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Abstract- Microprocessor based Oubf-Steprelays have been

Each line is also series compensated with-d¢ind

used onthe California-Oregon Intertes i nce t he 19 805)§C§t0r§ egaac (')‘t?msﬁaﬁlosa? shown in Fig. 2
separation of the north and south systems early in an otherwise T 7T
unrecoverable power swing. In 2017, the then 25 year old relays Captain Jack IT Vialin

were identified for replacement, which initiated the need for T ,
updated transient stability swing studies and relay testing. This T £ = 7

paper will go through the relay settings and testing with both ~— OREGON_ | % — | | _ _ __ __ _ _
simulated and real measured dataAdditional topics of this paper CALIFORNIA #1 #2

include: determining the voltage source location on a series | ] Round Mountan
compersated line, converting transient stability simulation results T3

to relay testinput data, and an analysisof the 2019 outof-step Olinda _L T T

relay misoperations. —

Index Term® Out-of-Step, Out-of-Step relay,power swing

I. INTRODUCTION

OWER swingscanoccur after alisturbanceand oscillate

at a subsynchronous frequenc$tablepowerswings are

recoverable withot intervention. Arunstableswing
requires interventionf a Remedial Action &eme(RAS) or
out-of-step(OOS)tripping relayingto prevenbr isolate the
collapse of asystem OOS tripping protection is the focus of
this paperOOStripping relaysare usedo separate systenis
a controlled wat a specific locatioparly in an unstable
power swing OOS blocking prevents separation during an
unstable power swp inundesirable locations.

The OOStripping relays that are the focus of this papare
locatedat Malin and Captain Jadubstationgor the three 500
kV California-Oregon Inértie (COI) lines: MalinRound
Mountain 1 & 2, and the Captain Jackinda. The lines run
north andsouth on the west coast of the United States
shown in Fig. 1

Mountain

| [l I

CALIFORNIA

1 I u
Fig. 1. Geographical location of OOStrip relaysat Malin and Captain
Jack substations.

Fig. 2. COI transmissionlines with OOStrip r elays

Il. OUT-OF-STEPTRIPPINGRELAY SETTINGS

OOS tripping relayseed to distinguisan unstable power
swing from a stable power swing, a fault, and from load flow
Relays can do this infaw different ways. One method is by
implementing inner and outénpedance blinderthat can be
rectangular duadrilaterd), circular (mho) or some
combination of the twio

Theevent is tracked as ibmes betweethe blinders and
theresistivespeed is measuraa ohms-persecondFaults are
fastchanging events, and swings are slowwomparisonThe
blinders need to beetwherethe relaycandetect an unstable
swing from a tableswingor load encroachment.

Stable swing®n the COltend to oscillate in a focused area
on an RX plot, and may reach in between the blinders and
back out the way it came in.nAunstable swingn the COI
tends to creata largeslow swingingloop passing through
bothinner and outeblinders(See Fig3). An internal fault
will also pass through both blinders, but will be fast moving.
Load characteristics are system dependent, and as discovered
on the COI can change over time.

Another important faor is that unstable swings the COI
tend tooccur undeheavyloading. To prevent an unnecessary
separation under light loads a supervisory minimum pickup
current element is also used.
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relays. Protection engineers then decideapoly the same
199200Ssettings

Unstable Power Swing

slow BPA, who is responsible for the Malin end of the lines,
coordinaed thesetings withtheengineers from Pacific Gas
: RO”*_*____ Fault and Electric (PG&Ewho areresponsible for the Round
é/ """" (fast) Mountain end of the line. PG&Rerformedtransient testing
—- Stable Power Swing with ha_rdwarein—theloop equipment to validate thg line
e (slow) protection and the OOS settings. The PG&E testing method

automates the fault simulation and data collection, allowing
them to run thousands of test cases in a short period of time
[3]. In one batch 010,000tests the OO&ip element picked

up for approximately 2.5% of the internal faults another
batch of5,000external faults on adjacent apdrallel lines the
OOS tripelement picked ufor approximately 8% of the

Rint

J

Fig. 3. OOS dcharacteristics on animpedanceR-X plot with example faults.The performance dhe OOStrip settingswas
power swings and fault unsatisfactoy.
Fig. 5 belowis an example adn AB phasdault 95%down
Ill. OUT-OF-STEPRELAYING HISTORY the Malin-Round Mountain 1 linérom theMalin end and is
The first microprocessor OO8lays werdnstalled on the  one of the falts that the OO®ip element Msoperated far
COl in 1982 whicloperatedn resistancenagnitude and Theimpedance is shown g@seendots, the original 1992 O®
speed onlyTwo IEEE papersvere written on this topicl] trip elementhat wasused during testinig shown in red.
[2]. Prefault loadmpedancas outside of the OOS trip element
In 1992theywereupgraded t@ new relay that blinders. As the fault deslops it entesthe blinders as
implemented the OO&uadrilateracharacteristic with inner ~ expected, but unexpectedly caused a trip operation. The trip
and outer blinderthat included resistance and reactance likely was due tahetime the fault pent between the blinders
settings resistance rate of change, and a minimumugck was long enough to appear as a slow swing
current The QOS relaysusedwere early versions of Malin-Round Mountain 1
microprocessor line distance relays. They were set to trip foi ., AB Fault | 0 deg POW | Fault Location 9
swing at or belowt00 ohns/sec with the resistive inner ' (R1.X|1)
blinder set to 4®hms and outer blinder set 58hns primary 200 ——1992005ST| |
as shown in Fig. 4
1992 OOS Trip Settings 150
1500 f
» 100
1000 f £ -
@ 5007 < 50 11 Prefault
=
5 0 x1
X -500 t or : T
-1000 | sl B .
1500 | ' -
-100
-200 -100 0 100 200 -100 -50 0 50 100 150 200 250 300
R (ohms) - ) R (ohms) ) .
g. 5. Impedanceplot of simulated internal AB fault overlaid with the
1992 OOS trip characteristic.
Additional OOS Trip Settings
Minimum PU Current (A) 600 The hardware in the loop testing demonstrated that agplyin
| Maximum Resistive Rate of Change (ohm/s( 400 | the original OOStrip elements to the new line relays with the
Fig. 4. 1992 OOSip r e'ayds‘:trt";‘r?tes”s“c R-X plot and additional existing settings was not a feasible option. It was decided at
9 the time tokeepthe existing OO%rip relayson the lineuntil
In 2016 and 2017 the solid state line relagsthe Malin the scheme could be extensively studied.
Round Mountain lineg & 2 were replaced with modern At that time, the BPAlanningengineering group was

microprocessor relays. Also slated to be replaced there ~ consulted and they agreed that BPA still needed @pS

0O0S microprocessor relays that had been installed in 1992 Eglays on the three intertie lines, as the Q@relays are part

Malin. of a RAS safety netschenPA6s protecti on
Because the same manufacturer of the OOS microprocesggpupreviewed theoriginal OOS trippingscheme and

relaysinstalled in 1992 were being applied for the new line requested a fresh stability review frdire planning engineers.

protection relays, design engineers made the decision to move® Senior engineer in therotectiongrouprecollected that

the functionality of the OOS relaystimthe new line distance the OOStrip relayswere to beconnecedto the breakeside of

e n



the series capacitgreot on the line side as they wextethe
time

In 1996 thdocal engineeresponsible for the relaysmd
moved the voltage connections of tA®Srelays to the line

distance element could use the lside voltage. Option 3
would only be considered if optio2 and option 1 weraot
viable. Fortunatelythe second set of lineelayssupportedwo
independent threphase voltage inputs as shown belowig.

side of the capacitors to take advantage of the impedance fault

location featureas shown in Fig. Bus Series
. Capacitor
Bus Series
Capacitor QA_D I I line
%qq_':’ I I > Line S o
\ I ; j/ Breaker Sde Line 9de
/T\ Voltage Voltage
Breaker Side Line Side
Voltage Voltage
68 Relay
21

Fig. 8. OOStrip (68) function and distance (21) function in the same
relay. The OOS trip function uses the breaker side, while the distance

Fig. 6. ip rel i lay (21 h héne-d
ig. 6. OOStrip relay (68) and distance relay (21) both on théne-side function uses theine-side voltage connection

voltageconnection

The QDSrelays voltage inputs were put back on the breaker 1V. SERIESCAPACITORLINE SIDE AND BREAKER-SIDE
side of the series capacit@fter the discovery was made VOLTAGE DIFFERENCES

shown in Figr. For a lineend seriecompensated linghe voltage on the

line side and the breaker side are going to differ when the
capacitors are iservice.Since the breakeside voltage is
morestable it was seleted for use in the OOS relay.

A recent single lingo-ground fault on the Captain Jack
Olinda lineillustrates the difference between tireaker side
and the lineside voltagef the series capacitbefore and
during a fault. During the faulthevoltage difference was
most notable with a shift ithe magnitude and phasegle.
(see Fig9 and 1Q. The lineside voltagdred) is leading the
breakerside voltage (green) by about 28 degrees duriag th
fault. Thepeakvoltagedifferenceduring the faulis about 9%.
This results in a shiftf impedance degnding on what voltage
is used as shown g 11.

Series
Capacitor

%—DJJHJJ,

Breaker Side
Voltage

Line Side
Voltage

21

Fig. 7. OOStrip relay (68) using the breakerside voltage, while the

distance relay (21) uses thkne-side voltage connection

T
600000 | ™ VBKRA

Since 1996 until their removals in 2018 and 2€H&re \ 7 N " VUNEA
were noOOSrelay operationdor any disturbance including N \ N\ )\
the 1996westcoastoutages. / \ / J \ Jo\

BPA considered thfollowing three options to replace the ) =
OOSrelays e .

1) Usea line relayconnected to thine-sidePT for 6000
both OOS and distance protection. o

2) Use dine relaythatcansupporttwo voltage sources,
so that theDOSprotection can use the brealsde
PT and line distance protectiaan use the lingide
PT. (Fig. 8 soo |1 et o o p

3) Use a separate OOS relegnnected to the bager Fig. 9. Captain Jack line relay event record. [top]
side PTs of the series cgfFig. 7)

T

1 {
1 /
\ /)
W\ //
[\

400 ms 420 ms 440 ms 460 ms 480 ms 500 ms.

Faulted phase breaké
side (red) and line-side voltages (green), [bottom] threghase line
currents with the faulted phase in red.

Because the OOSWwing cases provided by planning used
breakesside voltages, and the distance relay elements of the
new line relays had been successfully tested ubimgineside
voltage option1 was notdesirable For option 2 to work, the
line relays required two thrgghase voltage inputs, so that the
OOsStrip element cold use the breakeside voltageand the
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Fig. 12. OOS trip impedance characteristic for new relays developed in
2017and additional settings

Fig. 10. Same event as previous figure zoomed in at the end of the fault
with the phasor diagramplot at the bottomfor the time of the horizontal
orange arsor.

In Fig.11 the calculated positive sequence impedance using ' ransmissiorPlanning rarupdated transient stabilipower
the breakeside voltage is shown in red and the calculated SWing studieso develop the settingsnd provideccomma
impedance using the lirgide voltage is shown in green seprated valuesGSV) files in July of 2017t_hat mclud_ed both
Prefault impedance shows up as a star in the lowerhighd ~ StaPle and wstablepowerswings The GSV files contained
side of the plot, while the fault impedance shows up on the RMS power flowmeasurementiiat were not directly
upper lefthand side of the plohote that although the general COMpatiblefor relay testing. The data needed to bevested
trajectory is the saméhere is a notable shift between the twoiNtO Sinusoidathreephase peakalues inlEEE C37.111
impedances that is variabléhe breakeside voltage which ~ Common format for transient data exchange (COMTRADE)

includes the series capacitor is shifted in the negative for relay testingOnce converted theOMTRADE files could
reactance direction as expected. thenbeplayeddirectlyinto the relaysThe relay event files
could beanalyzed to ensure proper trip operasiéor unstable
Captain Jack-Olinda 07-20-2020 Fault power swings, ando trip operation$or stable power swigs.

\ [ \ The flowchart illustrated in Figl3 outlinesthis process
(R1,X1) Bkr Voltage L that took until 2018 to completé&lthough, the figure implies
100 - (R1,X1) Line Voltage . .
a linear progression there were loopbacks where resates

. e not as expectea@nd the relays needed to be retestadrig.
v e B 13theblue documents represent a file created by the previous
process.
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Fig. 11. Samesingle line-to-ground fault as inFig. 9 and Fig.10plotted on

an R-X plane using the breder side (red) or line-side voltage(green)

V. OUT-OF-STEPRELAY TESTINGPROCESS& LESSONS
LEARNED

TransmissiorPlanning proposed the following OOS trip
relay settings for the MaliRound Mountairl & 2 and
Captain JaclOlinda linesthat are also plotted iRig. 12:
A Maximum rate of change for the swing impedance is
200ohmspersecond
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Fig. 13. Process used ttest OOS trip relay settings.

\ 4

A. Transient Stability Program SwgnSimulations

TransmissiorPlanning providedhree stable and three
unstablesimulatedpowerswings Fig. 14 and16 showthe
RMS time-domainplots of the six events:ig. 15 and17 show
theimpedanceplotsfor each event
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Fig. 14. Three unstable power swing simulationseen from Malin on the

Malin -Round Mountain 1 line. For each plot [top] RMS Malin bus

voltage, [middle] RMS line current for the Malin -Round Mountain 1,

[bottom] three-phase real power (blue) thregphase reactive power (red).

Unstable Swings

In the three simulated unstablases shown in Fig.4 there 150.0
is an initial swing where the Malin bus voltage dips below 2C
kV L-L RMS. It is unlikely that thexominal 525 kVL-L RMS 100.0
systemwould continue to swing after this dip as shown in the i
simulations. However, it is included therelay testing to -
verify separatiorwould occurprior to this point. & 500 =N R
e R N N ot
Malin-Round Mountain 1 - Unstable 1 'S "‘*§\
280 Ny X 00 e
= ~——— | \/ \/VVV N === o >
sz
= 0 * .
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2000 — A Fig. 15. Plot ofthe three unstable simulated swing$rom Fig.14 on an R-
s S 1000 AW X plot seen from theMalin -Round Mountain 1 line. Black is the 207
S 1l 0OS characteristic.
3 1000 \ AN
vV Vv . . .
. ; ) N . . . . . . The tree stable power swing simulations were also
Time (s) convertedor relay testing to verify the OOEp elements do

not operate.
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Fig. 16. Three stable power swing simulationseenfrom Malin on the
Malin -Round Mountain 1 line. For each plot [top] RMS Malin bus
voltage, [middle] RMS line current for the Malin -Round Mountain 1,
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Fig. 17. Plot of the three stable simulated swing$rom Fig. 16 on an R-X
plot seen from theMalin -Round Mountain 1 line. Black is the 207 OOS
characteristic.

B. ConvertingTransient StabilitySimulationOutputto Relay
Input

A custom script was created to convert thegrant stability
programCSV results to relafCOMTRADE inputs.Fig. 18
illustrates the proceassed to create the relay input files for
each of the six swing casésach phase in the procassedis
briefly explained belowiNote that this is just one exatapf
how to perform the conversioThere could be variations and
likely necessary modifications that would need to be made to
apply the same process to a different systemn example, a
necessary modification may be as simple as a different phase
notaton, or more complicated if the transient stability data
provided additional challenges than the ones seen here.

[bottom] three-phase real power (blue) thregphase reactive power (red).



Transient Sability Fix two data points
v at the same time 200 I I A [
IML I, VA | B, = shift the second 100 || Voltage Angle 180 Wrapped (deg) | / /
e point to a slightly - /
later time 0 // / /
-100 // V / (
. : -200
Unit Conversion Unwrap Voltage 0 1 2 3 4 5 6 7 8
convert per unit and Angle |
rms magnitudes to Unwrap +/- 180 deg 1500 ‘ : ‘ [
V-In-pk and A-pk wrapped angles ‘ Voltage Angle Unmrapped (@og) ‘ /
1000 /
500
/
Calculate Qurrent Correct Quadrant ]
Angle —] Eror 0 —1
atan(Q/P)=_ v-_i Add 180 degto -P 0 1 2 3 4 5 6 7 8
Time (sec)
Fig. 19. [top] Wrapped and [bottom] unwrapped voltage phase angles
from transient stability software.
SlcolliE Al RO K] 4) Calculate Current Angle
Apply arolling bi- Convert datato a . .
directional || higher consistent The current angle ~can be derived py calculatlng_t_helv
averaging filter sampling rate angle(n ) using the givemeal and reactive powepuantities
(P and Q)then subtracting from thgivenvoltage angler
as shown in th&qg. 1-3 below.
A L
Qreate Three fhase Sinusoidal CSV AOAL 1 Sl
L —» Va, Wb, \, Ia b, |
V=]Vl sniwt+ v) & Vb, ¥e 18 b, e n noon [Eg. 2]
I=] 1] sin(wt+_i) o0 .
_—~ noon AOAY Ol

Fig. 18. Flowchart for the custom script createdto convert transient
stability results into relay inputs. Thisrepres ent s t he 6 Compu
Sof twared6 pl3ocess in Fig.

§) Correg (gqadrant Error
Most calculators will provide angles of trigonometric
functions only in the first and fourth quadrants, because they
1) Two Data Pints at the Same Time do notdiscriminatebetweerthe polaity of the numerator and
The simulatedswingsincludedstep changewhere there denominator independently. Without correctitre
would be two different data values for the same time stamp impedance derived from the sinusoidal voltage and currents by
which is unacceptable for a relay inptihis was adressed by the relaycanbein the incorrect quadrant
delaying the second data poiAt1/8 cycletime delay was It was discovered that when real power flow was negative
chosenas it was less than the time difference between the tile V-1 phase agle simply needed to be shifted by 180
closest data poinia any of the cases degreess shown in Fig20.
2) Unit Conversion The top plot of Fig20 shows an example of what thelV
The s$nusoidal voltage and current relay inpated to bén  angles look like out of the arctan function without correction.
peak values. Thegr-unit voltagegprovided from the transient The middle plot shows the corrected power angle. The bottom
stability programwere converted to volts in liA@-neutral plot shows the real power. When the real power is negative the
peak values, anthe RMS current magnitudes were convertedcorrected angle is the arctan angle plus 180 degrees. Negative
to peak. real power using BPA notation represents power flow into the
3) Unwrap Voltage Angle bus.The appendix of this document goes throagtexample
If the voltage angle provided from the tedent stability of this quadranerror and correctian
program is wrapped it can produegoneous large phase
shifts in the sinusoidal waveformBhe phase angleprovided
by the transient stability program weaevrappedangle
between +/180 degreesSome computational softwahave
built in functiors to unwrap angleas was used in this case
otherwisea custom script will have to be created.
The top plot in Fig. @ shows what the +/180 wrapped
voltage phase angle looked like from the transient stability
software. The bottom plot showstnwrapped angle used to
create the sinusoidal voltages and currents.
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Fig. 20. The [top] V-l angle with quadrant error and [middle] shows V-I
angle with quadrant correction that is shifted by 180 degrees when
[bottom] r eal power is negative.

6) Smooth Signals

A customrolling bi-directional averaging windovilter was
appliedto each swing cas® smooth out some of the
inconsistenciesBi-directionality compensates for the natural
time shift that will occuwhenapplying an averaging filter
forwards in time, by applying the e filter backwards in
time.

7) Resample Data

The sampling rate for the cagg®vided by the transient
stability softwarewere variable. More points were
concentrated on areas where theszemore changes in the
data valuesand less when there minaere mnor changes in
data COMTRADESsfor relay inputrequire a consistent
sampling rateTo accomplish a consistent sample rateddia
was up sampled ta higher raterepeating data values where
there were no changesidtimportant to save increasitige
number ofdata samples to the last step possible to reduce
processing timeA sampling rate of 20 kHz would be
sufficient for mosimodernrelays.

8) Create ThreeéPhase Sinusoidal Voltage & Current

Using the magnitude and @efor both voltage and

current,asinusoidal waveform can be produced. The voltage

and currenequationgrovided belowuseA-B-C clockwise
notation(Eq. 4-9).

® o wsOfTo n (01 S
o6 wsOFTon pgmd
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9) ConvertCSVto COMTRADE

Using freeware ATP Analyzer event viewing software the
CSV output from the custom script svaonverted to a
COMTRADE format ATP Analyzer can also use the
sinusoidal currents and voltagescalculatetransient real
power, reactive poweresistanceand reactance quantities.

10) Check Results

It is highly recommended to chetthe conversiomestits
before proceeding to relay testing. One check is to calculate
real and reactive power from the thiglease sinusoidal
voltage and currents. Compare the calculated values to the
originally provided values to verify results.

C. OOSTrip Relay Testing

Relaytesting included
1. Six totalsimulatedstable and unstable swing cases
2. A measured stable swing from 2004
3. A measuredinstable swing from 1996
4. 75 simulatel internal and external faults

1) Simulated Power Swing Relay Testing

After thesix transient stability sioated power swings
were converted int€OMTRADESsthey were played
directly into the relaysThe relay event records from the
three unstable power swings are shown in Flg22The
relay did not produce events for the stable swings, because
there correctt was no trip and therefore no event trigger.
The trip times for the unstable power swings, Hreho
operation for the stable power swings was determined to be
satisfactory.

Unstable 1 | Malin-Round Mountain 1
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Fig. 21. Power swing trip signal comes in 4.99 secondso the event
record.



Unstable 2 | Malin-Round Mountain 1
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Malin-Round Mountain 1 - 06-14-2004
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Fig. 22. Power swing trip comes in 2.45 seconds into the relay event

record.

Unstable 3 | Malin-Round Mountain 1

500 Ky ssii AR e T |
0 Voltage (kV-In-pk
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5000 [

line from 06/14/2004.

The impedance plot is shown in Fi§.@here the swing
enters the outer blinder of the 2018 OOS trip characteristic
(shown in black), but doe®t pass through the inner blinder.
The swing does not enter the 1992 OOS trip characteristic
(shown in red), which were thiBs-servicesettings at the time
of the event

06-14-2004

5000 t t : 150
0 0.5 1 1.5 25
200 y
100 Resistance (ohms)‘
0 E—— 100
0 0.5 1 1.5 25
40 T
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Fig. 23. Power swing trip comes in 2.68 seconds into the relay event
record.
-100
-100 -50 0 50 100 150 200 250

2) June 2004 Loss of Large Geagon Stable Swing
UsingPhasor Measurement '.JthPJ) data from a real Fig. 25. 30 samples/sec PMU data for 2004 stable power switigreen]
system event that nearly réteul in a system QUtage in 2004 (R,X) points for Malin -Round Mountain 1, [red] 1992 OOS characteristic

was converted to @OMTRADE for relay testing. The stable [black] 201700S characteristic.

power swing at the COIl was created by a long duration fault in

Arizona followed by a loss of a large amount on generation in 3) August 1996 Unstable Swing
southern California. PMU datacaptured fronthe 08-10-1996blackoutwas also

When this real event was tested in the relays there correc@ignvertednto aCOMTRADE for OOS relay testing othe

was no trip operation, and no event recgetieratedThe Malin-Round Mountairt line. The power swingvas an
RMS PMU values for the swing are shown in Fig. 2 unstable case, but the intertie separated early due to-a non
0OO0S relayMisoperation Unfortunately because the event

record was cut too shatie OG5 relay testing did not result in
a trip operationThe PMU measurement values are shown in
Fig. 26 and the calculated impedee RX plot is shown in

Fig. 27

R (ohms)
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swing studies developed in 2017. The Mdlound Mountain

Malin-Round Mountain 1 - 08-10-1996 N .
1 & 2 lines were not updated due to scheduling delays.

fé £ 500 — In January2019 there were two OOS misoperations where
g2 . \JX the CaptainlackOlinda line tripped under light load
0 1 2 3 4 5 6 7 8 conditions. The misoperations illuminated the importance of
» the reactive reach of the OOS quad elements, and the
o % 2000 dl minimum pickup current.
‘E I o N~— | — \ The MalinrRound Mountain lines still useheoriginal
57 . 1992 relaysind sefngs In hindsight we werelucky that the
0 1 2 3 4 5 6 7 8 original relayswere on two out of three of the COlI lines.
On Sunday January 202019 real power flow on the
SF o | o~ ] "] Captain JaclOlinda Iing was decreas';in.g. The power flow
= turned to mostly reactive, so the resistiveeal power
*o \ component was decreasing considerably. The power flow
% 1 2 3 4 5 6 7 8 reached into the OOS trip blindeasd tripped the Captain
Time (s) JackOlinda line. The same incident occurred for a second
Fig. 26. Unstable swing seen from Malin on the MalirRound Mountain time on Monday January 212019 which was a holiday. On
1line from August of 1996. Tuesday Janug 22" the OOS element was disabled the

Captain JaclOlinda line The MalinrRound Mountain 1 & 2
lines were left enabled since there was no history of
ngsoperations using the oldeslays andsettings.

Below are two figured-ig. 28and 2, of 60 samfes-per
second®MU data for the twanisoperatiorevents Post
analysis of the misoperations do motuallyshow power flow
clearlygoing throughtheblinders. Not even when the relay

event record was played back through the relay in the lab did

150 08-10-1996 it operae. Onehypothesis is that the sampling rate of the

The 1996 swing enters tloaiter blinder of the 20Asettings
(black characteristic in Fig.72, but does not pass through the
inner blinder. The swing does not appear to enter the blinde
for the 1992 OOS settings (red characteristic in Fig, 2
which were thén-servicesettings at the e the swing
occurred.

event did not capture exactly what the relay measured.
100 Captain Jack - Olinda 01-20-2019
1T I
™ 50
€
<
=2
X0 __ -500
(2]
..... IS
i S
-50 < e
-1000
-100
-100 -50 0 50 100 150 200 250
R (ohms) [ RX 00s|
Fig. 27. 30 samples/sePMU data for 1996 power swing [green] (R,X) I ( ‘\) I
points for Malin -Round Mountain 1, [red] 1992 OOS characteristic '15001 00 50 o 0 100 150 200 250 300
[black] 201700S characteristic. . B
R (ohms)
. Fig. 28. 60 samples/sePMU 01/20/2019 (R,X) points for [purple]
4) Simulated Internal and External Faults Captain Jack-Olinda, [black] 201700S characteristic.

The 75 simulated internal and external faults were ran with
equipment in loop to verifthere would be no OOS trip
operationfor multiple types ofnternal and externdaults
The faults were simulated using a Real Time Digital
Simulator.The faults werganin multiple locations with
various equipment and transmission paths out of service and
with low load, normal load, and high load conditions.

VI. MISOPERATIONS

In November of 2018, the Captain Ja@knda OOS relays
were integrated intthemodern line rlays that had been
installed in 2012 with settings updated based on the new
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Captain Jack - Olinda 01-21-2019

Captain Jack and Malin 2015 5-Minute SCADA
U |
0
=500 £ 500
? g
£ x
o )
< E -1000 -
-1000 s Eei
o A
-1500
[ - RY 00s|
] \ I I -2000
B 50300 50 0 50 100 150 200 250 300 -2000 -1500 -1000 -500 0 500 1000 1500 2000
R (ohms) Resistance, R (ohms)
Fig.29. 60 samples/sesynchrophasor01/21/2019 (R X) points for . . . .
[purple] Captain Jack-Olinda, [black] 2017 0O0S characteristic Fig. 30. 2015 5minute SCADA (R,X) points for [purple] Captain Jack-
Olinda, [green/blue] Malin-Round Mountain 1 & 2, [red] 1992 O0OS
A. Analysis of Historical Power Flow characteristic,
Post misoperation review bfstorical 5minute SCADA
data from 2015a 2018 Fig. 30-33) showed thathis Captain Jack and Malin 2016 5-Minute SCADA
misoperation was going to happen at some point with the
updatedOOS settings. Most power flow on the Captain Jack 0
Olinda line is bedw the surge impedance loadiafithe line —
and isthereforecapacitiveor having a nedive reactance :’g’ 500
componentThepower flowtrendfrom 20152018shows an s
increase in importing powdrom the southand more overall ﬁ
variability in the characteristic¥.he change inqwer flow § -1000
over time generally speakinga slow power swingnd is at g
risk of causing an OOS trip misoperation T o
In Fig. 30-33 the apparenitmpedance is plotted for each of
the three lines for that entire calendar year. The purple (R,X

impedance dots are for the Captain J&@tinda line. The -2000

greenandblue (R,X) impedance dotare for the MaliRRound 2000 1500 1000 -500 0 500 1000 1500 2000

Mountain 1 & 2 lines, respectively. Each figure also has the Resistance, R (ohms)

OOsStrip characteristits) thatwereapplicablefor that year. Fig. 31 2016 5minute SCADA (R,X) points for [purple] Captain Jack-
In 2015 power flow on all of the COI lineshowed Olinda, [green/blue] Malin-Round Mountain 1 & 2, [red] 1992 O0S

primarily expoting power to the south (Fig0) with positive ~ characteristic.

resistanceOver the next few years that trend starts to change

as there is an increase in importing power from the south ) ] )

shown as negative resistantintil 2018, where there is a Captain Jack and Malin 2017 T'M'“”tf SCADA

significant increase in importing power from the south.

-500

-1000

Reactance, X (ohms)

-1500

-2000 -
-2000 -1500 -1000 -500 0 500 1000 1500 2000

Resistance, R (ohms)
Fig. 32. 2017 5minute SCADA (R,X) points for [purple] Captain Jack-
Olinda, [green/blue] Malin-Round Mountain 1 & 2, [red] 1992 OOS
characteristic.

In 2018 the settings for the Captain J&zlinda line were
changed to the black characteristic shown in 88g.The
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Malin-Round Mountain lines continues to use the shorter red®017 settings that were dpgal in 2018in black and thepost
characteristic. As shown in the figure impedance data from thésoperatior019updatedsettings in dark blue. The second
Captain Jek-Olinda line shown as purple dots pass into the figure, Fig. 36, shows the effect of apply a minimum pickup

black OOStrip characteristic. current of 90Gamps Notethat all ofthe simulatedswing cases
Captain Jack and Malin 2018 5-Minute SCADA had currents ab@v1%0 ampsThe mhimum pickup current
‘ \ previously used on the Captain Ja@knda linedeveloped in
0 1 2017 was300amps and the 1992 OOS trip relays usfiD

= amps

::é’ -500 Captain Jack and Malin 2019 5-Minute SCADA

S el

= 00 =

- .

£ -1000 ot

£ € 5000

3 5

45} =

o x PG PR

-1500 5 Fi
E -1000.0 *7}»
-2000 A ot S -1500.0
2000 -1500 -1000 -500 O 500 1000 1500 2000
Resistance, R (ohms)

Fig. 33. 20185-minute SCADA (R,X) points for [purple] Captain Jack- 20000 ) ‘
Olinda, [green/blue] Malin -Round Mountain 1 & 2, [red] 199200S 20000 15000 10000 5000 00 5000 10000 15000 20000

Resistance, R (ohms)

characteristic, and [black] 201700S characteristicthat was installed on ) ) ) ) .
the Captain JackOlinda line in 2018 and caused a misoperation in 2019, Fig- 35 5-minute SCADA (R,X) points for [purple] Captain Jack-Olinda,
[greenflight blue] Malin-Round Mountain 1 & 2, [black] 2018 OOS

characteristic, [yellow] 2019updated OOS characteristic.

VIl. POSTMISOPERATIONUPDATED OUT-OFSTEP SETTINGS

According to thesimulatedswing files, unstable swings
occur under high poweltdws abovethé¢ i neds sur ge
impedance loading/here linecurrent isinductiveand
therefore gositive reactancéccording to historical data
power flowon these lines angpically capacitive or a
negative reactance. The solution is then to significaetiyce
the reach of the OO@ip element in the negative reactance or
capacitive directionConsistentvith reducing the negative
reactive reach, theupervisoryminimum pickup current was
also raised to ensure there would be no operation under light
load conditions A plot of the post misoperation updated
settings are shown below in Figt.3

2019 OOS Trip Settings

Fig. 36. 2019 5minute SCADA data in previous figure with the effect of a

1500 f applying a minimum pickup current of 900 amps
1000 f
500 VIIl. CONCLUSIONS
o It had been 25 years since the last update to the OOS relays

on the COlI, and almost all of the internal expertise was gone.
-500 | Clues to how the relays wepgeviouslytested and intended to
work were passed down from the few remaining people tha
were involved in the projeend luckily kept good records

-1500 ¢ This paper outlines the process used to update the settings this
time around as a way ttocument and dissemindtas

X (ohms)

-1000

200 -100 0 100 200 . .
R (ohms) experience with othergor that purposea summary of
onms recommendations baden the lesons learned are outlined
Additional OOS Trip Settings below.
Minimum PU Current (A) 900 . . .
Maximum Resistive Rate of Change (chm/s{ 200 ' Whenpossible verifyOOSrelay setting performance
through lab testing by runnirigcation specificstable
Fig. 34. Post misoperation 2019 @S trip characteristic and additional and unstable power Swimmaﬂom in the relays
settings. . .
1 Verify other protection elements are not
In November2019 thepost misoperationpdated settings compromisd by the OOS tripping elemerty
were applled in th©0OS rela)at Captain JaC|F|g35 shows runningcomprehensivmun simulations

the entire calendar year of 2019 historical power flow with the



