat < Xd”unsat
e [Id”sat> Id”unsat

However, in some cases, the
unsaturated reactances are
used:

e For the 40 function
mho circle diameters to
get greater coverage

e If the minimum fault
current is required

30



Rotor

Generator Capability Curve
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Stator
thermal
limi
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1mi

Stator end
winding
thermal
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T T T T THR: T T
i 1 1 1 0 1 | 1 I ] t I L 1 1
EL T E . TN A S P e, I Y SN NI AN S IS T
LR S [ [ [ [ 1
] ] t ] ] ] ] i r ] ¥ ] 1 [} 1
e ettt B o B e L TR T T I ey R
i i 1 f ¥ ' r T [ t ¥ [l i "
1 1 i } 1] 1 1 1 1 r ] i i 1 t
el Rt TE T NSy ST S s abE TE (LR T IR PR S, B A
1 1 t L] i r “ ] ' d i 1 1] ] 1
b F i ] 1 I
s L S0 S L o Lol T s RO O I
I ] I 1 1 ] | i (] ] ] 1
1 L — L i it I 4 L F—
] t i ] i [l 3 ] I [] [ ] 1
i i I ¥ ' g_ . r £l # I i i i
ol - L LR p— e ke - L kel ot i Rl sl SEt PRI S S
i [ | i (] 1 1 I ¥ 1 ' 1 r
i 1 R 1 [ i R
e LT Ve T -r Liatad Tl B L R e e T
H i i I 0 i 1 1 ' “ 1 1] ] _..
] " I3 1
R e T N A TFor Tlaf T ey -+ = f o = S Rk ST R S S
I 1] 4 ' 1 o i 13 i ¥ ] H I ] ¥ 1 ] T n
mhabodas S - " [ SR R SR Lol d el - 1T S I S T
m T 1 3 ) N b n ] | " (] __ ___ ] ___ _ b ]
0 [ ¥ P ] [
— i ) 4
' 1 } ¥ ¥ A nu. 3 | I 1 N i t 1 1
[ t 1 i 1 i ] [ | ] 'l ] ! 1 ]
el el el Tt £ el e b Aaial st ety B (o [y it Rt il e
I S| 1 d H “ 1 - B i [ |
i i I [ I R
|T||“||.“..!-| P fom : - == B
' ¥ F ] i 1 t [ ] 1 ] ]
sealect cductanhan [ S S - Bl ST T SN R |
[ R ] (LI R T 3 N R ]
¥ ¥ I ] 1 ] ] 1 13 i 1 " &
= o o L o e B . - < Lot b T LTS S R
i F 1 [ ] 1 1 1 * 1 i ] 1 1
[ L) =1 i Lo
T r—r = T T T T Ty
R R = (1 A
Bl Rl SEETS S G TN TE - M Sy (. wedoa B i sy Sy U S
F--F=d4--1 tobeege-d L foefpu
1 0 i i 1 i i I, [ I ] [ [} 1 T
b nd - R St NN SO N [ - D Sy g
H b 1 1 1 ] ] ] i ] I ] ] ¥ 2 ] 1
Loy P Pk Eoorod0 [ T B
e - g = et T SESPS Y RSN AN S A e e T P
I 1 ] v i ] i ] ] ¥ " v ] 1 i ] 4
i ] [ 1 I k (I 1 i [ [ |
i s s EEE IR N v it e T R Y N ——pmw s EEE LTS T .
[ [ i " 1 r i | I [ 1 | 1 | ] 1 1
| S il I 1 ] " S S T | m “.;uu _H 4 ._ (I “ 1
(B T Y T L T [ T
[I R T A I TR I B [V I i ' itr o
Ll ST g R A - [ . S SR "N S T [P A M IR TR P Sp—— o P S - EL R R P T R
] “ 1 i t i b [ i " 4 [] " | 1 ] 1 1 : [ 1 [} " i 0
[ T 1 § | 1 [ o i i 1 1 oo
e e e = ru.m alhm [ET B R e R el et ST PR s S -l o o mheme e o -

] 1 1 1 _n...u It “ ._ 1 [ “ | " v 1 H “, i “ T _q [ 1
b | | ] 1 [ o 1 1 Ty
O <o IO} S .| UK R SOC O N OV O A L Y DU L N 0 SRS SO S A
1 1 ] 1 * 1] i -T “ .“l “ 1 1 1 "! ] " I " __. h. 13 ]
LT SR SRR N R A ¥ ] [ N | n._ll D aEs CECR PEe) R N T [N (NI, U Uy D A LI (S S 1..+ -
===~ =) " T === I} i (| ey il Rl =y
I ] i ¥ ._.-D. _4 e L. 1 i £ ] i 1 ) ¥ 1 I ] ] 1 r ' v
L i I PR - I —d. L L F— i — L PR L L
o ] o =] o . =] o
= ! = = L) [=J
[==] -+ o~ o =+ (=]

OVT « SHVYAVOIN - avIT



Nominal Voltage and Nominal Current
settings in the relay:

= Voltages and currents that are present at the relay
input terminals when the generator is operating at
rated voltage and current.
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Different types of VT to relay connections

VT primary VT secondary

Ya/Yg (3) Yg i,

YC
A

Broken Delta (3) Yg {:}: u,
a1 Q

WA,

Open Delta (2) o0 vE
(3) Yg T
Closed Delta or U';

(3) PO

HE
\

at relay

LN — 394w

3Vo

LL - 393w

LL — 303w
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(2) Open Delta VTs, VT Configuration = LL

VT primary connected LL, VT secondary

wired LL to relay

A B c _.-19Kv, /VTR=19,000/120=1583

¥

¥

[ Relay Phase
.sc4 | Voltage Inputs

19,000 / 158.3 =120V

VT Configuration = Line-to-Line

Vyon = 120 V
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(3) Closed Delta VTs, VT Configuration = LL

VT primary connected LG, VT secondary wired LN, but LL to relay

Example: VTR = (19,000/+/3)/69.3 = 158.3
Generator rating V;, =19 KV
Secondary V| = 19,000/158.3 =120 V

A 1
B . 2
C . an
ll:* —— —T . 4
AN A_A A_A
Y VY Y Y
$ i i
i
Lt .L.VNOM >
N S SU— L- S | a
Relay Phase A A
Voltage Inputs A ;

# 19 KV

VT Configuration = Line-to-Line
Vyiom =120V
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SIDEBAR:
How to identify the faulted phase from a ®G fault when VT Config = LL

* VN (or 3Vo) will be 180° from the faulted phase of a ®G fault.

» Therefore, rotate the VN vector by 180° and that position should approximately
match the phase angle of the faulted phase.

Phasors:

: +30
Phase | Magnitude | Angle
AR 116.8 0
VBL 1176 119 +80 20
WCA 117.3 121
VN 167.4 14 '.
|4, 379 -35 \
B 3.75 -155* +00 G_T‘;_? -a0
IC 3.76 a7 ve
IN 0.07 36" v ’
la 379 -35° VCA
Ib 375 -154° +12 L1120
lc 3.76 a6"

+15
?d




(3) Yg VTs, VT Configuration = LG
VT primary connected LG, VT secondary wired LG to relay

Example: VTR = (19,000/3)/69.3 = 158.3
Generator rating V,, =19 KV, V, ;= 19,000/\3
Secondary V, ¢ = (19,000/+/3)/158.3 = 69.3 V

A -
B .

O

If VT Configuration = LG, this allows

L
* the relay to calculate a 3Vo quantity that
: can be used by the following functions:

« 59D
* 59N (Zero Sequence Voltage Inhibit)
a * 67N (Polarizing Quantity)

VT Configuration = Line-to-Ground
Vyon= (19,000//3)/158.3 = 69.3 V

B e N
Relay Phase w

Voltage Inputs
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Phase Voltage Inputs (VT Configuration = LG-LL)
v" This LG-LL selection is used for these sample settings.

VT primary connected LG, VT secondary wired LG to relay
* relay measures LG voltage, but then internally converts it to LL voltage

Example: VTR = (19,000/+/3)/69.3 = 158.3
Generator rating V;, =19 KV
V ;= (19,000/3)/158.3 = 69.3 V, relay converts to 69.3*\3 =120 V

A %
B L3
C *
1] I
L,\_ Luu I: 19KV/V3 VT Config = LG-LL
fh fm Vyom = 120 V
1 da Vnom used in:
B b 1 « 24
I I e I | 32
Relay Phase i r\ | + 59N V2 and Vo inhibits
Voltage Inputs | i * power metering
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SIDEBAR:

details of selection VT Configuration = LG-LL

v' 3 VTs connected Yg

v' secondary is wired LG, so the relay is measuring LG
voltages, but with VT Configuration = LG-LL, the relay
internally converts the LG voltages to LL voltages

v' Therefore, all voltage-based settings/elements will use LL
voltages i.e. Nominal Voltage, 24, 27, 59, and parts of 25,
27TN, 40, 50/27, 51V, 59D).

« The LG-LL selection avoids possible false assertions of voltage-
based elements due to the neutral shift for a ground fault on a
high-impedance grounded machine.

« The oscillograph in the relay will still show LG voltages for
phase identification purposes for stator ground faults.

« And LG values will also still be used for the 25 function.
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SIDEBAR:

Neutral Shift on Ground Fault:

High Impedance Grounded Generator

High
Impedance
Ground

= A ground fault will cause neutral shift (n#¥g) such that LG connected phase
elements through a 3Y-3Y VT may have under/overvoltage elements
pickup and/or trip, e.g. if AG fault, then a 27 element may pick up on A-
phase and 59 and/or 24 elements may pick up on B and C phases.
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SIDEBAR:

real world event — stator ground fault on a high impedance grounded machine:

The 59N function correctly tripped.

The 24 and 59 functions also picked up. Why?

Answer: because the VT Configuration was set to LG (3Y-3Y VTs).
Remedy: Set VT Configuration to LG-LL.

Therefore, will not get functions to pickup or trip that could misrepresent the actual
event, which could increase the time required for post-fault analysis, the fixing of the
problem, and getting the unit back on-line as quickly as possible.

This is the advantage of using VT Configuration = LG-LL for LG VTs.

4

File Edit Format View Help

IPScom: Version V2.8.0
Relay: M3430/Ve2.00.21

Comments:
No Date Time Event(s)
1 14-Mar-2017 ©8:22:10.000 (24) Volts/Hz - Definite Time Picked Up

Target List

(24) Volts/Hz - Inverse Time Picked Up

(59) RMS Overvoltage #1 - Phase A Picked Up

(59N) RMS Overvoltage #1 - Phase Neutral Timed Out
INPUTS: OUTPUTS: 1,2
Line Currents: 3.8 A (A), 3.11 A (B), 3.106 A (C), ©.00 A (N)

Y|




Current Inputs

= Determine primary current at rated power
Lorinom = MVA*108 / V3*V,
Lo nom = 700%10°/(1.732*19000)
I = 21,271 A

pri nom

= Convert to secondary value
= CT ratio (R¢)= 25000/5 = 5000

Isec nom — Ipri nom/ RC
Ieec nom = 21,271/5000

Lec nom = 4.254 A

Iyom = 4.25A
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Phase Rotation = ABC  (used in 32, 46, 81 algorithms)

« order in which the waveforms reach positive peaks:

« order in which phasors pass ref.:

« “Phase Sequence” or “Electrical Phasor Rotation” may be more technically
correct than “Phase Rotation”.

* Nothing to do with the physical direction of rotation of the rotor and turbine
shaft i.e. either CW or CCW depending on which end it is being viewing.

* By convention, electrical phasors rotate CCW unless specified otherwise.
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S50DT Split phase Differential = Disable

« Typically used for split phase hydro machine applications.

Delta-Y transform setting (used with 21, 51V)

This setting Determines calculation used for 21 and 51V
functions (calculates the impedances from the measured
voltages and currents for a @ P fault on the GSU HS)

= Disable: Used for YY and Delta/Delta connected
transformers

= Delta-AB: Used for Delta-AB/Y connected transformers
= Delta-AC: Used for Delta-AC/Y connected transformers
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Delta-Y Transform = Delta-AC, because the GSU
Delta winding has the polarity of A winding
connected to the non-polarity of the C winding:

LS
_-ha-c
|

c=A* -30° ,
a-c = A *v34-30 LS > /,: A

c-b

LS = Dac HS =Y
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59/27 Magnitude Select = RMS

RMS uses the total
waveform (including
harmonics).

DFT uses the RMS value of
the 60 Hz fundamental
component of the
waveform, so the
magnitude calculation is
accurate at 60 Hz, but the
accuracy degrades quickly.

Different relay elements
have different frequency
ranges in which they will
operate (this table is
specifically for the M-3425A
relay whereas other mfg’s
relay may be different):

(RMS, DFT)

frequency 59/27 Magnitude | DFT (f < 5 Hz of fnom)
response DFT | RMS | Select (RMS/DFT) | RMS (f > £5 Hz of fnom)
21 X
24 2-80 Hz X
25 X
27 10-80 Hz rms X
27TN * X
32 X
40 50-70 Hz X
46 X
49 ®
50 2-80 Hz X
S0BF X
50DT 2-80 Hz X
50/27 10-80 Hz rMS 50 27
50N/51N 2-80 Hz
51V 3.75-B0 Hz
59 10-160 Hz rM5 X
59D * X
59N X
59X X
60FL X
64F/B 15 V, 1 Hz squarewave
645 ** X
67N X
78 50-70 Hz X
81/81A/81R
87 # 10-80 Hz

87GD
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System | 1/0 Setup | Output Seakin Time

Settings
Nominal Voltage:

Nominal Current:

Phase Rotation:

59/27 Magnitude Select;
50DT Split Phase Diff:
Delta-Y Transform:

V.T. Configuration:

V.T.and C.T. Raho

W.T. Phase Ratio:
V.T. Neutral Ratio:
V.T. VX Ratio:
C.T. Phase Ratio:
C.T. Neutral Ratio:

It is best for the Inom setting to have at least
2 decimal places to accurately represent
primary current esp. for larger machines
with high CTRs. This is esp. important for
the 49 function to operate optimally and to
avoid nuisance 49 alarms/trips.

120.0 p
425

(" ACB

(¢ RMS

(+ Disable

(" Disable
" Line to Line

158.3

91.3

2742

5000

80

050 ¢« _| *|e00(A)
* ABC
" DFT
(" Enable
(" Delta-AB * Delta-AC
" Lineto Ground % Line-Ground to Line-Line

10 o | 6550.0(:1)
10 4 | 6550.0(:1)
10 4 | 6550.0(:1)
CET | 65500 (:1)
I _» | 65500 (:1)
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approx. 30 different protection functions

“Over” vs “Under” categorization of gen protection functions

“Over” functions “Under” functions

« 24 - Over V/Hz « 21 - Distance, Under Impedance

« 46 - Negative Sequence Overcurrent « 27 - Undervoltage

« 49 - Thermal Overload « 27TN - 3rd Harmonic Undervoltage

« 50/50DT - Overcurrent « 32 - Reverse Power, Under Power

« 50/27 - Inadvertent Energization « 40 - LOF, Under Excitation/Field

« 50BF - Breaker Failure « 50/27 - Inadvertent Energization

« 50N/51N/67N - Neutral Overcurrent « 64F - Field Ground, Under Resistance
« 51V - Voltage Control/Restraint O/C « 78 - 00S, Under Impedance

« 59 - Overvoltage « 81U - Underfrequency

« 59D - 3rd Harmonic Overvoltage Ratio

« 59N - Neutral Overvoltage

« 59X - 3Vo Overvoltage

« 64B - Brush Lift Off

« 64S - 20 Hz Overcurrent

« 810 - Overfrequency

« 87 - Differential Overcurrent

« 87GD - Ground Differential Overcurrent
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Bookend “big picture” settings concept

Over-functions
(24,46,49,50/50DT,50/27,50BF,51V,59,59D,59N,59X,64B,64S,810,87,87GD)

good < Pickup < bad
normal conditions < Pickup < abnormal condition
what don’t you want it to trip for? < Pickup < what do you want it to trip for?
max load or equipment rating * SF < Pickup < SM * min fault

* SF = Security Factoris > 1 pu
* SM = Sensitivity Margin is < 1 pu

Under-functions
(21,27,27TN,32,40,50/27,64F,78,87U)

what don’t you want it to trip for? > Pickup > what do you want it to trip for?

May use this criteria to hone-in on any setting i.e. Pickup,
Time Delay, etc.
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Phase Fault Protection

87 — Phase Differential Current
50 — Instantaneous Phase Overcurrent
« 50DT — Definite Time Overcurrent



87 — Phase Differential

345 KV

Main Aux
Transformers GSU
VAB,C 700 MVA
STG Z2=123%
700 MVA s HS tap = 353.6 KV
en LS KV rating= 19KV  High Side
19 KV 3Y. 3V, g
195\g1zgsv 25000/5 25000/5 /> 250005 9 T Breaker 5500015 T 9= 3¢ Breaker
| | R N_—2e N 2V ~
@ 4005 . Exc Xfmr AY
ozea 87-PRI |
®) =
VN Srilter @
o 87-BU
20Hz Gen

Blocking Inputs = none

(or if LCI starting application, may block a sensitive 87

element with LCI mode or open breaker and not block the

other less sensitive 87 element)
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3-line for M-3425A relay

Differences between relay

mfgs on how to wire the relay
current input polarities to the

CTs on each side of the
generator:

Some mfg’s relays should
be wired such that thru
current is 180° out-of-
phase.

However, the M-3425A
relay’s current input
polarities should be wired
such that thru currents are
in-phase with each other.

This is because the 87
algorithm operate current
equation in the M-3425A
relay subtracts the
currents from each side.

b

’ M-3425A 87 equations:

87A_operate = |(IA « CTC) — Ia|
87B_operate = |(IB * CTC) — Ib|

87C operate = |(IC * CTC) — Ic|

Thres VT Wys-V
Alba

87A restraint = 0.50 = |IA * CTC + Ia|

87B_restraint = 0.50 = |[IB = CTC + Ib|

.| 87C restraint = 0.50 * |IC * CTC + Ic|
[

g Line side CTR

Ceoadel =
4 Yl cre Neutral side CTR

external fault

OR . ad”
In-phase

oF internal fault

< e
IA 180° out Ia




87 — Phase Differential

87 Pickup setting criteria:

The 87 #1 Pickup or minimum operate current should not respond to differential
currents caused by performance differences between the phase CTs on the neutral
side and the terminal side during non-fault conditions.

Also, ensure it is set sensitive enough to see a minimum internal phase fault
current with plenty of sensitivity margin.

Assume the unit is up to speed with the field applied but the gen breaker has not
yet synched closed so only the generator contribution to an internal phase fault will
be factored in for the most conservative operational scenario.

The 87 function should respond during the subtransient period of the fault current
generator decrement curve, therefore Xd” will be used to calculate the minimum
internal phase fault current contribution from the generator.

A quick “rule of thumb” method to derive an appropriate 87 Pickup setting is to set
it to 10% (to account for CT error) of the Nominal Current setting. In this case, that
would suggest a setting of 0.10 * 4.25 = 0.43 A.

This is typically sufficiently secure and sensitive for most cases; however, may use
more detailed bookend criteria to develop the 87 Pickup setting. >
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87 — Phase Differential

87 Pickup setting selection using the bookend criteria method:

Excitation transformer ; [(Inom * 2 * CT error = SF) + RA] < 87 Pickup < SM = Ifault
5.5M/(1.732 = 19K = 5000); [(4.25 =2 *0.05 = 1.2) + 0.10] < 87 Pickup < 0.50 = 0.866 = 18.97
0.0334 : 0.61 = 87 Pickup < 8.2

¢  Excitation transformer is inside the BU relay’s 87 zone, therefore the Pickup must be = this xfmr’s max rating
¢ Inom = Nominal Current setting = 700M/(1.732*[9K*5000)=4.25 A
¢ CT error == 5% (this is very conservative at low load current levels e.g. at nominal current)
* SF (Security Factor) = 1.2 (to account for proximity effect, unmatched CT performance, etc)
¢ RA (Relay Accuracy)==0.10 A for 5A relay (= 0.02 A for 1A relay) or + 5%, whichever value is greater:
e  With chosen Pickup, the = 0.10 A rating in terms of percentage is (0.10/0.61) * 100 = 16%.
e With chosen Pickup, the = 5% rating in terms of Amps is 0.05*%0.61 =0.03 A.
e  Therefore, use the = 0.10 A accuracy rating for this application as 0.10 A = 0.03 A (or 16% = 5%).
¢ SM (Sensitivity Margin) = 0.50 (use 50% margin to account for ®® faults with fault resistance)
* (0.866 factor = convert from a 3® fault to a ®® fault to get the minimum internal phase fault current
e Ifault = min pre-synch internal phase fault current = Ibase * Ipu = Inom * V/Xd” =4.25 * 1/0.224=1897 A

Set 87 #1 Pickup = 0.61 A
v" more secure than “rule of thumb” method and still plenty sensitive

v" in terms of per unit: pu = actual/base = Pickup/Inom = 0.61/4.25 = 0.14 pu



87 — Phase Differential

Choose 87 Time Delay:

A time delay setting of 1 cycle is optimal from a protection standpoint, but ensure it is secure for
external faults, which is primarily dependent upon CT saturation performance matching i.e., CT
saturation calculations and modelling can help inform an appropriate time delay setting.

For this relay mfg, a time delay setting of 1 cycle may operate in as little as 1/16 of a cycle for high
magnitude internal faults because of the way the algorithm is designed.

Other relay mfgs may not have a time delay setting for the 87 function; however, there may be some
inherent time introduced for extra security when an event is signatured as an external fault for example.

CT Saturation calcs (optimal to have matched CT performance from both sides):

« same CT relay class on each side and higher class is better e.g., C800 and C800; however, better to
have C100s on each side, rather than C800 on one side and C100 on other

* same CTR and use full tap

« same CT secondary winding resistance

* same CT saturation curves

* same CT mfg

* same CT wire gauge

* same CT wire run length

* same burden — better to have both sides with only this relay element, rather than one side with
only the relay element and the other side with other current elements, metering, etc; however, if
there are other current elements in one side then best to have equal burden in other side too.
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87 — Phase Differential

For 87-BU backup relay, different CT mfgs so different CT
saturation curves, different CT secondary winding resistance

19KV/208V

345 KV

400/5
IN

026 Q

20 Hz Gen

Main Aux
Transformers GSU
VAB,C VX 700 MVA
STG % % Z = 123%
700 MVA HS tap = 353.6 KV o
19KV Gen syqA LSKVrating= 19KV High Side
250005 25000/5 m 25000/5 - Breaker 55000/5 T 9 3¢ Breaker
Exc Xfmr A Y
la,b,c IA,B,C
87'BU lab,c IAB,C 87'BU

R) 87-PRI
VN SFilter

87-PRI f N

87-BU has the same gauge CT wires,
but different CT run lengths

CT Saturation spot check equation (also check how each side’s CTs saturate with

respect to time to ensure CTs enter and exit saturation together):

Vsaturation =

(Izl +1)-

[fmax
CT connected tap

* (Zrelay + Zctwdg + 2 * Zleads)

CT connected tap

Zcthurden CT max tap

1 — remanence
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87 — Phase Differential

Here for this application, use a time delay setting of 1 cycle for 87-PRI
and 2 cycles for 87-BU. would have likely been perfectly secure, a time
delay setting of 2 cycles was chosen as some of the CT information was
unknown and thorough CT saturation calculations and modelling was not
completed:

87-PRI. 87 #1 Time Delay = 1 cycle
87-BU: 87 #1 Time Delay = 2 cycles

For Black Start units, CT matching performance takes on even greater
importance. Detailed CT saturation calculations and if possible, some
black start test energization cases may help inform appropriate settings
and design (e.g., an increased time delay/pickup/slope settings may be
necessary, or a blocking input during black start mode could be needed,
or even introducing additional burden on one side of the CT secondary
circuit to even-out the saturation performance characteristics may be
another option to consider).
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87 — Phase Differential
Choose 87 Slope:

The 87 function for this relay mfg has only one slope setting; however, it is still a 2-slope
characteristic as the second slope is automatically changed to 4 times the Percent Slope setting

at 2 times the Nominal Current setting or when there is sufficient harmonic content or DC offset

present in the currents even at low current levels indicating high levels of CT saturation.

Therefore, set the “first” slope more sensitive to detect low level fault currents and then the
second slope will automatically be less sensitive to increase security in the high current region

to correctly restrain for heavy external faults where the CT error is higher due to CT saturation.

Look at the possible error currents to develop a secure and sensitive slope setting. For this
“first” slope in the low current region, assume a CT error of == 1% and a min relay accuracy of
5%. Then calculate the worst-case theoretical differential current:

Slope > 2 * CT error + min relay accuracy
>2*x1% + 5%
> 7%

Set 87 #1 Percent Slope = 15% (secure for CT errors up to (15-5)/2 = 5%)
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87 — Phase Differential

The second slope (4X Slope) is automatically invoked at 2 times the Nominal
Current setting i.e., the operational slope used in the algorithm is changed to 4
times the Percent Slope setting (4*15 = 60%) at 2X Inom or when the RMS to
fundamental current indicates CT saturation.

This second slope value of 60% is secure for CT errors up to (60-5)/2 = 27.5%.

NOTE: To get a more secure 4X second slope, then the first slope (Percent Slope
setting) must be increased accordingly e.g., a Percent Slope setting of 20% to 25%
may be required to give a more secure 4X second slope of 80% to 100%.

NOTE: For badly unmatched CT saturation performance, may consider increasing
the Pickup, Time Delay, and/or Slope to increase security.
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87 Characteristic

10

Operate Current (A) = (1A - CTC) — Ia|
(W]

-+ High Security Mode is automatically

87 Characteristic Curve

invoked during excessive CT saturation

e 37 #1 Curve

=== x=y/m=Pickup/(Slope/100)
sesse2¥nom

s s oo y=mx=(Slope/100)*2*Inom
=== y=mx=4*(5lope/100)*2*Inom
= == 4% Slope extension

» s s s » S|lope extension if freq > £5 Hz of fnom

-
-~
-~
' d
T -
-~
-
-
4 -~
-
-~
-~
-~ sanet?®
T g ..-t..'..."
- tl.'....-
- ....'at"
oooooo-oo-ooof.oooo-oo-ooooooooo-oo-oo-ooooooooo-_._..-.l""
~ -
" 5
] L]
.
: : : f : : ' ' ' ' ' !

0 1 2 3 4 5 6 7 8
Restraint Current (A) = 0.50 = (|TA « CTC| + |Ia|)

9 10 11 12 13 14 15
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87 — Phase Differential

87: Phase Differential Current

#1
Pickup: 0.61 020 <
Time Delay: 1 1 <
Percent Slope: 15 1 €
Outputs

M1 M2 M3 [O4 [O5 [O& O7 [Js8
M9 M1 [J1n [J12 []13 [J14 []15 []16
[J17 [J18 [J19 [J20 (021 [J22 ()23

H2
Pickup: 0.20 020 <
Time Delay: 300 1 €
Percent Slope: 7 1 <
Outputs

1 02 d2 04 Os Ode d7 [Os
[Je [Jw0 OJn [J12 [J13 [J14 )15 ]
(J17 018 19 J20 O21 (]2 F23

Setting

Phase CT Correction: 1.00 | 0650 <

> 3.00(A) Disable

> B160 (Cycles)
> 100(%)
Blocking Inputs

OFL O1 O2 O3 [
(15 (e []7 []8&8 []9
0w On 12 01 04

> 300(4) | Disable

> B160 (Cycles)
> 100 (%)
Blocking Inputs

OFL O OJ2 O3 [+
s e 7 (18 [e
O On O OJn O
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50 — Instantaneous Phase Overcurrent

Main Aux

Transformers 345 KV
VAB,C VX GSU
STG 700 MVA
700 MVA a Z=12.3%
en HS tap = 353.6 KV High Side
19KV/208V 25000/5 19KV 3Yg/3Yg Breaker »5000/5 3YgiA= Breaker
S = T = T 36
L Y 1 3
Exc Xfmr AY
®) ®)
la,b,c 6aF IA,B,C 1

20 Hz Gen

Blocking Inputs = none

Backup Phase Fault Protection to 87 element:

« Off-line protection provided due to 2-80 Hz frequency response (for M-3425A),
although setting criteria will be created assuming on-line protection.
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50 #1 — Instantaneous Phase Overcurrent

“on-line” backup to the 87 function for phase faults on the GSU LS.

Set a short time delay to give preference to the 87 protection. Here,
choose 0.30 seconds for extra security (could decrease if desired).

Set the pickup > max output of the generator and > the PRC-025 criteria.

Also, set it > what this relay will see for faults on the GSU HS @ 0.30
seconds using the gen decrement curve equation:

t t
Iac(t) = (|Id"| — |Id'|) x e 1" + (|Id'| — |Id]|) x e Td’ + |Id|

Set the pickup < the minimum phase fault current that the generator can
produce at 0.30 seconds for a LS OO fault.

Max load, PRC-025, HS 3® fault < 50 #1 Pickup < LS OO fault
4.25, 8.075, 2174/5000 < 50#1 Pickup < 0.866*55297/5000
4.25, 8.075, 0.43 < 50 #1 Pickup < 9.6
50 #1 Pickup = 8.1 sec amps (191% of max gen output — security check)
50 #1 Time Delay = 18 cycles (0.30 seconds)
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50 #1 — Instantaneous Phase Overcurrent

50 #1 (Pri Amps)

1000.00 T I
Instantaneous Phase Owvercurrent |
# I
Pickup: 8.1 0.1 — 2400 (&) Disable |
Time Delay: 13 1 — 8160 (Cycles) [
Outputs Blocking Inputs I
B B2 @ ¢4 O OJe 7 e OJFL OJ1 dJ2 O3 4
B @10 1 12 [J13 [ 15 16 s (& 7 (& [s |
17 O’ O J2o O g2 23 1w O Oz g1 4 |
|
10.00 |
Plotting the 50 settings with the | 3 "
generator decrement curves g
and stator thermal overload £
. =1.00
curve shows that this element
will protect for GSU LS phase
faults (but not HS) and can also
partially protect for thermal 0.10 S —
Overload - — 5 gen dec curve for LS 3ph fault
== == L5 gen dec curve for H5 3ph fault
50 #1
001 & —————
1000 10000

100000

fault current (pri amps at 19 KV)

1000000
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50 #1 — Instantaneous Phase Overcurrent

PRC-025: Table 1 Option 2a - M-3425A 50 function

50 #1 Pickup = 8.1 sec amps
lpri = 35107 pri amps

Isec = 7.021 sec ohms
1.15%Isec = 8.075 sec ohms

50 #1 Pickup = 1.15%Isec TRUE therefore, yes this complies with standard

50 function is from neutral side CTs

PRC-026: 50 Phase Overcurrent from M-3425A

50 #1 Pickup 8.1 sec amps 50 function is from neutral side CTs
50 #1 Time Delay 0.30 seconds

Es at 120 deg = -0.5+0.86¢t pu
1.05"Es at 120 deg = -0.525+0 ¢ pu

Erat 0deg = 1 pu
1.05* ER at O deg = 1.05 pu

Es - ER = -1.575+0.¢ pu

Isys = 1.6804777 pu
Ibase = 212708 pri amps
Isys = 74043 37 pri amps

Isys = 14 80867 sec am

50 #1 Pickup = Isys| FALSE however, it complies via time delay criterion

PRC-026 Criterion B: 50,51

pickup must be > criteria OF
have time delay > 15 cycles.

Does not comply via Pickup,
~ but Time Delay = 18 cycles
which is > then the PRC-026
time delay criterion of 15
cycles, so YES it still
complies.
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50DT — Definite Time Overcurrent

19KV/208V

345 KV

i

Filter

20 Hz Gen

Main Aux
Transformers
VA,B,C VX GSU
sTG SRS % 700 MVA
700 MVA 7=12.3%
Gen HStap=353.6kv  High Side
19 KV 3Yq/3Y 3y, p .
250005 9re T Breaker 55000/5 20 9= 3¢ Breaker
= J 3
Exc Xfmr AY
la,b,c 1A,B,C

64F

50DT

Blocking Inputs = none
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50DT — Definite Time Overcurrent

« Backup to the 87 function for phase faults in the generator.

« Can set shorter time delay than 50 function because of added security
provided by CT location and chosen pickup setting which can make it de-
facto “directional” in nature (although not technically “directional” in the
same manner as a “directional” overcurrent relay):

VA B,C Isys E VX %KY
—>Igen
Gen T G?U High Side

I L @ >29N9 i PN XTYQ/& ra?ns OETer il
®_ Trip Do not Trip —SA Y

40055 for fault here for fault here
IN ; =

la,b,c IA,B,C
gen contribution to LS fault < 50DT < sys contribution to LS fault
Filter
®

20 Hz Gen

« So only time delay you may still want to employ is to let the 87 function
have dibs which is not necessary but may assist post-event investigations.



50DT — Definite Time Overcurrent

* Here choose 0.25 seconds for extra security and to abide by PRC-026 (even
though it is technically unnecessary due to its in-effect, quasi-directionality).

« Set the pickup > max output of the generator at 0.25 seconds to LS fault.

t t
¢ Tac(t) = ([1d"] = [1d']) * e T + ([Id| — |1d]) * e @ + |1d]|

« Set the pickup < the minimum internal phase fault as fed from system.

PRC-025,026, LS fault at 0.25 sec < 50DT #1 Pickup < sys contribution to LS fault
8.075, 14.81, 57725/5000 < 50DT #1 Pickup < 0.866*93462/5000
8.075, 14.81, 11.5 < 50DT #1 Pickup < 16.2

Set 50DT #1 =14.82 A, 15 cyc 5""_’:’ B e yercument -
=4
Pickup (A): [ 1482 020 4| | | 24000 (4) Disable
. . . Y Ficp@®: [ 1482 020 « | 240.00 (8)
Individual phase elements in case pizku;’ricil: ez o2 jj j_:_;:_:.:.
unit needs to run temporarily with Tamidue| 15| 104C » | 8160 (Cycles)
shorted turns or cut coils until it  pusus Blocking Inputs
- ¥1 F2 F3 T4 506 0708 ||[CRRC1 T2 073 4
can be repaired. 79 FOCNIrerBruwrCsr®s||[F5 Ce 789
‘ OB IOwBICalal[ 21723 [ Ml 2Bl o8




50 #1 & 50DT #1(Pri Amps)

100000 - I

|

|

|

100.00 + I

T |

|

|

|

10.00 + |

'_uEE I

5 \
a
-
u
E

=100 +
010 s 05013 stator thermal curve
— | 5 pen dec curve for LS 3ph fault
= == |5 gen dec curve for HS 3ph fault
SO #1
SODT #1
ool & : — — - — —H
1000 10000 100000

fault current (pri amps at 19 KV)

loooooo
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PRC-025: Table 1 Option 2a - M-3425A 50DT function

500T #1 Pickup = 14.82 sec amps
lpri = 35107 pri amps

Isec = 7.021 sec ohms

1.15%Isec = 8.075 sec ohms

50DT #1 Pickup = 1.15%Isec TRUE therefore, yes this complies with standard

50DT funciton is from terminal side CTs

PRC-026: 50DT Phase Overcurrent from M-3425A

50DT #1 Pickup 14.82 sec amps 50DT funciton is from terminal side CTs
50DT #1 Time Delay 0.25 seconds

Es at 120 deg = -0.5+0.8660 pu
1.05"Es at 120 deg = -0.525+0.90 pu

ERat0deg =1 pu
1.05*°ER at 0 deg = 1.05 pu

Es-ErR=-1575+090pu
Isys = 1.68047775! pu
Ibase = 21270.799 pri amps
Isys = T4043.374 pri amps
Isys = 14.808675 sec amps

50DT #1 Pickup > Isys.  TRUE  and it also complies via time delay criterion
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Ground Fault Protection

High-Impedance Grounded
Generators

« 59N — Neutral Overvoltage

« 27TN — Third Harmonic Neutral Undervoltage

« 59D - Third Harmonic Voltage Differential (Ratio)
* 64S — 100% Stator Ground Protection



59N — Neutral Overvoltage (aka 64G, 59G)

May see faults at these locations:

345 KV
VA,B,C VX

STG @
700 MVA
Gen

High Side

HS tap = 353.6
19KV/208V 19KV 3Yg/3Yg ® Breaker

}—ij — 25000/5 />\ /T\ Breaker 550005 3Yg/ = ? g

L& l £ E
(®)

la,b,c IAB,C
(®)|59N

64F =

Blocking Inputs = none
(or use FL blocking if using V2/Vo inhibits)

* Scheme 1) S9N #1 — 95% stator ground fault protection
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59N Element

__ 1.0
2 VN will measure the following for a
T fault at the terminal end:
8 0.5
V 19000
® Vy = S = 120.1 secvolts
= N 3x913
0
0% 50% 100%
N Fault Position T

Fault location is proportional to the measured VN. For faults at various percentages of the
stator winding, VN will be that same % of the full, 100% measured voltage from a fault at the
terminal end. For example, if a stator ground fault occurs and VN = 90 V, then the fault is
located 90/120.1 = 0.75 pu or 75% from the neutral end of the stator winding.

Several factors could make this calculated fault location inaccurate:
e Ignoring NGT impedance
e Fault resistance
e Startup/Shutdown
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59N Element

Typical 59N Pickup setting is for 95% coverage, which equates to a
59N Pickup setting of (1-0.95)*120.1=0.05* 120.1 =6.0 V.

Typical 59N Pickup bookend criteria:

min pickup; maxunbalance < 59N #1 Pickup < desired coverage
4.2% ; 3% < 59N #1 Pickup < 5%

5V ; 3.6V < 59N #1Pickup < 6.0V

set 59N #1 Pickup = 6.0V

120.1

(1-— )*100 =95% (upper 95% of the stator winding is protected)
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59N Element

The time delay setting needs to coordinate with ground faults on the high side of the
GSU and on the secondary of Yg/Yg generator VTs (in this case, only for faults on the
neutral cable from the VT to the relay because the ground reference is moved to B-
phase). If no accelerated ground fault protection schemes are employed, then it may be
appropriate to set a lower time delay, such as the following:

18 cycles = 21 zone 2 time delay of the GSU HS transmission line relays

5 cycles = breaker interrupt time

I cycle = relay operate time

10 cycles = BF timer

12 cycles = coordination margin
46 cycles = Total (59N #1 time delay setting if no accelerated ground fault protection
schemes are used)

However, because accelerated ground fault protection schemes are employed here and
to give extra security because the specific protection and clearing times for faults on
the transmission system is unknown here, choose a time delay setting of S seconds as
system ground faults should be cleared by system relaying in well less than 5 seconds.

S9N #1 Time Delay = 300 cycles (5 seconds)
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59N — Neutral Overvoltage (Gen)

Set 59N #1 =6 V and 5 seconds

A |w |
Pickup: | 60 50 4| |
Time Delay: 300 14] |

Neg. Seq. Voltage Inhibit (>); |  10.0 10 4]
Zero Seq. Voltage Inhibit (<): | 10.0 10 4}
Zero Seq. Voltage Selection: (& 20 VX
Ok

M1 W2 V3 TTaTrsICe "7 8

Ve Muolrnru2ruar4risr 6
IOl ol el

| 1800(v)

Disable |
| 8160 (Cycles)

| 1000(%) @ Disable ¢ Enable
| 1000(%) @ Disable ¢ Enable

~Blocking Inputs
L IRL 2 i3 1
. - m m E
Fornlr 12131 14

|’Settinﬂ

20Hz Injection Mode: " Diszble

(* Enable
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PRC-027

« Coord 59N with transmission line ground faults.

27
50/27
21
Gen @ BrGeSEer §3Yg/& > HBi?ZaSki:llre
I Eg@gTD = 31
21 50/27 L

46

« 59N time delay = 5 seconds.
« All transmission line relaying clears grounds faults well before this.
» Therefore YES, complies
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59N — Neutral Overvoltage (Gen)
 For Yg/Yg gen VTs, must coordinate 59N settings with VT fuses.

_ Vpri 59N #1 Pickup*N 6.0 +91.3

= 516047 — 0.25 pri amps

RNpri RNpri

* Plot 0.25 A at 5 seconds with VT fuses — does not coordinate with primary or
secondary fuses.

« At 0.5 A and 5 seconds, it coordinates with secondary fuses but not primary
and provides 90% coverage:

11.9
VN = Ifuse * VTNR * RNsec = 0.5 *91.3 % 0.26 = 11.9 Vsec, (1 — T()l) * 100 = 90%

« At 1.5 A and 5 seconds, it coords with both fuses, but only 70% coverage:

35.
VN = Ifuse * VTNR * RNsec = 1.5 *91.3 * 0.26 = 35.6 Vsec, (1 — T()l) * 100 = 70%
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59N — Neutral Overvoltage (Gen)

59N and gen VT fuses coordination

—gen VT pri fuse * Probably do not want to

—En LT e accept 70% coverage

X 59N #1 with 95% coverage and coordination with
59N #1 with 90% coverage .

o # 59N #1 with 70% coverage the primary VT fuse may

> 59N #2 at 78% coverage not be as important-

1000, 00

10,00

 But may decide to
accept the 90% coverage
and bump the Pickup
setting up to 11.9 V to
coordinate with
secondary VT fuses

g

Time (seconds)

010

current (pri amps)
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59N — Neutral Overvoltage (Gen)

* Keep the 95% coverage (6 V) and move the secondary VT ground safety
connection from the neutral to the B-phase to break the zero-sequence path

» Therefore, coordination with VT fuses is not necessary

ABC A BC -
a a

IEEE PSRC J12 ¢ j& — ¢ j& .
report on improved { 2% | s b
generator ground _% & o |= _% &LC &
fault protection ! .= 1 — )
discusses pros/cons _1?_3 E___ e Jr_j g‘_ﬂ__
of different VT Cnnnecti.(;rf1 Connection 2
arrangements: AB C AB C

| 2] ¢ a8 |

3¢
I [3¢] = :
—aeed ’

] -
RELAY
l\AJJ_LL/
g
] [
RELAY

Connection 3 Connection 4
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59N — Accelerated Ground Fault Protection Schemes

2)
3)
4)
S)
6)

S9N #2 — GSU HS fault coord accelerated ground fault protection
SON #3 — V2/VO0 supervised accelerated ground fault protection
12 supervised accelerated ground fault protection

Open gen breaker accelerated ground fault protection

Intermittent arcing accelerated ground fault protection

These schemes do trip faster, but they still do not provide ground fault
protection to the last 5% of the stator winding near the neutral end.

Therefore, still need 27TN, 59D, and/or 64S to see faults at neutral.

The exception may be scheme 5 if initiating that scheme via pickup of
100% elements.
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59N — Accelerated Ground Fault Protection Schemes

2) GSU high side fault coordinated

« If the GSU interwinding capacitance is known (and it is here, 0.01182 uF),
calculate the voltage that will develop across the NGR for a ground fault on
the high side of the GSU:

Xc=——= : = 224,415 Opri
2tfC 2*x60%0.01182u

high side Vi 345 K
Xc  \/3%224415

Icoupled = = (0.888 Apri

VN = RNsec * Icoupled * VTNR = 0.26 * 0.888 * 91.3 = 21.1 Vsec

« Set the pickup > this value (with a 125% security factor) so it will not see
faults on the high side of the GSU:

26.4
Set 59N #2 Pickup = 1.25%21.1 =264V (1 — m) * 100 = 78%
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59N — Accelerated Ground Fault Protection Schemes
2) GSU high side fault coordinated

= RNsec *x VTNR  0.26 x91.3

Determine the corresponding primary amps to check for coordination with
the gen VT fuses:

_ S9N #2 Pickup 264

= 1.11 pri amps

And since this element will not see ground faults on the high side of the GSU,
a shorter time delay setting can be implemented.

Set 59N #2 Time Delay = 10 cycles (choose 10 cycles to coord with VT sec fuses)

Plotting 1.11 A at 10 cycles with the VT fuses shows that this element would
coordinate with the secondary fuses but not the primary fuses; although it is
not necessary to coordinate with either of the fuses if the VT secondary
safety ground was moved from neutral to B-phase.

If the GSU interwinding capacitance is not known, then this element could
instead be used as an Alarm (set at 5 V and 30 cycles).
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59N — Accelerated Ground Fault Protection Schemes

2) GSU HS fault
coordinated

1.11 A (26.4 V)
and 10 cycles
or 0.167 seconds\

1000, 00

Time (seco

n =
8

g

010

59N and gen VT fuses coordination

—agen VT pri fuse

—gen VT sec fuse

X 59N #1 with 95% coverage
59N #1 with 90% coverage

# 59N #1 with 70% coverage

» 59N #2 at /8% coverage

current (pri amps)
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59N — Accelerated Ground Fault Protection Schemes

2) GSU high side fault coordinated

m (8w |
Pickup: | 264 50 4| | *| 1800 Disable |
Time Delay: 10 1 4] | _» | 8160 (Cycles)
Neg.Seq.‘ﬁfﬂltagelnhiblt{:):. 100 10 d LI 100.0(%) © Disable  Enable
Zero Seq. Voltage Inhibit (<): 10.0 1.0 _"J __'_l 100.0(%) @ Disable T Enable
Zero Seq. Voltage Selection: © - 5
—Outputs —Blocking Inputs
V1 V2 V3 T4 IFrslFre 710768 m: m m. m wm
Ve MOl T2 3r 4 51 16 | &1 8] ]
Tl al2aAa PO nC2l0Bnl M
20Hz Injection Mode:  [iszbl: (¢ Enable
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59N - Accelerated Ground Fault Protection Schemes
3) V2/VO supervised

Because there is very little V2 for ®G fault on GSU LS and there will be some V2
for a @G fault on GSU HS or VT secondary, trip can be accelerated:

« Vo > V2 for GSU low side ground faults, accelerate trip
« Vo < V2 for GSU high side ground faults, block trip

N

— Y Y\
52 3 g
G _3 &
LYY Y\
3Yg/3Yg AN pomem=gi) 20 1/ANR

T T

Vo* —

Vs
@ @ @ *3YQg/3Yg VTs do produce Vo; however
| i because VT Configuration = LG-LL, the relay
‘ will not calculate 3Vo from these VTs, therefore
—_ broken delta VTs are used to measure 3Vo
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59N - Accelerated Ground Fault Protection Schemes
3) V2/VO supervised

59N #3 Pickup = 6.0 V (same as 59N #1)

Time Delay = 10 cycles as no coord is necessary for system or VT secondary faults
Calculate V, and V,, that relay will see for G HS and LS GSU faults (need to
calculate for VT secondary faults as well if Yg/Yg VTs with ground reference on
common — not shown here as n/a for these sample calcs).

Typical values are if V, > 5% or V,; < 7% then block this element.

PRO TIP: just use 5% & 7%

Why? Because:

v Calculations can be quite involved.

v' And | have found that the 5% and 7% are good values to use in all the
cases for which | have done the calculations.
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59N - Accelerated Ground Fault Protection Schemes
3) V2/VO supervised

DG fault on the HS of the GSU using subtransient reactance:

J/ ;(sl

Xg1 Xt1
| Igl +
ve - Vi C
Xg2 Xt2 Xs2
>—N\NN——— AN F—ANN——
Ig2 +
V2
Xcw
Xg0 T Xto Xs0
o AN\ A NN
Ig0 o
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59N - Accelerated Ground Fault Protection Schemes
3) V2/VO supervised

Network reduction:

Xsl Xs2 Xs0
e T
Is1 Is2 IsO
11 Xtl Xgl 12 Xt2 Xg2 lo
vV ‘el + V1 - lg2 + V2 - Ito

3Rf



59N - Accelerated Ground Fault Protection Schemes
3) V2/VO supervised

. 2 2 . . . .
77 251 (Zt + Xglsub) 77 LS (Zt+Xg2) 24 ZCo (Xg0+3+Rg) Zhi—ZatZCw Zem 2 Zb . Z50-Zc
Zs1+ Zt+ Xglsub Z52+ Zt+ Xg2 ZCo+Xg0+3+Re Zt+Zb Zs0+ Ze
lo= ! Ip=Io In==1Ilo
ZI+Z2+Z0+3«RfHS
Igi=Ip- zs1 Isl=Ip—1Igl
Zsl+ Zt+Xglsub
Ig2:=In. Z52 Is2:=In—1Ig2 lIg2-100|=293 %
2+ Zt+Xg2
H0=lo-[—2% I50:=1Io—It0 =10 —20__ Ig0:=Ib- ZCo
Zs0+Zc Zio+Zb ZCo+Xg0+3 Rg
V2:=Ig2.Xg? |172-100| =66 %, which is > the 5% V2 inhibit setting, so it will correctly block for GSU HS fault
VO:=Igl0Za |70-100|=3 %, which 1s < the 7% V0 inhibit setting_ so 1t will correctly block for GSU HS fault




59N - Accelerated Ground Fault Protection Schemes
3) V2/VO supervised

Network reduction:
Then do same calcs for GSU Xs0
LS @G faults: 2 %2 o P W
. S AMAANT A AN
Is1 Is2 150 ’\).""t\f‘)\;
n Xegl i2 Xg2 To 2¢0
A A ¢
Xsi ve el 4 Y1 - 82 s o 1%
AT é) la  [igo XE0 3Rg
- Vs A + Vo -
3Rf
Xs2 1. \Zsl+2z0)Xglsub ., (Zs2+21)-Xg2  ,  _ ZCo-(Xg0+3-Rg) ,  Zt+Zs0 . .. . Za-Zc
AVAVAY. Zsl + Zt+ Xglsub Z52 +Zt+Xg2 ZCo+Xg0+3-Rg Zt+Zs0 Za+Zc
Jo:= 1 Ip:=Io In:==1Io
ZI+Z2+Z0+3-RfLS
Zs1+4 2t
Igl=Ip.|— =272 Isl=Ip—1Igl
& ? (ZJI +Zr+Xg1.mb) P
Xs0 Zs2+ Zt
Ig2:=In- I2:=m—TIg2 Ig2-100| =001 %
A & Zs2+ Zi+ Xg2 & be I °
g
Ja=Io- %5 Is0:=lo—1Ia Ig0=Ja-[— 22
Za+Zc ZCo+Xg0+3 Rg
V2:=Ig2.-Xg2 |2+ 100| =0.002 %, which is not > the 5% V2 inhibit setting, so it will allow a trip for GSU LS fault
VO :=Ig0-Za |Fo-100| =46 %, which is not < the 7% VO inhibit setting, so it will allow a trip for GSU LS fault

You will find that the 5% & 7% values are OK to use for all, or at least most,
high impedance grounded machines with GSUs that are configured with
delta on LS and wye grounded on the HS.
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59N - Accelerated Ground Fault Protection Schemes
3) V2/VO supervised

V32> 5 % —00nuno
Vo <7 Y%=

OR

Inhibit

FL Blocking Input

59N #3 Pickup

OR '
measured VN J(—

\
/

10 cyc f

4’ Outputs
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59N - Accelerated Ground Fault Protection Schemes

3) V2/VO supervised

Built into setting screen already i.e. do not need special logic like some

other mfgs may require.

m |m W |

Pickup: 6.0

Time Delay: 10

Neg. Seq. Voltage Inhibit (>): 5.0
Zero Seq. Voltage Inhibit (<): /70

Zero Seq. Voltage Selection:
Outputs

X
50 4 k| 180.0(V) Disable
1 4 _» | 8160 (Cycles)
10 «|_| »| 1000(%) C Disable (* Enable
10 ¢«]_| ] 1000(%) ¢ Disable & Enable
(¢ VX

20Hz Injection Mode:

1 [ Blocking Inputs
VM1 V2 3 T4 s F's 7 I8 MEFELLD 12 113 14
Vo MO NI 121137141 151 16 | 51 6 1L I'7 18 19
| PR e 1y ) 2 ] | 2a Il_Tﬂl_Hl_‘[El_Hl_H
Setting

(* Enable
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59N - Accelerated Ground Fault Protection Schemes
4) 12 supervised

* Much like V, and V, 59N supervision, |, can also be used
to distinguish between ground faults on the HS and LS
of the GSU.

* For ground faults on the HS of the GSU, the generator
relay will measure some L.

* For ground faults on the low side of the GSU, the
generator relay will measure negligible L.

* Allow trip if I, < 5% (use 46DT Pickup which is set at 5%)
and 59N #1 Pickup is exceeded for > time delay setting.

* For this example, set time delay to 10 cycles.
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59N - Accelerated Ground Fault Protection Schemes

4) 12 supervised

46 DT Pickup emeQ) \
1 cyc
cyc

52b e /

59N #1 Pickup

IPSL #1

B

PSL#2__ g Trip

Outputs

NOTE: If the 52b contact 1s not used in this scheme as shown,
then because IPSL #1 = NOT 46DT would be normally asserted it

will block resetting of targets.
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99N — Accelerated Ground Fault Protection Schemes

4)

|12 supervised

Now need
IPSlogic, but
easy to develop

M |m | o || s )|
Initiating Outputs
Cy Dara e s e D7 e | /
FCs FofCnCeCBaCWwlCBE 8 — or
FrmrelfrmCararazr - | K-’ — 1
=l - OR
[ Initiating Function Pickup 46DT }—! oR | o
— N
Initiating Function Timeout }—!

Initiating Inputs :
FiCe CaCalls Ces C? H or
Fe Fs Pornrzrara. |

Initiate via Communication Point [~

Blocking | I'
FaF1 Ca2CalCaCs Cs C7 ] or
Fre frsrfwrnrCre2rCBC |

Block via Communication Point ™

Time Delay 1 1 il LI 8160 (Cycles)

| 65500 (Cycles)  Reset  Dropout

Disable

Outputs 1) Profile Switch
W e e | g C3 Cg C g @ NotActivated
Cs CwCnfCeCerCuWulC sl 6
rvrerCrwrararara | Activated |
mom | m | m || s |
Initiating Dutputs .
Fri Fra2rararsrfelC?2 Cs / 1 -
Fres rerfrmrCc2rarewrCislC .6 — or
FrvruesCwsCarara2rCa /
; OR —
[ Initizting Function Pickup  SON #1 | — AND
| Initiating Function Timeout TPSlogic #1 oR
Initiating Inputs
iy L e Eele 5 = or
|Ce Fs Toulrmrerar. OR |—|
In‘hmznaCmnmmPun‘tr— mn
Blocking Inputs — —
FrRC1r TF2TC3TCalCs CelC7 L3 or
Fre Ffes FwlfrnrC 23l » OR
Block via ication Point [
Time Delay: 10 14] | _+| 8160 (Cycles)
ResstDropout Delay: T} 04 | | 65500 (Cycles) ¢ Reset & Dropout
Outputs Prafile Sastch
Fi1 F2 Falrfsa s Te C7Cs C# C@ CEg C g F NotActivaled
M FoulanlCelralC w50 ® =
Frarfrsfrwifrarfrarara | Activated
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59N - Accelerated Ground Fault Protection Schemes
5) Open gen breaker

« For ground faults when the generator breaker is open, there is no need for
time coordination for external faults.

« Therefore, the gen LOR can be tripped very quickly (tripping excitation,
turbine, etc) if pickup is exceeded.

« Iftime delay is set too short (3 cycles), this scheme may not coord with VT
fuses, but this may be acceptable under this operational scenario.

LD OPEN E é
¥

MJJ J“
LYY Y
3Yg/3Yg &M -Th 3YgiS=

I
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59N - Accelerated Ground Fault Protection Schemes
5) Open gen breaker

59N #1 Pickup

ANDF— 2 o

52a NOT
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59N - Accelerated Ground Fault Protection Schemes

o)

Open gen breaker

X

Iniiating Outputs seable
'y s eI s 1 71 8
s FTwlrniC2a3l w151 18 4 or
FrvlrswslvslCalCFalfCz20 s _ - [r—
| 7 Wiking Funchon Fickp 59N #1 | »
j ,é Initiating Function Timeout 1— = AND
Initiating | il
My Lz a1 s L& L7 — or
el alw g nli i 31 W _ orR
Initiate via Communication Point [ AND
Blocking Inputs —
FE Ny M2 s D slle 12 1Y op
Fs FTs MTwlCnlC 12 13 14 OR — NOT |—
nication Point [ [
Time Delay: 14 _* | 8160 (Cycles)
ResetDropout Delay: | 30 0 4| | | 65500 (Cycles)  Reset (" Dropout
Outputs Profile Switch
1 M2 Ma I aI"s e "7 s C e Cg g C 4 & NotActivated
Mg Moulrulr2rCarar s e
FvrersrfraCarera { Activated
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59N — Accelerated Ground Fault Protection Schemes
6) Intermittent arcing
« Can be very destructive, especially at neutral

« At neutral, even though AC current is very low, arcing fault
develops a high voltage DC transient

 If enough arcs occur in a short time, destructive insulation
damage can occur

« Conventional time delayed ground fault protection cannot
protect for these events

&

Burned away copper of Side of a bar deeply damaged
a fractured connection ring by vibration sparking
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59N - Accelerated Ground Fault Protection Schemes
6) Intermittent arcing

« Solution: Create an integrated stall timer that incorporates
memory of previous arcing events.

« Accomplished by stalling the timing of the pickup timer when
it drops out intermittently as is the case for arcing faults.

* For this example, a pickup timer (Time Delay) of 10 cycles is
used and a stall timer (Reset Delay) of 300 cycles is used.

 Trip for an arcing fault with an accumulated 10 cycles worth
of arcing where the total time between arcs is < 5 seconds.
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59N - Accelerated Ground Fault Protection Schemes

6) Intermittent arcing

IPSlogic #1, NOT 46DT AND NOT 52b, is ANDed with the ground pickups to improve the security to
ensure it is not falsely asserting from a GSU HS ®G event. However, this then blocks the element
when the breaker is open. So, if an arcing event occurs with an open breaker or if the arcing
continues after the breaker is tripped open then this scheme will not provide protection.
Alternatively, IPSlogic #1 could be removed from this scheme to provide additional dependability at
the cost of the extra security.

r ........ 1.
]
48 DT Pickup ] '
\ e IFEL# :
10 cyo '
[IFEN: ! IPSL #5 i
p / ; = 1P

300 eye ' Cutputs
]
' "

B0 Pickup e—— A

SO 71 Pickup ——

845 Pickup

A

The logic could be initiated by any of

the ground fault functions (e.g. 59N,
27TN, 59D, 64S, or even 50N/51N if Integrated stall timer that incorporates memory

used in some applications). of previous arcing events
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59N - Accelerated Ground Fault Protection Schemes

6) Intermittent arcin

g

nt waveform

al world eve

Re

— == T4
=== =
=== =
) R

— === —
===
e e o = o = MJr
WMW I
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59N - Accelerated Ground Fault Protection Schemes
6) Intermittent arcing

TRIP

Stalling Trip
Timer
(cycles)

Arcing Fault Detected * — - — —_———
(cycles) ._]__]___

Master Reset Timer = — — A A : A A A
(cycles) . E | : : '

— — —) — — — — — — — — — —l —— la—a—

Arcing and Trip
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59N - Accelerated Ground Fault Protection Schemes

6) Intermittent arcing

Stalling Trip 6
Timer
(cycles) 4

\O—I _____________

Arcing Fault Detected * — .
oo _ W __ B ___

Master Reset Timer = — A
(cycles) '

o ) — — — — — — — — — — —la— a—

Arcing and Reset (No Trip)
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59N - Accelerated Ground Fault Protection Schemes

6) Intermittent arcing

lw |

| w2 | & | s # | |
Inibating Outputs -
Fe 2 2y rsreraras — i
Frs FTwlfruwlrCr2rCa3aC Wl s I'E oR |
FmlrFrslfrvslFralMFaC-ze2l s
. - : OR |
[SON #1 648 Initisting Function Fickup  27TIN ayn}— i | ]_
| Initiating Function Timeowt  TPSL #1 | il oR
Initiating Inputs hifi|
Cy T2 s TTs s e I'?_ng—z:_
s I's Nwinl2T1al w oR —
Initiate via Communication Point [~ { S AND
Blocking Inputs —
Tl T2 Fal 4« s 0D 7 - orl
Fe Fes FrwlrCnrelCBl;» OR |—{ NOT |—
Block viaC Pont [ / [
Time Delay: 10 1 4] | ¥ | B160 (Cycles)
ResetDropout Delay 300 0 “;l | _+ | 65500 (Cycles) (% Reset  Dropout
Dutputs Profile Switch
F1 F2 W3 T@lTa s e 7 Mg —»| @ C g C @ T #4 F NotActivated
Fes FolfCrnlCu2lrCa3lC w5l 16
Tl Bl vl ol al 21 »n Bctivaled
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27TN — Third Harmonic Neutral Undervoltage
 |EEE identifies as 27TH

* may be referred to as 100% Stator Ground Protection
> Not technically true, but with 59N then yes 100%

345 KV

PSVB Main Aux
VAB.C Transformers
,D, GSU
STG @ @ 700 MVA
700 MVA 2=12.3%
Gen HStap=353.6Kv  High Side
19KV/208V 19KV 3Yg/3Yg Breaker 3YgiA= Breaker
| Co13 — 2500005 f\f 25000/5 | f\f\ ? g
L N l 3
@ Exc Xfmr AY
IN
|a,b’c G |A,B,C

27TN o -

VN Srilter

Blocking Inputs = FL, 1, 6

20 Hz Gen

« If using 27TN with 645, third harmonic survey will inform whether 27TN is secure

in presence of 20 Hz source or if 27TN needs to be blocked.

* Input 6 is from 64S 20 Hz generator self-diagnostic alarm such that 27TN will be

armed only when the 20 Hz gen has failed or is OFF.
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27TN — Third Harmonic Neutral Undervoltage

Used on high impedance grounded machines.

Because of the low ground fault current, one ground by itself will not
cause damage; however, since the first ground can cause second
ground, it is important to trip for this condition rather than just alarm.

99N is the 60 Hz neutral overvoltage function that measures the 60 Hz
neutral voltage at the grounding transformer. It protects 90%-95% of the
stator winding for ground faults.

The third harmonic functions (27TN and 59D) can be used along with
99N to provide 100% stator ground protection.
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100% Stator Ground Fault (59N/27TN)

_ +10, 10 &
N . o
S 3" Harmonic Viuna profile in o
< Voltage profile in winding s
‘:I':' winding g
2 ~
) O 0.5 Py
X S
P o
S 3
; 59N pickup o
g / 27TN pickup E_:"
o —
Z .10 »l 0 S
T

0 50% 100% &

27TN /

Overlap of Third Harmonic (27TN) with 59N Relay

4\s_c)N
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27TN — 3 Harmonic Neutral Undervoltage

» Provides 0-15% stator winding coverage at the neutral end (typically)
» Tuned to 3" harmonic frequency (180 Hz)
» Provides two levels of setpoints

» Supervisions for increased security under various loading conditions.
Any or all may be applied simultaneously:

= Phase Overvoltage Supervision
= Underpower Block

= Forward & Reverse

= Under VAr Block; Lead & Lag

» Power Factor Block; Lead & Lag
= Definable Power Band Block

Loading/operating variables may be Sync Condenser, VAr Sink,
Pumped Storage, CT Starting, Power Output Reduction
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27TN — 39 Harmonic Neutral Undervoltage

LagVarB
/ For example, if P and Q blocking are
both enabled, it would appear as such
P S<>§>‘><>§>§>x}<>§>‘?\ P

> (i.e. PORQ):
Q
RPB % e \LeadVarB

OR AR -

HiBand
FPB

LoBand
FPB

Y, A\
\
ANNANVANNAN

LeadPFB
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27TN — 39 Harmonic Neutral Undervoltage

V1 <PSVB

RPB <P <FPB \
LeadVarB < Q < LagVarB | 3

LeadPFB < PF > LagPFB
LoBandFPB < P < HiBandFP:

Blocking Inputs

)
_J

VN < Pickup

> Timeout

P Pickup
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39 Harmonic Survey — voltages measurements

« Difficult to set without getting real data via field measurements during
commissioning:

« The third harmonic voltage at the neutral end of the stator winding should be
recorded throughout the full GCC (Generator Capability Curve), ideally.

« May not be able to get all values inside the GCC, so try to at least get values from
0.85 lagging PF to 0.85 leading PF thru the entire range of the machine, e.g.:

600.0 ® collection points
— —GCC
500.0 Hﬁ_ﬁ‘-"’""—-—-.._‘__ == g.EsleagPF (rated)
\ — = 0.90lagPF
] . . \ = = 0.95lag PF
For some applications ™" ~~ e
may not even be able  |xo \ e
to get this many points. | ey A \
e & -0 \
T MU T
At least, record it at IPCIA L T M
full load and no load, "F"‘"“ oo _o.__o
and aS many Other 0,0 ::g@;&a_&:::iﬂiﬂ‘-kt 300.0 400.0 503.0! .603.0 ]7 .0 800.0
points as possible. o BRI} BN ) / /
-200.0 H”‘-:::"‘ ~ -~ -”-""‘)J
300.0 ______,__-:'} =
-400.0
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39 Harmonic Survey — voltages measurements

Secondary Metering

—Currents (&)

Neutral “
Pos. Sea. [IIENIN
Neg. Sea. I
Zero Seq. “

s I

—Low Freq. Injection

=13l x|

— Impedance (Ohm)

LN 0 |

— Freguency
Freguency (Hz) “
virz () |

rocor (Hz's) [IIEEE

—Misc

1 2 3 4 5 6 7 8 0|
3 10 11 12 13 14 FL Brush V. (mV) “
— Field Insul. (Ohm) [ IEIEN
1 2 3 4 5 6 7 8 — S
10 1 12 13 14 15 16 Breaker Closed | Targets
17 18 19 20 21 22 23 Osc Triggered | IRIGB Sync
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39 Harmonic Survey — voltages measurements

27TN 3
min 3rd Harmonic VN = Vsec Positive
27 TN #1 Pickup = 50% of min 3rd Harmonic VN \sec Sequence Voltage
PSVB = 0.85"Vnom = vsec  Block =85% of

Vnom for security
from voltage dips.

Target collection points 3r Power
Point MW MVAR PF lag/lead | VN (Vsec) fvx (Vsec) | VX/VN (Vsec) Real (pu) | Reactive (pu) PF lag/lead
K
1** 0.0 0.0 169 4 0.04 0.02 118.6 0.0000 0.0000
2 1.3 01 1.00 lag 1.93 0.52 0.26 118.4 0.0019 0.0000 1.00 lag
3 85 01 1.00 lag 1.91 0.53 0.27 118.9 0.0122 0.0000 1.00 lag
4 11.3 0.2 1.00 lag 1.91 0.53 0.27 119.2 0.0162 0.0000 1.00 lag
5 13.2 0.2 1.00 lag 1.93 0.52 0.26 118.5 0.0189 0.0000 1.00 lag
6 17.3 0.3 1.00 lag 1.90 0.51 0.26 118.6 0.0247 0.0000 1.00 lag
7 176 8.0 0.91 lag 1.94 0.53 0.27 118.7 0.0252 0.0114 0.91 lag
8 17.5 75 0.92 lag 1.94 0.53 0.27 118.7 0.0250 0.0107 0.92 lag
9 220 9.0 0.93 lag 1.94 0.54 0.27 118.8 0.0315 0.0129 0.93 lag
10 30.0 10.0 0.95 lag 1.97 0.54 0.27 118.5 0.0429 0.0143 0.95 lag
11 40.0 4.0 1.00 lag 1.99 0.55 0.27 119.2 0.0572 0.0057 1.00 lag
12 50.0 1.7 1.00 lag 203 0.55 0.27 118.7 0.0715 0.0024 1.00 lag
13 60.0 -20 1.00 lead 207 0.55 0.26 118.6 0.0858 -0.0029 1.00 lead
14 72.0 -6.0 1.00 lead 212 0.57 0.26 119.2 0.1030 -0.0086 1.00 lead
15 14.0 -21.0 0.55 lead 1.88 0.52 0.27 118.9 0.0200 -0.0300 0.55 lead
16 82.0 8.0 1.00 lag 220 0.58 0.26 118.5 01173 0.0114 1.00 lag
17 92.0 7.0 1.00 lag 225 0.61 0.27 119.6 0.1316 0.0100 1.00 lag
18 101.0 14.0 0.99 lag 232 0.62 0.26 1193 0.1445 0.0200 0.99 lag
19 310 169 0.88 lag 352 0.90 0.25 1254 0.4437 0.2421 0.88 lag
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27 TN Settings and Supervision

Could be disabled upon initial energization of generator.

If so, may want to temporarily set 59N more sensitive, e.g. 5V, 0.50 seconds.
Or can enable with estimated or calculated values with understanding that nuisance

trips may occur until readings can be taken and settings adjusted.

27TN: Third Harmonic Undervoltage, Neutral

#1 |#2]

Pickup: [ 0.84
Pos. Seq. Voltage Block: | 102
Forward Power Block: T
Reverse Power Block I—

Lead var Block: 0.50
Lag var Block: T
Lead Power Factor Block: IT
Lag Power Factor Block 0.50
Hi Band Forward Power Block: lT
Lo Band Forward Power Block T

Time Delay: 120
Outputs
Vi V2 W3 T 4 "5 [6
e Fiolrnl 21311
BBl a2

010 4| | | 14000 Disable

5 ﬂ _| L} 180 (W) " Disable * Enable
001 «| ] 100(PU)  Disable " Enable
-1.00 «| | -001(PU) * Disable " Enable
-1.00 _| _! -0.01(PU) f* Disable (" Enable
0.01 4| »|100(PU) * Disable " Enable
0.01 4| » | 1.00 (Lead) ¢ Disable (" Enable
0.01 «| > | 100(Lag)  Disable " Enable
001 < | 100(PU) ¢ Disable " Enable
0.01 «| 2] 1.00(PY)

1 4] | | 8160 (Cycles)

Blocking Inputs

| STl 18 VLM 2 |13 |4
| 115 | 1116 6§ e 7] 18] s
2 Fornr2raru

ne
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59D — Third Harmonic Voltage Differential (Ratio)

19KV/208V

59D
VAB,C / \ VX

345 KV

‘M =013

Lo
(R

IN

20 Hz Gen

STG % 700 MVA
700 MVA 2=12.3%
Gen Hstap=353.6kv  High Side
19 KV 3Yg/3Yg 3y p
Breaker 9 Breaker
25000/5 25000/5
u > T T TS
- g J B
Exc Xfmr AY
1A,B,C
la,b,c 6aF 1

Blocking Inputs =FL, 1, 6

Input 6 arms 59D when 64S is out of service.




59D (59THD) — Third Harmonic Voltage Differential (Ratio)

P Pickup
|Vx3rd| |3V03rd| - Pick
or icku
|VN3rd | |VN3rd | P \ Time
V1<PSVB O o5 —p Timeout
Blocking Inputs O /
— Tripped status LED
Target LED

Outputs
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59D (59THD) — Third Harmonic Voltage Differential (Ratio)

« 59D has a blind spot in the middle of the stator winding, so it should be used with
the 59N function for 100% stator ground fault protection.

« Compares the third harmonic voltage at the terminal side and the neutral side of
the stator winding.

 This ratio (V;4/V5\) may be relatively constant at different loading levels, so 59D
may not be as load restrictive as the 27TN function.
» However, field commissioning readings should still be taken at different
loadings as this ratio may vary for some machines.

« This ratio will increase for a stator @G fault at either end of the stator winding.
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59D - Third Harmonic Voltage Differential (Ratio)

Field measurements during commissioning:

« The third harmonic voltage at the terminal and neutral ends of the stator winding
should be recorded throughout the full GCC (Generator Capability Curve), ideally.

« However, this may not be practical so a compromise may be to record these
values from 0.85 lagging PF to 0.85 leading PF throughout the entire output range

of the machine, e.g.: [ s
500.0 — rgEsle PF (rated)
T o
T | e
For some applications | ™ \ - = osskeadsr
may not be able to get = e ;":___;,_; \
L . —’0 -_.-" —_._._
this many data points. S asnl Sy W
H D.Ocﬂt— 200.0 300.0 3;. ‘5030. 600.0 700.0 800.0
At least, record it at TSR . ] |
full load and no load, o "“‘:::;-4',:“'*—9-“.’__/ /
and as many other 200 RSN
points as possible. 3000 AT

-400.0 120




59D — Third Harmonic Voltage Differential (Ratio)

Field measurements during commissioning:

Use Relay software to take the third harmonic readings or may log with comms:

Secondary Metering _ o] x|
—Currents [4) — Impedance (Ohm)
Phase A [N ser [
phase & [N ssx [
Phase C [CEEN ecr [
MNeutral “ Neutral “ BC X “
Pos. Seq. [HIEEIN Pos. Seq. DN car RN
Neg. Seq. IEHEN neg. Seq. [ICIIN cax N
Zero Seq. “ Zero Seq. “ Pos. Seq. R “
sor [N v I || Pos e x DN
—Low Freq. Injection —3rd Harmonic —Power (p.u.) —Frequency
wo) N | oo Frequency (Hz) NN
vy [N | oo EEEE vitz (%) G
Real (ma) [IEIEN wvoun IR rocor (Hz's) [
—Inputs —Misc
1 2 3 4 5 6 | 7 8 Power Factor |G
9 10 11 12 13 14 FL erush v. (mv) |
v Field Insul. (Ohe) N
1 2 3 4 5 I3 7 —Status
9 10 11 12 13 14 15 16 Breaker Closed |  Targets
17 18 19 20 21 22 23 Osc Triggered | IRIGE Sync
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59D - Third Harmonic Voltage Differential (Ratio)

Settings:

After field data is collected, choose a pickup above the highest ratio measured with
some margin (typically 150%):

\/ X3rd 3V03rd
59D Ratio Pickup = 1.5 x (VNgrd ) or (VNgrd )

For the “Line Side Voltage” selection, choose either:
 the calculated 3Vo value from the measured 3 phase voltages from wye
connected gen VTs (with VT Configuration = LG).
» or the measured 3Vo value (VX) from a broken delta VT.
« The measured 3Vo (VX) will give better accuracy.

Positive Sequence Undervoltage Blocking may be enabled to avoid mis-operations
while the unit is off-line and/or could block with an open breaker.
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59D - Third Harmonic Voltage Differential (Ratio)

59D Positi
max 3rd Harmonic VX/VN =| 027, |Vsec osiuve
59D Pickup = 150% of max 3rd Harmonic VX/VN =| 0.4 |Vsec Sequence Voltage
=) nom = Sec Block = 85% of
Line Side Voltage = | VX Vnom for security
from voltage dips.
Target collection points 3rd Harmonic Pos. Seq. Power
Point MW MVAR PF lag/lead | VN (Vsec) | VX (Vsec) | JVX/VN (Vsec) Real (pu) | Reactive (pu) PF lag/lead
0 *
1** 0.0 0.0 1.69 0.04 0.02 118.6 0.0000 0.0000
2 1.3 01 1.00 lag 1.93 0.52 0.26 118.4 0.0019 0.0000 1.00 lag
3 85 01 1.00 lag 1.91 0.53 0.27 118.9 0.0122 0.0000 1.00 lag
4 11.3 0.2 1.00 lag 1.91 0.53 0.27 119.2 0.0162 0.0000 1.00 lag
5 13.2 0.2 1.00 lag 1.93 0.52 0.26 118.5 0.0189 0.0000 1.00 lag
6 17.3 0.3 1.00 lag 1.90 0.51 0.26 118.6 0.0247 0.0000 1.00 lag
7 176 8.0 0.91 lag 1.94 0.53 0.27 118.7 0.0252 0.0114 0.91 lag
8 17.5 75 0.92 lag 1.94 0.53 0.27 118.7 0.0250 0.0107 0.92 lag
9 220 9.0 0.93 lag 1.94 0.54 0.27 118.8 0.0315 0.0129 0.93 lag
10 30.0 10.0 0.95 lag 1.97 0.54 0.27 118.5 0.0429 0.0143 0.95 lag
11 40.0 4.0 1.00 lag 1.99 0.55 0.27 119.2 0.0572 0.0057 1.00 lag
12 50.0 1.7 1.00 lag 203 0.55 0.27 118.7 0.0715 0.0024 1.00 lag
13 60.0 -20 1.00 lead 207 0.55 0.26 118.6 0.0858 -0.0029 1.00 lead
14 72.0 -6.0 1.00 lead 212 0.57 0.26 119.2 0.1030 -0.0086 1.00 lead
15 14.0 -21.0 0.55 lead 1.88 0.52 0.27 118.9 0.0200 -0.0300 0.55 lead
16 82.0 8.0 1.00 lag 220 0.58 0.26 118.5 01173 0.0114 1.00 lag
17 92.0 7.0 1.00 lag 225 0.61 0.27 119.6 0.1316 0.0100 1.00 lag
18 101.0 14.0 0.99 lag 232 0.62 0.26 1193 0.1445 0.0200 0.99 lag
19 310 169 0.88 lag 352 0.90 0.25 1254 0.4437 0.2421 0.88 lag
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59D - Third Harmonic Voltage Differential (Ratio)

Settings:

» For applications with a LS gen breaker, the third harmonic ratio of VX/VN will

580: Third Harmenic Voltage Differential

Line Side Voltage: ¢ 3V0

Ratio (VX/VN): D4
Time Delay: 180

Pos. Seq. Voltage Block: 102

hd =t LN
— Lad

x|
(" VX Disable

01 ¢f_| *|50

1 4] | ¥ | 8160 (Cycles)
5 4] | »l180(») ( Disable ¢ Enable
Blocking Inputs
W O m, EH WFLWM1 T2 T3 I 4
T4 15 16 I's5 W6 "7 '8 |9
| @21 3 T ol 213 14

be different when the breaker is open vs when the breaker is closed.

« The GSU will introduce an additional source of third harmonic voltage.

* May block one 59D relay when off-line and set another 59D on the redundant

relay for after gen breaker is closed.

» Or different setting profiles could be used, driven by breaker status.
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64S — 100% Stator Ground Protection

Main Aux
Transformers

345 KV

VA,B,C VX GSU
STG % 700 MVA
700 MVA Z=12.3%
Gen HStap=353.6kv  High Side
19 KV P
19KV/208V 3Yg/3Yg Breaker 3Yg N\— Breaker
| ‘ —913 — 25000/5 T 250005 |
LU L NI i B
(R} Exc Xfmr AY
IN
645 la,b,c e IA,B,C

20 Hz Gen

Blocking Inputs =

Could block when the 20 Hz
gen fails for extra security

although it should fail secure.

« 20 Hz gen injects signal into stator winding to detect stator ground faults via

changes in the stator winding insulation resistance
the measured 20 Hz current.

and the resulting changes in
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64S — 100% Stator Ground Protection

TXT33
20 Hz Supply Voltage
GEHE[E‘II}T Sea NOTE 2
7XT34 20 Hz DC AC
Band Pass Filter® 1 UHe 1

* Refer to Table 4-10

24 UH--L2

Bl
Meutral C D F 8 Block
Grounding L 1 —
Bee

/Tmﬁﬂﬂlffﬂﬂr ERROR NOTE 3
«—1n i — If the max VN for a ground
= &1 1 fault at the tgrminql end of
the stator winding is > 240 V,
Loweea then can use voltage divider
VT ;j| @ @) network in the bandpass
- filter. If used, then should
o— | proportion 59N Pickup
I Q settings as well.
| IME (18—

126



64S — 100% Stator Ground Protection

* How the 64S algorithm works in the M-3425A relay (other mfgs may be different):

VN—

freq

VN20

IN20
Total

IN20
Real

64S Disable

Blocking Inputs

}10 Hz < freq < 40 HzI

NOTE 1

Enable
Frequency Inhibit

———|_IN20<IN20min [—

| VN20 < VN20min [———

OR

Enable
VN20min

10 sec

AND

Enable
IN20min

Alarm Output
(20 Hz Gen Output Fuse Failure)

NOTE 2

T IlNZOTotaI > Total Current Pickupli

Enable
Total Current Pickup

OR

> Pickup
status

Time
Delay,

NO_TE3 } Timeout

ﬂ I IN20Real > Real Component Current |—

Enable
Real Component Current

status

—Jp Tripped status LED
Target LED

Outputs
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64S — 100% Stator Ground Protection

» Reflect the stator winding insulation resistance, the total capacitance to ground
(stator winding, iso-phase bus, surge equipment, GSU, UAT, and VTs), and the
broken delta VT ballast resistor to the secondary of the NGT for circuit analysis:

Y Y Y1)

Rep Ria N = 91.3

v MY Y\
W % E —
400/5 >\/
T 1 3
U ?g
s L
T3 = U Lol bl

) ) )

T~~~

AY|
—

AY|
PAl

AY/
PA

L L [T'T'T"]_"TT'""']_I"""TT'"‘.
AN\ &
Ry
PRO TIP: ensure 400/5 CT
is installed between NGT and NGR

this application has a ballast resistor
across some broken delta VTs for 3Vo
bus ground fault protection, which can
be accounted for it in the analysis



64S — 100% Stator Ground Protection

« Derived circuit after parameters have been reflected to the secondary of the NGT:

RBP RLA RLB I I
—AVW———=
18 4B
A4
IBank
+
v 45
Va0 VBank § Rn § Rs 1~ -iXc ;RB_NGTSEC
12 “ i}
%53
x=1 (x = 1 for straight thru connection; x = 0.80,0.60,0.40,0r 0.20 for voltage divider)
Voo = 26V (20 Hz signal generator)/
Rgp = 812 (20 Hz bandpass filter)
1.588 1 _ ‘
Riy=0'%2= 1000° - 0n (#12 gauge wire between relay and 20 Hz equip. —mounted together)
1.588 1
Rip=50"%2= BT 0.159 2 (#12 gauge wire between relay and NGR)
Ry =0.2610 (NGR — Neutral Grounding Resistor)

Rs — stator winding insulation resistance
-jXc — total capacitive reactance
Rg neTsec — Pallast resistor

Need to calculate or
derive these values yet.

129



64S — 100% Stator Ground Protection

« Reflect the broken delta ballast resistor to the primary of the VTs and then
to the secondary of the NGT via the following derived equation:

Rp * VTRX?

RB NGTsec = orNZ - = 90 Q (ballast resistor as it appears to the NGT sec. circuit)

Relatively high ballast resistor ohmic sizes like this value of 90 Q cause very little to no
interference to the measured 20 Hz current; however, 1f the ballast resistor 1s much smaller
(closer to the NGR value) then it can cause some interference to the measured 20 Hz current in
which case, the settings may need to be desensitized or 2 setting groups could be used w/ and
w/0 Ry in the circuit (via gen breaker status) or attempt to resize Ry if application allows such.

Set Rg NgTsec = 9999 Q) if subject application does not have a ballast resistor or just remove it
altogether from the circuit and equations.

« Model a healthy stator winding insulation resistance at 100 KQ and 50 KQ
and model faults at 5 KQ, 1 KQ, and 0 KQ:

Rs — Rstator B 100K, 50K, 5K, 1K, OK — 12 60601200
TN T 91.32 - 4 DD e, TR SEC




64S — 100% Stator Ground Protection

If the per phase total capacitance to ground is known (it 1s here, C;ypap = 0.40797 uF)
then may directly use that to calculate the capacitive reactance at 20 Hz:

1 1

21t * CroraL 210 % 20 * 040797 pri

Xcpri =

__ Xcpri 19506

Xc = —
T N2 91.32

= 2.34 Qsec (reflected to secondary of NGT)

 If the total capacitance is not known (may often be the case esp. for older plants),
then assume Ry was sized appropriately from knowing the total capacitance i.e.,

the NGR value on a primary basis should have been designed to equal 1/3 of the
. oy Xcpri

ohmic value of the per-phase capacitive reactance to ground (Rypri = T) SO

that equal zero-sequence current will flow through the 3Ry and the Xc branches

to limit transient overvoltages.
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64S — 100% Stator Ground Protection

Therefore, the value of the capacitive reactance can be reverse
engineered from this NGR value as such (must first calculate the
capacitance reactance at 60 Hz from the NGR value, then calculate
the capacitance, then calculate the capacitive reactance at 20 Hz):

Rypri = Ry * N? = 0.26 % 91.3% = 2167 Qpri
Xcpri@60Hz = 3 * Ry,; = 3 * 2167 = 6502 Qpri

1

C = = = 0.40797 puF tch dat
TOTAL ™ omif « Xcpri@60Hz 21 * 60 * 6502 H (matches mfg data)

1

= = 19506 Qpri
21if * Cropa 270 % 20 * 0407971 pri

Xcpri@20Hz =

Xcpri@20Hz 19506
= = = 2.34 (sec  (reflected to secondary of NGT)

X
¢ N2 91.32

Zc = —j2.34 Qsec
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64S — 100% Stator Ground Protection

« For small values of the neutral grounding resistor (< 0.3 Q) and/or high
total capacitance (> 1.5uF), there may not be a satisfactory margin for
the total current between the non-fault conditions and the fault
conditions.

* For these cases, the “Real Component Current” can be used.

« The real component of the 20 Hz current is based on the angle between
Vy and Iy i.e. the angle between the measured 20 Hz voltage across the
NGR and the measured 20 Hz current flowing back into the stator
winding.

* Regardless whether the real current setting is shown to be required or
not, it can be utilized as a backup to the total current setting.

« PRO TIP: Always use both Total and Real Component together.

» Calculate both the total and the real component of 20 Hz currents for
non-fault and fault conditions to determine how to set each.
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64S — 100% Stator Ground Protection

« Now that all the variables in the circuit have been defined and starting off with
calculating the values during non-fault conditions with 100 Q stator winding
insulation resistance, therefore, the equations derived from circuit analysis
produces the following results:

VZU

I = = 3.092 4+ ;0.010 A (total circuit 20 Hz current)
Rgp + Rps + Rip + Ry||Rs|Zc || Rp e
Ry _ :
Iysys = It * =0.108 +;0.324 = 0342 @ 71.6° A (primary value of 20 Hz IN)
Ry + Rs1Zcl|Reygrage
1000 _
Iy = |fwsys| TR 4.3 mA (20 Hz Total IN displayed on IPScom)
Igani = It — Iysys = 2.984 — j0.314 A (20 Hz current thru the NGR)
Veank = Igank * Ry = 0.776 — j0.082 V (20 Hz voltage across NGR)
Vy = x* (Ryp * Iy + Vganx) = 1.267 — j0.080 = 1.270 @ — 3.6° V (20 Hz VN)
|Vl =13V (20 Hz VN displayed via IPScom)

Irear = Iy * cos(Oyy — Opysys) = 1.1 mA (20 Hz Real IN displayed via IPScom)
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64S — 100% Stator Ground Protection

Next calculate another non-fault condition for a healthy stator winding again but for
an older generator where the stator winding insulation resistance has degraded to 50
KQ. Then also calculate the results for several fault conditions with stator winding
insulation resistances of 5 KQ, 1 KQ, and 0 KQ. The results for all 5 cases are

summarized here:

64S calculations summary table

. Rs IN (Total) | IN (Real) VN
conditions
kO mA mA Vv
100 4.3 1.1 1.3
non-fault
50 4.4 1.9 1.3
5 12.2 11.9 1.1
fault 1 27.0 27.0 0.8
0 39.8 39.8 0.5
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64S — 100% Stator Ground Protection

non-fault < Total Current Pickup < fault
100 KQ, 50 KQ < Total Current Pickup < 5 KQ, 1 KQ, 0 KQ
4.3,4.4 < Total Current Pickup < 12.2,27.0, 39.8

4.4+ 27.0
2

Total Current Pickup = 15.7 mA

= 15.7mA (set Total for 1 KQ as the Real Component will see 5 kQ fault)

non-fault < Real Component Current < fault
100 KQ, 50 KQ < Real Component Current < 5 KQ, 1 KQ, 0 KQ
1.1,1.9 < Real Component Current < 11.9, 27.0, 39.8

1'9+2“'9 = 6.9 mA

Real Component Current = 6.9 mA
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64S — 100% Stator Ground Protection

Set Time Delay = 10 cycles (the time delay may typically be set at 5 to 30 cycles as no
coordination is necessary for GSU high side faults)

However, coordination for VT faults may still be necessary as 64S may be able to see
ground faults in the VT windings or on the secondary of wye connected VTs with the VT
secondary safety ground reference on the neutral common point and the neutral cable
brought back to the relay.

Coordination for VT faults may be achieved via time delay or the pickup setting where
the pickup may be able to be set above a VT secondary fault depending on the system
and VT parameters of the specific application.

Alternatively, for Yg/Yg VTs if coordination with VT fuses is undesirable, the zero-
sequence path can be broken by moving the secondary ground reference from the
neutral to one of the phases.

Then if the neutral cable is still brought back to the relay, exposure is reduced by two-
thirds (such is the case for this application).

Alternatively, if the neutral cable is not brought back to the relay and the relay is wired
LL with VT Configuration = LL, then no VT secondary fuse coordination is necessary
however the relay cannot calculate 3Vo if that is needed for any functions.
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64S — 100% Stator Ground Protection

 enter preliminary settings into relay

CAC 1N, Ctatmr (orerind
o, U ST4ATOT 'araund

O1 O2 O3 O4 Os O O7 [O8
9 [Jw0 &A1 12 13 [ 15 []16
017 J18 1 J20 Q220 (2 [J23

Frequency Inhibit (10-40Hz): O Disable (®) Enable
Voltage Restraint: Disab E
Total Current Pickup: 157 20 < > 750(ma) (O Disable (@ Enable
Real Component Current: | 6.9 20 < > 750(ma) (O Disable (@ Enable
Time Delay: | 10 | 1< > 8160 (Cycles)
Outputs Blocking Inputs

H1 M2 HM3 (4 [O5 O [J7 [Js CJFL [0 [O2 [O3
M9 M1 On [J12 013 14 [J15 [ 05 6 [O7 [J8

117 [J18 01 (20 020 02 0023 CJj10 g1 (012 [J12 []14
20Hz Gen Output Fuse Failure
VN20min: | 0.3 | 01 < > 150(v) O Disable @ Enable
IN20min: 3.0 10 < > 250(ma) O Disable (@ Enable
Alarm Outputs
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64S — 100% Stator Ground Protection

« Collect non-fault and fault commissioning values with unit off-line (system
intact up to GSU LS and proper isolation on GSU HS, UAT LS, etc) and
during startup and on-line, then adjust preliminary settings, as necessary.

WARNING: When the 20 Hz generator 1s energized, a dangerous voltage may appear on the primary of the NGT so all the
proper personnel safety precautions should be in place. The approximate voltage that will appear on the primary of the
NGT for this application with the unit oft-line and with the 20 Hz generator energized is the following:

Ry 0.26
Vipri = N * Vyq = =91.3 %26 * =73V
Npri 20 Ry 4 Rgp + Ria + Ryz 0.26 + 8 + 0 + 0.159

or Vypri = N # Vog = 91.3 = 26 = 2374V (if the NGR should open circuit in this scenario)

During this commissioning, the Secondary Metering screen via the S-3400 IPScom software can be used to monitor and
document the 20 Hz values for the different test cases:

Low Freg. Injection

v v
N (ma) TR
Real (m4) [N

e VN (V)= 20 Hz voltage measured across the NGR
e [N (mAd) = Total 20 Hz current
*  Real (m4) = Real Component of the 20 Hz current
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Ground Fault Protection

Low-Impedance Grounded
Generators

» 87GD — Ground Differential Current

67N — Residual Directional Overcurrent

« 50N - Instantaneous Neutral Overcurrent
51N — Inverse Time Neutral Overcurrent



87GD — Ground Directional Overcurrent

» The Zero Sequence Differential function provides ground fault protection
for low impedance or solidly grounded machines.

+—P» Other Gens
>
&
D
© Gen Gen
GSU ACB 6.25 MVA
Els 600/5 /7\ _ 200/5 100hms |
va —— I
fg N4 L |
3lo=1A+IB+IC /R\ IN
O/

Blocking Inputs = none
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87GD — Ground Directional Overcurrent

» When system can supply zero sequence current to the ground fault
(such as when several gens are bussed together), 87GD operates

directionally.

IN>0.20 A (5A) [N
0.04 A (1A)

NV

Disabled

Y
4

N

3lo > 0.20 A (5A)
0.04 A (1A)

Y | directional

-BIO*IN*COS(q)gIO - CDIN) >0

non-directional

Y

N | external
Fault =
in phase
N4

internal
Fault =

180° out
of phase

|CTRCF*3I0 - IN| > Pickup

N

No Trip <

Time
Delay

— Timeout

> Pickup
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87GD — Ground Directional Overcurrent

» For external faults, currents are in phase:

Gen

external Gen
fault ACB 6.25 MVA
600/5 />\
yan 2N, —I Z
S N
53
3lo@ 0°

External Fault = In-Phase

3lo=IA+IB+IC

§

IN

v Using Directional element (3lo > 0.20 A):

v' -3lo*IN*cos(0°- 0°) = -3l0*IN*1 < 0, so external fault, no Trip.

VN 1,°.qu|
A e
N@ 0°

52

Ensure the relay’s IN current
input polarity terminal 53 is
wired such that ground
current enters relay polarity
(or misops will occur for
external faults).
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87GD — Ground Directional Overcurrent
* For internal faults, currents are 180° out of phase:

N N NN

Gen Gen
ACB 6.25 MVA

600/5 10 ohms
/(/7\ - Z -,QQ-/\S ||
X% by
internal #IN @0°

3lo @ 180° ol

Internal Fault = 180° Out-of-Phase

3lo=IA+IB+IC

—

- ———> N

Using Directional element (3lo > 0.20 A):

-310*IN*cos(180°- 0°) = -3l0*IN*-1 > 0, so internal fault.

If  CTRCF*3lo — IN| > 87GD Pickup setting, then start 87GD timer,
If 87GD timer expires with 87GD pickup still exceeded, then Trip.
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87GD — Ground Directional Overcurrent

* For internal faults, with gen breaker open:

Gen

Open 6.25 MVA
600/5 5

10 ohms
- , 09/5 I_I |||
#N

£\
\2Q>/ | \/L

3lo=0

v 3lo < 0.20 A, therefore directional element disabled, only do comparison of
IN measured current vs the 87GD Pickup setting:

v If ICTRCF*3lo — IN| > 87GD Pickup setting, then start 87GD timer,

|0 — IN| > 87GD Pickup setting, then start 87GD timer,
If 87GD timer expires with 87GD pickup still exceeded, then Trip.
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87GD — Ground Directional Overcurrent

Example Settings (use typical bookend ground pickup setting criteria):

Max unbalance (5%) < 87GD Pickup < ground fault (30% margin)
6.25M 5

6.9K 5
*
V3+6.9K 200

310 200

0.05 =

< 87GD Pickup < 0.30 *

0.65A < 87GD Pickup < 34

 Choose Pickup=1A

» Choose Time Delay = 2 to 6 cycles depending if CT saturation is possible

; hase CTR 120
e (CTR Correction Factor = p = = 3
neutral CTR 40

87GD: Ground Differential X

Pickup: | 1.00 020 «| | | 10,00 (&) Disable

Pick-up Delay: | 6 AER b | 8160 (Cycles)

CT Ratio Correction: | 2.0 alia »| 799

Outputs Blocking Inputs
M1 M2 T3 "4 "5 ['e T'7 I8 | 'FLI 11 112 13 14
VM9 Mol 121307140151 16 m m = = =
O D w a2 m  m mc omcom
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67N — Residual Directional Overcurrent

o

VT (Note 1)_

E—- CT (Residual)
m {MNote 4)

52

Gen

5

POOOOEE®

i

(Metering) i VT (Note 1)
FI -

Maote 3)

— T
[Meﬁenng]
s IV, (Calculated) 67N Operating Curren
— Vi s (Software smm:
—0
Yy &7M Polarization . @ @ 51N
[Software Select)
. -— ' {Note 5}
3Vg (Caleulated) QV‘

590 Line Side Y

Voltage
(Software Select)

(Mote 4) | ; CT (Meutral)

(Motes 2 & 5)

High-impedance Grounding with Third
Harmonic 100% Ground Fault Protection

Low-impedance Grounding with Ground D:fferenn’ai
and Overcurrent Stator Ground Faulf Protection
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67N — Residual Directional Overcurrent

* Provides protection for ground faults on low impedance or
solidly grounded generators.

« Operating Current = 3lo or IN
v 3lo=1A+IB + IC, calculated from terminal-side phase current inputs
v" IN = measured from IN current input
» via a core balance CT
» via a single neutral/ground CT

* Polarizing Quantity = 3Vo or VN or VX
v 3Vo = VA + VB + VC, calculated from phase voltage inputs via Yg/Yg
VTs with VT Configuration = LG
v VN = measured from VN voltage input
v VX = measured 3Vo from VX voltage input via broken delta VTs
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67N — Residual Directional Overcurrent

« To provide maximum sensitivity for fault currents, the
directional element is provided with a Maximum Sensitivity
Angle (MSA).

« The Pickup sensitivity remains constant for 90° on either
side of MSA.

« At current angles > £90° from the MSA, the function is
blocked.

* 67N provides directional discrimination (selectivity) when
multiple generators are bussed together.
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67N — Residual Directional Overcurrent

« If the ground fault current enters relay polarity for a fault in the tripping direction:

v MSA = 100° for a solidly grounded generator. Assume AG fault, IA phase angle lags VA
phase angle by 80° and 3Vo phase angle is 180° from VA. After rotating 3Vo and IA by
180° to get 3Vo at 0° reference, 1A will be at the 100° position.

v MSA = 170° for a high-impedance grounded generator. Assume AG fault, IA phase angle
lags VA phase angle by 10° and 3Vo phase angle is 180° from VA. After rotating 3Vo and
|IA by 180° to get 3Vo at 0° reference, IA will be at the 170° position.

Maximum Sensitivity Line

31, or |, |MSA=135"
MSA=135° Tripping

g AV, or Vy or V:\

I
Zero Sensitivity Line

Compromise:

MSA = 135° is the average and with the
+ 90° sensitivity, this is typically sufficient
for different types of gen grounding
applications when current enters relay
polarity in the tripping direction for internal
generator ground faults.
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67N — Residual Directional Overcurrent

 If current is exiting relay polarity (180° out) from the relay current inputs
that are sourcing the operating current selection for a fault in the desired
tripping direction, then an MSA setting of approx. 315° or so may be
more appropriate.

* For example, if using an operating current of 3lo that is being calculated
from the measured IA, IB, IC current inputs, and if wired per typical and if
desired tripping is in the generator direction, then because current exits
relay polarity (of IA, IB, IC or at least from the faulted phase for a ®G
fault) for a fault in the tripping direction, therefore the current would be
180° from the 135° position (for cases where current enters relay polarity

in tripping direction).

 Thus: MSA =135°+ 180° = 315°
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m
[1)

I Required generator breaker status input  (§ Available control output to service other relays

(52b). Contact is closed when generator for VT Fuse Loss can be designated.

breaker is open. Use unit breaker @ Input contact number is designated by wser.

contact if no generator breaker present.

@ Output contact pairs designated by
user.

® WARNING: ONLY dry confact inpwis must
MBdEn T be connected because these contact inputs
are internally werted. Application of external
voltage on these inputs may result im
damage to the wnis.

I Wire to split phase diferential CTs for @ Alarm output can be grouped to a single alarm
IA IB IC use with 500T split phase funcion. at the discretion of user.
J J
T IM-3475A [

o

¢

Relays ﬁ}

ai i e s

1
1
Thres VT WysWys g L . primary currentis “from” the generator to the
.y Altsrnats Connsotion "“"J- “"“"J system. If CT connections differ from those

M

S— s, WHNOTE: M-3425A current terminal polarity marks
EE - i“m“ L { - }indicate "entering” current direction when
52
Gen 1 shown, adjust input terminals.

—L‘erv

el

:
of
2
@'\
ol
E.

%
e UGS G

1 i Two Vi Open-Daita
| Connection
1]
I .
i Redayn | M-I4254 i | W.a4EA

T

High Impadancs Srounding

Low Impedanas Grounding

H =1
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67N — Residual Directional Overcurrent
Example Settings:

« Solidly Grounded hydro with multiple gens off the same bus
« 1.1 MVA

« 24KV

« Phase CTR =400/5

* For the “Operating Current” selection, use the calculated 3lo value from the terminal
side phase current inputs (3lo = IA + IB + IC); therefore, current exits relay polarity for
a fault in tripping direction and thus, MSA = 315°

+—P» Other Gens

Gen
Gen
GSU ACB 1.1 MVA

400/5 —
R e Sy

24 KV

3lo @ 180°
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67N — Residual Directional Overcurrent
Example Settings continued:

« Use typical bookending ground pickup setting criteria:

Max normal unbalance < 67NIT Pickup < min ground fault (30% margin)

* Normal unbalance at gen is small (typically < 3%), here assume worst-
case of 10% (but this is directional and the normal 3lo flowing into the
gen from the system should be practically zero, so this is conservative):

1.1+1000 1

max normal unbalance 310 = 0.10 x * = 0.334
V324 80

« Calculate minimum internal generator ground fault as fed from the system and
other parallel generators (assume other generators off-line, assume Xt = 11%):

1 1.1x1000 1

0.33A < O67NIT Pickup < 0.30 * *
0.11 +/3%24 80

0.33A < O67NIT Pickup < 0.30 * 30
0.33A < 67NITPickup < 9A

« Set 67NIT Pickup = 1 A, choose U1 flat curve, calculate TD and plot.
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67N — Residual Directional Overcurrent

i’IESTM: Residual Directional Cvercurrent
Definite Time
Pickup: g0 0.5 —
Time Delay: 5 1 —

Directional Element: () Disable
Outputs

@' B2 @: 04 O5 Os OJ7 O
@s @0 Q1 Oz 101 OJ1s s
017 J18 O J2 O21 O J23

© Enzble

Inverse Time

Fickup: 1.00 025
Time Dial: i0 05

Directional Element: () Disable
Inverse Time Curves

() BECO Definite Time () BECO Inverse

Q) Enztble

() |EC Inverse () |EC Very Inverse
0 |EEE Mod. Inverse () IEEE Wery Inverse
Outputs

8 82 @: 04 O3 O O7F QO

B> @10 11 [J12 [J13 [J14 [J15 1.

(117 ()18 [J1% ()20 )21 [J22 ()23

Setting

Max Sensitivity Angle: 315 1]
Operating Current: € 310 () IN

2400 (&) Diszble
8160 (Cycles)

Blocking Inputs

[(JFL (1 [J2 3 4
Os O O7 & (s
10 1 12 (13 )14

12.00 (A) Diszble
15.0

() BECO Very Inverse () BECO Extremely Inverse

() |EC Extremely Inverse () IEC Long Time Inverse
() |EEE Extremely Inverse

Blocking Inputs

[(JFL [(J1 [J2 [J3 [)4
Os O O7 O 09
(110 11 [J12 ()13 )14

353 (Degres)

Polarizing Quantity: () 3V0 (Calculated) () WN ) WX

Save Cancel
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50N - Instantaneous Neutral Overcurrent

+—P» Other Gens
<
(@]
© Gen Gen
GSU ACB 6.25 MVA
3 R 2\ o 2005 7
f L o & e |
A
1 IN

Blocking Inputs = none

For low impedance or solidly grounded generator applications
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50N - Instantaneous Neutral Overcurrent

May use 50N along with 51N to cut off the 51N curve at the higher ground
fault current levels.

Max available ground fault current:

69K
Vig V3
e 3lo0 = = = 10 Asec
Rg * CTRN 10 * 40

With 51N Pickup =1 A (see next section), decide to set 50N Pickup =5 A.

This is 50% of the max available ground fault current.

For 50N time delay, may need to coordinate with 67N DT time delay if 67N
is sourced from currents at the terminal end and set to protect for ground

faults located back in the direction of the subject generator. With 67N DT
Time Delay = 5 cycles, decide to set 50N Time Delay = 10 cycles.

50M: Instantan=sous Meutral Overcurrent )4
Pickup: 5.0 0.1 — 2400 (A Disable
Time Delay: 10 1 — 8160 (Cycles)
Cutputs Blocking Inputs
B @82 @83 (4 (15 (6 [J7 [8 (JFL (1 [J2 [J13 [)4
B @10 (11 ()12 [J13 ()14 ()15 []1. (15 ()& [J7 (18 [)%9
(17 ()18 ()19 [(J20 ()21 ()22 []23 ()10 ()1 ()12 ()13 [(])14
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51N - Inverse Time Neutral Overcurrent

+—P» Other Gens
>
< Gen
© Gen 6.25 MVA
GSU ACB 6.9 KV
3¢ X9 2\ - K95 H
f L o Y T i
A
1 IN

Blocking Inputs = none

For low impedance or solidly grounded generator applications
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51N — Inverse Time Neutral Overcurrent

Set sensitive and relatively fast depending on coordination requirements e.g.
may need to coordinate with 67N on terminal side looking back into gen.

Choose flat curve (IEEE U1 Moderately Inverse) and choose a TD such that it
flattens out above what you need to coord with (e.g. 67N Inverse Time curve).

Choose 51N Pickup to satisfy 2 criteria:
1) Set > max 3lo with machine at full load output
2) Set < min ground fault current * some SM (Sensitivity Margin)

1st criteria: For the max loading 3lo, measure, meter, or poll over time what
the relay’s IN current input sees with gen running at full output.

Or, if not available, may assume max loading 3lo is some % of gen full output:

6.25M
V3 % 6.9K

Calculate generator’s full load output: I, = = 523 Apri

Choose 5% of this, seen by IN current input: 3Io = 0.05 * iz—og = 0.65 Asec
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51N — Inverse Time Neutral Overcurrent

2nd criteria: Calculate the minimum ground fault current (times some
sensitivity margin to account for fault resistance in the ground fault) as seen
by the relay’s IN current input.

With a primary connected 10 Q grounding resistor at 6.9 KV, and assuming a
ground fault is located at the terminal end of the gen:

6.9K

Max available ground fault current: 3lo = a~* ';—L; =1 *1—“3 = 400 Apri

* aistheper unitdistance from the neutral end of the generator

As seen at the relay’s IN (or IG) current input: 3Io = mca:R?;O = 44000 = 10 Asec

Try using 25% sensitivity margin: 3Io = 0.25 10 = 2.5 Asec
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51N - Inverse Time Neutral Overcurrent
« 51N Pickup bookend criteria:

Max normal unbalance < 51N Pickup < min ground fault (25% margin)
0.05%(6.25M/(1.732*6.9K*40)) < 51N Pickup < 0.25%((6.9K/1.732)/10)/40
0.65A < 5INPickup < 25A
« Choose 51N Pickup=1A

« QUESTION: How much of the generator stator winding will be protected
from ground faults with this setting?

V .
- Rearrange 3Io = a * RL; equation, and solve for a:

+ @ = 51N Pickup « CTRN * ;% = 14 + =2 x4z = 0.10 pu, 0.10 * 100% = 10%
LG —
\/§

 Therefore, with 51N Pickup = 1A, 51N will detect ground faults from the
terminal end down to 10% from the neutral end i.e. it will not see ground
faults in the last 10% of the stator winding closest to the neutral

« Or it will protect 90% of the stator winding from ground faults i.e. from the
terminal end down to 90% from the terminal end or to the neutral end. o



51N — Inverse Time Neutral Overcurrent

51N: Inverse Time Neutral Overcurrent il

Pickup: 1.00 025 4| | ] 1200(8) Disable
Time Dial: 30 05 «| | »| 150

Inverse Time Curves

(" BECO Definite Time ¢ BECO Inverse (" BECO Very Inverse " BECO Extremely Inverse

" IEC Inverse " IEC Very Inverse " |EC Extremely Inverse ( IEC Long Time Inverse

(¢ |EEE Mod. Inverse " |EEE Very Inverse ( |EEE Extremely Inverse

Qutputs Blocking Inputs

V1 w2 W3 "4 Ts e 7 T8 TR [T T2 13 [14

V9 Muolrrunlhm2la30C40155[1 16 16 [e ITIi7 18 [19

O 'm0 2 12112 e
Save ‘ Cancel

If it is desired to protect more than 90% of the stator winding from ground
faults with the 51N element, choose a lower 51N Pickup:

for 95% coverage, set 51N Pickup = 0.50 A
Or if set 51N Pickup to its minimum 0.25 A, then 97.5% coverage is achieved.

Just ensure more sensitive setting is secure i.e. > the max 3lo seen during
max full load output, where 5% of full load output 3lo was 0.65 A and both a
0.50 A or a 0.25 A Pickup setting are < than that.
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System Backup Protection
for Phase faults

21— Phase Distance
« 51V - Voltage R/C Inverse Time Phase Overcurrent



21 — Phase Distance

Main A
VA%B% Tra:sI?ormugrs VX 345 KV
B, GSU
STG @ @ 700 MVA
700 MVA 2=12.3%
Gen HS tap = 353.6 KV High Side
19 KV p
19KV/208V 25000/5 /?\ 3Yg/3Yg /T\ Breaker 55000/5 /\(\3\(9& ? g Breaker
-y [ E
1 Exc Xfmr AR
la,b,c IA,B,C =
21
50FD <« o ]
20 iz Gen — Fault Detector for additional security

Blocking Inputs = FL, 1
(block for blown fuse and open breaker)

Z_V
T

Typically used for system backup phase fault protection.
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System Phase Fault Backup (21 zone 1)
Set Zone 1 Reach to 50% of the GSU and 30 cycles:

* Choose 50% (instead of a more typical zone 1 reach of 80% or so) to give plenty of security margin
against seeing GSU HS phase faults as the Delta-Y Transform = Delta-AC setting is applied to the
calculated impedance regardless of the actual fault location.

* May be set quicker esp. if there is not overlapping 87G and 87T (GSU) zones. Just want to set it long
enough to give precedence to 87G, 87T, and 87B (Gen Bus Diff, if present) to optimize fault locating.

345 KV

21 Main Aux
Transformers
VAB,C X GSU
sTG @ 700 MVA
700 MVA 2=12.3%
Gen HS tap = 353.6 KV High Side
};&E}igjv — 25000/5 ?g\ 3Yg/3Yg /\(\ Breaker 55000/5 T3Yg& % { Breaker
[ jl
Exc Xfmr A:Y
1 1
la,b,c t’ : IAB,C I
64F | =
21 » : Reach i ted !
SOFD 1 Offset 0 VT location ¢
20 Hz Gen 1
: ! 50‘70:Of Zt
: :
< _ =
. Diameter I
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(21 zone 1) — Phase Distance

What value to use for the GSU impedance, Zt?
The GSU nameplate and test report shows Zt = 12.306% at max 700 MVA.

Typically, it is sufficient to estimate that this is all reactance and no resistance
(i.e. all “jX” or at 90°); however, to calculate the resistance portion, the copper
load loss in watts from the test report may be used as such:

Zt = 0.123060 pu GSU impedance at 700 MVA max rating

Pt act = 1,134,708 watts GSU copper load loss at max MV A rating
Ptpu=i*+«*R= 1"*R = Rtpu GSU copper load loss in per unit at 1 pu amps
Rt = Pt = Pt act/5t = 1,134,708/700M = 0.001621 pu GS5U resistance

Xt =+/Zt? — Rt? = JD.’.I.ES(]EDE — 0.001621% = 0.123049 pu GSU reactance

Zt = Rt + jXt = 0.001621 + j0.123049 = 0.123060 pu at 89.25° GSU impedance
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(21 zone 1) — Phase Distance

If GSU LS voltage rating and/or GSU max MVA rating are
different than gen’s voltage and MVA ratings, use this eqn:

7 . VGZSU Sgen
GSU_on_gen_base — ZGSU * *

2
I{gen SGSU
GSU 345 KV
700 MVA
STG Z2=123%
700 MVA HS tap = 353.6 KV
19 KV LS KV rating =19 KV
| — - 3¢
L OUY e S E T
m I

« GSU LS voltage rating = gen voltage rating = 19 KV
 GSU max MVA rating = gen MVA rating = 700 MVA

Thus, this eqn is not required as it gives the same result as original:

192

700
Zgsu_on_gen pase = (0.001621 + j0.123049) =5 » = = 0.001621 + j0.123049 pu
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(21 zone 1) — Phase Distance

Vbase? 19K?

Zbase =

Z1reach = 50 % of Zt Sbase  700M
25,000
/CTR = = = 5000
= 0.50 * Ztpu * Zbase * %/ym = 191’20:0 = 158.3
] 192 5000
=0.50 % (0.001621 + j0.123049 ) * 00 * 1583

= 0.0132 +j1.0022 Qsec
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Phase Distance (21 zone 1)

« Set a small offset (reverse reach) equal to 10% of the
generator transient reactance, therefore:

o Offset = 10% of Xd’

» This provides coverage for bolted, zero voltage, 3O faults right at or near
the VT location.

 If the gen VTs are located outside the gen diff zone terminal side CTs, this
offset will also provide protection in that area, which can be helpful
especially for applications that do not have overlapping diff zones or an
870 overall diff:

= M@MXTM?F
mi S S S

87G 87G 87T

21
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(21 zone 1) — Phase Distance
192 5000

. CTR
Z1offset = —0.10 * jXd' * Zbase * VIR 700 1583

= —0.10 % j0.295 *

= —j0.4805 O

Z1offset = —0.5 ()

NOTE: This mfg’s relay enters 21 settings in terms of
Diameter (where Diameter = Reach + |Offset|). Other
relays may set it in terms of Reach.

Z1dia = Z1reach + |offset| = (0.0132 +j1.0022) + | —j0.4805|
= 0.0132 +j1.4827 Q

1Z1dia| = [0.0132 + j1.4827| = 1.5 Q

Zlangle = arg(Z1dia) = arg(0.0132 +j1.4827) = 89 degrees

Load Encroachment = Disable as zone 1 does not reach past GSU.
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(21 zone 1) — Phase Distance

Enable OverCurrent Supervision i.e. 50FD Fault Detector for added security.

If all three of the measured neutral-side phase currents (la AND |Ib AND Ic) are < this 50FD Pickup setting,
then the 21 element will be blocked. This may be set very low for extra sensitivity or for increased security, it
may be set above max load current (with a security factor), but it can be picked up on load if necessary. And it
should be set well below the minimum phase fault current (with some sensitivity margin) for all fault locations
that this zone can reach.

Here, use a GSU LS OO fault to calculate the fault current as zone 1 will not reach past the GSU. So, for a
GSU LS OO fault, the generator can produce 47,022 A at 30 cycles (from the gen decrement curve assuming
a flat start or 1pu voltage i.e. nominal voltage).

47,022

=94 A
2000 9 sec

t t
lac(t) = (|Id"] — |Id’]) * e Td” + (JId’| — |Id|) *x e Td" + |Id| = 47,022 Apri or

SF * Inom < Overcurrent SV < SM * min phase fault current
1.06 * 4.25 < Overcurrent SV < 0.50 * 9.4
4.5 < Overcurrent SV < 4.7

Overcurrent SV=0.1 A

(could set it to 4.6 A for added security, but decided to set it at minimum for max sensitivity)
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(21 zone 1) — Phase Distance

21: Phase Distance

H1 H2 H3
Circle Diameter:; 15 0.1 « > 100.0 (Ohm)
Offset: 05 -1000 < > 100.0 (Ohm)
Impedance Angle: a9 0 < > 90 (Degree)
Load Encr. Angle: 32 1 80 (Degree)
Load Encr. B Reach: 5.4 0.1 100.0 (Ohm)
Time Delay: a0 1 € > 3160 (Cycles)
OverCurrent SV: 0.1 0.1 < > 20008
() Out of Step Block Disable (@) Out of Step Block Enable
Outputs Blocking Inputs
1 3 []4 []5% []& [17 []& FL
M9 M0 11 [J12 []12 [J14 [J15 [J1&  []5

[]17 118 Q1 [J20 Q21 [J22 [J23

\ 17 [®

A1 02 [13
N
[]10 12 []12 []14

Diszble

(@) Disable () Enable

(") Disable (@) Enable

[]4
[]8

[

Set 50FD to min for additional security

N\

Block for open breaker
for added security
unless pre-synch
protection is required
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System Phase Fault Backup (21 zone 2)
Set Zone 2 Reach to 100% of the GSU plus 50% of next shortest line and 60 cyc:

* For time delay, assume step distance protection is used on the transmission relays that have 21 zone 2

time delays set at 18 cycles (at 50%, this should not see into zone 2 but just assume so to make more
conservative).

* 5 cycle breaker
* 1 cycle relay operate time
* 10 cycle BF timer

* 12 cycles of coordination margin
» Total = 18+5+1+10+12 = 46 cycles, which was rounded up to 60 cycles for additional security.

Gen 345 KV
700 MVA GSU
19 KV HS Tap = 353.6 Kv  1-mile long export line
| T E 0.071 +0.690j Q
_N*'\_ _3

=
L.

: Offset]
1 Reach counted

|

I I - >1

i Ifrom VT location g0, of £t + 50% of Zline
e : >

i Diameter I
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(21 zone 2) — Phase Distance

Z2 Diameter = Z2reach + Z2offset
= 100% of GSU + 50% of the next shortest line + Z2offset

Z2reach = |(1.00 = Zt + Zbase) + | 0.50 = Zli ( Vg )2 CTR
reacn — . ase . ine Vgguhstap VTR

= |(1.00 + (0.001621 + 0.123049) VKN (050 (0.071 + j0.690) ( 19K )2 5000
I\ ' e 700M . ' I 353.6K 1583

= 0.0296 + j2.0358 12

e  7Ztis in pu, therefore multiply by Zbase to get Zactual in Qpri.

e Zline is already in Qpri, however it is on the GSU HS therefore it must first be transferred to the GSU LS so it can
be added to Zt (that is in Qpri). If instead, Zline is first converted to pu, then it can be added directly with Zt (if
left in pu) i.e. there is then no need to first transfer it thru the GSU. Then the per unit combination of Zt and Zline
must be multiplied by Zbase to get Zactual in Qpri|

¢  Then the Qpri value is multiplied by CTR/VTR to get Qsec which are the units the 21 zone 2 reach is set in.

192 5000
700 1583

CTR
Z20ffset = —0.10 « jXd' » Zbase * - = —0.10 = j0.295 » —j0.48050 = —0.5 0

Z2dia = Z2reach + |of fset| = (0.0296 + j2.0358) + |—j0.4805| = 0.0296 + j2.5164 = 2.5 )

Z2angle = argument(Z2dia) = argument(0.0296 + j2.5164) =89 °
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(21 zone 2) — Phase Distance

Load Encroachment = Enable for zone 2 as it does reach past the GSU, however the reach is short enough that Load
Encroachment is not required. Nonetheless, it will be Enabled here to demonstrate criteria that may be used for cases
where it may be required. For example, if any 21 zones are set to reach past the end of a very long transmission line (e.g.
SIR < 0.5) off the high side of the GSU, then Load Encroachment can be useful so the mho circles can be set without regard
tor loading levels. But here, as the calculated Load Encroachment blinder will plot well outside the 21 zone 2 mho circle, it
will not block or cutout any portion of the mho circle and therefore will have no effect on the operation of the 21 algorithm.
A simple load encroachment blinder setting of 115% of the machine full rated output at rated PF will allow some machine
overloading without tripping, for example:

Load Encr. Angle = acos(PF) = acos(0.85) = 32°

CTR_Vpuz Vbase? CTR 12 19K% 5000

VTR Spu  Shase VTR 1.15 700M 158.3

Load Encr.R Reach = Zpu = Zbase *

However, to account for the field forcing that may occur during events that cause a depressed voltage and the
corresponding increased level of VAR output to support the dip in the generator terminal voltage, PRC-025 Table 1 Relay
Loadability Evaluation Criteria Option la may be used to calculate a more secure load encroachment reach (which will still
not cut out any portion of the 21 zone 2 mho circle in this case):

Vgen nom )2 19K 2
0.95 = Vh e * . —
( STOM * Y gsu hs tap (0'95 345K 353.6K)

1.15 = [(1.00 * Preport) + j(1.50 = PF = S)]| |1.15 = [(1.00 = 591.77M) + j(1.50 = 0.85 = 700M)]

LE = = =941
cos(MTA — TLA) cos(89° — 46.5°)
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(21 zone 2) — Phase Distance

Enable OverCurrent Supervision i.e. 50FD Fault Detector for zone 2 as well and
set it to minimum as well for maximum sensitivity.

Set well below the minimum phase fault current (with some sensitivity margin) for all fault locations that this zone can
reach. Here, use a GSU HS ®® fault to calculate the fault current as this zone can reach past the GSU. So for a GSU HS
P fault, the generator can produce 26,844 A at 60 cycles (from the gen decrement curve assuming a flat start or 1pu
voltage i.e. nominal voltage).

26,844

t t
Iac(t) = (|Id"| — |Id']) * e Td" + (|Id'| — |Id|) * e Td" + |Id| = 26,844 Apri or 2000 5.4 Asec

SF + Inom = Overcurrent SV < SM * min phase fault current
1.06 * 4.25 < Overcurrent SV < 0.50 = 5.4
4.5 < Overcurrent SV < 2.7

Overcurrent SV=0.1 A (could set it to 4.5 A for added security, but decided to set it at minimum for max sensitivity)
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(21 zone 2) — Phase Distance

To prevent false trips on recoverable swings: set 21 Z > 200% of gen MVA rating:
2+5g < MVAto trip

-

Vg~
22reach =

2+x5g < TR

CTR

1583
2.0 * 2500

2x700 <

1400 MVA < 5701 MV A4 Therefore, ves the selected Z2reach does abide by this criterion.

Calculate the % of the stator winding that is protected by this reach (use the transient reactance considering that the
generator subtransient ime constant period will have expired before the Z2 time delay is reached):

2.0 | 158.3
Z2reach i VTR 1_9: 5000
Zbase " CTR. _ \700
Xd' * 100 0.295

+ 100 = 42%, 22 sees this percentage into the gen transient reactance

The zone 2 reach will actually see < this percentage as the generator reactance will act like a
value > Xd’ at 1 second. Solving the generator decrement curve equation at 1 second for a
HS 30 fault as seen by a relay on the LS, gives a reactance of 24752/21271 = 1.16 pu which
in fact only sees 11% into the stator winding.
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(21 zone 2) — Phase Distance

H#1 H2 Hi

Circle Diameter: 25
Offset: 0.5

Impedance Angle: 29
Load Encr. Angle: 32
Load Encr. R Reach: 5.4
Time Delay: &0
OverCurrent SV 0.1

() Out of Step Block Disable @ Out of Step Block Enable| Block for FL (Fuse Loss) unless 60FL

Oftputs

0.1
-100.0
0

1

0.1

1

0.1

M A A A A A

L L .

>

1 P94 M3 4 [O5 [ [J7 [Os
: C]11 [J12 [J12 [J14 15 (16

17 4 18 20 12

Set 50FD for

additional security

1 []22 []23

100.0 (Ohm) Disable
100.0 (Ohm)

20 (Degree)

90 (Degree) () Disable (®) Enable
100.0 (Ohm)

8160 (Cycles)

200 (4

Blocki

MFL M1 02 [J2 [O4
15 DE‘SiDB s
10 []11 [ 143 144

Be aware, this relay is set in terms of
Diameter whereas some other mfgs may
set it in terms of Reach (from origin).

() Dizable (@) Enable

s | alarm is not brought back to dispatch

May need Load Encroachment

Blinder for long lines

Block for IN1 (open breaker) for
added security unless pre-
synch protection is required

Enable Out Of Step Block to block
zone 2 for power swings if using

zone 3 for 68/0SB
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21 — Phase Distance
SIDEBAR: How can we plot these 21 MHO circles?

Old school method:

Some relay mfg software
shows a plot of the mho
circle settings on an RX
diagram as well:

Phase Distance
@ Zoom In

2 Zoom Qut

=1olx]

Phase Impedances (Ohm):

AB:I

BC: |

CA: |

Circle Diameter (Ohm):

15 25 8.2
Circle Offset (Ohm):
-05 05 0.5
Circle Impedance Angle (Degree):
89 89 32
Load Encroch R Reach (Ohm):
14.2 142
Load Encroch Angle (Degree):
32 32
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21 — Phase Distance
SIDEBAR continued:

Or can plot it via Mathcad or Excel or some other tool.
Here, an example using Excel will be demonstrated for the Zone 2 MHO circle:

Use equations:

R = radius * Cos(®) + R circle center
X = radius * Sin(®) + X circle center

Diameter

radius = = 2; = 1.25 Qsec

® = 0° thru 360°

R circle center = radius * Cos(Z2ANG) = 1.25 * Cos(89°) = 0.021816 Qsec

X circle center = radius * Sin(Z2ANG) + Of fset = 1.25 = Sin(89°) + —0.5 =
0.74981 Qsec
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21 — Phase Distance
SIDEBAR continued:

Rpointl = 1.25 * Cos(0°) + 0.021816 = 1.271816 Q
Xpointl = 1.25 * Sin(0°) 4+ 0.74981 = 074981 Q

21 RX diagram

As entered in Excel:

2

1 zone 2

Na

R = $G$7 » COS(RADIANS(A16)) + $/$7
X = $G$7 » SIN(RADIANS(A16)) + $J$8

Then just redo this up to 360°
to make a complete circle.

X (sec ohms)

[EY

U1
N
o0
N
un
-

Rpoint2 = 1.25 x Cos(10°) + 0.021816 = 1.2
Xpoint2 = 1.25 % Sin(10°) + 0.74981 = 0.96(

(@)
00)
| S
o)

=

an]

|

Rpoint3 = 1.25 x Cos(20°) + 0.021816 = 1.1

O
@)
w
p—
-

%N
()
1
o

4L

R (sec. ohms)

Xpoint3 = 1.25 % Sin(20°) + 0.74981 = 1.17

Rpoint4 = 1.25 x Cos(30°) + 0.021816 = 1.104347Q
Xpoint4 = 1.25 = Sin(30°) + 0.74981 = 1.37481Q
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Now plot both 21 zone 1 and zone 2 MHO circles and MTAs:

—]1zonel

21 RX diagram

=== 71z0ne 1 reach at MTA
21zone 2
=== 21z0ne 2 reach at MTA

VTs located at the origin

~

J

O X (sec ohms)

iameter = 2.5

) -1\ %l‘t =-050

R (sec. ohms)

22

But why do the 21 MHO circles need to be plotted? To check security
and coordination with GCC and verify compliance with PRC-025 & 026.
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21 Zone 3 — example if using zone 3 for 68 OSB

Could use zone 3 as an additional tripping zone or an out of
step blocking zone if zone 2 sees into the transmission system.

Here, OSB is set for demonstration purposes.

OSB is used to discriminate between power swings and faults
when the electrical center of a swing could enter zone 2.

This will prevent unwanted zone 2 trips for power swings.

OSB Delay is the transit time of the swing locus between zone
3 and zone 2.

The OSB Delay timer starts timing when the swing locus
enters zone 3. If it expires before the locus enters zone 2, the
relay qualifies it as a power swing condition and therefore
blocks the zone 2 trip.
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21 Zone 3 — use for 68 OSB
« OSB settings should be informed by a transient stability study.

« Absent that, here for these sample settings, set the zone 3
diameter equal to half the Z of a max load current of 4.25 A at
120 VL rated voltage at a load angle of the PF of 0.85 or 32°.

69.3
Zone 3 Circle Diameter = 0.50 * I = 0.50 = T = 8.2 sec ohms

Impedance Angle = cos™! PF = cos™10.85 = 32°

Assume a stable swing freq of 2 Hz and approximating the transfer impedance angles:

0SB Delay =

(Z2 xfr impedance angle — Z3 xfr impedance angle) * fnom (120° — 60°) * 60
5 = 5 = 5 cyc
360 . 360
* fslip * 2
cycle cycle
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(21 zone 3) — Phase Distance — set as OSB

2n:PhaseDistance
m|m B |
Circle Diameter: 82 01 4] _| | 100.0 (Ohm) Disable
Ofset [ 05  -1000 «] | | 100.0(Ohm)
Impedance Angle: | 32 04| _|  _*]90(Degree)
Load Encr. Angle: 45 'lll | 90 (Degree) ' Disable " Enable
Load Encr. RReach: [ 100 01 4| _+| 100.0 (Ohm)
Time Delay: 30 1 4 _+ | 8160 (Cycles)
OverCurrent SV: 5.0 D1 4 ] 200(A) (¢ Disable " Enable
Out of Step Delay: 5 1 4] v | 8160 (Cycle)
—Outputs —Blocking Inputs
01 B2 O3 N4 05 Os D7 I8 CrE1 Bz D3 £4
09 D Oniiz 013 0101509 L5 L1s L7 108 [0S
OB CEaalEzn D202 FoFnn 213 4
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Plot all 3 zones

21 RX diagram

— 71 zone 1

Tl
= === 71 zone 1reach at MTA
e 3] zONE 2
=== 21 zane 2 reach at MTA
15 =21 zone 3 (Out of Step Block)
=== 371 zone 3 at MTA
16
)
=
=
o 5 7 TN
@ / N -~
= E. N ......E .". E :
= L] - H E
E Wé" 5
- e, G :
- : | E
lql'..' E / ] \ E
hzh‘ : I - ;
c j | ]
: - ;
i -p - 1 2 i
10 :
R (sec. ohms): 1
B amssmesssssssmssssssess e e ess s ma sz e essmesmra e maann .
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21 Phase Distance

Evaluate settings against
PRC-025 and PRC-026



PRC-025-2

Generator Relay Loadability

Check load responsive relay settings against criteria:

 (Generator Protection

e 21 21 is aload dependent function

e 51V « As load increases, if 21 is set too sensitive
. 50 or fast, a nuisance trip may result

« 50DT

« GSU Transformer Protection
* high side 50
* high side 51
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Load Dependent Relays

Options 14a and 14b

Options 16a and 16b

o =
[y

Options 15aand 15b |

J
) GSU Data
3 2000/5 903 MVA
345kV /22 kv
X=12.14%
3 2000/5
GSU r'TV‘ 'VT"'I Options 7a, 7b, and 7c
Gfa Dptions 9a, 9b, and 9c
= Options 8a, 8b, and 8¢
25000/5 § I
e
5000/5 UAT
¢ I N::r ElS To auxiliary
200/1 ' St loads
@ Options 13a and 13b
25000/5
Generator Nameplate
Option 3 903 MVA @ 0.85 pf

Options 2a, 2b, and 2c

22 kv

Figure 5: Relay Connection for corresponding synchronous options
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PHASE BACKUP (21) SETTING CRITERIA:
OPTIONS - PRC -025-2

Synchronous
generating unit(s),
including Elements
utilized in the
aggregation of
dispersed power
producing resources

1a

Generator bus voltage
corresponding to 0.95 per unit of
the high-side nominal voltage times
the turns ratio of the generator
step-up transformer

The impedance element shall be set less than the calculated
impedance derived from 115% of:

(1) Real Power output — 100% of the gross MW capability
reported to the Transmission Planner, and

(2) Reactive Power output — 150% of the MW value, derived
from the penerator nameplate MVA rating at rated power factor

OR

Phase distance

directional toward

the Transmission
system

Calculated generator bus voltage
corresponding to 0.85 per unit
nominal voltage on the high-side
terminals of the generator step-up
transformer (including the
transformer turns ratio and
impedance)

The impedance element shall be set less than the calculated
impedance derived from 115% of:

(1) Real Power output — 100% of the gross MW capability
reported to the Transmission Planner, and

(2) Reactive Power output — 150% of the MW value, derived
from the generator nameplate MVA rating at rated power factor

1c

Simulated generator bus voltage
coincident with the highest
Reactive Power output achieved
during field-forcing in response to a
0.85 per unit nominal voltage on
the high-side terminals of the
generator step-up transformer
prior to field-forcing

The impedance element shall be set less than the calculated
impedance derived from 115% of:

(1) Real Power output — 100% of the gross MW capability
reported to the Transmission Planner, and

(2) Reactive Power output —100% of the maximum gross Mvar
output during field-forcing as determined by simulation
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PRC-025 Option 1a — 21 Settings Loadability Criteria:

Mw Reported to
Planning Coordinator Mw Derived from
ar Nameplate Mva at
Transmission Planner  Rated Power Factor

}

1-Line 1.0 Mw pu + J [1.5 Mw @ RPF ] Mvarhpu
representation of 3¢
criteria 1a “’@ JJ l 3&

Aux.  Generator Step-Up
Trans Transforme:
—p
21
A J

115% Margin Over Stress : )

Point

Inequality Equation

Vgen nom 2
representation of (O' 95 * VAS o * )

nom
Vgsu hs tap

criteria 1a 1.15 % [(1.00 * P o r1eq) + (1. 50 = PFrated * S)]

L2 reach < cos(MTA — TLA)
200 < 9.4, therefore yes compliance is verified
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21 settings compliance check against PRC-025-02:
Using Inequality Equation:

Table 1 Option 1a - M-3425A 21 function

/2dia
L2ANG

2.5 sec ohms Z20ffset -0.5 sec ohms
89 degrees f2reach = 20

Zpri = 0.1600490312 p

NOTE: .

/sec = 5.0552441954 sec ohms

|Zsec| = 9.148 sec ohms

~e setting is in diameter
arg(/sec) = 06.45 degrees

A )

» Criteria check is

Zseclimit = 4 3958645178 h .
Seei =86 OnmS against the reach

|Zseclimit| = 7.935 sec ohms

arg(/seclimit) = 96.453 egrees, transient load angle

/max s 0.437 sec ohms

2reach < Zmax TRUE therefore, yes this complies with standard
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21 settings compliance check against PRC-025-02:

plotted on RX Diagram with GCC for visual verification:

X (sec ohms)

PRC-025 evaluation - RX diagram

'] =
L

I
[}

m—GCC

=== GCC at rated lagging PF

—31 Zone 1
21zone 2

X criteria 1a

T . .

criteria 1la .
10 -
OXTTT

/
i // .,""'
/ -
/ L
/ -
5 z 27 \
/ -
/ ...r"'
’ -
’ .

* |s the stressed system
operating point (“X Criteria
1a” point ) of PRC-025-2
outside both 21 Zone-1 and
Zone-2 mho circles?

 Therefore, 21 Zone-1 and
Zone-2 settings comply
with PRC-025-02

R (sec. ohms)

| A detailed description of how to plot

°| the GCC on an RX diagram will be
presented in the 40 settings section of
this presentation.
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PRC-026-1

Relay Performance during Stable Power Swings.

Criterion A: 21, 40, and 78 (within blinders) must be completely contained within the
unstable power swing region (lens, upper and lower loss of synchronism circles,
shaded area) or have time delay > 15 cycles.

-

—~—
-~
-~
-~
-~
-~
-~
-~
-~
-~

—~—
-~
-~
-~
-~
-~
-~
~—
~ o~
-~

Generator Protection

. 21

.« 40 .
. 78
- 50
+  50DT

GSU Transformer Protection
* high side 50
* high side 51

R (ohms) 194



PRC-026-1

Plot of the 21 mho circles on an RX diagram along with the unstable power swing region impedance locus criteria
for this application shows the Zone 1 and Zone 2 mho circles are inside the unstable region and the time delay

settings of 21 are > 15 cycles.

A detailed

description of
how to plot the &

unstable

power swing
region is given
in PRC-026

and is not

included here.

Complies with PRC-026-1

PRC-026 RX diagram - M-3425A

sl
e

L~

20
=t

—-""h.-

N

N

[ary
4 g}

— ™

- right side

- right side (full)
- left side

- left side (full)

e impedance locus

—— | e Circle

| Jpper Circle

21 zone 1

21 zone 2

X (sec ohms)

[uiy
[an]

[uty
o

f4d
[ax]

\""'H_—l-

.-l-l"""'

R {géc.

ohms)
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PRC-027

Coord gen 21 with transmission line 21.

Gen GSU

| C e () 3 -
R

21 21

Gen 21 zone 2 can reach 50% into the one-mile-long export transmission line.
Export line has 87L and 21 mirrored bits via fiber, both with 21 backup w/o commes.
For a phase fault at end of export line w/o comms, check:
is transmission line relaying clearing time < gen 21 clearing time
is line 21 zone 2 time + HS breaker BF time < Gen 21 zone 2 time delay?
18 cycles + S cycles < 60 cycles
23 cycles < 60 cycles YES, complies
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51V — Voltage R/C Inverse Time Overcurrent

5 1V Main Aux
VAB.C Transformers 345 KV
B, GSU
STG @ % 700 MVA
700 MVA 7=12.3%
Gen HStap=353.6 kv High Side
19KV/208V 25000/5 19KV 3Yg/3Yg Breaker »5000/5 3YgiA= Breaker
[|—r [ T | T 3¢
L NI 1 B
@ 1 Exc Xfmr A
IN
lab.c IA.B,C |
VN Srilter

Blocking Inputs = 1
« Block for an open breaker for extra security unless protection is
required during the pre-synchronizing period.

« System Phase fault Backup protection.
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51V - Voltage R/C Inverse Time Overcurrent

51V will see faults on the HS of the GSU (even though the currents and voltages
used in the 51V algorithm are measured on the low side of the GSU) as such:

Generator Connected Through

Generator Directly Connected

Delta AB/Wvye or Delta AC/Wye Transformer

LS = Dac

Voltage Control or Restraint Voltage Control or Restraint
Cument Current
L-G L-L or L-G to L-L L-G L-Lor L-G to L-L
Is | (Ma—Vehv3 Vag Ig Va (Vas — Vica)/v3
In | (Ve—Va)v3 Vec I Ve (Vec — Vas)/v3
I: l::"'.l".: - "'.-'rEI,:I.'r"'- 3 Vea I Vi '::l"-"'i_‘.-'-'-. - 1II-"IIE'-E]'J'l"' 3
a-c=A*v32-30° LS
HS —7
C e
c-b ://
d
b
b-a

=Y 198



51V — Voltage R/C Inverse Time Overcurrent

51V has (3) options for its method of VVoltage Control:

1. Disable
» No voltage supervision of the 51V function.
* Functions as a normal 51 relay.

2. Voltage Control
« Armed when the measured voltage drops below the Voltage Control setpoint.
» Typically, set VC Pickup to 75% of Vnom.
» Set Current Pickup < Inom (e.qg., if Id < Inom, set to approx. 50% of Id).
« May block for blown fuse.

3. Voltage Restraint
« Set Current Pickup > Inom (150% to 300%) — must abide by PRC-025 criteria.
* No need to block for FL as current pickup remains at 100% for a FL condition.
» The Pickup of the current element decreases in proportion to measured voltage.
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51V - Voltage R/C Inverse Time Overcurrent

Here for these sample settings, use Voltage Restraint:

100

75

Tap Setting as %

of Tap Setting at 5

Rated Voltage

0 25 o0 [L5
Input Voltage (% of rated voltage)

100

200



51V — Voltage R/C Inverse Time Overcurrent

Choose 51V Pickup per PRC-025 criteria Table 1 Option 2a
(as shown later):

Set 51V Pickup = 8.10 Asec at 100% voltage (191% of Nominal Current)
8.10 * 5000 = 40,500 Apri at 100% voltage

0.25 * 40500 = 10,125 Apri at 25% voltage
10,125/5000 = 2.025 Asec at 25 % voltage
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51V — Voltage R/C Inverse Time Overcurrent

Choose a flat curve (IEEE Ul Moderately Inverse) and select a TD such that it will trip in 1
second for a @O fault on the HS of the GSU assuming 25% depressed voltage. The generator
contribution into a ®® fault on the HS of the GSU at 1 second from the generator decrement
curve equation is the following:

t t
lac(t) = 0.866 * l(lld"l — |Id'|) * e Td” + (|Id’| — |Id|) e Td" + IIdll = 0.866 * 24,752
= 21,435 Apri

Using the IEEE Moderately Inverse curve equation and solving for the TD at 1 second:

D = > *t = >x1 =14
Mod.(())§1_51 +0.114 2123%515 +0.114
(701251

__gen contribution into a ®® fault on the HS of the GSU

M :
51V Pickup at 25% voltage
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Voltage Control/Restraint Overcurrent (51V)

Plot these calculated 51V settings
at 100% voltage and 25% voltage,
where 51V can operate anywhere
in-between i.e. in the cross-
hatched area.

1000.00 —

100.00 <

10.00 +

Time (seconds)

1.00 +

0.10 +

51V curve

'r\\\

!

[
N

- - -
-,‘-----—-

rFd
i

1] e 51 @ 100% voltage

| === e51V @ 25% voltage

0.01

1.00

10.00

100.00

sec amps at 19 KV

1000.00
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Voltage Control/Restraint Overcurrent (51V)

51V curve
1000.00 —
Now plot the 51V curves along ik
with the GSU damage curve, the
stator thermal overload curve, and
the generator decrement curve all

100,00 +
in terms of primary amps at 19 KV. t

51V at 100% voltage is very secure
and it will not see any faults but 10.00 +
protects the GSU damage curve. I

51V at 25% voltage will see LS ®OD
faults at times > 0.48 seconds.

Time (seconds)
3

51V at 25% voltage will see HS OO
faults between 0.7 to 4 seconds. —

— = dec curve for LS @0 fault
51V at 25% voltage will protect the |*** gendeccurve for HS OO fault
C50.13 stator thermal overload - CELE s e el

curve and the GSU damage curve. |~ ©sY Damaze Curve -thermal il

= 550 Damage Curve - mechanical

G, 1 @ 100% 'u'ultage 100000 1000000
= ams5 1y @ 25% voltage Prl amps at 19 KV
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Voltage Control/Restraint Overcurrent (51V)

51V: Inverse Time Phase Overcurrent

3

Pickup: |  8.10 050 «| _| ]1200l
Time Dial: 14 05 «| | | 150

Inverse Time Curves
" BECO Definite Time ¢ BECO Inverse (" BECO Very Inverse (" BECO Extremely Inverse
" |EC Inverse " IEC Very Inverse " |EC Extremely Inverse ( |EC Long Time Inverse
* |EEE Mod. Inverse |EEE Very Inverse  |EEE Extremely Inverse

Voltage Control: | D J _J 180 (V)

" Disable (" Voltage Control  * Voltage Restraint

Outputs Blocking Inputs
V1 V2 W3 4 s IF'e 7 I8 [T FLV1 T2 [ 3
Ve Muolrnlrr2lrr30Fr407" 51 16 m o mc ms m
il w2212 23 [ w1211

= Enable Voltage Restraint

= Do not need to select blocking on VT fuse loss when Voltage Restraint is
selected as the relay will keep the 51V pickup at 100% during a blown fuse.

= This is specific to Beckwith relays. Other mfgs may require blocking.

= FL blocking is however required if Voltage Control is selected.
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51V Voltage Restrained/Controlled
Inverse Time Phase Overcurrent

Evaluate settings against
PRC-025



PRC-025-2
Generator Relay Loadability

Check load responsive relay settings against criteria:

 (Generator Protection

« 21

- 51V
« 50

« 50DT

« GSU Transformer Protection
* high side 50
* high side 51
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91VR/51VC SETTING CRITERIA: PRC-025-2

Table 1. Relay Loadability Evaluation Criteria

Bus Voltage®

Application Relay Type Option Setting Criteria

Synchronous
generating unit(s),
including Elements
utilized in the
aggregation of
dispersed power
producing resources

Generator bus voltage
corresponding to 0.95 per unit of

The overcurrent element shall be set greater than 115% of the
calculated current derived from:
(1) Real Power output — 100% of the gross MW capability

2 the high-sid inal voltage ti
: thEtlg ! ino;rl:a Ve ag;a imes reported to the Transmission Planner, and
st: Ll.l.lmir;an;?u{:mef EEnerator (2) Reactive Power output — 150% of the MW value, derived
p-up from the generator nameplate MVA rating at rated power factor
OR
Calculated generator bus mlt.age The overcurrent element shall be set greater than 115% of the
corresponding to 0.85 per unit .
nominal voltase on the high-side calculated current derived from:
Phase overcurrent _ g en- (1) Real Power output — 100% of the gross MW capability
2b terminals of the generator step-up .
relay (e.g., 50, 51, transformer (including the reported to the Transmission Planner, and
or 31V-R —voltage- E (2) Reactive Power output — 150% of the MW value, derived
- transformer turns ratio and .
restrained) _ from the generator nameplate MVA rating at rated power factor
impedance)
OR
Simulated generator bus voltage
coincident with the highest The overcurrent element shall be set greater than 115% of the
Reactive Power output achieved calculated current derived from:
2% during field-forcing in response to a | (1) Real Power output — 100% of the gross MW capability
0.85 per unit nominal voltage on reported to the Transmission Planner or, and
the high-side terminals of the (2) Reactive Power output —100% of the maximum gross Mvar
generator step-up transformer output during field-forcing as determined by simulation
prior to field-forcing
Phase time
?;.r;rc;rlr;ar::t: relay Generator bus voltage
e corresponding to 1.0 per unit of the
voltage controlled orresp & P . Voltage control setting shall be set less than 75% of the
3 high-side nominal voltage times the
(Enabled to _ calculated generator bus voltage
turns ratio of the generator step-up
operate asa
) transformer
function of

voltage)




PHASE BACKUP (51VR) SETTING CRITERIA:
OPTIONS # 2a — PRC-025-2

Mw Reported to
Planning Coordinator

or

Transmission Planner

1.0 Mwpu +J [1.5 Mw @ RPF]MvaLpu

%

Generator Step-Up

l

21

Mw Derived from
MNameplate Mva at
Rated Power Factor

—

I

Aux.
Trans

V=10.95 X GSU Turns Ratio
115% Margin Over Stress

Point

+

Transformer

V=095

209



PHASE BACKUP (51VR) SETTING CRITERIA:
OPTIONS # 2a — PRC-025-2

700 MVA, Gen Nameplate Rating

59177 MW (typically different than just 5*PF)

Input Data
Shase
PF 0.85
Psynch_reported
CTRgen 5000
PTRgen 158.3
Vgen_nom 19 KV
Vhs_nom 345 KV
Vgsuhstap 3536 KV
CTRgsuhs 240

set 51V Pickup = PRC 025 Table 1 Option 2a =

1.15 = |3]
V3= Vgen = CTR

=8.0754

o || = |Psynchyeporcea + j@| = 1070.86 MV A
PS.}'nChreported = 59177 MW

v Q=150+ Prated = 1.50 * (Shase * PF) = 1.50 * (700 * 0.85) = 892.5 MVAR

e Vgen = 0095+ VbaseHS *

Vbhasegen

VgsuHSrtap

19K

=095+ 345K + —— = 17611 KV

3536 K

Common Calculations

P = 295 MW
Q= 892.5 MVAR
Vgen = 17.611 KV

S = 591.77+892.5] MVA
S| = 1070.86 MVA

arg(s) = 56.45 degrees

PRC-025: Table 1 Option 2a - M-3425A 51V function

91V Pickup
lpri

Isec =
1.15%Isec

51V Pickup = 1.15%Isec

8.10 sec amps

35107 pri amps
7.021 sec ohms
8.075 sec ohms

TRUE

therefore, yes this complies with standard
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PRC-027

« Coord 51V with voltage dips from transmission line faults.

345 KV

27
50/27
21
51V 59X
Gen @ Brasker §3Yg/& > Eoeakor
I, Eg@gTD - L
@ 21 50/27 i
46

« 51V at 25% voltage will see HS OO faults between 0.7 to 4 seconds.
« All transmission line relaying clears well before this (longest is 23 cycles).

» Therefore YES, complies
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System Backup Protection
for Ground faults

« 51G from ground CT on GSU high side wye-grounded leg



51G — Inverse Time Ground Overcurrent

* Set 51G as a backup for uncleared system ground faults

Main Aux
Transformers
/N
VAB,C 25000/ 5€' W3 VG GsU e
STG 700 MVA
700 MVA Gen HS z= 13.53?:%6 KV High Sid
19 KV 3Yg/Yg 3Vg A tap =353. igh Side
Breaker 9 Breaker
25000/5 1200/5
|| 19KV/208Y  — A ’]‘ ! ’I‘ ?g_
AN 3 =
M~ AY
1200/5
0.26 Q I W1 w2

Xgl Xt1 Xs1 W2-G

% Vs /

May use 51G from transformer
protection relay (e.g. M-3311A)
or may use 51N from generator

Will 51G see a protection relay (e.g. M-3425A)
@G fault on the Xg0 o 0 if not being used or could use

LS ofthe GSU? VW any relay that has a 51G element
' 3Rg °1G or may use a single function 51G
solid state or E/M relay.

Xg2 Xt2 Xs2
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Pri Amps at HS Tap

1000.00 T
100.00 T
|
|
|
1000 \ Choose a 51G
E \ curve that flattens
H \ out at about 1
E
oo | secon.d to |
= G5U Damage Curve - thermal \ COOFdInate W|th
— = GSU Damage Curve - mech ! transmission line
X GSU Inrush & 1 ground fault
010 |77 sl T protection.
5]
— 516
— PRC-025
A PRC-026
0.01 5 T T T T TTTT T T 11H 1 f ———+H
10 100 1000 10000 100

current (pri amps)
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Abnormal Operation &
Other Protection

49 — Stator Thermal Overload

32 — Reverse Power

46 — Negative Sequence O/C « Isync Trip

50/27 — Inadvertent Energizing
« 50BF — Breaker Failure
40 — Loss of Field « 61BF — Breaker Pole Flashover

78 — Out of Ste
P « 59X (3Vo) — Bus Gnd Overvoltage

24 — Volts/Hz (Overexcitation)

« 64F/B — Field Ground Protection
27 — Phase Undervoltage

59 — Phase Overvoltage
81 — Over/Under Frequency
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32 — Reverse Power

32 Main Aux

Transformers 345 KV
VX

VAB,C osu
® ® o

700 MVA =123% o
19 KV Gen Hstap=353.6Kv  High Side

3Yg/3Yg (\(\3Yg& ? { Breaker

19KV/208V
250005 >\ T Breaker 550005

- Y ) 3
1 Exc Xfmr AY
la,b,c IAB.C =
32

20 Hz Gen

Blocking Inputs = FL, 1
P=VA=xIa*cos(Oyy—0;,)+ VB x*Ib*cos(Oyg —0) + VC *Ic x cos(Oyc — 0y.)
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32 — Reverse Power

Typical motoring power in percent of unit’s MW rating (not MVA rating):

« Condensing Steam Turbine under zero steam input: 0.5% to 3%

* Non-Condensing Steam Turbine: > 3%

« Combustion Gas Turbine: 50%

» Diesel Engine: 25%

» Hydraulic Turbine (with blades above the tail-race water level): 0.2 to 2%

» Hydraulic Turbine (with blades below the tail-race water level): 2% to 100%

Set (3) 32 elements for this sample STG application

1) Set 32 #1 for sequential tripping/normal shutdown (typical for steam turbines)
2) Set 32 #2 for traditional reverse power protection
3) Set 32 #3 as an overexcitation alarm
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32 — Reverse Power

FOR REFERENCE: If the total losses is unknown then a typical motoring power value may be used to derive
an appropriate 32 pickup setting. Or, if allowed, the losses or motoring power may be measured during initial
commissioning after all off-line commissioning is completed and right after the first sync. For example, for
this STG application, here are some possible “live” testing steps to use (NOTE: this may not be a stable
operating scenario, so the testing steps should be well understood, coordinated, and studied prior to starting
this procedure so this testing can be conducted post-haste):

« Temporarily disable 32 settings to ensure sufficient time for the unit to settle into satisfying all its losses.

« Or may enable 32 element(s) with preliminary settings based on typical motoring power.

« Temporarily set OSC Partitions = 2, Post Trigger Delay = 95, Trigger on IN2 only (for the breaker closing).

» Therefore, when breaker closes, OSC record will show measured power for 280*0.95/60=4.43 seconds.

* Have the Primary and Secondary metering screens open side-by-side via S-3400 IPScom.

» Synchronize the generator onto the system (i.e. the generator breaker syncs closed).

* Do not allow the unit to begin to ramp up i.e. ensure control system is not calling for any MW output, etc.

* The steam valves should remain closed.

« The unit should start to drift into reverse power to cover its losses (both generator and turbine).

« Take a screenshot of the Primary and Secondary metering screens (i.e. log the measured reverse power).

* Manually trigger an OSC record (gives additional data if the unit takes > 4.43 seconds to satisfy losses).

« The unit may be taken back off-line (e.g. via the normal shutdown sequential tripping mode) until the final
32 settings can be calculated and applied to the relay or the unit may be allowed to start ramping back up
while the 32 element(s) are re-enabled and then with the unit on-line, the 32 settings can be adjusted as
required based on the measured MWs which should be equivalent to the total losses.

« NOTE: The trip should be issued shortly after the breaker closes (< approximately 30 seconds).

* Ensure 32 #1 is re-enabled and saved to the relay (if it was disabled at the beginning).

* Reset the original OSC Setup settings.

« Study the collected data and adjust the preliminary reverse power settings as required.
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32 — Reverse Power

Prating=S * PF =700 * 0.85 = 595 MW

Losses information from mfq:

 Turbine losses = 5.83 MW (1% of Prated, 5.83/595)
 Generator losses = 1.49 MW (0.2% of Prated, 1.49/595)
* Total losses =7.32 MW (1.2% of Prated, 7.32/595)

v' The Sequential Tripping (32 #1) Pickup is sometimes set to half or even
less than the Reverse Power (32 #2) Pickup; however, for this sample
application set them both to 70% of total losses.
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32 — Reverse Power 70% Sensitivity Margin

)

Pick p Pactual SM = total losses 0.70 * 7.32 MW
1ICKup = u= — =
P = "PY = "Shase 700 MVA V3 % 120 * 4.25 % 5000 * 158.3
=~ 0.007 pu e if VT Configuration = LL or LG-LL, Sbase = /3 * Vnom * Inom
\ e if VT Configuration = LG, Sbase = 3 * Vnom * Inom

* Apply negative sign to the pickup setting as this should trip when the
generator is taking in watts from the system:

« The Pickup setting is in per unit of the rated MVA rather than the rated
MW as the relay does not know what the rated MW is as there is no PF
setting for the relay. Therefore, Sbase is used in the calculations rather
than Pbase; however, it is insignificant as Sbase will cancel out when the
algorithm compares the measured value vs the Pickup setting.
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32 — Reverse Power

PQ diagram
/ 4 /0 —acc
// ‘/ // _— ——32 Reverse Power Trip
A NN
’ / 500 e~ 32 #1 Pickup = -0.007 pu
// // / g / - S
/ y. /")nn \ 7 = -
y ARAREyd \ 32 #2 Pickup =-0.007 pu
'/ 32 Reverse Power L
z | Trip region i
E—EH]Q/—?JU ;ﬁﬁ —5]!]/450 —330/][] -10 :IL -.Q".;l‘lﬂ 200 300 400 500 600 700 800
o 0
i
1/ // / 200 ." /
// // // 400 Y o
/ . /
4 296
// ’ '/ /00 Z
// // r/ // ;'68 -107 \ﬂ 10
/7 / / ,/ o : / -4.9 MW
P (MW) 114 P —

Pactual = Ppu * Sbase = — 0.007 /3 * 120 * 4.25 * 5000 * 158.3 = — 4.9 MW
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32 — Reverse Power

The 32 algorithm operates by calculating the actual Power from the measured individual phase
voltage and current magnitudes and phase angles via the following equation:

Pactual_measured = VA * la * cos(Bya — 0;,) + VB * Ib * cos(Byg — 0y,) + VC * Ic * cos(Oyc — 0;c)

The algorithm then converts this actual measured quantity to a per unit quantity:

Pactual measured
Sbase

Ppu_measured =

The algorithm uses Sbase rather than Pbase in the Ppu_measured calculation as the relay does
not know the generator’s rated lagging PF.

It then compares this Ppu_measured value against the 32 Pickup setting which also used Sbase
rather than Pbase in its derivation so in the end the Sbase has no effect 1.e., it cancels out.
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32 — Reverse Power

v" Set 32 #3 for “Reactive” as an Overexcitation Alarm which also takes the excitation

controller to manual mode but still allows the operator to increase voltage if necessary.

Setpoint of 360 MVAR: /

| 360 MVAR
Pickup = — oo va =

32 #3 Pickup = 0.514 pu

0.514 pu

600

500

400

300

-100

-200

-300

-400

PQ diagram

-_"—-__‘-.

— 1

Overexcitation Alarm region

| ‘ ~—

SN
I |

N

N\

—GCC
—UEL

Overexcitation Alarm

P (MW)
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32 — Reverse Power

—#1

Pickup: [ 0007 3000 «|] _| »]3000(PV) Disable
Time Delay: [ 120 GET | 8160 (Cycles) -
Over/Under Power: + Over " Under Target LED: (" Disable (" Enable
Outputs —Blocking Inputs
m m om = = m L m vRE Vil 2 3 | 4
o om ) m mcom o m o m o m 5 e V7 8 TS
W m  m EmE N N W NN R R
—i#2
Pickup: I -0.007 3000 «] _| »|3000(PV) Disable
Time Delay: | 1200 1% | 8160 (Cycles) -
Over/Under Power: % Over Under Target LED: (" Disable ' Enable
Outputs —Blocking Inputs

M2 Va3 a8 7 Ls VFLIV1 T2 T3 4
V9 Mol 2C3 141581 16 m =N = OE E

| a7 e 21 22 23 meocomcomc m e m
#
Pickep: [ 0514 3000 «] | »|3000(PV) Disable

Time Delay: | 60  BEH | 8160 (Cycles) -
Over/Under Power: & Over (" Under Target LED: ¢ Disable ( Enable
Directional Power Sensing: ¢ Real {* Reactive
Outputs 1 r— Blocking Inputs
w m m m woE = oEm VA1 IFT2 T3 Ca
m:l mmbien s m s m m . m m m m m
wom m om m w [T el il u

32 #1

» seq trip

* set at 2 seconds

* Disable Target LED

32 #2
* reverse power trip

» set at 20 seconds

32 #3
* Over-excitation alarm

* set at 1 second
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46 — Negative Sequence Overcurrent

19KV/208V

Main Aux
Transformers

VAB,C
STG

700 MVA s
19 KV T en

3Yg/3Y
25000/5 g=re Breaker 550005

G

T

3Ygl =

GSU
700 MVA
2=12.3%
HS tap = 353.6 KV

3¢

High Side
Breaker

345 KV

20 Hz Gen

1 Exc Xfmr

IA,B,C

Blocking Inputs = none

1
I, = 3 (la + a?lb + alc)

%T
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46 — Negative Sequence Overcurrent

1)

2)

cont. gen [, rating = 8 —

Use 46DT for Alarm.
Use 46IT to Trip.

Set the 46 IT Trip Pickup setting per the following criteria:
1) Set > max expected load unbalance with machine at full output.

2) Set < machine continuous |, rating.

3) Set < min |, caused by unbalanced conditions.

Measure |, at a single point in time with machine at full output or track it over
time. Here, 3% was used per tracking method with added margin.

This gen is a directly cooled, cylindrical rotor type; therefore, per IEEE C50.13

the permissible continuous I, rating
is the following:

700 — 350
300

= 6.8 %

Generator Type Permissible |, Stator

Rating Percent
Salient Pole
Connected Amortisseur Windings 10
Nonconnected Amortisseur Windings 5
Cylindrical Rotor
Indirectly Cooled 10
i Cooled
To 350 MV, 8

351-1250 MVA 8 — [(MVA-350)/300)]
1251-1600 MVA 5
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46 — Negative Sequence Overcurrent

3) Calculate |, from various unbalanced conditions assuming infinite bus on GSU HS:

« OO faulton LS of GSU

« OO fault on HS of GSU

« OOPG fault on LS of GSU, same as LS OO fault
o OOPG fault on HS of GSU

« OG faulton LS of GSU

« OG fault on HS of GSU

 Open phase on LS of GSU

* Open phase on HS of GSU

All 8 unbalance cases are calculated here for thoroughness; however, the typical max
and min cases may instead just be calculated. For most high-impedance grounded
gens, the typical max |, case will be from a LS ®® fault which should equal the LS
PODG fault case. The typical min I, will be from a HS ®®G fault (excluding the LS ®G
fault as the 46 element will not pick up for this case as the 12 fault current is too small).

Now, let’s take a pause for the next several slides to draw out the sequence networks
for each of these cases and solve for |,:
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46 — Negative Sequence Overcurrent

46 — L5 gZ

|

—

xd
0
o

IF./C%
| =

I& = N?‘-I)ESB\

e

Ad XJ; o2 T
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46 — Negative Sequence Overcurrent

H — s gfe
o

e

Xqs+ 3R
47—_ (Ijz ‘f;% ?’l‘)&a.)

_L el
Xt P ) WL+ (G +
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46 — Negative Sequence Overcurrent

A = L5 ge

e
F?M \
- %_JL

Xd %2 Xqp 2R
Ly
[pv
|

L =

X+ X 72 ‘f‘ij 1—3%

:
Ly = X4 1 Mgy + 32,
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46 — Negative Sequence Overcurrent

Y6 = [S cpn s e = FS epem phase
X . i |
fpvﬂ% r\_% xL Vy ("? j 2y
WV W— TR
J jz@ { %EL&

SIS T

| n’fga R T Xga 22
)‘4!‘ .' =) X"' 'E'h I; L‘;I
7| fro 3k =1 £ EHp
4 o —— Z
(qu+3Rq+Er..¢:- - 2L+ 21
5 Pl ;(3,%'-3@&-3:@,'—)3;4-2@ =L (Eh{—izpfﬁﬂ’yrz"ﬁ.a)

T

[ ! _
! =
XJ+E&+2L'+(%L+)9;W a EH;%_,-» 1

Xé =24+ (‘m—t‘é{; = )Sn-fs?fiji-E:O)HJ
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46 — Negative Sequence Overcurrent
Here are the solved equations from the different unbalanced conditions:

L = 100 =53 % (22 fault on LS of GSU)

1
Xd +ng| :
1

L= 100 = 47 9 &% fault on HS of GSU
? Xd+ng+zzr|* % (¢ fault on HS of GSU)

1 Xgo +3Rg
L= — * +100=53% (@G fault on LS of GSU, same as ¢&)
Yd 1 1 Xg0+3Rg + Xg2
+t\Xg2 T Xg0 + 3Rg

I ! 2t 100 =14 % PPl It on HS of GSU

= * W =
? P 1 1 V! Xg2+Zt+zt b (#2G fault on HS of GSU)
I ! 100 =0.01% 20 It on LS of GSU

= W = .
2 Xd+Xg2+XgD+3Rg| (#G fault on LS of GSU)

1
- 100 = 449 #G fault on HS of GSU
b=lxasxg2+ 3zr| ‘ % (#G fault on HS of GSU)

1 Xg0+ 3Rg + ZLO

1 1 )-1 “Xg0 + 3Rg + ZLO + Xg2 + ZL2

Xd +ZL1+ (ng +zL2 ¥ Xg0 + 3Rg + ZL0

+100 =53% (openLS)

1 Zt + ZLO

d N |\ ! 2Zt+ZL0+ Xg2 + ZL2
Xd+Zt+ZL1 + (ng +Zt + ZL2 +Zf+ZL'J)

*100 =28 % (open HS)
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46 — Negative Sequence Overcurrent
And here is a summary table of all the calculated I, values:

46 function will see in neg seq amps
fault LS of GSU HS of GSU
priamps % of Inom priamps % of Inom
OO 11290 53 9986 47
QDG 11290 53 2971
DG 2 0.01 9440 44
Open Phase 11248 53 5969 28

* Now, bookend the 46IT Pickup setting criteria:

I, at full output < 46IT Pickup < cont. I, rating; min I, from u

3%

< 46IT Pickup <

6.8%

9

14%

Choose the Inverse Time Pickup = 6%

Set Alarm Pickup < Trip Pickup (typically half — or more to avoid nuisance alarms)

Set the Alarm 46DT Pickup at 5% and 5 seconds

lanced conditions
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46 — Negative Sequence Overcurrent

Now, must decide what to set the 46IT Time Dial setting. To do so, need to know the
machine’s “K” rating or short-time unbalance current capability, which is given in C50.13:

G tor T K Permissible /
enerator Type

e It (1, in pu)
Salient Pole 40

Here, K = 1,’t = 10 where K is a machine

constant representing the max permissible
thermal capacity of the rotor (K rating
indicates the machine can withstand K seconds

worth of negative sequence current equal to

100% of the generator rated current)

Synchronous Condenser 30
Cylindrical Rotor
Indirectly Cooled 30
Directly Cooled
0-800 MVA 10
801-1600 MVA 10—(0.00625)MVA-800)

In this case, the mfg also did provide a
permissible short-time I, curve —

4_%,’.

This concurs with the K = 10 machine rating
as given in IEEE C50.13:

PERMISSIBLE SHORT TIME NEGATIVE PHASE SEQUENCE

5.0

RN
o o

SEQUENCE CURRENT
o
o

PER UNIT NEGATIVE PHASE

<
=)

CURRENT CURVE

I, is 1 pu @ 10 seconds, therefore
K=12+t=1% « 10 = 10

—
(=]
T

1

10 15 20 25
TIME IN SECONDS

ES-M230465a-9

CURVES.ILS
13/13
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46 — Negative Sequence Overcurrent

* Set the 46IT TD below the machine’s K rating to protect the generator from thermal
damage.

« Using KISS principle: choose a TD right below the K rating e.g., with K=10, could
just choose TD = 9.

* However, if the max negative sequence current from an unbalanced condition is
considered, then could choose a TD from the time to trip for this condition e.g., 10
seconds and this typically plots well below the TD of 9 for this example i.e., there is
no need to expose the unit to these currents for any longer than necessary if it is
determined to be an undesirable condition.

The maximum calculated [, that this relay will see is from a GSU LS ®® fault (11290 pri
amps or 53% of Nominal Current). Calculate the TD required for the 46IT element to
operate in 10 seconds for this ®® fault on the GSU LS:

12pri\? 11290\ °
TD > 15, *t = Iflg{n *t = 10—2050 x+ 10 = (0.53)? * 10 = 2.8 (TD setting is whole number)
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46 — Negative Sequence Overcurrent

The current will be higher during the subtransient and transient periods of the
generator’s output contribution to the unbalanced condition but will decay quickly.
Therefore, the 461T algorithm will accumulate “thermal capacity” faster than during
the synchronous period.

Because the TD portion of the 46IT algorithm is not adaptive (i.e. the TD setting
cannot be set high in the beginning and then decay with respect to time in proportion
to the generator decrement curve), therefore the bookend criteria for the TD setting
could be represented as such (using an SF 1i.e. Security Factor of 2 to account for
faster heat accumulation during the subtransient and transient periods):

SF * TD at 10 sec using Xd <46IT TD < K rating of the machine
2%2.8 <46ITTD < 10
5.6 <46ITTD < 10

Set TD =6 (gives an actual operate time of 6/0.53% = 21.4 seconds)
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46 — Negative Sequence

X
Pickup: 5 3ﬂ_] L] 100 (%) Disable I
Time Delay: | 300 14/ | | 8160 (Cycles)
Outputs | 1 Blocking Inputs
m o om m m = om m m w: m w wm m
Frasformr2rasarursMs|((Cs5 Ce T7 89
LR 5 T 1 20 N i wm o mml e m
B , « Max Time = 2 minutes.
Inverse Time
Pickup: 6 3 4] | Disable
Time Dial: | kS
e — M . Reset Time = 4 minutes
ResetTime: | 200 < 14| _| ] 600(Secol (machine cool down time).
—Qutputs —Blocking Inputs
Vi VM2 VM3 T4 18 16 [7 18 m.'m m om m
M9 Mol nlr2lr 134 151 16 W B B ER & E
| ISIT (IR (IR (O] QR (32 N3 [ 150 et e e
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46 —

Negative Sequence

Will trip in 6/0.53%2 = 21.4 T
seconds for a @O fault
on the LS of the GSU

46 curve and K curve (% of Inom)

1000.0 I
T \ | unbalance current capability
| ® Ksecondsat 100% of Inom
I — 46 Inverse Time Trip
: = = 46 Alarm
i max |2
100.0 1 I min 12
T |
|
|
I
I
|
— |
o
£ 10.0 !
g |
E
— i
u -—
E
[
1.0 +
ﬂ.l +——— HA——+ 1 1 +———— T 1 +———H
1.00 10.00 100.00 1000.00 10000.00

fault current (% of Inom)

238



PRC-027 compliance verification

345 KV

STG

700 MVA GSU o
19 KV Gen 700 MVA High Side

L]

b\[j\::\j [ g @ Bﬁer } F Bﬁer x

For faults on the GSU HS that produce both negative sequence current and zero sequence
current (PG and ®DG), must verify that 51G relay wired off CTs from the GSU HS wye-
grounded leg coordinate with (trip prior to) this 46 function.

46IT with a TD of 6 will trip in 6/0.44% = 31 seconds for a GSU HS ®G fault and will trip in
6/0.14? = 306 seconds (hits max time limit of 120 seconds) for a GSU HS ®dG fault.

Where 51G will trip in 1 second for a GSU HS ®G fault and it will also trip in 1 second for a
GSU HS OdG fault.

So, coordination is verified to be OK. YES, complies

L]
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46 — Negative Sequence - testing

Calculate a coordinating point for relay testing:

Choose the same point on the 46 curve as calculated above from a GSU LS @O fault:

I, = 11290 pri amps, 11290/5000 = 2.26 negative sequence sec amps will trip in 10.7 seconds.
What does this look like in terms of phase currents into the relay test set?

I, = 1/3(Ta + a’Ib + alc)
2.26%¥3=1a/0° +1/240° *4.25/-120° + 1 / 120° * 4.25 / 120°
6.78 =1a/0° +4.25/120° + 4.25 / 240°

Solve for Ia:
Ia=11/0° sec amps

Coordinating Point = 11 amps in 10.7 seconds

Hook up all 3 phases of current from relay test set with:
Ia=11/0° sec amps

Ib=4.25/-120° sec amps

Ic =4.25/120° sec amps

240



50/27 — Inadvertent Energizing

50/27

VAB,C VX

700 MVA i Gen E
19KV YglYg <X =Ygl

Breaker

yaVa\ LN

GSU
Transformer

3¢

High Side
Breaker

345 KV

& 1

la,b,c IA,B,C

50/27

Blocking Inputs = FL

_il_|

Protection for when the generator is accidently

energized when off-line.
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50/27 — Inadvertent Energizing

FL —

OR

50/27 function
VAorVAB — 27 Pickup — + Pickup
Delay
VB or VBC —{ AND A - Dropout
Delay
VCor VCA — \~ All (3) phases of voltage must

be < 27 Pickup for > the Pickup

Delay to arm the function. Then
Blockin as soon as one of the phases of AND —»
Inputs . current is > the 50 Pickup

setting, it will trip.
For FW > D-0150Vv07.07.00:

Terminal side current inputs
(1A, 1B, IC) used if 50DT Split
Phase Diff = Disable.

IA or la —

IBorlb —{ OR +

Neutral side current inputs
(1a, 1b, Ic) used if 50DT Split

— 50 Pickup — -
Phase Diff = Enable. ICorlc p

Note: For FW < D-0150V07.07.00, neutral side currents (la, Ib, Ic) are used regardless of 50DT Split Phase Diff setting.

Pickup
And
Timeout
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50/27 — Inadvertent Energizing

« Set Current Pickup per the following criteria (don’t just set at min
as that may not be secure, e.g. for unit breaker applications):

Gen response to 3® inadvertent energizing from the GSU HS (worst case) while at standstill:

= 9.51A

1 1
13ph = IbaseLsS
Pl =7t +ze+xg2 o TR

* Xg2 approximates the gen impedance at standstill and at values of high slip

Generator response to 1® inadvertent energizing from the GSU HS while at standstill:

1

1
[1ph = [baseLS * — = 4.54
P 71+ Zs2 + Zs0 + 3« Zt + Xd" + Xg2 . 0 " CTR SeCATps
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50/27 — Inadvertent Energizing

« If system thevenin impedances on the HS of the GSU are not available,
may calculate assuming infinite bus (Zs1 = Zs2 = Zs0 = 0):

1 1
[3ph = 7t 1 Xg2 * [baseLsS * CTR = 12.26 secamps
[1ph . IbaseL.S = 5.21
= * % —— = L,
P szt Xd" +Xg2 . S T CTR SeCamps

« For this application, the calculated values using system thevenin
impedances vs. an infinite bus are 78% for 3® and 87% for 1.

« With a typical sensitivity margin of 50%, using an infinite bus may be
acceptable or could add more sensitivity margin when infinite bus is used.
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50/27 — Inadvertent Energizing

The Current Pickup bookend criteria can be displayed as such:

1.25 * Inom < 50 Pickup < 0.50 * 3ph inad; 0.50 * 1ph inad
1.25 ¥ 4.25 < 50 Pickup < 0.50 * 9.51; 0.50 * 4.54

5.31 < 50 Pickup < 4.76; 2.27

Set 50 Pickup = 2.27 A (choose additional sensitivity over additional
security as it is inherently secure via the 27 portion of the algorithm.)

If LCI Start may need to set Pickup above LCI starting current.

If energizing from Main Aux is a concern, may need to decrease Pickup
considerably e.g. down to 10% of Inom or at minimum.
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50/27 — Inadvertent Energizing

Some of the 50/27 trips during the 2003 NE Blackout were due to the 27 Pickup
portion of the 50/27 function being set too high.

Recommend to set it to 20% to 50% of the Nominal Voltage for security against
system voltage dips.

Set 27 Pickup =48 V (40% of Vnom, 0.40 * 120 =48 V)

30/27: Inadvertent Energizing 2 seconds to ride thru system

faults

(50) - Overcurrent 3 seconds to keep armed for

Pickup: 2.27 a bit after voltage increases
(27) - Undervoltage above the 27 Pickup (NERC
. —— recommends to set the
Fickup: 48 Dropout Delay > Pickup Delay
Pick-up Delay: » | 8160 (Cycleg for extra security)
Drop-out Delay: | 180 CEIE > ) 8160 (Cycleq g1 Ck with FL in case the
Outputs Blockipeffiputs| fuses are inadvertently not

V1 W2 W3 |4 ' "6 7 "8
V9 M1 111 121 131 14] 15 ] 16
| 71 Bl 9] 0] ] 2] A

1 | installed coming back on-line
¢ | after an outage to avoid a
11| nuisance trip

L

A
-
mimim

0
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50/27 — Inadvertent Energizing

« Do not have to verify that these settings comply with PRC-025-2
because it is only armed when the generator is off-line as stated in
Exclusion 2 of the PRC-025-2 Standard:

Exclusions

The following protection systems are excluded from the requirements of this standard:

2. Load-responsive protective relay elements that are armed only when the generator is
disconnected from the system, (e.g., non-directional overcurrent elements used in
conjunction with inadvertent energization schemes, and open breaker flashover
schemes).
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PRC-027

» Coord 50/27 with voltage dips from transmission line faults.

345 KV

27
50/27
21
51V 59X
Gen @ Broaker §3Yg/& > Bkt
I Eg@gTD = 31
21 50/27 al

« Gen 50/27, 27 arming delay = 2 seconds.

« All transmission line relaying clears well before this (longest is 23 cycles).

» Therefore YES, complies
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40 - Loss of Field

40, VC Main Aux

Transformers 345 KV
VA,B,C VX GsU
STG 700 MVA
700 MVA Gen HS - 1?53?6 KV High Side
tap = .
19KV/208V 19 KV 3Yg/3Yg Breaker 3YgiA— Br
eaker
‘ ‘ =913 — 25000/5 o\ f\(\ 25000/5 | (\f\ ? g
[ \r{;/ i B
Exc Xfmr AY
|a,b’c |A,B,C

20 Hz Gen

Blocking Inputs = FL, 1

4!
n

(uses positive sequence quantities for security during power swings)

Z1
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40 (LOF) — plot GCC

(0, - jV2/Xd)

S*cos0O, Q = S*sin®
v stator end iron limit region: manually translated several PQ points from GCC

Use plot digitizer app or manually get PQ points from GCC or calculate PQ points to plot GCC:

First, plot mfg GCC on PQ diagram in software used to show coordination with 40 settings.

v rotor limit region: circle center at (P,Q)

v’ stator limit region: P
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—_—GCC

= = (.85 lag PF (rated)

stator
limit
200

N\
600

\
1
?Jm

/

S00

rotor
limit

R
"~ — — 0.95 lead PF

-
400
I

300

stator end iron limit

-
100= =200

-
_—

600

= = = = = =] = = o= =
= = = = (=] = = (= \m
w ¥ A &8 = T 8 % /N

Tgxs-zp-moaoom-sano rpm-LCH-19000V—-21271A—50Hz-0, 85PF

PQ to PQ
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40 (LOF) — convert GCC from PQ to RX

X
| 595M —j368.7M " 1583 |

Generator Reactive Capability Curve
Primary Values Secondary Ohms
MW | MVAR “Zsec=ZprmCIRIPTR| R X
Complex Conjugate
19K 2 5000 _
Zsec = = 13.85 + j8.58 Q1sec

J

o~ Y

e—

[ui
[an]

all vector quantities:

S=vr

[ " by convention

\
A\
\
\
X (sec ohms)

D

e
[an]

o)
D

— >

PQ to RX

W
[an]

-

A0}
iv

l R (sec. ohms)
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40 - Loss of Field
* Now, add the UEL and SSSL to the RX diagram:

— ot PRC-019 RX diagram
=== GCC at rated lagging PF =
== 555L —
— | JEL 15 \
» SSSL drawn with .."'\\
+ -
AVR in manual LS ”,j” +..-'""‘-h_‘ }\
mode. 35 -25 -1 5," 5. 5 N\ 25 35
—_ 7 2 \
| : : )\
« SSSL is a G { :
function of the 2 = 15 L
generator and x . - / Jé--UEL
the system to @ from
which it is Xd / exciter
connected. 35— control
e system
R [s;c. ohms) 252




40 — Loss of Field

* Next, calculate appropriate 40 settings per typical criteria.

« Then plot those 40 settings on the RX diagram with GCC, SSSL, and
UEL to check for compliance with PRC-019.

« Also, plot on an RX diagram against the PRC-026 unstable power
swing region criteria to check for compliance.

« Adjust settings if necessary to comply with these standards or request
waiver.

+ Use Negative Offset Zone 2 Method for primary relay.
+ Use Positive Offset Zone 2 Method for backup relay.

« Provides optimal coordination while still providing full redundancy.
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40 #1 — Primary Relay (Negative Offset Zone 2 Method)

Set #1 Circle Diameter = 1 pu if Xd > 1 pu (or 70% of Xd if Xd <1 pu):

Vbase? CTR 19K? 5000

- 4 = 16. h
Sbase VIR _ " “700M ‘T5g3 | [0 seconms

#1 Circle Diameter = 1.0 *

Set #1 Offset = - Xd’/2 (half of the saturated direct axis transient reactance)

Xd' Vbase? CTR  0.295 19K? 5000

2 *Sbase "VIR 2 700M ‘1583~ 2% secohms

#1 Offset = —

Per transient stability study results, set the Time Delay to prevent mis-operation during
switching transients and stable power swings:

Set #1 Time Delay = 15 cycles (to abide by PRC-026 time criteria, no stability study available)
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40 #1 — Primary Relay (Negative Offset Zone 2 Method)
| m |
Circle Diameter: 16.3 01 «| | * | 100.0 (Ohm) Disable
Offset | -24 500 4| _| | 500(0hm)
Time Delay: | 15 NET I | _» | 8160 (Cycles)
—Outputs Blocking Inputs
V1 V2 M3 T4 5 e "7 I8 MELM1 T2 T3 T4
Ve MuolrnlC2IrB3C a4l 15T 16 I PE N SR (TR (8
FrvlrrBslrrvslraralryaza il E - Enable VC
' _tEnable to give
—VC / another, unique
Delay | 10 1 4] | | 8160 (Cycles) Disable I element that can trip
OQutputs —Blocking Inputs || quicker if
M1 W2 W3 "4 s IT's "7 8 MEFLWVT [ 2 |13 [ ‘4 accompanied by
Ve Molrnru2rB3r 4151 w = = = m voltage dip.
FTvrBsrwr-rar-rara2rra F'mCerCBC W
Setting does not have to abide by PRC-026
Directional Element: | 0 ale]i] | 20(0e| a8 it is no longer load responsive

UdtageEmtrd:lT\El] R

e~ 80% of 120 V nominal voltage
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40 #2 — Primary Relay (Negative Offset Zone 2 Method)

#2 Circle Diameter = Xd

Set same offset as zone 1 with a 30 cycle time delay, and VVC Delay of 15 cycles.

Vbase? CTR 19K? 5000

* Sbase “ VIR 13 *700M * 1583

= 29.8 secohms

40: Loss of Field

m w2 |

Circle Diameter: | 298
Time Delay'.l 30 1 4

gils] | 100.0 (Ohm)
Offset: | 24 500 «| | »|500(0Ohm)
_?‘_! 8160 (Cycles)

2

Disable I

Voltage Control: | 96

—Qutputs | — Blocking Inputs
V1 M2 W3 T4 15 I"ses "7 I s MFLM1 T2 T3 I 4
F9 VMol 11l 213014415 16 | = om m: B
FvvrrBsrra2rar2r s w23l w
vC
Delay | 15 3w =] | 8160 (Cycles) Disablel
Outputs | 1~ Blocking Inputs
M1 V2 F3 "4 s IF'se 7 s MFLM1 T2 T3 4
M9 Mo IrnIr12I30r 40151 16 5 & 72 1.8 .9
mersm o mch m ms meo mEs 'l nl2l 3]s
—Sething
Directional Element: I 0 0 « | | ﬂ 20 (Degree)
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40 #1 — Backup Relay (Positive Offset Zone 2 Method)

Vbase? CTR
) * *
Sbase VTR

Xd’
40 #1 = (1.1 % Xd —

\2

= (1.1%1.83 —

0.295_ 19K#* 5000
* *
2 ) 700M 158.3

use Unsaturated value for greater coverage

40: Loss of Field 2
#no| |
Circle Diameter: | 30.4 0« = | 100.0 (Ohm) Disable |
Offset | 24 €maSQD ¢| | _*|500(0hm)
Time Delay: | 30 1 < | _F Tt yelat.
M1 VM2 V3 "4 I"'s s 7 I8 | 200 130
9 Mwolrnlr2r13r4r 15 16 oomc
TRl alCallal 2 .
Set time delay = 30 cycles
VC _
Delay | 5 ]t » | 8160 (Cycles) Disable |
Outputs king Inputs
M1 W2 W3 T4 I's e 7 I's WV FL Iv 3 [ 4
V9 Fuolrvnlrr2r1narw@aririe - m = . _
Fe RO CafarfzCa 10 11z | Set VC time delay = 13 cycles
—Setting
Directional Element: I 15 0 4| | »| 20 (Degree)
Voltage Control: | 96 5 4] _| »]1w1OMm

= 30.4 Q
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40 #2 — Backup Relay (Positive Offset Zone 2 Method)

Now calculate the zone 2 positive offset mho circle using typical equations:

Set #2 Circle Diameter = Xd + Xt + Xs (unsaturated direct axis synchronous
reactance plus the GSU impedance plus the weak system thevenin impedance)

Vbase? CTR
*k
Sbase VTR

#2 Offset = (Xt + Xs) * = 3.7 secohms

Let’s take a PAUSE here to review how to plot these MHO circles.
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40 — Loss of Field (plotting the mho circle)
SIDEBAR: How can we plot these 40 MHO circles?

* Old school:

Loss of Field
Setup 555L & ZoomIn 2 Zoom Out

* Some relay mfg software
plot the 40 mho circle
settings on an RX diagram:

=1ofx]

Positive Sequence Impedance (Ohm):

Circle Diameter (Ohm):

304 40.0
Circle Offset (Ohm):
-24 3.7

Directional Element (Degree):
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40 — Loss of Field (plotting the mho circle)

Or can plot it via Mathcad or Excel or some other tool.

Here, an example using Excel will be demonstrated for the positive offset Zone 2
MHO circle:

Use equations:

R = radius * Cos(®) + R circle center
X = radius x Sin(®) + X circle center
radius = Dian;eter = 42'0 = 20.0 Qsec

® = 0° thru 360°
R circle center = 0 Qsec

X circle center = Of fset —radius = 3.7 — 20.0 = —16.3 Qsec
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40 — Loss of Field (plotting the mho circle)

R = 20.0 * Cos(0°) + 0 = 20.0 Q
X =20.0 *Sin(0°) —16.3 = —16.3 Q

Or as entered in Excel:

R = $G$7 x COS(RADIANS(A16)) + $J$7
X = $G$7 » SIN(RADIANS(A16)) + $/$8

Then just redo this up to 360°
to make a complete circle.

R =20.0 x Cos(10°) + 0 = 19.70 Q
X =20.0*Sin(10°) —16.3 = —12.83 Q

R = 20.0 x Cos(20°) + 0 = 18.79 Q
X =20.0*Sin(20°) —16.3 = -9.46 Q

R =20.0*xCos(30°) +0=17.32Q
X =20.0*Sin(30°) —16.3 = —6.3 Q

40 RX diagram

©n

en]

1
[ ]

[
un

[uiry
]

Uy
(4]

X (sec ohms

[
=]

MJ
un

w
o

v
i

-B=-40 #2 M-3425A-BU

R (s

ec. chms)
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40 #2 — Backup Relay (Positive Offset Zone 2 Method)
Plot these settings on the RX diagram with GCC, SSSL, and UEL:

— (G CC

=== GCC at rated lagging PF

- 5551
— | JEL

— 40 #2 M-3425A-BU

w40 #2 Dir M-3425A-BU \

PRC-019 RX diagram

[EEY
un

\

A
N
/

[NEY
un

-_—a e

\U1

X (sec ohms)

LU

~-25
e
V.

G
un

AL
=t

R (sec. ohms)

Note, that the zone 2 mho

circle plots inside the GCC.

PRC-019 requires it to plot
outside the GCC.
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40 #2 — Backup Relay (Positive Offset Zone 2 Method)

The resolution is to adjust the zone 2 Diameter and/or Offset settings until the zone 2
mho circle plots outside the SSSL and GCC, but inside the UEL:

— G CC
=== GCC at rated lagging PF
=== SSSL
— JEL
A0 #2 M-3425A-BU

= A0 #2 Dir M-3425A-BU

PRC-019 RX diagram

\H-_
Ey
”
’
5 25 ;4

X (sec ohms)

L
)
un

T
]
I
i
|
\

/
F 4
r
-7 J
/
AL
o I}

R (sec. ohms)

Here, the zone 2 Diameter
was increased to 40 Q in
order to get it to plot
outside the GCC and SSSL,
but still inside the UEL.

The Offset was left at 3.7 Q
in this case, however some
applications may require
adjustment of that setting
as well.
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40 #2 — Backup Relay (Positive Offset Zone 2 Method)

For representation with the original positive offset zone 2 Diameter and Offset equations,
incorporate some adjustment factors (B and D) into the equations:

Set #2 Circle Diameter = B*Xd + Xt + Xs
Set #2 Offset = D*(Xt + Xs)

Start with B =D = 1 to see how it plots.
Adjust Diameter and/or Offset as necessary to get it to plot as required.

Solve equations for B and D using the new adjusted Diameter and Offset settings:

« B=1.2176
« D=1.0000 (the Offset was not adjusted in this case)

Vbase? CTR

#2 Circle Diameter = (B * Xd + Xt + Xs) * Shase * VTR

= 40.0 secohms

Vbase? CTR

ffset =D x (Xt + X
#2 Offset * (Xt + Xs) * Shase *VTR

= 3.7 secohms
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40 zone 2 — Loss of Field (Positive Offset Zone 2 Method)

40: Loss of Field

m # |
Set time delay = 60 seconds
Circle Diameter: | 400 01 «] |  _»|1000(Onm) . y .
M to give operator time to
Dﬁset:l 37 500 4| I "Ohm) correct
TimeDelay: | 3600 €T 4] _| | 8160(Cycles)
—Outputs —Blocking Inputs
V1 W2 W3 T4 s FTe C7 I8 vFLWV1 T2 T3 T4
Vg Mo rCnmODRIOr[iHlCw s s 6 N7 T
T Nalalzela w112 1) Set VC time delay = 1
n second if accompanied by
Ita i
Delay [ 60 € 1 4 » | 8160 (Cycles) VOIS Gip
Outputs Blocking Inputs ]

Adjust to where the zone 2

mbho circle intersects with
GCC
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40 Loss of Field

Evaluate settings against
PRC-019 and PRC-026



PRC-019-2

Verify coordination of generator voltage regulating controls with
protective relays and equipment capabilities

Coordinate

* Voltage Regulating Controls
« 24EX, VPFL, 40EX, 59EX, OEL, UEL, Field I"T trip

* Protection
« 24,40,59

* Generating Unit or Plant Capabilities
« GCC, SSSL

Per section B.R1-1.1.1, the in-service limiters
are set to operate prior to the protection elements tripping.

Per section B.R1-1.1.2, the protective elements
will trip prior to equipment damage or stability limits (SSSL).
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PRC-019-2
Example curve set from PRC-019-2 Section G, Attachment 2

X (OHMS)

20 - o ,* Notice that this example

| coordination curve set
shows the 40 zone 2 mho
circle plotted between the

UEL and the GCC/SSSL.

« And a strict interpretation
of section B.R1-1.1.2 does
require that the LOF
protection plot outside the
GCC and SSSL on an RX
diagram.

R (OHMS)

10 —+—

2
AC\-"B
,‘_;:.1 i
/BP
\
&,

« This is typically only
achievable using the
positive offset zone 2
method.
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—_— A0 #1 M-3425A-PRI
— 40 #2 M-3425A-PRI
w74 Relay Trip

= = 24 Relay Alarm

— GCC

=== (3CC at rated lagging PF
=== S555L

— JEL

- \PFL

— 40 #1 M-3425A-BU
— A0 #2 M-3425A-BU
e 40 #2 Dir M-3425A-BU

PRC-019 RX diagram

e —

15 Z . Tor |
X
. /
5 - I
oz N | Y
T ;25 35

nd)

X (sec ohms)

/

/)

/ /

A5
i

R (sec. ohms)

| OF event

Zlocus, after becoming
unblocked by crossing
the Directional Line,
should traverse the
black, then purple, then
red barriers i.e.:

SN\ 1st_ UEL
\- 2M — 40 trip

« 3 - GCC and SSSL

Therefore, Yes, complies.

269



PRC-019-2: Zoomed-in to the 4" quadrant

X (sec ohms)

0

-10

)
o

-30

-40

PRC-019 RX diagram

0

—— 40 #1 M-3425A-PRI
—— 40 #2 M-3425A-PRI
——— 24 Relay Trip

= = 24 Relay Alarm
—GCC

- == GCC at rated lagging PF
——— 5K

—VUEL

— -VPFL

—A40 #1 M-3425A-BU
— 40 #2 M-3425A-BU
——— 40 #2 Dir M-3425A-BU

\
\
|

40 #1 & #2 PRI and 40 #1
BU mho circles do not
comply with PRC-019 as
they plot inside the GCC.

However, 40 #2 BU using
the positive offset zone 2
method allows full
coverage of the GCC and
SSSL and plots inside the
UEL; therefore Yes, these
settings do comply with
standard.

The directional element should be set at the
intersection of the GCC and the 40 zone 2 mho
circle. A value in degrees that is less than this
intersection point would leave a portion of the
GCC unprotected. What exactly is meant by
this? Let’s bookend it

R (sec. ohms)
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PRC-019-2

The Directional element must block the mho circle in the first quadrant as that is
normal operating region, however the question is what portion of the 4t quadrant
should be blocked as well? Let’s first look if the Directional element were set to 5°:

—GCC

=== G(CC at rated lagging PF

=== 551

— A0 #2 M-3425A-BU

=40 #2 Dir M-3425A-BU

PRC-019 RX diagram

—

[REY
un

u

c - \ start
r—J— " y
jf" ’I' e \ PR
3s A7 5 | s oSk ]
b yJ [ 7 4——"
/ L \
] end

X (sec ohms)

’

M (o
un
]
LY
\
“
\\
L"‘h._::—"""
T ——

[

With Dir = 5°, notice how the
locus of the LOF event first
crosses the Dir line to
unblock it, then it crosses
the UEL, however then it
crosses the GCC before it
enters the zone 2 mho
circle. Not Cool!

AL
o =)

=
o
,

R (sec. ohms)
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PRC-019-2

How about if the Directional element were set to 20°:

e (5 CC

=== GCC at rated lagging PF

- 555L
— UJEL

— 40 #2 M-3425A-BU
=40 #2 Dir M-3425A-BU

PRC-019 RX diagram

f—

[NEY
un

T~

v
9]
un ‘Ln
LY
\
o \
"I
¥/
F J
Fd
, ”
ié_’

\ (W]
\

//

X (sec ohms)

/!
N2

[NEY
un

AL
o )

R (sec. ohms)

With Dir = 20°, now after the
locus crosses the Dir line
and becomes armed, it then
crosses the UEL, then it

~enters the 40 zone 2 mho

circle and then it crosses
the GCC and SSSL as
required by PRC-019. So,
this is acceptable per PRC-
019 but is the mho circle
being blocked more than it
needs to be blocked? Yep.
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PRC-019-2

Therefore, an optimal Directional element setting would be > the GCC and mho circle
intersection point, which in this case came out to be Directional = 15°:

X (sec ohms)

-10

I
o

-30

-40

PRC-019 RX diagram

—GCC

-

=== 5551
— UEL

- == GCC at rated lagging PF

— 40 #2 M-3425A-BU
———A40 #2 Dir M-3425A-BU

N

-
-
—

With Dir = 15°, the Directional
line crosses at slightly > the
GCC and 40 zone 2 mho circle
intersection point.

A tilt slightly > this
intersection point is PRC-019
acceptable.

A tilt < this intersection point
is not PRC-019 acceptable.

R (sec. ohms)
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PRC-019-2

Q (MVAR)

-100

-200

-300

-400

-500

-600

-700

-800

PRC-019 PQ diagram

P (MW)

—UEL

200 300 400 500 600 700 8$0
-‘\‘\.__“‘-‘-‘-_-“‘ p J
/ —
e i
__.--""""—-—-_-- _'_,-""f
— I - ,\\
----------- i %%
zaaaaaabh__
—GCC
—— 40 #1 M-3425A-PRI
—— 40 #2 M-3425A-PRI
| ——40#1M3425ABU
40 #2 M-3425A-BU
———40 #2 DIR M-3425A-BU
- - - 5SSl

* Orcan ploton a PQ
diagram instead, where
the order of the curves are
flipped as compared to the
RX diagram because the
operating point on a PQ
diagram goes outward
from the origin, whereas
on an RX diagram the
operating point goes

inward towards the origin.

Mn this PQ

diagram, the’ 40 zone 2
mho circle with positive
offset plots outside the

UEL, but inside the GCC
and SSSL.
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PRC-026-1

Relay Performance during Stable Power Swings.

Criterion A: 21, 40, and 78 (within blinders) must be completely contained
within the unstable power swing region (lens, upper and lower loss of
synchronism circles) or have time delay > 15 cycles.

Criterion B: 50,51 pickup must be > criteria or have time delay > 15 cycles.

Evaluate the following relay settings against criterion:

e Generator Protection

« 21
- 40
- 78
« 50
« 50DT

« GSU Transformer Protection
* high side 50
* high side 51
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PRC-026-1

Plot the 40 mho circle settings on an RX diagram along with the unstable power
swing region impedance locus criteria for this application.

PRC-026 RX diagram - M-3425A I
> — —— impedance locus
/f:‘_. \- Loupver Circle
74 N\
/ L \ — Upper Circle
( - ) —— 40 #1 M-3425A-PRI
\ 10 ——40 #2 M-3425A-PRI
T —
-—-..____‘ — 40 #1 M-3425A-BU
““---ﬁ.*________‘_\ 5 ></ —— 40 #2 M-3425A-BU
*'g' _,>\ < " — N ——40 #2 Dir M-3425A-BU
S3 25 20 ),3/ 10 ?—h%‘:\*qk\g 20 25 a0
g / /" > "\\ ;>e40 #1 PRI plots inside the unstable
x 10 power swing region so it may have its
/ ( \ . f time delay set < 15 cycles.
\ N\ / / _
« > The other three 40 mho circles plot
\ \ _____,/ / outside the unstable power swing
> region, so they must have their time
\\% A*’// dglJ t>15 I hich they d
\ N~ = / elays set > 15 cycles, which they do.
S~ 35 —~ Therefore, YES complies.
R (sec. ohms)
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78 — Out of Step

7 8 Trg/l:si?o'ro\mw;rs 345 KV
VA,B,C VX GSU
STG 700 MVA
700 MVA Gen HS tzpz =1 :%1?3%6 Kv  High Side
;&EE\%%ESV [ 25000/5 @ 3Y9/3Y9/I Breaker 55000/5 T3Yg& E F Breaker
CR} £ 1 Exc Xfmr g A
IN
lab.c Q IA,B,C 1
78
Filter
Blocking Inputs = FL, 1
20 Hz Gen
1 « (W, +aV,+a’v,)
71 V1 3 A B C Vi40y, V4
= = = =—2(0y; —0;1)
11 i

Vi=Vi

V1=

3" (I, +aV, + a®*V,)

L, —30°

with VT Configuration = LG

with VT Configuration = LL or LG-LL

I
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78 — Out of Step

78 RX diagram
4
Unstabple Slt llol IS _
Swin anle swing
g f-_,-l"' F \‘ H'\.__ |
— v J \
£ 7T —
'g I / ," 0 !
§ i ?/ 5 4 -3 H 1.0 3] A¢_7
— A - !
> 1 g o] _.,."“I \
r 4 ! \
%3 7
K
—— 78 mho circle _ i
———right blinder l /
left blinder - /
swing locus v
e X! 8 /r/
e Xt 9 —
- —= 120" seperation angle| R (sec. ohms)
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78 — Out-of-Step Protection Characteristic

First, calculate the supervisory MHO element for the 78 function so that only power swings within the
gen/GSU zone will arm this function. NOTE: The impedance measurement for the 78 function starts at
the generator VT location which is the origin of the RX diagram.

Relay mfgs may express the 78 function’s MHO element using different approaches:

* Diameter and Offset
 Forward Reach and Reverse Reach

The different approaches are related as such:

* Diameter = Forward Reach + Reverse Reach
* Offset = Forward Reach

The Forward Reach or Offset is typically set to 2 * Xd’ with a negative sign so it is looking into the
generator or down into the third and fourth quadrants of the RX diagram.

The Reverse Reach is typically set to 1.5 * Xt with a positive sign so it is looking towards the GSU and
out onto the system or up into the first and second quadrants of the RX diagram.

Therefore, the supervisory MHO element is defined as such:

e Diameter = 2Xd + 1.5Xt
* Offset = -2Xd
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78 — Out of Step

 Use the Saturated Xd’ value for the 78 calculations as it 1s used to derive the

unstable power swing region as designated in PRC-026.
* For graphical simplicity and to be more conservative:
* model Zt as all Xt
* model Zs1 as all Xsl

Using per unit math and converting to secondary ohms:

CTR
Zactual = Zpu * Zbase * VTR

_ _ , VbaseLS? CTR
Circle Diameter = (2 * Xd" + 1.5 * Xt) * *

Sbase VTR
(2 %0.295 + 1.5« 0.123049) 19K 5000 12.6 h
700M ~ 158.3 SEC OIS

. VbaseLS* CTR 19K? 5000
Offset = (—2 * Xd") *

Sbase  FVTR (2% 0:295) x oo ¥ Tee

= —9.6 secohms
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78 — Out of Step

SIDEBAR: How can we plot this 78 function’s supervisory MHO element with the
calculated Diameter and Offset?

Old school:

Some relay mfg software shows
a plot of the mho circle on an
RX diagram as well:

Out of Step
@& ZoomIn | @ Zoom Out

3

—

in

=10l x|

Positive Seguence Impedance (Ohm):

Circle Diameter (Ohm):
126
Circle Offset (Ohm):
96
Circle Impedance Angle (Degree):
%0
Blinder Impedances (Ohm):
21
Trip on MHO Exit:
Enabled
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78 — Out of Step

Or can plot it via Mathcad or Excel or some other tool.
Here, an example using Excel will be demonstrated:

Use equations:

R = radius * Cos(®) + R circle center
X = radius x Sin(®) + X circle center
radius = 242 — 126 _ ¢ 3 sec

2 2

® = 0° thru 360°
R circle center = 0 Qbsec (as the circle is centered with respect to X axis)

X circle center = radius + Of fset = 6.3 + —9.6 = —3.3 (1sec
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78 — Out of Step

R
X

6.3 * Cos(0°) + 0 = 6.3 Qsec
6.3 * Sin(0°) — 3.3 = —3.3 Qsec

Or as entered in Excel:

R = $G$4 x COS(RADIANS(A14)) + $/$4
X = $G$4 » SIN(RADIANS(A14)) + $J$5

Then just redo this up to 360°
to make a complete circle.

R
X

6.3 * Cos(5°) + 0 = 6.28 Qsec
6.3 * Sin(5°) — 3.3 = —2.75 Qsec

6.3 * Cos(10°) + 0 = 6.21 Qsec
6.3 * Sin(10°) — 3.3 = —2.21 Qsec

78 mho circle
angle R78 Xi8
0| 6.3087] -3.30189
5| 6.284693| -2 75206
10| 6.212857| -2.2064
15| £.093736| -1.66908]) .
20| 5928239 -1.14419 RX dlagram
25| 5.717624| -0.63572 4
30| 5.463494] -0.14754 3
35| 5.167784| 0.316627
40| 4.832745| 0.753259 2
45| 4.460924] 1.15903 1
50| 4.055154] 153085
56| 3618522 1.86589 0 l
60| 3.15435] 216162 -1, ; 4 5 6 7
65| 2 666172| 2415729 .
70| 2.157702| 2 626344 2
75| 1.632812| 2.791841 5 )
80| 1.095494| 2910962 7 '
85| 0.549839] 2982799 4
90| 3.86E-16| 3.006805 .
95| -0.54984| 2982799 7
100| -1.09549| 2910962 6
105| -1.63281| 2791841 _
110| -2.1577| 2 626344 -
115| -2.66617| 2415729 g
120| -3.15435] 21616 .
125 -3.61852| 1.86589 7
130 -4.05515] 153085 40
135 446092 1.15903 R (sec. ohms)
140| -4.83274| 0753259
145| -5.16778| 0.316627
150| -5.46349] -0.14754
165| -5.71762| -0.63572
160| -5.92824| -1.14419
165| -6.09374| -1.66908
170 -6.21286] -2.2064 283




78 — Out of Step

* Now, plot the entire circle for the 78 function’s supervisory MHO element:

78 RX diagram

i

Gen VTs at origin

\\ f’___..-a_
/>< ? Reverse
/ 1
T/ TS N
‘E -7 —E-/ -b i 5] ) -1 . I} 1 2 *3 4 y \ii T
2 / : \
S L > Forward \

U

Diameter = 12.6 () |o==

<9

]
4]
1
I
=
—
—
ta
w
=+
I
|
]
=)
=]

-
=]

\ ? /
N\ , /|

\"“‘H. 2 ..-—""'/
I ——
T3,

=78 mho circle R (sec. chms)
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78 — Out of Step

* Next, calculate the Blinder assuming a separation angle 6 of 120° (as specified in
PRC-026). 120° would typically prevent the system from returning to a stable
equilibrium. Start by converting Xd’, Xt, and Xsl to Qsec and summing;:

CTR
Once again, use pu math and convert to secondary ohms: Xactual = Xpu * Xbase * VTR
19K% 5000
« Xd' =0.295 * = 4.81 ()
700M 158.3
19K% 5000
e Xt =0.123049 * = 2.00 ()
700M 158.3
19K% 5000
* Xs1 =0.078060 = * = 1.27 (]
700M 158.3

e Xsum = Xd' + Xt + Xs1 =481+ 2.00+ 1.27 = 8.08 ()
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78 — Out of Step
* Now, add this to the RX diagram with the MHO circle:

78 RX diagram

o L1
-'-_ > — XS]. = 1_27!2
/’/ 2 I
// t Xt=2.001
| / . |
—_ 1 Xsum =8.0802 | 1 X [l 1 2 3 4 5 \5 7
E / ] \
3 ( 1T | -xd =-4.810
& 3
; A
\ =—l__r= — r
\\ 5 i y
\ g V
—78 mho circle \k“'-. 5 | /
s X
Xt -10

R (sec. ohms)
—5 ]
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78 — Out of Step

Next, add a swing locus (per GER-3180, GE paper "Application of Out-of-Step
Blocking and Tripping Relays*) that bisects Xsum and add 120° separation angle:

=== 120° seperation angle

+7
i ’ ‘ by
Reverse Reach r_,..-/ A \\\
A ” ’ A}
/ s M N\,
/ g \\
 — .f' o I‘\\
7 6/l5 4 3 b 1 \g 3 4 5 \ss
— F |7 1 5 \\
- 7 \
S | Offset= 0 \ 5=120° ‘
E Forward Reach 5
— ‘\ - ! \
> Y /
_.'lr !
\
— 78 mho circle B
right blinder 6 60°
left blinder 2
——— swing locus
8 8 Xsum
e Xd'
. ~. 9 L 2 30
— 51 -10 y
R (sec. ohms)

opp _ Blinder

tan 30° =

adj Xsum
2
Xsum
Blinder = * tan 30°
tan 30° 1
an = —
V3
Xsum
Blinder =

2 x+/3
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78 — Out of Step

(Xd' + Xt + Xs1) VbaseLS? CTR

2 x/3 * “Sbase VTR

(0.295 + 0.123049 + 0. 078060) 19K? 5000

= 0.91 * = 2.1secoh
2 %3 "700M ~ 158.3 SeC 0TS

Blinder = A *

The A multiplication factor was chosen to comply with PRC-026 (gets the blinders
inside the unstable power swing region). This has the effect of increasing the
separation angle greater than the 120 degrees which is allowed by PRC-026.

NOTE: If the Unsaturated Xd’ is used in PRC-026 instead of the Saturated value to
calculate the unstable power swing region, it is possible that this multiplication factor
“A” may not be required; however, the Saturated values were used to calculate the
blinder and used in PRC-026 to calculate the unstable power swing region as PRC-
026 designates such.

NOTE: Xs1 with subject gen was used for the blinder calculation rather than w/o
subject gen which should be used, because the PRC-026 evaluation locus criteria
uses Xs1 w/o subject gen. However, this will just magnify the “error” even more, so
will just have decrease the “A” factor even more.
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78 — Out of Step

What to choose for the time delay setting?
Best to be informed from transient stability study.

The time delay setting 1s meant to help distinguish between an
unstable swing and a fault. If the swing locus is between the
blinders for > the time delay setting, then a trip 1s 1ssued.

Here set Time Delay = 3 cycles (typically 2 to 6 cycles)

3 cycles corresponds to the following swing rate:

(180° — R) + (180° — @)  360° — (120° + 120°)

78 time delay * 360° 3 . 360°
60

= 6.67 Hz

swing rate =
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78 — Out of Step
Should “Trip on MHO EXxit” be Enabled?

78 RX diagram

Unstable
Swing e - 4K ""‘“-..\
r 1
B e
37 ﬁ/ L H; A ! ‘:I If Enabled, it reduces the amount of
,_E_ ' j \ g VAR current present at breaker
F .‘\ 2 ; tohpenllng.andllt will sllghtly increase
'3 7 e tripping time, but it may be
Wl necessary if the generator breaker
——78 mho circle ;w; does not have an out-of-phase
—right blinder _ switching rating and if it must
left blinder : interrupt current at an angle >
swing locus ’ 90° (breakers are generally
e Xd' 8 considered operable at up to 90° ).
Xt 9 —| This will prevent breaker flashover to
—Xs1 -10 allow the breaker to open at a more
- - = 120° seperation angle| R (sec. ohms) favorable angle.




78 — Out of Step

» Check with breaker mfg or nameplate/data sheet to determine if an out-of-phase
switching rating is specified.

* Here, this breaker does have an out-of-phase switching rating but go thru these
calculations to demonstrate the method:

* The dynamic swing data from the stability study can be checked to confirm that the
breaker does not have to trip at an angle > 90° .

» Absent the stability study, if a particular breaker does not have an out-of-phase
switching rating, the breaker will be capable of interrupting 50% rated current at an
angular displacement of 90° between the generator and system voltage.

« This LS gen breaker must be rated to interrupt a 3® fault on the gen side of the
breaker:

1
[ = OSO*XS].—-FX'E_ 2.2 puat90

291



78 — Out of Step

The minimum impedance during an out-of-step event is (Xd'+Xt+Xs1).

The resulting out-of-phase switching current at 90° separation is then:

B V2
~ (Xd + Xt + Xs1)

| = 2.7 pu

Since 2.7 puis > 2.2 pu (90° switching rating), this breaker should have an
out-of-phase switching rating, which it does, or at least “Trip on MHO Exit”
should be Enabled, which it also is.

But specifically for this sample application, the “Trip on MHO Exit” does not
necessarily have to be Enabled, but still Enabled it here as | would typically do
as | thought the small amount of increased trip time is worth the possible extra
wear it could take on a breaker, in general.
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Generator Out-of-Step Protection (78)

Circle Diameter: 126 01 ¢« | _* | 100.0 (Ohm) Disable
Offset 9.6 1000 ¢« _| »] 100.0(Ohm)
Blinder Impedance: 2.1 01 «| | » | 50.0 (Ohm)
Impedance Angle: 90 0 4] __| » ] 90 (Degree)
Pole Slip Counter: 1 14 | 220
Pole Slip Reset Time: 30 1 4] _* | 8160 (Cycles)
Time Delay: 3 1 4} _» | 8160 (Cycles)
Tripon MHO BExit:  Disable (¢ Enable
~Outputs — Blocking Inputs
VM1 VM2 3 "4 s F'e 7 I's MFLM1 T2 T3 [ 4
Ve MVioIrmnlrC2lr sl 4wl 5651 m o m m m m
el e ey A ] T s s S e ey .

293



Generator Out-of-Step Protection (78)

Out of Step
@& Zoom In

=

-10

-13

@ Zoom Out

-10

10

Si=1k 3

Pasitive Seguence Impedance (Ohm):

Circle Diameter (Ohm):
. 126
Circle Offset (Ohm):
| -9
Circle Impedance Angle (Degree):
| %0
Blinder Impedances (Ohm):
| 21
Trip on MHO Exit:
| Enabled
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78 Out of Step

Evaluate settings against
PRC-026



PRC-026-1

Relay Performance during Stable Power Swings.

Criterion A: 21, 40, and 78 (within blinders) must be completely contained
within the unstable power swing region (lens, upper and lower loss of
synchronism circles) or have time delay > 15 cycles.

Criterion B: 50,51 pickup must be > criteria or have time delay > 15 cycles.

Evaluate the following relay settings against criterion:

e Generator Protection

« 21
« 40
- 78
« 50
« 50DT

« GSU Transformer Protection
* high side 50
* high side 51
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PRC-026-1

Plot the 78 settings on an RX diagram along with the unstable power swing region
impedance locus criteria for this application:

. —— Lens - right sid
PRC-026 RX diagram - M-3425A o
e ens - right side (full)
] — | ens - left side
£ I ] Y B E By Lens - left side (full)
/2[ ‘\\ impedance locus
j/ . \ = Lower Circle
( ) ] — | Jpper Circle
\ 1d =78 mho circle
\ £ 78 right blinder
TEf-' N 5 ———78 left blinder
£ . : S}
6-35 30 -25 -20 -15 -10 Q.40 y:L_m 15 20 25 30 35
o A\ PNy e e ———— |
= =t a P ~. {* 78 mho circle
, A within blinders
| ) : 1 must be
N |4 ) i completely
7 S N P S R I contained within
= | : [ the unstable
. = > power swing
R [:ec. ohms) i 3 ] region.
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| have found that if | use the unsaturated Xd’ for the blinder calculation, the
blinders will typically plot inside the unstable power swing region.

But if | use the saturated Xd’ for the blinder calculation, the blinders will typically
just barely plot outside the unstable power swing region, so | end up having to pull
them ini.e. | have to use a cheat factor i.e. the “A” multiplication factor.

PRC-026-1 does say to use Saturated values and that may be the logical value to
use, however, then must typically pull in your blinders if using the typical blinder
equation.

298



PRC-026-1

With blinder = 2.3 Q:

e e om womn m womm oo o omm o momom omcomom o omnom ow o om o omm om owommom omommoom omeomm ool oo om ow o m owomm oo owommoom

Notice, if Xd’satuated
value is used in the
blinder calcs (with no
cheat factor) that the
78 blinders will
typically plot slightly
outside of the unstable
power swing region,
therefore these
blinders settings would
not allow compliance
with this standard.

So must apply a
cheat factor or use
Unsaturated Xd’ in
blinder equation,
although PRC-026
says to use
Saturated value.
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PRC-026-1

In order to comply with PRC-026-1 the blinders must be
adjusted so they plot inside the lens portion of the
unstable power swing locus.

The blinders are pulled in by a factor of 0.91 to be inside
the lens portion (blinders decreased in steps of 0.1 until it
visually plots inside lens, then the cheat factor is reverse
engineered from the new blinder value.

The blinder distance without the cheat factor is 2.3 Q.
The new blinder is 2.3 x 0.91 = 2.1 sec ohms

This has the effect of increasing the separation angle to
greater than 120 degrees which is allowed by PRC-026.
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PRC-026-1

Changed blinder from 2.3 Q to 2.1 Q:

Now the 78 blinders are
fully inside the unstable
power swing region,
therefore these blinders
settings do allow
compliance with this
standard.
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PRC-026-1

Summary of PRC-26-1 compliance

* |If typical criteria is used to calculate the 78
blinders, then the blinders may plot outside the
unstable power swing region; thus, violating the
standard

* Therefore, the blinders may have to be pulled in
a bit in order to get them inside the unstable
power swing region

* Multiplication factor (< 1) was inserted to typical
criteria to get the blinders to plot inside the
unstable power swing region



24 — Volts/Hz (Overexcitation)

=913 — 25000/5 /?\
\ ‘
U T - I 3
Exc Xfmr AY
" (R)

24 Main Aux

Transformers 345 KV
VX

VAB,C GSU
® ® o
700 MVA =12.3% o
Gen HStap=353.6Kv  High Side

19KV/208V 19 KV 3Yg/3Yg T Breaker 5z000/5 3Ygh=

r\(\ ? F Breaker

IAB,C

la,b,c 64F —

VN Srilter

Blocking Inputs = none (24 is “over” V/Hz
protection while FL results in decreased voltage)

20 Hz Gen

Volts
~ Hz
» Excessive B (magnetic flux density ) causes overexcitation

 frequency measured fromvoltage waveform
* Recommend to set both 24 and 59 functions.
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24 — Volts/Hertz (Overexcitation)

First, locate the mfg Gen and GSU V/Hz withstand capability curves.
If no mfg curves can be found, use “typical” curves.

For this sample application, both the Gen and GSU mfg curves were available.

Here is the mfg gen V/Hz withstand capability curve:

'

VLT /HERTE [, ]

—
[ ¥ ]

—
e
T

Ll

g

—

'

=
T

=

.....

0.9

Fig.2 : PERMISSIBLE SHORT TIME ARMATURE VOLT/HERTZ CURVE

I 10 100
TIME [N SECONDS

100 10000
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24 — Volts/Hertz (Overexcitation)

« And here is the mfg GSU V/Hz withstand capability curve:

145

!

140

A

135 \

130 |

EXCITATION[%]
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—
[
[=]

-
-
ch

—
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1o

105
0.1

1 1
1 10
TIME[min. ]

100

NOILYLIOX3 H3A0 JWIL-LHOHS

/

The asymptote of the curve is 110%, so assume this curve is given
at “No Load” and per C57.12, this curve is at the GSU HV terminals.
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24 — Volts/Hertz (Overexcitation)
SIDEBAR - how to calc the GSU FL V/Hz damage curve:

May plot NL and FL curves, if provided, or just the more restrictive curve.
If only one provided, likely the NL curve — confirm via curve’s asymptote.

IEEE C57.12 designates 110% NL curve and 105% FL curve at 0.8 PF on
the HS of the GSU.

The VTs are on the LS while the FL curve is defined on the HS, therefore
must consider voltage crop across GSU to calculate the FL curve. First,
calc the amps with 1 pu load at 0.80 lagging PF with a 105% HS voltage:

S*  (1cos™10.8)"

[ = —
Vis—pL” (1.05 2£0°)*

= 0.952 pu 2z — 36.9°

LS voltage during FL may be calculated via KVL:
VLS—FL: |VHS—FL + IZtl = |1.05400 + (0952 pu £ — 3690) * (0001621 + ]0123049)' = 1.13 pu

The 110% NL limit on the HS is the same on the LS because | = 0 at NL:
Vis—nL= |Vys_nr + 1Zt] = [1.10£0° 4+ 0 % (0.001621 +j0.123049)| = 1.10 pu
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24 — Volts/Hertz (Overexcitation)

SIDEBAR - plot mfg gen and GSU V/Hz damage curves on same voltage base:

In some applications, the GSU LS voltage rating < the gen voltage rating to
compensate for the voltage drop across the GSU. However, this reduces the
overfluxing capability and increases GSU core losses when operating at a higher
than rated voltage.

Another method to account for the voltage drop across the GSU is to place the
GSU HS Tap on a higher than nominal Tap. However, many factors are considered
when specifying the GSU LS voltage rating and the GSU HS Tap setting

Here, the GSU LS voltage rating = 19 KV (same as gen voltage rating); however, to
demonstrate how to get the GSU curve on the same gen base, assume the GSU LS
voltage rating = 18 KV and show how to convert a point of 110% to the gen base:

V : K
VHZgsy new = f/SU ST VHZgsy o1a = *110 = 104.2 %

genrating 19K
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24 — Volts/Hertz (Overexcitation)

* Now, we can plot the mfg Gen and GSU V/Hz withstand capability curves:

100.00

10.00

Ly
o
=]

r
|
-
-~
'
”
SRR Fa

Time [minutes)

0.10

PRC-019 V/Hz vs. Time

i
\
\

— WPFL

= =GSU V/Hz withstand capability
Gen V/Hz withstand capability

« » «» « PRC-006 V/Hz criteria

----------------------------------

-— s s s =

0.01
100

110

120 130
Volts per Hertz (%)

140 150

e Also plot VPFL (Volts Per

Frequency Limiter) aka V/Hz
Limiter (if used) which is
sometimes located within
the excitation control system
or overall gen PLC.

Also plot the NERC PRC-006
V/Hz “shall not exceed” criteria
as Transmission Planning can
compel compliance, if within
the machine’s capability, thus it
is best to verify compliance up
front just in case.

* Notice, the gen damage curve is more restrictive than the GSU damage curve.
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24 — Volts/Hertz (Overexcitation)

How to choose the Pickup setting for the 24 Inverse Time (24IT) Trip curve:

* What is the minimum V/Hz continuous capability from the more restrictive of
the gen and GSU mfg V/Hz damage curves?

* The gen mfg curve at 105% is the more restrictive.

e : """ fomeeeees Set 24IT Pickup = 105% as that is the

VOLT/HERTE [p. e, ]

L1 | &7 minimum generator continuous V/Hz
19 fomsmmnmad e oo S - capability before damage will
0.9 i i — eventually occur.
| 10 100 1000 10000
TIME [N SECONDS

Fig.2 : PERMISSIBLE SHORT TIME ARMATURE VOLT/HERTZ CURVE
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24 — Volts/Hertz (Overexcitation)

Process of elimination method to choose optimal 24IT (Inverse Time) curve type:

PRC-019 V/Hz vs. Time
100.00 . ! e JAIT Curve #1 100.00

=2 AT Curve #2
24T Curve #3
24IT Curve #4

==Gen V/Hz withstand capability PRC-019 V/HZ vs. Time ==(5en V/Hz withstand capability
. . e JAIT Curve #1

10.00 ! | | | | 10.00

-

o

=]
=
5]

Time (minutes)
Time (minutes)

0.10 0.10

0.01

100 110 120 130 140 150 100
Volts per Hertz (%)

0.01

110 120 130 140 150
Volts per Hertz (%)

Select 24IT Curve = Curve #1 as it best
matches the shape of the inverse portion
of the gen V/Hz damage curve.

* First, plot all 24IT curves that are available
in the specific relay being used along with
the more restrictive of the gen and GSU
V/Hz damage curve. e Delete the other unused curves.

* Set 24ITTD = 2 so the 24IT curve plots
below the V/Hz damage curve.
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24 — Volts/Hertz (Overexcitation)

Now add a Definite Time element (24DT#2) to cut off or take over for the 24IT curve at
higher, more severe overfluxing levels to trip quicker than if only the 24IT were used:

100.00

10.00

1.00

Time (minutes)

0.10

0.01

e — — — —

FeEs (L]
J
L]
L]
L]

. = Gen V/Hz withstand capability
PRC-019 V/Hz vs. Time | __, e T

— -VPFL
=+ » « PRC-006 V/Hz criteria

100

110 120 120 140 150
Volts per Hertz (%)

24DTH2 Pickup = 117% to protect

and plot below the gen V/Hz
damage curve and the PRC-006
“shall not exceed” criteria.

24DT#2 Time Delay = 2 seconds
to plot above the VPFL.
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24 — Volts/Hertz (Overexcitation)

Set 24IT Reset Rate = 240 seconds.

Reset Rate gives 24IT a thermal memory where the accumulated heat in the stator core
from overfluxing and the rate of heat dissipation is emulated in the algorithm.

Different machines have different rates for cooling down — consult mfg.

The 24IT Delay Timer can be monitored via relay HMI: ENTER, right arrow to STATUS,
ENTER, right arrow to TIMER STATUS, ENTER, right arrow to 24T DELAY TIMER.

This timer starts at 100% when 24IT is fully reset.

It then starts decreasing in % if the V/Hz exceeds the curve and when it reaches 0%, it
will assert selected outputs.

The reset characteristic is linear, so if 24IT times 60% towards a trip (i.e. the 24IT DELAY
TIMER has decremented from 100% down to 40%), then the V/Hz drops below the 24IT
curve, it will fully reset in 0.60 * Reset Rate = 0.60 * 240 = 144 seconds.

The Reset Rate is not used by the 24DT elements.
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24 — Volts/Hertz (Overexcitation)

Definite Time #1
Pickup: 105 100 < > 200(%) Disable
Time Delay: 108 < > B160 (Cycles)
Set Alarn:l at the Cutputs Blocking Inputs
gen continuous E1 Ez Ez Ea EE. Es E? Ea EFL E1 Ez Ez Eq
e 3 10 11 12 []12 14 []15 []16 5 6 7 ) :]
V/Hz capability of | 5w 0w Ow© O 02 Oz O O On Oz 13 14
0
105%. Definite Time #2
Pickup: 117 100 < > 2000 Disable
Time Delay: 120 0 < > B160 (Cycles)
Outputs Blocking Inputs
M1 M2 M2 ¢4 [J5 [J6 [7 []8 CJFL []1 [J2 []2 []4
13 =10 1 [J12 []12 []14 []15 []16 05 [1& [17 [1&8 []9
[]17 (718 [J19 [J20 [(J21 [J22 []22 10 01 012 (113 []14
Trip — :
. Inverse Time 241T Curve #1 equation:
Fickup: 105 100 <
Time Dhal: 2 1 « _ 0.003«K
Reset Rate: 240 1 < (%_1;.2
ResetRate=4min—’ﬁﬁmﬂuwes:@#1 (g2 () #3
Outputs * t=time in minutes
M1 2 M2 [O4 O5 & 7 [« K=TD
M9 &1 O1 [J12 01 J1w O [, _
O e e 02 02 Oz 02 M—%WH_Z (% of Vhom/fnom)
NOTE: M is not MPU
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24 Volts/Hz (Overexcitation)

Evaluate settings against
PRC-019 and PRC-024



PRC-019-2

Verify coordination of generator voltage regulating controls with
protective relays and equipment capabilities.

Coordinate

* Voltage Regulating Controls
 VPFL, 24EX, 40EX, 59EX, OEL, UEL, Field I*T trip

* Protection
« 24,40, 59
* Generating Unit or Plant Capabilities

« GCC, SSSL
« V/Hz withstand capability curve

Per section B.R1-1.1.1, the in-service limiters are set to operate prior to the
protection elements tripping.

Per section B.R1-1.1.2, the protective elements will trip prior to equipment
damage or stability limits.
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PRC-019-2 coordination
24 Relay settings along with the Gen V/Hz capability curve and V/Hz Limiter (VPFL)

= =GSU V/Hz withstand capability

PRC-019 V/Hz vs. Time | _, Trip (M-3311A)

100.00
= =24 Alarm (M-3311A)
e Gen V/Hz withstand capability
———24 Trip (M-3425A)
= = =24 Alarm (M-3425A)
10.00 w59 Relay Trip at 60 Hz
= == =59 Relay Alarm at 60 Hz
- -VVPFL
« » » « PRC-006 V/Hz criteria
)
@
5
2 1.00 ] N
£ ] o
] . e
2 l : <l
[ ' N -~ -
0.10 ' .
{ -
l L] L] - .- - L] L] - aEa - - - - aE -l aEaaE -
I .
Lo =c====S=====S=f=-=c=c-=-=c====
0.01 | '
100 110 120 130 140 150

Volts per Hertz (%)

Standard requires
Limiter (VPFL) to
operate prior to
protection (24):

Yes

Standard requires
protection (24) to
operate before
damage (V/Hz

withstand) occurs:

Yes
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PRC-019-2

OEL and Field Overcurrent Protection Coordination

% Field Current

210
200
190
180
170
160
150
140
130
120
110
100

90

80

70

PRC-019 Field I*T diagram (Field Forcing Capability)

\ =—rotor thermal capacity
\ ==Excitation Over-Current
\ =qon-line OEL
\\
N
\\
\"'-h—_
20 40 60 80 100 120

Time (seconds)

140

Standard requires
Limiter to operate prior
to protection:

Yes
Standard requires
protection to operate

before damage occurs:

Yes
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PRC-024

Verify generators remain connected during frequency and
voltage excursions

Coordinate

* Protection
e 24 at 60 Hz, 27, 59, 81

* Voltage Regulating Controls
o 24EX, 59EX
* Defined ride thru curves

« frequency
« voltage

Aux systems are out of scope of this standard.
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Voltage Ride-Through (PRC-024)

Voltage Ride-Through
Time Duration Curve

- 1.30
L 1.25
1.20
- 1.15
] s 1.10
L 1.05
§
No Trip Zone : ggg
13 =
[ L 070 S
| L 065 o
[ 989 @ | Voltage ride-thru at
: g.gg : POI (Point of
«  The “No Trip Zone” designated curves do not gﬁgg o Interconnect),
include the lines i.e. the line itself includes the - 035 = | typically, on GSU HS
allowable tripping area so a relay setting could be 942 S /
lotted directly on top of a line. - 0.15 =
P y P - 0.10 O
[ 0.05 O
T T T T 'D.DU'
0 0.5 1 1.5 2 2.5 3 3.5 4
Time (sec) r
| ==8==High Voltage Duralion = | ow Voltage Duration |

only need to comply for the first 4 seconds of a
voltage excursion event
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Voltage Ride-Through (PRC-024)

The Voltage Ride-Through curves are at
the POI (Point of Interconnect), which
typically will be on the high side of the
GSU; however, the 24 relay is sourced
from VTs on the low side of the GSU.
Therefore, to coordinate may take the
POI voltage ride-through curves to the
low side of the GSU as shown here:

Or may instead take the 24 relay
settings from the GSU LS to the GSU
HS (POI) to coordinate as explained in
NERC PRC-024 Implementation Guide.

Vely = 2o T4+ Veor
whert ;
Vipr = 43, L175, LIS, Llo,8%5 065 074, 0.90

(P+ 3 OF

T4= =05 Veen

whett! Pz Foded = PPojed = Shae
: 4
Q= Shue % m(c,o'b [o.j?)

|
From
?r;oﬂa*'?;t

1of

g3 ! _LC
ed?

: [;/_‘_/E.é__\..

Vjﬁn: Vis [ “-@sp&&h@:
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Voltage Ride-Through (PRC-024)

compare with the 24 settings:

Now, plot the PRC-024 Voltage Ride-Through criteria at the GSU HS POI (dotted
black lines) and as translated to the GSU LS (solid black lines) to directly

Voltage (pu)

1.40

1.30

1.20

1.10

1.00

0.90

0.80

0.70

0.60

0.50

0.40

|
PRC-024 Voltage Coordination

4

No Trip Zone

- el o e e e e o

I 3+ c '
(not inctuding the

€5

e

.
00000

outside "No Trip

Zone" is not a
must trip zone

e e N I B = =

NOTE: The requirements in this standard for the voltage
coordination go up to 4 seconds only, i.e. any relay settings or
excitation settings that are inside the "No Trip Zone" but have
time delays greater than 4 seconds, are not in violation.

s » » « HV duration on GSU HS (POI) (|

— H duration on GSU LS
e » o o |V duraiton on GSU HS (POI)
| \/ duration on GSU LS

== =/ second criteria (see NOTE)

5 10
Time (seconds)

15

20
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Voltage Ride-Through (PRC-024)
Add 24 relay Trip settings and the PRC-006 “shall not exceed” criteria.

Notice, the 24IT curve eventually goes inside the “No Trip Zone” criteria but it is

well outside of the first 4 seconds, so it does not violate compliance.

Veltage (pu)

1.40

1.30

1.20

1.10

1.00

0.90

0.80

0.70

0.60

0.50

0.40

. |
| . e
. PRC-024 Voltage Coordination
|
L| I
'l
e, | R e e ey, T, mMmMmmmTT
t
* 1
No Trip Zone |
{ : : : \
{not including the lines)
!
1
|
. [
.....
| e 24 Trip (M-3425A) at 60 Hz
| + » + « HV duration on GSU HS (POI)
""""" | NOTE: The requirements in this standard for the voltage =—HV duration on GSU LS
] coordination go up to 4 seconds only, i.e. any relay settings or | |s « « « LV duraiton on GSU HS (POI) |
outside "No Trip I excitation settings that are inside the "No Trip Zone" but have s |V duration on GSU LS
Zone" is not a time delays greater than 4 seconds, are not in violation. | == =4 second criteria (see NOTE) [
must trip zone | .
I » » » » PRC-006 V/Hz criteria

5 10
Time (seconds)

15 20
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PRC 024-2 Verify that the 24 settings at 60 Hz plot outside the No Trip Zone criteria

Finally, plot all applicable relay settings together to demonstrate overall coordination and specifically

that the 24 relay settings do comply with PRC-024 i.e. YesS, compliance is verified as the 24 Trip (solid
Pink) characteristic plots outside the solid black line No Trip Zone inside of 4 seconds.

Voltage (pu)

1.40

1.30

1.00

0.90

0.80

0.70

0.60

0.50

0.40

Time (seconds)

/
/
L
" V4
4 , | |
" PRC-024 Voltage Coordination
" /
1| n //
" ‘4
_L:.: .....................................
No Trip Zone
' (not including the lines)
!
R i
l -------------------------------------------- 59 Relav Trip
. | = == »59 Relay Alarm
- 24 Trip (M-3425A) at 60 Hz
| = == »24 Alarm (M-3425A) at 60 Hz
5 | =24 Trip (M-3311A) at 60 Hz
Teeee | NOTE: The requirements in this standard for the voltage = =24 Alarm (M-3311A) at 60 Hz
T coordination go up to 4 seconds only, i.e. any relay settings or 275z 5 Ty
—— excitation settings that are inside the "No Trip Zone" but have = = =27 Relay Alarm
| must tri time delays greater than 4 seconds, are not in violation " ® « Viduration on 65U HS (FOI
15 M T Fome v hays gl : i ’ === HV duration on GSU LS
* I e o « o[V duraiton on GSU HS (POI)
LV duration on GSU LS
0 5 10 15 20 == =4 second criteria (see NOTE)

» » » « PRC-006 V/Hz criteria
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27 — Phase Undervoltage

27 Main Aux

Transformers 345 KV
VA,B,C VX GsU
@ 0
700 MVA =12.3%
Gen HStap=353.6KV  High Side
19KV/208V 19KV 3vg/3vg (\f\wg& ap 9

“\ =913 —

250005 T Breaker 550005 EES Breaker
¢ ;

M-3921 Exc Xfmr AY

e IA,B,C

la,b,c

o))
N
;|
\M

20 Hz Gen

Blocking Inputs = FL, 1
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27 — Phase Undervoltage

blown fusa
open breaker

The magnitude
measurement
depends on the

QR

—P

“69/27 Magnitude
Select” setting in
the Setup System

section.

Blocking
Inputs.
Pickup
Selting

A-phase [or AB| — ]
measured voltaga

Pickup
setting

27 function

Tirme
Dol

OR

B-phase |or BC) —
measured valtaga

Pickup
setting

C-phase |or CA) —

TirAe
Delay

OR

measured voltaga

\VARVARV

Tirme
Dwlay

« each phase has an independent timing element

Pickup

Timeout
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27 — Phase Undervoltage

« Use #1 as an Alarm and set it at 85% of Nominal Voltage and a time delay longer
than any voltage transients and to ride thru depressed voltage from system faults:
« #1 Pickup = 0.85*120 = 102 V (Line-Line)
« #1 Time Delay = 300 cycles

« Use #2 as a Trip and set it at 80% of Nominal Voltage and a time delay longer than
any voltage transients and to ride thru depressed voltage from system faults:
« #2 Pickup = 0.80*120 = 96 V (Line-Line)
« #2 Time Delay = 360 cycles

2T: Phase Undervoltage
#1
Pickup: I 102 5 4/ | »l1B0m Disable
Time Delay: | 300 N ([ _* | 8160 (Cycles)
Outputs Blocking Inputs
o m m= my e W W (] MFLWV1 [T2 [T3 [ 4
Cs DD nC B BFBC 6 m. B Em. a8 =
[ S0 (Fss (s (Ranny [0 32 133 m o om mcowc m
#2
Pickup: | 96 541 _| »]1oWm Disable
Time Delay: | 360 1 (2] _» | 8160 (Cycles)
Outputs Blocking Inputs
Vi M2 Fa LDy s e L2 0LCs MFLV1 T2 T3 I 4
M9 Folrnr2rBr4rC 150 16 m m- om m m
wm o om m - w ] m m E m o om omom i m
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27 Phase Undervoltage

Evaluate settings against
PRC-024



PRC-024

Verify generators remain connected during frequency and voltage
excursions.

Coordinate

 Protection
o 24 at60 Hz, 27, 59, 81

* Voltage Regulating Controls
« 24EX, 59EX

* Defined ride thru curves
« frequency
« voltage

Aux systems are out of scope of this standard.
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PRC-024

Plot the 27 settings versus the voltage duration criteria:

Voltage (pu)

1.40
T 0 | |
"
130 " l PRC-024 Voltage Coordination
T '
Tl.l "
1.20 e H
.o "
.o e ——————
P—
1.10 LI U - l .............................................................................
L dyels Aty yullpspsipsiylipyipsiyippy syt Syttt —
1 No Trip Zone
1.00 - - -
1 (notincluding the lines)
0.90 T PR P PP P T S PP PPN P P PP PP P
I P --------------------------------------- "
s 50 Relay Trip
0.80 . [ = == =59 Relay Alarm
ees® | e 24 Trip (M-3425A) at 60 Hz
0.70 I _ } . = = <24 Alarm (M-3425A) at 60 Hz
.t NOTE. The requirements in this stan@ard for the voltage 24 Trip (M-3311A) at 60 Hz
oo ' coo_rdlqatlon go up to 4 sec.oufls only, 1.e. any relay settings or — — =24 Alarm (M-3311A) at 60 Hz
: I excitation settings that are inside the "No Trip Zone" but have e 27 Relay Trip
| time delays greater than 4 seconds, do not violate this standard. = = <27 Relay Alarm
0.50 ¢ I s » o o HV duration on GSU HS (POI)
' I e HY duration on GSU LS
0.40 e ¢ o o |V duraiton on GSU HS (POI)
0.0 5.0 10.0 15.0 20.0 ==LV duration on GSU LS
Time (seconds) == =4 second criteria (see NOTE)

As the 27 settings (blue line) are outside the “No Trip Zone” criteria for the first 4
seconds, the chosen settings are verified to be OK
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PRC-027

» Coord gen 27 with voltage dips from transmission line faults.

27
50/27
21
Gen @ BrGeSEer §3Yg/& > HBi?ZaSki:llre
I Eg@gTD = 31
21 50/27 L

S9N
46

« Gen 27 Trip time delay = 6 seconds.
« All transmission line relaying clears in well before this.
» Therefore YES, complies
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59 — Phase Overvoltage

59 Main Aux
Transformers 345 KV
VA,B,C VX GSU
@ oo
700 MVA =12.3%
Gen HS tap = 353.6 KV High Side
19KV/208V 19KV 3Yg/3Yg TsYg& P 9

25000/5 “(\ Breaker 55000/5 ? g Breaker

£ ! g ot

1A,B,C
la,b,c 6AF

“\ =913

11

10N

Blocking Inputs = none

Recommend to set both 24 and 59 functions.
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59 — Phase Overvoltage

OR

—>

Blocking Inputs

A-phase (or AB)_)’_

measured voltage

Pickup

B-phase (or BC)_J’_

measured voltage

Pickup

C-phase (or CA)_)’_

measured voltage

Pickup

59 function

Time
Delay

OR

Time
Delay

OR

Time
Delay

Pickup

Timeout
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Phase Overvoltage (59)

59 Pickup bookend criteria may be represented as such:
PRC-019, PRC-024 < 59 Pickup < overvoltage damage curve

May request the overvoltage damage curves from the Gen and GSU
mfg, but typically such information is not provided. Different
resources may provide some general guidance, but here is a summary
from the JL Blackburn book “Protective Relaying, Principles and
Applications” 4t edition, where it is stated that typical permissible
overvoltages at No Load are the following:

Gen GSU

105% continuous 110% continuous
110%, 30 minutes 115%, 30 minutes
115%, 5 minutes 120%, 5 minutes

125%, 2 minutes 130%, 3 minutes
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Phase Overvoltage (59)
» The following 59 settings were chosen based on PRC-019 and PRC-024 compliance:

Set 59 #1 to Alarm at 106%
(1.06*120=127 V) and
1.75 seconds (105 cycles)

Set 59 #2 to Trip at 107%
(1.07*120=128 V) and
25 seconds (1500 cycles)

Set 59 #3 to Trip at 119%
(1.19*120=143 V) and
3 seconds (180 cycles)

Some of the values may
seem odd, but | would always
like to achieve clear space
between plotted curves to
easily show compliance to
NERC auditors.

59: Phase Overvoltage
#1
Input Voltage Selection: ¢ Phase
Pickup: 127
Time Delay: 105
Outputs

| |
[ T
17 v

-
[ |
8 |

T X
—r b )
w -t
17171
[ I
=T X
17171
ha =& LN
=i L

B2
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v 2
1
1
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-
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EmE
[ (% Qe
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==
=
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" Positive Sequence  Negative Sequence

5 4| | 2»]180W
1 L]J L[ 8160 (Cycles)
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14 15T 16 5 "6 "7
T2 23 mom m
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5 4| 1 2»l180Mm
1 ‘_I J ﬂ 8160 (Cycles)
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I'e [17 [ 8 | FEENL I°F ]2
141 151 16 | I ) 6
2 [ 23 1w 11 12

" Positive Sequence  Negative Sequence

Pickup: | 143 AN | »l180MW
Time Delay: 180 1 4] | _»| 8160 (Cycles)
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V1 v2 V3 ["4 "5 Te [T7 "8 |_IFEEY P 1|2
Vs MoIrmnru2r3ruaris s m . m om
ORI afNara2s m m o om

X

Disable
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Disable

H(mm
€O L

]
EEm

—k LD

Disable

b=
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59 Phase Overvoltage

Evaluate settings against
PRC-019 and PRC-024



PRC-019-2

Verify coordination of generator voltage regulating controls with
protective relays and equipment capabilities.

Coordinate

* Voltage Regulating Controls
« 24EX, VPFL, 40EX, 59EX, OEL, UEL, Field I"T trip

* Protection
« 24,40, 59

* Generating Unit or Plant Capabilities
« GCC, SSSL

Per section B.R1-1.1.1, the in-service limiters
are set to operate prior to the protection elements tripping.

Per section B.R1-1.1.2, the protective elements
will trip prior to equipment damage or stability limits.
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PRC-019-2
Plot of the 59 settings at 60 Hz with the Gen V/Hz capability curve, VPFL, and 24 settings:

PRC-019 Volts per Hertz vs. Time
100.00 T : —
EEEES = =GSU V/Hz withstand capability _
: Hy —— 24 Trip (M-33114) « Standard requires
e = =24 Alarm (M-3311A) Limiter to operate prior
: : \ == Gen V/Hz withstand capability to prOteCtion:
| .
10.00 Ly \ =24 Trip (M-3425A)
: ! \ = =24 Alarm (M-3425A) * YES
\ — : .
: I \ > Re:a”:'pa”’””z - Standard requires
— =59 Relay A 60 H :
= A\ = vaLE sy Alarm at 6z protection to operate
o —
3 100 | : \.\ - before damage occurs:
E = N ~
' .
E l : \\ \., = Yes
= i i N o
Iy =]
b
0.10 =
S R 1 S ———— A R ———
I
B e ——————
0.01
100 110 120 130 140 150
Volts per Hertz (%) 337




PRC-024

Verify generators remain connected during frequency and voltage excursions

Coordinate

* Protection
« 24 at60 Hz, 27, 59, 81

* Voltage Regulating Controls
o 24EX, 59EX

» Defined ride thru curves
« frequency
« voltage

Aux systems are out of scope of this standard.
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PRC-024

Plot the 59 settings versus the voltage duration criteria
As the 59 settings (green curve) plot above the “No Trip Zone” (solid black
curve) criteria for the first 4 seconds, the chosen settings are verified to be OK

Voltage (pu)

1.40
T | | |
H l A
130 " PRC-024 Voltage Coordination
1 '
& "
1.20 H
S B
* « ' —
1.10 el ossess l ...................................................................................
L P s fpudydyulipynlypyslydiylyniiyd yelipydpysidyyipdydipd spdydypdydydpdydpy Aplydpdpdpdpdytpdydptyn -~ — ~ — "~~~ —
| NoTrip Zone
1.00 . : .
1 (notincluding the lines)
0.90 B N T
I - -
s 50 Relay Trip
0.80 . l = = =59 Relay Alarm
eos® | e 24 Trip (M-3425A) at 60 Hz
0.70 I ] . ; . = == =24 Alarm (M-3425A) at 60 Hz
s : NOTE. The requirements in this stancllard for the voltage 24 Trip (M-33114) at 60 Ha
e : COOII'dll?lal'IOIl goup to 4 secloufis only, Le. any relay settings or = = <24 Alarm (M-3311A) at 60 Hz
: ! excitation settings that are inside the "No Trip Zone" but have e 77 Relay Trip
| time delays greater than 4 seconds, do not violate this standard. = = +27 Relay Alarm
0.50 5 i e o ¢ o HV duration on GSU HS (POI)
3 | s H\/ duration on GSU LS
0.40 s s s |V duraiton on GSU HS (POI)
0.0 5.0 10.0 15.0 20.0 e LV duration on GSU LS
Time (seconds) == =4 second criteria (see NOTE)




81 — Over/Under Frequency

8 1 Main Aux
Transformers 345 KV
VAB,C VX GSU
STG % % 700 MVA
700 MVA 7=12.3%
Gen HStap=353.6Kv High Side
19KV/208V 19KV 3vgi3vg Breaker 3Yg/A- ooy
| =913 — 250005 N T 250005 T RIS
L NI 1 3
1 Exc Xfmr AY
la,b,c G 1A,B,C

20 Hz Gen

Blocking Inputs =FL,1 (for on-line 810/U)
Blocking Inputs = FL (for off-line 810)

Frequency derived from measured voltage waveforms
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81 — Over/Under Frequency

> 81 —the relay type used in this example has (4) frequency elements

Each element may be applied for over- or underfrequency

Use Primary and Backup relays in tandem to give (8) unique
frequency elements for optimal protection and security but choose
settings such that if either relay is out of service, that adequate
protection is still provided.

High accuracy — 1/100t Hz (0.01 Hz)
Coordination with System Load Shedding.

Let PRC-024 criteria along with mfg off-nominal frequency
withstand capability curve drive chosen settings.

NOTE: Set an off-line 810 element (if enough elements are available) to
back up the “12” mechanical overspeed device, which is typically set to
110% of the rated rpm (1.10 * 3600 = 3960 rpm):

" f

110% of rated RPM *# of Poles 3960 * 2

= = = 66 Hz

120 120
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81 Frequency

Protection

810 Alarm
/~ Off-line 810

81U Alarm

/

81 Over/Under Frequency

/ / %] [B1: Over/Under Frequency x
—H1 —#1
Pickup:l 60.50 50.00 4| | 67.00 (Hz) Disable | Pickup: | 53.50 5000 «] | |+|e700(H2) Disable |
Time Delay: 120 3 A I I LI 65500 (Cycles) Time Delay: 120 3 4 I I LI 65500 (Cycles)
Outputs Blocking Inputs Outputs Blocking Inputs
F1 C2 Ca T4 Cs e CYFIros FFELW1 T2 T3 [ 4 1 C2 T3 T4 Cs Te T7 s M1 T2 T3 a4
Fes Mol T2l 3T alAs T 1. s s "7 s "3 FCes FToerCnCwe2CB3CaalC10 6 s e "7 e "3
FvreglCslCalCa Vo) 3 FolrfCnnCw2lC3l e FvrCwelCslCalCaVM2I 23 FolrnnCe2lCil s
y 4
Pickup: | 66.00 50.00 4 | _| »| s700(H2) Disable | Pickup: | 59.30 5000 4] | »|6700(Hz) Disable |
Time Delay: I &0 3[4 LI 65500 (Cycles) Time Delay: I 65460 LI I 4 I 65500 (Cycles)
QOutputs Blecking Inputs Outputs Blocking Inputs
M1 W2 W3 T4 s e C7 [Cs M1 T2 T3 T4 W1 W2 Wa T4 IF's e T7 T8 M1 T2 Ta 4
Mes Mol nlTu2zlC 314l 16 s s "7 e "3 Mg MuolrnlTue2lC3lCalC50 s s e 7 e "3
FvrelCslCaoalCal 20 23 I T O I Y I < T I 71 FwlCeelCuwelCalCalCz20 23 FwolrCrnnCe2lCil s
—H#3 —#3
Pi{:kup:l 52.00 5000 4 | | »|s700(H2) Disable | Pi{:kup:l 57.70 5000 4] _| _+|67.00(Hz Disable |
Time Delay: 54 34| _+ | £5500 (Cycles) TimeDeIag,r:I EN] 3 4 | _+ | £5500 (Cycles)
Outputs Blacking Inputs Outputs Blocking Inputs
Fi1 W2 Fa T4 Cs Ce C7 Cs FFRRWF1 T2 T3 T4 W1 W2 W3 T4 s T T7 T8 FFrRW1 T2 T3 4
Ms FuolrnFC1u2zlCi3C 14l 150 16 Fs e 7 Ce T3 Mg Mool 1al0 s s e 7 e T3
Fuv el lCaolCalC 20 23 I T I 2 I < T I 71 FvrCwlCsCaoCalCz20 23 FolrCrnnrCe2lC1l 4
Pi{:kupl 53.60 5000 4] | »|&7.00(H2) Disable | Pi{:kup:l 61.00 50.00 4 | | »ler00(Hz) Disable |
Time Delay: | 3600 3 4| _+ | £5500 (Cycles) Time Delay: | 12000 3 4] | _+ | 65500 (Cycles)
Outputs Blocking Inputs Outputs Blocking Inputs
M1 W2 M3 T4 Cs e C7 [Cs MrLW1 T2 T3 T4 W1 W2 W3 T4 5 T [C7 T8 W1 C2 [C3 4
Mg WMuolrCn T2l 140 15 18 s e 7 Te T3 Fa Fuolrn w213l 14l 150 16 Fs e C7 Cs Ty
CFCvrreCwerCaCaCz2Cxn S T T I & T 2 I 2 T I 7' FuvrCwelCslCalCalzl 23 FuorCnCw2lCiEl
Primary relay Backup relay
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81 Over/Under Frequency

Evaluate settings against
PRC-024



PRC-024

Verify generators remain connected during frequency and voltage excursions

Coordinate

* Protection
o 24 at 60 Hz, 27, 59, 81

* Voltage Regulating Controls
« 24EX, 59EX

* Defined ride thru curves
« frequency
« voltage

Aux systems are out of scope of this standard.
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PRC-024-3 —Frequency and Voltage Protection Settings for Generating Resources

PRC-024

 Choose the interconnection
boundary where plant is
located.

Attachment 1
(Frequency No Trip Boundaries by Interconnection®)

Eastern Interconnection Boundaries

=
NoTrip Zone* |
NOTE: the area ’//—

outside the “No 1 o . }
. y = ime (Sec

Trip Zone™ is not a

must trip zone.

L]
L]

[=3]
[}

* This sample application is in
the Eastern area.

)]
[y

Frequency (Hz)
B 3

L
&

LI

Figure 1

* The area outside the "No Trip Zone " is not @ "Must Trip Zone. "

Eastern Interconnection

High Frequency Duration Low Frequency Duration
Frequency (Hz) Time (Sec) Frequency (Hz) Time (sec)
=61.8 Instantaneous trip =57.8 Instantaneous frip
=605 1{]19&935—1.45?13'1‘} =50 5 q ﬂn:1.?3?3'1-1tl:].1 1E)
=G0.5 Continuous operation =595 Continuous operafion
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PRC-024

Off-nominal frequency damage curves:

PERMISSIBLE TIME FOR OFF FREQUENCY OPERATION
(60Hz 33.5" SERIES)

200
» from mfg — specific to these sample calcs—
. . 180 * J{\ PERMISSIBLE
» typical — from pg 1142, IEEE transactions  comomme
Vol. PAS-99, No. 3, 1980 160 i
J g 140
E
LEGEND: * 8 |
61+ G, E, LIMIT b 120
— — —— WESTINGHOUSE LIMITS
—.—.— WESTINGHOUSE LONG BLADES § 1 |
NGHOUSE Bl
_____,_:?-jii.——_-—— oo .._"ml 1N-- “BAND 1 59.4 Hz B
E__'?E_- ...5&4&-—--—-——— h‘:?ﬂ:- AND 2 68.9 Hz E 80
= -y -, 684 H
M T - q\‘\.ﬂ@?q BAND 3 “ | qenenat i
s 68 15 eAND 4 272 HZ | ELECTRIC E
5 A SEC PROGRAMMABLE 60 /
Eﬁ)‘ P P banp 5 27 HE | ganD LIMITS M
£ sa4. 10\ 5 . Y T
e s 40 /
and below
Brre-t1T"1T AND 7 / \
20 /
65 —-—- S oho
; 0.1 1.0 10 100 1 \
r.f'.l. MIN  MIN MIN  MIN  MIN 4_4/
(, 1RO A TIME 0
| 55 56 57 58 59 60 61 62 63 64 65
Figure 6 - General Electric and Westinghouse Underfrequency RUNNING FREQUENCY (Hz)

Limits For Steam Turbines
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PRC-024 Piot 81 settings, frequency duration criteria, and damage curves:
64

i I I N s 810 Relay Trip
~ _! |PRC-024 Frequency Coordination = = +810 Relay Alarm
~ ey e 21U Relay Trip
63 : = ~ = = «81U Relay Alarm
I = - - s PRC-024 high freq duration
T
[ ™ |- - s PRC-024 low freq duration
62 4 = ~ o \ == Toshiba Damage - high freg
i S - o e Toshiba Damage - low freq
[ = = = =GE Damage Curve - high freg
61 [ \ == = GE Damage Curve - low freq
. [ = T 4
No Trip Zone T T TN T= T ="r= "
T 60 (notincluding the lines)
} -----------------1.-----------'
§ : /- - #_
: . / - 7’_
L. | | [ .
| - -
1 p— - /
outside "No Trip : Ul -
i"u“s‘jt'rj'p”fg:e Ik 81 settings plot outside the “No Trip Zone”,
! so compliance is verified.

10.00 100.00 1000.00 10000.00 100000.00
Time (seconds)

» Some folks misinterpret this criteria and set their 81 settings so fast and end up
mis-operating on transients.
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49 — Stator Thermal Overload

Main Aux
Transformers 345 KV
VX

VA,B,C GSU
®) ® o
700 MVA =12.3% o
Gen HStap=353.6Kv  High Side

19 KV
19KV/208V 3Yg/3Y Yl A=
9KV/208 g/oYg Breaker 25000/5 /\(\3 g ? F Breaker

1 Exc Xfmr Ay
a 1A,B,C

o)
%
\\‘

20 Hz Gen

Blocking Inputs = none

M? — preload?

time =TC * In( M2~ pickup?
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49 — Stator Thermal Overload

1000

C50.13 defines the stator thermal curve

* If the gen mfg
provides a stator
thermal overload 120 seconds at 115% Inom via eqn:
curve, then plot a 49
protection curve
under that mfg m e —
provided thermal
damage curve.

from 10 seconds at 218% Inom to

Time (secomds)

* |f no information is 0
provided by mfg,

then may use this \/37, 5
I =100

curve from C50.13:

100.0 % of Nominal Current 349



49 — Stator Thermal Overload

 The best method to protect this generator stator thermal
overload/damage curve is typically with a 49 function (not 50/51).

 Use 49 #1 to Alarm and 49 #2 to Trip.
» First, choose the Pickup setting: here choose Pickup = 105%.

« PRO TIP: Plot the 49 trip curve as closely as possible under the
C50.13 stator thermal overload curve to avoid nuisance trips.

* Next, solve the 49 equation for the thermal time constant (unless the
TC is known from the mfg or from doing heat runs) to protect the
C50.13 curve assuming a worst-case preload of 0.99 pu.

 Most relay mfg’s use IEC 60255-8 equation for 49 algorithm

 Use “Goldilocks” strategy to develop time constant setting i.e.
calculate TC at both ends of the C50.13 curve:

« @ 10 seconds and 218%
* @ 120 seconds and 115%
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49 — Stator Thermal Overload

1000

time (MZ — preload2> ' 120 (1. 1462 — 0.992
* In n

TCmin = —
Cmin = -5 M2 — pickup? 1.1462 — 1. 052

-1
= W 3 | ) = 4.4 minutes

100

50 13 stator thermal curve

— 4G #2 (Trip) with preload = 0.99

Too cold

Time (seconds)

10

Using TCmin for the 49 curve may
not hug the C50.13 curve as tightly
as you may like. Although this would
be the best protection so if this is
secure enough, then use it.

100.0 % of Nominal Current
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49 — Stator Thermal Overload

1000 ¥

TCmax =

time (MZ — preloadz)_l 10 (2. 1792 — 0.992
* In n

-1
60 M2 — pickup? 60 2 1792 — 1. 052) 5.0 minutes

100 +

5013 stator thermal curve

— 0 #2 (Trip) with preload = 0.99 TOO hot

Time (seconds)

10 +

Using TCmax for the 49 curve makes
it plot slightly above the C50.13
curve at some points.

100.0 % of Nominal Current
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49 — Stator Thermal Ove_rload

1000 ;

TCavg =

TCmin + TCmax B 4.4+5.0

2 2

= 4.7 minutes

100 +

Time (seconds)

10 T

5013 stator thermal curve

— 10 #2 (Trip) with preload = 0.99

For more security, use TCmax
For more sensitivity, use TCmin

Just right

almost

TCavg makes the 49 curve hug the 50.13

curve very tightly, although protection at the
very top of the curve is sacrificed slightly.

100.0

% of Nominal Current
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49 — Stator Thermal Overload

PRO TIP: The relay’s Nominal Current setting must be set at the absolute,
maximum generator output (which may differ from nameplate).

Track the unit max loading over time or ask operator to run the unit up to
max to see if the machine is running above the Nominal Current setting
(because this algorithm uses the Nominal Current setting).

The 49 function’s real time metering values can be monitored via the relay
software or HMI as well to determine if the settings are acceptable.

If it is running hot, then may consider adjusting
the 49 settings and/or the Nominal Current setting.

Another option is to initially enable the 49 function

but do not program it to activate any outputs.
Secondary Metering

Or just use the 49 Alarm initially and not the Trip. | curers®

Phase A “ Phazea “
rosc® NN  Frosco IECHEN
Phase C “ Phase c “
Neutrzl [T Eigcll 0 |
Pos. Seo. [N A-odff ENDIEN
Neg. Sea. [N B-bdiff |

Ze C-c diff
a9 (NI o2 I
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49 — Stator Thermal Overload

Time (seconds)

1000

100 +

5

49 curve and stator winding short-time
thermal curve (Sec Amps)

——(50.13 stator thermal curve

— 49 #2 (Trip) with preload =0.99
——= 49 #1 (Alarm) with preload = 0.99
— 49 #2 (Trip) with preload =0

=== 49 #1 [Alarm) with preload =0

2 3 4 5 & 7 B 9
fault current (sec amps)

10

Test Values
49 #1 (Alarm) | 49 #2 (Trip)
Preload =0 Preload =0
| (sec amps) t (sec) t (sec)

9.26 63 75
6.38 162 190
5.42 273 321
4.87 441 518

For testing with preload = 0 erase

thermal memory between successive

tests.
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49 — Stator Thermal Overload

Set 49 Alarm Time Constant at 85% of the Trip Time Constant, 0.85 * 4.7 = 4 min

#1
Time Constant: 4.0 10 1| | LIB&E}_S{nﬁn]l Disable |
Max Overload Current: 4.46 100 «| _| ] 1000®
—Outputs — Blocking Inputs
wm m m mt E - Wi m W W Ey
| 9 T ') NNI1 121 13 | 6 16 1 /7 18 19
V17l B89 2T 21 | 3 'l 2 s
~§2
Time Constant: _* ] 999.9 (mun) Disable
Max Overload Current: _* ] 10.00 (A)
—Qutputs — Blocking Inputs
VW1 W2 W3 |4 "5 [ 6 | BB R P2l (E3) e
Ve M1OINTT 1213 14 | S5 (B (B (fEa 'S
I 71 Bl I 201 a1 2 I I NILD 121131 4

N S
Set 49 Pickup to 105% of Inom: 1.05*4.25=4.46 A
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49 — Stator Thermal Overload
« PRC-025-2 (Generator Relay Loadability) exclusion 6 states:

6. Protection systems that detect generator overloads that are designed to coordinate with
the generator short time capability by utilizing an extremely inverse characteristic set to
operate no faster than 7 seconds at 218% of full load current (e.g., rated armature

current), and prevent operation below 115% of full-load current.?
4 |EEE C37.102-2006, “Guide for AC Generator Protection,” Section 4.1.1.2.

49 trip time at 218% is 9 sec, so OK at curve bottom.

However, does not prevent operation below 115%
(pickup is 105%).

49 eqn will not allow pickup > 115% (divide by zero).

Time (seconds)

Can set it to 114%, but curve fit is not good, and at
114% the TC approaches 1 min - is that secure?

So cannot technically exclude these 49 settings from
PRC-025, but these settings provide better and more Pickup = 114%
secure protection.

* request exemption/waiver or request clarification
from NERC?

% of Nominal Current
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50 — Instantaneous Phase Overcurrent

Protection for a bad sync
closing of this breaker

Main Aux
Transformers 345 KV
VX

VAB,C GSU
® ® Jooms
700 MVA =12.3% o
Gen HS tap = 353.6 KV  High Side

19KV/208V 19 KV 3Yg/3Yg
| ‘ \ =91.3 [

250005 T Breaker 550005 T3Yg& EES Breaker
N i o B
1 Exc Xfmr ANR ¢

@ IA,B,C

20 Hz Gen

Blocking Inputs = none

50 #2 with IPSlogic — Isync trip
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50 #2 with IPSlogic — Isync Trip
For protection against out of phase closures due to slow or stuck
breaker, VT mis-wiring, incorrect sync settings, etc.

The close pulse is issued
to the breaker here:

The breaker should
close at 0°, but it gets
stuck and closes here:

OO

.....
e

ocodocoe

| Y

Convert angle to
amps for 50 #2
Pickup setting:
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50 #2 with IPSlogic — Isync Trip

Calculate pickup setting:
« Engage logic when the breaker is open and for 15 cycles after breaker is closed.

» Look at the current instead of the angle as angle supervision won’t do any good
now because the close pulse has already been sent to the breaker.

« Convert from the damage angle to pickup amps using equation from reference [1].

« What to use for damage angle to use? Check with mfg. For this example, use
60°, but could increase for more security:

ot 8 et VEs® +Eg® —2-Es+Eg+cos(ds) . Shase~1000 el=43003 T o o

180 Xglsubunsar + 21 + 25l \'3 « VhaseLs
Max gen output * SF < 50 #2 Pickup < Isync at 60°, Isync at 120°
425*2 < 50#2Pickup < 44003/5000, 76215/5000
8.5 < 50#2 Pickup < 8.8,15.2

« Set 50 #2 Pickup =8.5A

[1] “Protective Relaying for Power Generation Systems” by Donald Reimert, Page 359, Equation 14.3
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50 #2 with IPSlogic — Isync Trip

a s
15 oyo

al) &

PS5 #4 |5y

lrip

52b = IN1

IPSlogic #3

FlS cycles —

50 #2

IPSlogic #4 =
IPSlogic #3 AND 50 #2
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50 #2 with IPSlogic

I
50 Instantanecus Phase Overcurrent A
H2
Pickup: 8.5 0.1 — 240.0 (&) Disable
Time Delay: 1 1 — 8160 [(Cycles)
Outputs & Blocking Inputs
01 Od2 O3 04 O O OdJ7 Os OFf O1 O2 O3 Q04
s (Jw On (w2 (g i 1 e Us 0Oe J7 (Js8 (o
17 (J1. 01’ 02 O21 0O2 (O3 O On O12 OJ13 O
IPSlogic X
M | w2 W |wm | w5 | s | _
~ Initiating Outputs Dieable IPSlogic X
m mo o ms ml mn mG ms 4| m|m|m mluslnﬁ]
. l‘wl‘nl‘ul‘uFqul‘ts—oR itinting O
W e ] 2 23 [~ Initiating Outputs Disabl
OR [ s s m s & w (= wm _Disatle |
Initiating Function Pickup on B || Frg9 TwolrrIrC20lw30C 40150 18— OR
oo Finctun Tresnt o B FrorsrCrerararz2rs / o B
Initiating Inputs Initiating Function Pickup i 4
Pi1C2[C3CalCsCeC7 o e : ? ~ M
ating Function Timeout
FeFs yofnre2rsal e _ orR | oo = Faiang o 50#2—— OF NN
Initiate via Communication Point Fri1 F2 rs rsa rp i€#3 — or
Blocking In DD sl iniliw l‘taslldg orR
CDeelw T2 Da Ca Os s 7 || or : i A : AND
FgelFesFwlrnr2rnrs OR NOT Sk et Initiate via Communication Point [
Block via Communication Point [ ——————————————— I_GEe] S ool F i Al s G SIS np
Cs Mea CwlCnC1200130014 OR NOT
Time Delay: 1 1 4] | | 8160 (Cycles) Block via Communication Point [~
Reset/Dropout Delay: 15 04 | _+| 65500 (Cycles) ¢ Reset ( Dropout
Time Delay: 1 1 4 L|B160(Cyclﬁ)
Outputs [~ Profile Switch | Reset/Dropout Delay: 0 0 4 _*| 65500 (Cycles) % Reset ( Dropout
rir2rarsrsr/dr7Cs cHCm OB Cu Wmvau‘ !
Fe CwolCnC2C 3/l 51 16 Outputs [~ Profile Switch
Frurervsrara¥a2ras Activated ] i1 M2 F2 T4 Cs Ce C7 s Cm Cm C# C# & NotActvated
g M9 MolCnlCR2C1BC 41516
FrorerCwC2oCaC202 Activated |
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50 #2 with IPSlogic — Isync Trip

« Do not have to verify that these settings comply with PRC-025-2
because they are only armed for 15 cycles after the generator breaker
is synched closed as stated in Exclusion 1 of the PRC-025-2 Standard:

Exclusions
The following protection systems are excluded from the requirements of this standard:

1. Any relay elements that are in service only during start up.
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50BF - Breaker Failure

Main Aux

Transformers 345 KV
VA,B,C VX GsU
STG 700 MVA
v Gen HS tZ , 12.533:%6 kv High Side
19KV/208V 19KV 3Yg/3Yg Breaker 3Ygl = ap =253 B
reaker
‘ ‘ =913 — 25000/5 />\ ”T\ 25000/5 | ”T\ ? g
L NI 1 B
Exc Xfmr A Y
la,b,c Py IA,B,C 1
50BF

20 Hz Gen

Blocking Inputs = none

When the relay (or another device e.g. LOR) sends a trip signal
to the breaker but current continues to flow OR the breaker “52"
contact continues to indicate closed, then trip the upstream
breaker, along with the excitation, turbine, fuel, etc.
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50BF — Breaker Failure

« Phase Pickup may be set low for max sensitivity or for increased security, it may be set above max load.
« But it should always be set well below the min phase fault current.

« Fora GSU LS ©O fault, from the generator decrement curve at the chosen BF Time Delay setting of 7 cycles:

lac(t) = 0.866 * Ipu * [base
lac(t) = 0.866 = [(|Id"]| — |Id"|) x e Td” + (JId"| — |Id|) *x e Td’ + |Id|] * [base

lac(t) = 0.866 /] 1 1 _T;” N 1 1 _TLd, N 1 Sgen
= 0. * — — *
ac( '\ |Xd" Xd’ © xd'|  [xd Xd \/§ + VLL

01167 01167 1 700 M
* e 0025 4 1.4 *
‘0 295 ‘1 66 ‘1.66“ V3 * 19K

1]0.224| ]0.295
lac(t) = 0.866 * 3.177 * 21,271
lac(t) = 58,523 pri amps

58,523
5000

[ 1 1
Jac(t) = 0.866 * —

lac(t) =

= 11.7 secamps @ 7 cycles

SF * Inom < Phase Current < SM * min phase fault current at BF Time Delay
1.10 * 4.25 < Phase Current < 0.50 = 11.7
4.68 < Phase Current < 5.85

 Phase Current=0.10 A (decided to set at minimum for max sensitivity)
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50BF — Breaker Failure
« Set BF Timer per the following criteria from IEEE C37.119:

(8) BF Timer = (3)DIT — (2)62BF PU + (4)FD DO + (5)SM
= 3 - 0 + 1.5 + 25
=7 cycles

(1) The BFI (relay operate time plus fault detector pick up time)is 1 + 1.5 = 2.5 cyc
(2) The Gen Breaker does not have 62BF in its circuit.

(3) The Device Interrupt Time (DIT) of the Gen Breaker is 3 cycles.

(4) Use 1.5 cycles for the Fault Detector Drop Out (FD DO) time.

(5) For the Security Margin (SM), use 2.5 cycles.

(6) GSU HS breaker is tripped from this 50BF output, so LOR operate time is O cyc.
(7) The GSU HS breaker has a 2 cycle interrupt time.

Total BF clearing time = (1)BFI + (8)BF Timer + (6)LOR + (7)backup breaker time
Total BF clearing time =2.5+7 + 0 + 2 =11.5 cycles

Check: Is the Total BF clearing time < Critical Clearing Time (CCT) to maintain stability?
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50BF — sidebar to derive CCT

If a transient stability study is not available to find the worst-case, minimum CCT for a particular application, then it may

be manually calculated as such:

CCT (Critical Clearing Time) calculation

E 20 V£0° =120°

2 Efs /
> Eja 2

Xd'=0295 =0.123 Xs1 =0.104

All values are in per unit at 700 MVA base.
Gen operating at S = 1 pu @ 0.85 PF lagging, PF angle = ® = cos™1 0.85 = 31.8°

P=5S5+PF =1=085= 085pu

§=P+jQ=085+0.5268
S=vr

I S” _ (085 +/0.5268) 0.85 —j0.5268 =1 31.8
=—= = 0.85 —j0. =1z —31.8°
v (120°)° J
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50BF — sidebar to derive CCT (continued)

Xd"=0295pu Xt=0123 pu Xs1 =0.104 pu
N AYAYAY AYAYAY

E 20 @ e V£0° = 1pu £0°

Xror = j(Xd' + Xt + Xs1) = j(0.295 + 0.123 + 0.104) = j0.522 pu
Varop = jXror * I = j0.522 » (0.85 — j0.5268) = 0.522 pu £58.2°
KVL: EZ8 = Vgop +V = 0.522£58.2° + 1£0° = 1.35 pu £19.2°
§, = 19.2°

Spar = T — 85 = 180° — 19.2° = 160.8°

o _EeV. 0 135+1
max = T SIVIN T Tg 50y T T 40P
T
P (5  —&§ 0.85 « (160.8° — 19.2°) ——
8, = cos ! m(8max — o) + cos 8,4, | = cos™? 1807 | 65160.8°

P 2.6

= 97.8°
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50BF — sidebar to derive CCT (continued)

P (pu) &
rotor decelerates
due to Pe > P,
I::II'I'IH?{
Initial [
operating : 7
point : / ) Pe= Praxsin ©
%
5 :_// //,f
1 (. T T T T T T T T |_ -0~
rotor accelerates ___| | // // : : breaker
dueto Py =P A/' | cilreargs
| | aL
O el 4 0\
Oo ﬁc Omax m 0 {.:.}

~0.231+107%n%]  0.231+107° = 3600* = 683 = 10°
- SgenKVA 700 = 103

(4] e H
CCT =t,. = 4H(6C _ 50) = 4-292+ (97871929 - 180° _ 0.2236 seconds; 0.2236 =60 = 13.4 cycles
— = wP, 21+ 60 + 0.85 - e A

Check: Total BF clearing time < CCT
11.5 cycles < 13.4 cycles, therefore with a 7 cycle BF Time Delay setting, stability is maintained.

= 2.92 seconds
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50BF — Breaker Failure

BFI

S0BF: Breaker Failure

Phase Current: 010 <

Phase Current Select: () Disable (®) Enable
Meutral Current: 5.00 0.10
Meutral Current Select: (@) Disable () Enable
Time Delay: 1<
Output Initiate

M1 M2 M [O4 O5 O [O7 [8
9 [Ow On [J-0013 1w 15 e
O O Owr O2 02 HFH2 0

Outputs
M1 2 2 M4 [15 [0s [J7 [1&
e 110 X1 []12 112 []14 ] []18
017 11 O 20 J21 [J22 23

—=a Blocking Inputs

> 10,00 (&) Disable
10.00 (A4)

> B160 (Cycles)
Input Intiate

1 []2 []3 4
5 [ []7 []8 \Ef
(]10 [J11 []J12 []13 |:|'I?1\

OFCEH-.J2 O3 [
05 s O7--f8 9

w0 On O O34 \

Breaker Failure Trip Outputs

BFI

Output Initiate — Output contacts from this same relay that trip generator breaker.

Input Initiate — Input into breaker failure logic tripping of generator breaker of other

trip device — i.e., turbine trip, LORSs, other relays.
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61BF — Breaker Flashover

Main Aux
Transformers 345 KV
VX

VAB,C GsU
® ® o
700 MVA =12.3% o
Gen HStap=353.6kv  High Side

19KV/208V 19 KV 3Yg/3Yg
| ‘ | =91.3

3Y.
25000/5 Breaker >5000/5 T gl S Breaker

[ |
. - g
M-3921 Exc Xfmr AN

lab. IAB.C
abe 64

LON

n
|

20 Hz Gen

Blocking Inputs = 2

* Input 2 is gen breaker “52a” contact
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61BF — Breaker Flashover

In most cases, 50/27 will not see this as V is still OK.

46IT may respond, but with too long of a time delay, plus
it only trips the breaker it does not BF trip back a zone.

Many methods to develop this protection, use KISS:

* |Is the breaker Open? If Yes, there should be no
current. If there is current, that is a problem.

Since the breaker is already open, must trip back a zone
I.e. BF trip.

Although can try to re-trip the breaker itself as well.
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61BF — Breaker Flashover

Which currents to use?
v Phase
v" Negative Sequence
v 3lo

Set current pick ups very low.
12 will see 1 or 2 pole flashover, which are most common.

Additional security can be introduced by looking if the breaker is
open and also if the breaker is not closed (52b and NOT 52a).

Time delay setting could be set > the normal breaker close time.

46DT

S0 #1 61BF

Trip
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61BF — Breaker Flashover protection

IPSlogic x|
M | w2 | #m | m # |as |
Initiating Outputs A
M1 Tz T3 T4 s e "7 "8
Fes Mol rC2lC13lC1440 150 168 — OR
Fu Ml slC2oCxAal 20 23
N DH _—
|  46DT / initiating Function Fickup 50 #1 H or
| /  Initiating Function Timeout == .
. AND ||
—Initiating Iriets
Wi T2 s T4 s Te 7 | or
Fes Fs T/l — |
/ Initiate via Communication Point [ _—
—Blocking Inputs P
FreelFr W2 s e s e 7 ] or
s s |'1n|'11|'12|'13714 OR (—{ NOT
Block via Comfnunication Point [v
Time Delay: [ 12 1 4] | | 8160 (Cycles)
Reset/Dropout Delay: | 0 0 4] | _+| 65500 (Cycles) (" Reset (% Dropaud
—Outputs ka/ — Profile Switch
Vi vz Wi [va 5 e 7 [Cs L (Bl #2 #EI  #4 (% Not Activated
Vg MwlrnnlT12l3lC1a4alC150 16
FuvlrhrwelCrslCaoafQFalfz2l s . Activated
Save Cancel

If breaker is
open (and not
closed for added
security) and
current is
measured, then
after 12 cycles
trip back a zone
or in this case
trip the GSU HS
breaker (Output
4)i.e. BF trip
along with the
86G LORs which
will trip the
excitation,
turbine, etc.
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61BF — Breaker Flashover

« Do not have to verify that these settings comply with PRC-025-2
because it is only armed when the generator breaker is open as stated
in Exclusion 2 of the PRC-025-2 Standard:

Exclusions
The following protection systems are excluded from the requirements of this standard:

2. Load-responsive protective relay elements that are armed only when the generator is
disconnected from the system, (e.g., non-directional overcurrent elements used in
conjunction with inadvertent energization schemes, and open breaker flashover
schemes).
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59X (aka 59N, 59G) — measured 3Vo Ground Overvoltage

VAB.C TrI;A:sl?o'rAmuérs Sg(x . 345 KV
o @ ® iete
700 MVA 3%
19KV/208V 25000/5 19 KV 3Yg/3Yg Brceig{(‘er N W avglA HS tap = 353.6 KV Hégzaskff
‘“ =913 E @ T | f\(\ E g
g Exc Xfmr é AY
la,b,c a 1A,B,C

B4F

Blocking Inputs = none

20 Hz Gen

 VXis wired across broken delta VTs.
* Provides bus ground fault protection during backfeed scenarios.

* Must trip HS breaker to clear system fault contribution into a bus
ground fault.
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59X — Residual (3Vo) Overvoltage (Bus)

For a ground fault on a high impedance grounded generator, lo approaches zero and Vo approaches the
phase-ground value of the nominal voltage:

priLL Nominal Voltage @ 19K

3 B
VTRX 274.2

\ 19000/v3 f

120/3
The broken delta VT on the gen bus VTs is measuring 3 Vo, not Vo, therefore, 3Vo = 3 x40 = 120V

= 40 Vsec

Vo = sec LG Nominal Voltage =

AG fault on the 19 KV bus, the voltage
across each of the two unfaulted VT
secondaries will approach a phase-phase
value (40*1.732 = 69.3 V) due to the neutral
shift on high-impedance grounded systems.
Then the total measured voltage across the
broken delta will be the vector addition of
those 2 secondary voltages.

v - —
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59X — Residual (3Vo) Overvoltage (Bus)

Here 1s the pickup setting criterion (% is listed as a % of the 120 V max 3Vo for a ®G fault):
SF * max unbalace; minpickup < 59X Pickup < SM #* 3Vo from @G fault; VT pri fuse loss
2 *%2.3%or4.6%; 4.2% < 59X Pickup < 0.25 * 100% or 25%; 33%

55V; 5V < 59X Pickup < 30V; 40V

SF = Security Factor > 2
SM = Sensitivity Margin < 0.25
Max unbalance during backfeed, pre-synchronizing period, and on-line was measured to be 2.3%
Min pickup range for this setting is 5 V
VT primary fuse loss is calculated as follows:
» 3V,=VA+VB+VC=40/0°+40/-120° + 40 /120° = 0 V under normal conditions with all fuses intact
» 3V,=VA+VB+VC=0+40/-120°+ 40 /120° =40 /180° V for 1 blown fuse
> 3V,=VA+VB+VC=40/0°+0+0=40/0°V for 2 blown fuses
» 3V,=VA+VB+VC=0+0+0=0V for 3 blown fuses

Set 2 trips at 5% and 4 seconds and 15% and 2 seconds of the max 3Vo for a ground fault:

59X #1 =0.05* 120 = 6 Vsec
59X #1 Time Delay = 240 cycles (4 seconds)

59X #2=0.15*120= 18 Vsec
59X #2 Time Delay = 120 cycles (2 seconds) -



59X — Residual (3Vo) Overvoltage (Bus)

NOTE: 59X must trip the high side breaker as it is providing bus ground fault protection
under backfeed scenarios and during the pre-synchronizing period. However, because 59X
will also provide on-line ground fault protection, ensure it is a backup and coordinated with
59N 1.e. let S9N go first as it does not trip the high side breaker. To coordinate 59N and 59X,
the setpoints must be compared on a primary basis, rather than secondary, because of the
different VT ratios:

59N trip = 59N pickup * VINR = 6.0 * 91.3 = 548 pri volts, 5 seconds or 10 cycles

59X #1 trip = 59X #1 pickup * VTRX = 6 * 274.2 = 1645 pri volts, 4 seconds

59X #2 trip = 59X #2 pickup * VTRX = 18 * 274.2 = 4936 pri volts, 2 seconds

Here, with the accelerated S9N schemes it 1s not necessary to coordinate with the 5 second
59N #1 time delay. However, if accelerated schemes are not used, then may consider

coordinating e.g. could set S9N #1 at 2 seconds (instead of the 5 seconds) and then set the
59X elements at 3 and 4 seconds.
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59X — Residual (3Vo) Overvoltage (Bus)

~i#
Pickup: 3 5 4| | | 180(V) Disable
Time Delay: 240 1 4] | ¢ | 8160 (Cycles)
—Outputs —Blocking Inputs
M1 2 W3 Wa "5 e F7 ICs a:m m. mom
9 M1l 1111 B LMl e |5 s L'72 18 19
Lz s 118 [ 120 1rfra2ra a W m o omcomE
N\
- N\
Pickup: 18 5 4] | LAREY) Disable
TimeDelay: | 120 E »| 8160 (Cycles)
—Qutputs —Blocking Inputs
V1 W2 W3 W4 5 N6 [N7 B w: m = m E
Ve Mol Tl 12 “risr w = w = E
Dl wafalaln 3 w wmom s w o m

Output 4 is wired to trip the GSU HS Breaker.
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PRC-027

« Coord 59X with transmission line ground faults.

27
50/27
21
Gen @ BrGeSEer §3Yg/& > HBi?ZaSki:llre
I Eg@gTD = 31
21 50/27 L

46

« 59X time delays are 2 seconds and 4 seconds.
« All transmission line relaying clears grounds faults well before this.
» Therefore YES, complies
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64F/B — Field Ground Protection

Main Aux
Transformers 345 KV
VAB,C VX GSU
STG @ 700 MVA
700 MVA 2=12.3%
Gen HStap=353.6kv  High Side
19 KV
19KV/208V 3Yg/3Yg Breaker 3Ygl Breaker
‘ ‘ =913 — 25000/5 ”T\ 25000/5 | ”T\ ? g
L NI l B
Exc Xfmr AY
la,b,c e IA,B,C

64F/B -

20 Hz Gen

Blocking Inputs = none
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64F/B — Field Ground Protection

« Set 64F Alarm = 20 KQ
« Set 64F Trip = 5 KQ

 Rotor capacitance was measured as 7.5 yF

Field Winding to Typical M rirmwm Mim imm wm Mirninnunm Miminmwnm
Ground Capaci- Frequency ALARM Time | ALARM Time TRIP Time TRIF Time
tamce (uF) Settimg (Hz) Delay (sec) Delay [cyc) Delay (sec) Delay (cyc)
1102 0.52 4.85 291 11.85 i
2103 0.49 5.08 305 12.08 725
dfo4d 0.46 5.35 321 12.35 a1
4105 0.43 565 339 12.65 759
Sto6 0.39 6.13 368 13.13 788
Gto7 0.35 6.7T1 403 13.71 823
809 0.3 7.67 450 14.67 880
9to 10 0.28 8.14 489 15.14 909
=10 0.26 8.589 522 15.69 942
= e
e i S

Table 4-8  Typical Frequency Settings
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64F: Field/Rotor Ground Faults

Secondary Metering I [=IF
—Currents (A) — Impedance (Ohm)
o
rox
ocr
ocx I
car I
cax I
|
Pos. Sea. x [N
—Low Freg. Injection —3rd Harmonic —Power (p.u) —Frequency
VN (V) “ Freguency [Hz]“
N (ma) vivz (%) |
real (m2) [EIEN rocor (Hz's) [N
— Inputs —Misc
1 2 3 4 5 6 7 g Power Factor }
9 10 1 12 13 14 FL Brush V. (mV) “
 Outputs Field Insul. (Ohm) | NG
1 2 3 4 5 6 7 8
9 10 1 12 13 14 15 16 Breaker Closed | Targets
17 18 19 20 21 22 23 Osc Triggered | IRIGE Sync
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64F: Field/Rotor Ground Faults

£4F/B: Field Ground Protection

Pickup: | 20 5 4] | _+ | 100 (KOhm) Disable
64F Time Delay: | 435 14| | 2160 (Cycles) -
Outputs Blocking Inputs

ALARM M1 2 "3 r4 s s 7 [C8 KLl F2 M3 M4
Cs FTworHrr2rCB3C140C 1 16 s e 7 s ["9
rvsrervsrapWMarzr zn FrorCrnnrC12C13 4
: 5 4] | | 100 (KOhm) Disable

64F ' : 14| | | 8160 (Cycles) -

Blocking Inputs
TRIP s FeELlC1 M2 T34
L i [ s e 7 Fs >3
Forr2r3r 4

Pickup: [ 2500 d_ | 2500 set to 80% of quiescent brush voltage:
64B Time Delay: 120 14 60 .
o | L 0.80 * 3125 = 2500 mV
Alarm M1 2 s r4a s s 7 s FrLlC1 T2 M3 a4

FCs Twornrr2r-B3rC4rC 16 s e 7 Cs s

FrvorerrsraFFalCz2 23 Forrnnr12r 130 14

— Injection

Frequency: | 032 010 ¢ | 2 100(H)

Save Cancel
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Blocking Inputs (aka Inhibit, Torque Control, Arming)

Should all protection functions be allowed to operate all the time?
If not, for what conditions should you block the function?
And which functions should you block for which conditions?

Typical conditions to consider for blocking:

1) 60FL/VT Fuse Loss 3) Equipment Failure
2) Open Gen Breaker 4) Operational Scenarios
GOFL Tr,;/l:si?ofnlflgrs 345KV
VA,B,C X GSU
s B DVTRseloss (@ R s
19§V/208V 25000/5 19KV 3Yg/3Yg /T\ Breaker 550005 TsYg& e ta%= 3;.6 « Blgr]eaklere
=93 — A S —

i = L ‘ 3
@ é 1 Exc\g(fmr / Ai

e 2) Open Gen
la,b,c B,
Y 64F Breaker £
60FL
VN <Filter _ 4) Operational
3) Equipment Scenario

20Gen Failure
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Blocking Inputs

1) Blocking for VT Fuse Loss

FL will cause the measured voltage to be reduced in magnitude and
shifted in phase angle.

v" Therefore, the calculated V/Hz, Z, P will be reduced as well.
Consider (not necessarily implement) FL blocking for all functions
that use voltages in their algorithms:

v’ 21, 24, 25, 27, 27TN, 32, 40, 50/27, 51V, 59, 59D, 59N, 59X, 67N, 78, 81, 81A, 81R
Each of these functions should be “considered” individually for if
they should be blocked with FL, e.g.:

v' 21 =Yes: V reduced, Z also reduced and could enter mho circle

v’ 24 = No: “Over” V/Hz function, V will not increase for FL

v’ 27 = Yes: V decreases for FL so block 27 with FL

v' 27TN = Yes: Already blocks with PSVB (if enabled), but doesn’t
sacrifice any dependability if also block for FL

v Go thru this justification for each function 7



Blocking Inputs

« If FL Alarm is not brought back to the control center, then may want
to consider not blocking (certain or all functions) with FL.

v And if it is Alarmed, how quickly is it dispatched, etc?

« If blocking with FL does not add any security, then do not use it e.qg.
current-only based functions i.e. 50, 87, etc.

» If blocking with FL does add security, then even if it is brought back
as an alarm to control center, then decide on if the reduction in
availability is worth the increase in security:

v" Do you have redundant protection?
v" Does the redundant protection have their own VTs?

v If using the same VTs, are there main VT secondary fuses or are
the relays individually branch fused or both?
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FL Blocking Input — VT Fuse Loss Detection

Justify each function that is blocked for a blown fuse condition, e.g. 50/27:

CAUTION: When the unit 15 off-line during an outage, tvpically the 50/27 element should remain in-service on at least one
of a set of redundant relays 1.e. ensure that the relav’s TCOs (Trip Cut Out switches) are not opened and that the relay’s
power supply source 1s not removed and that the VT fuses are not pulled, etc.

Block the 50/27 function for a fuse loss condition. This 50/27 protection is primarnily intended to be armed when the unit 1s
off-line, therefore 1t should not be blocked by anvthing at this time. And 1t will not be blocked even if FL blocking 1s used.
This 1s because the FL relay word bit will not be asserted when the unit 1s off-line with no voltage present due to how the
FL logic 1s built where 1t requires a small amount of current to be present to qualifiy as an FL. condition.

Therefore, blocking with FL will not reduce the availability and dependability of the 50/27 function when the unit 1s off-
line. Howewver, FL blocking 1s also not required when off-line so blocking for FL 1s inconsequential at that time. This 1s
the case with the 50/27 algorithm in this M-3425A relay due to how 1t 1s designed (as shown in logic diagram above) where
the blocking input enters the 50/27 logic at the start of the voltage portion of the logic. Conversely, if a different relay mfg
has their 50/27 algonithm designed differently with the FL blocking input instead at the end of algornithm, then 1t may be
best not to block for FL as the protection needs to be in-service when the unit 1s off-line with fuses removed. The 27
Pickup portion of this function is driven from the generator VT phase voltage inputs so a blown fuse on those VTs will
decrease 1 or more of the phases of voltage magnitudes. Although this 50/27 function requires all 3 phases of the voltages
to drop below the 27 pickup setting for longer than the pickup delay to arm this function, it 13 still OK to block for FL as it
will not sacrifice any dependability because of the location that the blocking input enters this algorithm.

Blocking with FL will give extra security (no nuisance trip will occur) in the scenario where all 3 fuses blow (ora VT
secondary 3-phase fused breaker 1s opened or the voltage test switches are opened or a VT primary current limiting resistor
1s temporarily opened 1.e. loose connection, etc) while the unit 1s on-line, which should be a very rare occurrence.
However, blocking with FL will primarily provide security for the situation where the unit 1s coming back on-line after an
outage and the fuses are inadvertently left out (or the voltage test switches are left open), then by blocking for FL 1t wall
avoid a nuisance trip during the startup so the VT secondarv fuses can be installed (or the voltage test switches can be
closed) depending on the plant’s policies and procedures and depending on where the unit is at during the startup process
and the type of starting being used in the application (e.g LCI starting). To ensure avoidance of a nuisance 50/27 trip, it
may be best to halt the startup process and fully shut the unit back down so the fuses can be installed, or the voltage test
switches can be closed.

Regardless, ensure that the 60FL alarm 1s brought to DCS and 1s actively monitored so the plant operator realizes that the
fuses are not installed (or the voltage test switches are left open) so it can be dispatched and remedied. Also, ensure the
60FL settings have the “Three Phase Fuse Loss Detection™ Enabled to detect the scenario where all the fuses are left out or
all the voltage test switches are left open. If the blown fuse alarm 1s not brought back to the dispatch center, then may
consider not blocking this function for a blown fuse condition.
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Blocking Inputs
1) Blocking for VT Fuse Loss

J T U BT

VOLTAGE
BALANCE
RELAY

TO TO
PROTECTIVE VOLTAGE
RELAY REGULATOR

Two VTs

2C

GEN al @

TO PROTECTIVE
RELAY AND
VOLTAGE
REGULATOR
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60FL — VT Fuse Loss Detection

1 or 2 phase FL detection: V2 w/o 12 with min V1.

3 phase FL detection: All 3 voltages < 0.05*Vnom, and all 3 currents < 1.25*Inom and 11 > 0.33 A.

Frequency Checking
F<F,

F>F,

!

External "FL"
Fumnction

External Fuse

INx  |gss Function

Protection Function Block

AND
—

V,>12.8V

V,>0.33V,

l,>0.167 I,

l,>0.33A
(.067 A)*

Internal 60FL Logic: 1 & 2 Phase Loss of Potential

!

GOFL Alarm Function
initiate by internal "FL" or *
Status Input Contact INx

AND

)

| Software Select

,>1.251,

lg>1.251,,

l.>1.251
V,<0.05V,

V< 0.05V,

15“*! Enable/Disable
3 Phase Fuse
Loss Detection

1

Vo< 0.05V,

g

Internal 0FL Logic: 3 Phase Loss of Potential

Signal by INx from External FL

‘L—o—z—b GOFL Alarm Signal

FL

—

Protection Function Block
Signal by Internal FL Logic

V; Verifies VT voltage is applied.
V; Provides indication of blown fuse.
I; Prevents cperation during phase-phase faults.

I, Prevents output contacts from chattering whare
a fuse blows during no load operation.

* Values in parentheses apply
to a 1 A CT secondary rating.

Iy Verifies On-Line condition
Indication of 3-phase loss of potential
Prevents operation during faults

Viee
I-'I.B.ﬂ
Seal-in circuit ensures logic doesn't produce
an output during 3-phase fault when current
decays below 1.25 1
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60FL — VT Fuse Loss Detection

BOFL: VT Fuse Loss Detection x|
Time Delay: [ 30 1 4] | _+ | 8160 (Cycles) Disable
Three Phase Fuse Loss Detection: ¢ Disable * Enable
—Input Initiate
MFLC1Czrralr4arsrerC7rhersrC w120 130 14
—Outputs Blocking Inputs
Fr1 F2 ra -4 00s e C7 Cs O s T - - T
Frs FTwor1rr1w2r13ar4nr 116 s e 7z s "9
FrwwrrBsrresbMaol 22T 23 Frorrnnr12r13rnr 14
4
I Sve || Cancel
|

« Wire Output 20 to DCS as 60FL alarm.

« Set the Time Delay at 30 cycles to coordinate with
secondary VT faults that are cleared by local low
voltage fuses/breakers.

« 60FL function does not have to be enabled to use FL as

a Blocking Input.
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Blocking Inputs

Protective functions typically considered for Blocking for Blown Fuse:

o 21

o 27

o 27TN
o 32

e 40

o 50/27
e 59D
o /78

o 81




Blocking Inputs

2) Blocking for Open Generator Breaker

Is protection needed when the breaker is open? NOTE: Breaker
open is not the same as unit being off-line, as the pre-synchronizing
period should be considered as well.

If not, then consider blocking for an open breaker for extra security.
Is any dependability sacrificed?
Each function should be “considered” individually for whether or

not they should be blocked for an open breaker, e.g.:

v' 21 =Yes: not required when unit is off-line (unless off-line stator
thermal overload backup protection is desired)

v' 24 = No: may be needed even before gen breaker is closed, but
some applications (e.g. PMG) may require blocking (e.g. PMG)

v 81 = mostly Yes, but may use one off-line 810 to back up “12” so
for that one, would not block with an open gen breaker

v' Go thru this justification for each function
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Blocking Inputs
3) Blocking for Equipment Failure

« 27TN - Block 27TN when the 20 Hz generator has not failed i.e. arm
the 27TN function when 64S is out of service.

4) Operational Scenarios

« 32 - Block sequential tripping (normal shutdown mode) with an
input from the position of the steam valves (i.e. unblock it after the
steam valves are fully closed).

* 40 - For LCI units, may want to block when in the LCI mode (if LCI
mode not wired into relay, then could block with open gen breaker)

* 64S — may need to block during starting for some applications (may
be inherent in algorithm or have an inhibit option)

« 87 — may want to consider blocking one sensitive set 87 element
during LCI starting with no blocking on higher set 87 (> LCI current)
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Blocking Inputs

Here are some typical” blocking inputs used for a high impedance
grounded generator application (may not be appropriate for all
applications):

Available| 21 24 25 27 2TTN 32 40 46 49 50 50BF 61BF 50DT 50N 50/27 51N 51V
Used v v Y A Y A Y A Y A Y A Y A A I v v
Blo Cking FL.1 FL.1 FL,1.6 FL.1 | FL.1 2 FL 1
Available| 59 59D 59N 59X 60FL 64F/B 645 67N 78 81 81A 81K 87 87GD lIDI.;?C BEM TC
Used v v v v v Y v v v v v
Blocking FL.1 FL.1 1

25 — if using, typically block after the breaker closes and for FL

59D — may block for FL if using calculated 3Vo

59N — may want to block for FL if using V2/Vo supervision

59X - FL is off gen VTs, whereas this is from broken delta VTs, so ideally would block
with external FL if brought into relay, could also add a bit of extra security by

blocking for closed breaker if backup on-line stator ground fault protection is not
desired 396



BECKWITH

®
ELECTRlc:-

Questions?



	Slide Number 1
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Slide Number 5
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Slide Number 10
	Slide Number 11
	NERC PRC standards for BES plants
	Slide Number 13
	Slide Number 14
	Slide Number 15
	Slide Number 16
	Slide Number 17
	Slide Number 18
	Slide Number 19
	Slide Number 20
	Slide Number 21
	Slide Number 22
	Slide Number 23
	Slide Number 24
	Slide Number 25
	Slide Number 26
	Slide Number 27
	Slide Number 28
	Slide Number 29
	Slide Number 30
	Slide Number 31
	Slide Number 32
	Slide Number 33
	Slide Number 34
	Slide Number 35
	Slide Number 36
	Slide Number 37
	Slide Number 38
	Slide Number 39
	Slide Number 40
	Slide Number 41
	Slide Number 42
	Slide Number 43
	Slide Number 44
	Slide Number 45
	Slide Number 46
	Slide Number 47
	Slide Number 48
	Slide Number 49
	Slide Number 50
	Slide Number 51
	Slide Number 52
	Slide Number 53
	Slide Number 54
	Slide Number 55
	Slide Number 56
	Slide Number 57
	Slide Number 58
	Slide Number 59
	Slide Number 60
	Slide Number 61
	Slide Number 62
	Slide Number 63
	Slide Number 64
	Slide Number 65
	Slide Number 66
	Slide Number 67
	Slide Number 68
	Slide Number 69
	Slide Number 70
	Slide Number 71
	Slide Number 72
	Slide Number 73
	Slide Number 74
	Slide Number 75
	Slide Number 76
	Slide Number 77
	Slide Number 78
	Slide Number 79
	Slide Number 80
	Slide Number 81
	Slide Number 82
	Slide Number 83
	Slide Number 84
	Slide Number 85
	Slide Number 86
	Slide Number 87
	Slide Number 88
	Slide Number 89
	Slide Number 90
	Slide Number 91
	Slide Number 92
	Slide Number 93
	Slide Number 94
	Slide Number 95
	Slide Number 96
	Slide Number 97
	Slide Number 98
	Slide Number 99
	Slide Number 100
	Slide Number 101
	Slide Number 102
	Slide Number 103
	Slide Number 104
	Slide Number 105
	Slide Number 106
	Slide Number 107
	Slide Number 108
	Slide Number 109
	Slide Number 110
	Slide Number 111
	Slide Number 112
	Slide Number 113
	Slide Number 114
	Slide Number 115
	Slide Number 116
	Slide Number 117
	Slide Number 118
	Slide Number 119
	Slide Number 120
	Slide Number 121
	Slide Number 122
	Slide Number 123
	Slide Number 124
	Slide Number 125
	Slide Number 126
	Slide Number 127
	Slide Number 128
	Slide Number 129
	Slide Number 130
	Slide Number 131
	Slide Number 132
	Slide Number 133
	Slide Number 134
	Slide Number 135
	Slide Number 136
	Slide Number 137
	Slide Number 138
	Slide Number 139
	Slide Number 140
	Slide Number 141
	Slide Number 142
	Slide Number 143
	Slide Number 144
	Slide Number 145
	Slide Number 146
	Slide Number 147
	Slide Number 148
	Slide Number 149
	Slide Number 150
	Slide Number 151
	Slide Number 152
	Slide Number 153
	Slide Number 154
	Slide Number 155
	Slide Number 156
	Slide Number 157
	Slide Number 158
	Slide Number 159
	Slide Number 160
	Slide Number 161
	Slide Number 162
	Slide Number 163
	Slide Number 164
	Slide Number 165
	Slide Number 166
	Slide Number 167
	Slide Number 168
	Slide Number 169
	Slide Number 170
	Slide Number 171
	Slide Number 172
	Slide Number 173
	Slide Number 174
	Slide Number 175
	Slide Number 176
	Slide Number 177
	Slide Number 178
	Slide Number 179
	Slide Number 180
	Slide Number 181
	Slide Number 182
	Slide Number 183
	Slide Number 184
	Slide Number 185
	Slide Number 186
	Slide Number 187
	Slide Number 188
	Load Dependent Relays
	PHASE BACKUP (21) SETTING CRITERIA:�OPTIONS – PRC -025-2
	PRC-025 Option 1a – 21 Settings Loadability Criteria:
	Slide Number 192
	Slide Number 193
	Slide Number 194
	Slide Number 195
	Slide Number 196
	Slide Number 197
	Slide Number 198
	Slide Number 199
	Slide Number 200
	Slide Number 201
	Slide Number 202
	Slide Number 203
	Slide Number 204
	Slide Number 205
	Slide Number 206
	Slide Number 207
	51VR/51VC SETTING CRITERIA:  PRC-025-2
	PHASE BACKUP (51VR) SETTING CRITERIA:�OPTIONS # 2a – PRC-025-2
	PHASE BACKUP (51VR) SETTING CRITERIA:�OPTIONS # 2a – PRC-025-2
	Slide Number 211
	Slide Number 212
	Slide Number 213
	Slide Number 214
	Slide Number 215
	Slide Number 216
	Slide Number 217
	Slide Number 218
	Slide Number 219
	Slide Number 220
	Slide Number 221
	Slide Number 222
	Slide Number 223
	Slide Number 224
	Slide Number 225
	Slide Number 226
	Slide Number 227
	Slide Number 228
	Slide Number 229
	Slide Number 230
	Slide Number 231
	Slide Number 232
	Slide Number 233
	Slide Number 234
	Slide Number 235
	Slide Number 236
	Slide Number 237
	Slide Number 238
	Slide Number 239
	Slide Number 240
	Slide Number 241
	Slide Number 242
	Slide Number 243
	Slide Number 244
	Slide Number 245
	Slide Number 246
	Slide Number 247
	Slide Number 248
	Slide Number 249
	Slide Number 250
	Slide Number 251
	Slide Number 252
	Slide Number 253
	Slide Number 254
	Slide Number 255
	Slide Number 256
	Slide Number 257
	Slide Number 258
	Slide Number 259
	Slide Number 260
	Slide Number 261
	Slide Number 262
	Slide Number 263
	Slide Number 264
	Slide Number 265
	Slide Number 266
	Slide Number 267
	Slide Number 268
	Slide Number 269
	Slide Number 270
	Slide Number 271
	Slide Number 272
	Slide Number 273
	Slide Number 274
	Slide Number 275
	Slide Number 276
	Slide Number 277
	Slide Number 278
	Slide Number 279
	Slide Number 280
	Slide Number 281
	Slide Number 282
	Slide Number 283
	Slide Number 284
	Slide Number 285
	Slide Number 286
	Slide Number 287
	Slide Number 288
	Slide Number 289
	Slide Number 290
	Slide Number 291
	Slide Number 292
	Slide Number 293
	Slide Number 294
	Slide Number 295
	Slide Number 296
	Slide Number 297
	Slide Number 298
	Slide Number 299
	Slide Number 300
	Slide Number 301
	Slide Number 302
	Slide Number 303
	Slide Number 304
	Slide Number 305
	Slide Number 306
	Slide Number 307
	Slide Number 308
	Slide Number 309
	Slide Number 310
	Slide Number 311
	Slide Number 312
	Slide Number 313
	Slide Number 314
	Slide Number 315
	Slide Number 316
	Slide Number 317
	Slide Number 318
	Slide Number 319
	Slide Number 320
	Slide Number 321
	Slide Number 322
	Slide Number 323
	Slide Number 324
	Slide Number 325
	Slide Number 326
	Slide Number 327
	Slide Number 328
	Slide Number 329
	Slide Number 330
	Slide Number 331
	Slide Number 332
	Slide Number 333
	Slide Number 334
	Slide Number 335
	Slide Number 336
	Slide Number 337
	Slide Number 338
	Slide Number 339
	Slide Number 340
	Slide Number 341
	Slide Number 342
	Slide Number 343
	Slide Number 344
	Slide Number 345
	Slide Number 346
	Slide Number 347
	Slide Number 348
	Slide Number 349
	Slide Number 350
	Slide Number 351
	Slide Number 352
	Slide Number 353
	Slide Number 354
	Slide Number 355
	Slide Number 356
	Slide Number 357
	Slide Number 358
	Slide Number 359
	Slide Number 360
	Slide Number 361
	Slide Number 362
	Slide Number 363
	Slide Number 364
	Slide Number 365
	Slide Number 366
	Slide Number 367
	Slide Number 368
	Slide Number 369
	Slide Number 370
	Slide Number 371
	Slide Number 372
	Slide Number 373
	Slide Number 374
	Slide Number 375
	Slide Number 376
	Slide Number 377
	Slide Number 378
	Slide Number 379
	Slide Number 380
	Slide Number 381
	Slide Number 382
	Slide Number 383
	Slide Number 384
	Slide Number 385
	Slide Number 386
	Slide Number 387
	Slide Number 388
	Slide Number 389
	Slide Number 390
	Slide Number 391
	Slide Number 392
	Slide Number 393
	Slide Number 394
	Slide Number 395
	Slide Number 396
	Slide Number 397

