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A. Introduction

1. Title: Relay Performance During Stable Power Swings
2. Number: PRC-026-2
3. Purpose To ensure thdbadresponsive protectivelaysare expectetb nottrip in

response to stable power swings during-Ranlt conditions.
4. Applicability:
4.1. Functional Entities:

4.1.1 Generator Owner that appliEmdresponsiverotective relayas
described in PR@26-121 Attachment Aat the terminals of the Elements
listed in Section 4.2F-acilities

4.1.2 Planning Coordinator.

4.1.3 Transmission Owner that appliemdresponsiverotective relaysis
described in PR@26-121 Attachment Aat the terminals of the Elements
listed in Section 4.2, Facilities.

4.2. Facilities: The followingElements that are part of tBeillk Electric System
(BES):

4.2.1 Generators

4.2.2 Transformers.

4.2.3 Transmission lines.
5. Background:

This is the third phasef a threephasedstandard developmepirojectthat focused on
developingthis new Reliability Standardo address ptective relay operations due to

stable power swingsThe March 18, 2010Federal Energy Regulatory Commission

(FERQ Order No. 733 approved Reliability Standard P&X3-1 i Transmission Relay
Loadability. InthatOrder, FERC directed NERC to address tlaneas of relay loadability

that include modifications to the approved RBZ3-1, developent ofa new Reliability

Standard to address generator protective relay loadabilitya aegvReliability Standard

to address the operation of protective relays a@ustdble power swing§. hi s pr oj ect
SAR addresses these directivath athreephased approach to standard development.

Phase 1 focused on making the specific modificatimmm FERC Order No. 73® PRGC
023 1. Reliability Standard PR®©23-2, whichincorporated these modificationsecame
mandatory on July 1, 2012.

Phase 2 focused on developing a new Reliability Standard;(RBC i Generator Relay
Loadability, to address generator protective relay loadabiRRG0251 became
mandatory on October 1024, along with PRC-023-3, whichwas modified tdharmoniz
PRG023-2 with PRG025-1.

Phase 3ocuses orpreventing protective relays frotnpping unnecessarily due to stable
power swings by requiringlentification of Elements on whichsdable or unstablpower
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swing may affectProtection System operationassesment of the security ofload
responsiveprotective relag to tripping in response tonly a stablepower swing and
implemenéation of Corrective Action Plan§CAP), wherenecessaryPhase dmproves
securityof load-responsive protective relajer stable power swingso they arexpected
to not trip in response to stable power swings during -Ranlt conditionswhile
maintaining dependable fault detection and dependablefeatép tripping

6. Effective Dates. See Implementation Plan
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B. Requirements and Measures

R1. Each Planning Coordinator shalt leasbnceeach calendar year, provide notification
of eachgenerator, transformer, and transmission B&S Elementn its area that
mees one or more ofhe following criteria, if anyto the respective Generator Owner
and Transmission Owngwiolation Risk Factor: Medium] [Time Horizon: LoAgrm
Planning]

Criteria:

1. Generator(s) where an angular stability constraitntified in Planning
Assessmentsfahe NeafTerm TransmissiorPlanning Horizon for a planning
event-, existsthatis addressed bylimiting the output of a generat®ystem
Operating Himit{SOL)or a Remedial Action Scheme (RA&hd those Elements
terminating at th&8ransmissiorstatian associated with the generator(s)

2. Elemens associated witAngularinstability identified in Planning Assessmerutis
the NeafTerm TransmissiorPlanning Horizon foa planningevent..

3. An Element that forms the boundary of an island in the most recent
underfrequency load shedding (U%) design assessment based on application of
t he Planning Coordinat orodlgiftrerslandsr i a f or
formed by tripping the Elemendue toangular instability

4. An Element identified in the most rege@annualPlanning Assessment the
NearTerm TransmissiorPlanningHorizonwhere relay trippingccuis due toa
stable or unstabte@ower swing during aimulated disturbander a planning
event

M1. EachPlanning Coordinatoshall havedatedevidencehatdemonstratenotification of
thegenerator, transformer, and transmission line Be®nen(s) thatmeet one or
more ofthe criteriain Requirement R1if any, to the respective Generator Owner and
Transmission OwneEvidence may include, but is not lindtéo, the following
documentation: emails, facsimilescordsyeports transmittals, listspr spreadshest

1 An example of an unstable power swing is provided in the Guidelines and Technical Basis siustificatitin
for Including Unstable Power Swings in the Requiremenésct i on of t he Guidelines and T
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R2. Each Generator Owner and Transmission Owner:gWadllation Risk Factor High]
[Time Horizon:Operations Plannirjg

2.1 Within 12 full calendar matihs of notification of a BES Element pursuant to
Requirement R1, determine whether its loasponsive protective relay(s)
applied to that BES Element meets the criteria in BRE€1-21 Attachment B
where an eval uat i eresponsive pitdctave reldy(s)dasednt 6 s |
on PRCG026-1-21 Attachment B criteria has not been performed in the last five
calendar years

2.2 Within 12 full calendar months of becoming awfavéa generator, transformer,
or transmission line BES Element that tripped in resptmsestable or unstalSle
power swing due to the operation of its protective relay(s), determine whether its
loadresponsive protective relay(s) applied to that BES Element meets the criteria
in PRG026-1-21 Attachment B

M2. Each Generator Owner and TransnosOwner shall havdatedevidence that
demonstratethe evaluatiorwas performeéccording to RequiremeR2. Evidence
may include, but is not limited t¢he following documentatiompparent impedance
characteristic plotemail,design drawingfacsmiles,R-X plots, software output,
records, reports, transmittals, liskettings sheetsy spreadsheets

R3. Each Generator Owner and Transmission Owhail, within six full calendar months
of determiningaloadresponsive protective relapes not meehe PRC026-1-2 7
Attachment B criterigpursuant to Requirement R&velop a Corrective Action Plan
(CAP)to meet one of the followingViolation Risk Factor:Mediunj [Time Horizon:
Operations Planning]

1 The Protection System meets the PBRX&-1-2 1 Attachment B criteriawhile
maintaining dependable fault detection and dependablefeatep tripping (if out
of-step tripping is applied at the terminal of BESElement) or

1 The Protection System excluded undeghe PRCG026-1-21 AttachmentA criteria
(e.g., modifying theProtectionSystem so that relay functions are supervised by
power swing blocking or using relay systems that are immune to power $wings
while maintaining dependable fault detection and dependablef-step tripping
(if out-of-step tipping is applied at the terminal of tBES Element).

M3. The Generator Owner and Transmission Owner shall have dated evidence that
demonstratethe development of a CAP in accordance with RequireR8nEvidence
may include, but is not limited to, the foling documentation: corrective action
plans, maintenance records, settings sheets, project or work management program
records, or work orders.

R4. Each Generator Owner and Transmission Owheil implement each CAP developed
pursuant tdRequiremenR3 and upate each CAP if actions or timetables change until
all actions areomplete[Violation Risk Factor: Medium][Time Horizon: LoRagerm
Planning]

Final Draft of PR026-2
April 2021 Page5 of 86



PR®@26-21 Relay Performance During Stable Power Swings

M4. The Generator Owner and Transmission Owner shall have dated evidence that
demonstrats implementation of each CA#ecording to Requiremef¥, including
updates tahe CAP wheractions or timetableshange Evidence may include, but is
not limited to, the following documentatiocorrective action plas) maintenance
recordssettings sheetgyroject orwork managemerprogram recordsgr work orders

C. Compliance
1. Compliance Monitoring Process
1.1. Compliance Enforcement Authority

As defined in the NERC Rules of ProcediirteC o mp |l i ance Enf or cemet
(CEA) means NERC or the Regional Entity in their respective rol@saoifitoring
and enforcing compliance withe NERCReliability Standards.

1.2. Evidence Retention

The following evidence retentigperiodsidentify the period of time an entity is
required to retain specific evidence to demonstrate compliance. For instances whe
the evidence retention period specified below is shorter than the time since the last
audit, theCEA may ask an entity to provide other evidence to show that it was
compliant for the fultime period since the last audit.

The Generator OwneRlanning @ordinator,and Transmission Owneshall keep
data or evidence to show compliance as identified below unless directeCByits
to retain specific evidence for a longer period of time as part of an investigation.

1 ThePlanning Coordinatoshall retainevidence of RequiremerRl for a
minimum of one calendar year following the completion ofthe
Requirement

i The Generator Owner and Transmission Owner shall retain evidence of
RequiremenR2evaluatiorfor a minimum oflL2 calendamonthsfollowing
completion ofeachevaluationwhere a CARs not developed

1 The Generator Owner and Transmission Owner shall retain evidence of
Requiremerg R2, R3, and R4 for a minimum of12 calendar months
following completion of each CAP

If a Generator OwneRlanning Coordinatoqr Transmission Owner is found non
compliant, it shall keep information related to the 4vompliance until mitigation
is complete and approved, or for the time specified above, whichever is longer.

2 Some examples of the ways an entity may become aware of a power swing are provided in the Guidelines and
Technical Basis sectipnBetoming Aware of an Element That Tripped in Response to a Power.Swing

SAn example of an unstable power swing i s Jystficaohded i n t
for Including Unstable Power Swings in the Requiremseatsionot he Gui del i nes and Techni c:
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The CEA shall keep the last audit records and all reagdeand submitted
subsequent audit records.

1.3. Compliance Monitoring and Assessment Processes:

As defined in the NERC Rules of ProcedureCompl i ance Monito
AssessmentProcessesr ef er s t o the identification
to evalate data or information for the purpose of assessing performance or
outcomes with the associatesliability standard

1.4. Additional Compliance Information
None

Final Draft of PR026-2
April 2021 Page7 of 86



PR®@26-21 Relay Performance During Stable Power Swings

Table of Compliance Elements

Time
Horizon

VRF

Lower VSL

Violation Severity Levels

Moderate VSL

Severe VSL

R1

Longterm
Planning

Medium

ThePlanning
Coordinatomprovided
notification of the
BES Element(sin
accordance with
Requirement R1but
wasless than or equa
to 30 calendar days
late.

ThePlanning
Coordinatorprovided
notification of the
BES Element(sin
accordance with
Requirement Rlbut
was more than 30
calendar days and les
than or equal to 60
calendar days late

High VSL

ThePlanning
Coordinatomprovided
notification of the
BES Element(sin
accordance with
Requirement Rlbut
was more than 60
calendar days and les
than or equal to 90
calendar days late.

ThePlanning
Coordinatorprovided
notification of the
BES Element(sin
accordance with
Requirement R1but
was more than 90
calendar days late.

OR

ThePlanning
Coordinatorfailed to
provide notification
of the BES
Element(s)n
accordance with
Requirement R1.
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Time
Horizon

VRF

Lower VSL

Violation Severity Levels

Moderate VSL

High VSL

Severe VSL

R2 Operations

Planning

High

The Generator Owner
or Transmission
Ownerevaluatedts
load-responsive
protective relay(sin
accordance with
RequiremenR2, but
was less thaor equal
to 30 calendar days
late.

The Generator Owner
or Transmission
Ownerevaluatedts
loadresponsive
protective relay(sin
accordance with
RequiremenR2, but
was more than 30
calendar days and les
than or equal to 60
calendar days late.

The Geneator Owner
or Transmission
Ownerevaluatedts
load-responsive
protective relay(sin
accordance with
RequiremenR2, but
was more than 60
calendar days and les
than or equal to 90
calendar days late

The Generator Ownel
or Transmission
Ownerevaluatedts
load-responsive
protective relay(sin
accordance with
RequiremenR2, but
wasmore thart0
calendar daykte

OR

The Generator Owner
or Transmission
Ownerfailedto
evaluatdts load
responsive protective
relay(s)in accordance
with RequiremenR2.
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Violation Severity Levels

Time
ATzl Lower VSL Moderate VSL High VSL Severe VSL
R3 Longterm | Medium | The Generator Owner The Generator Owner The Generator Owner The Generator Owner
Planning or Transmission or Transmission or Transmission or Transmission
Ownerdeveloped a | Ownerdeveloped a | Ownerdeveloped a | Ownerdeveloped a
Corrective Action Corrective Action Corrective Action Corrective Action
Plan CAP) in Plan CAP) in Plan (CAP) in Plan CAP) in
accordance with accordance with accordance with accordance with
RequiremenR3, but | RequiremenR3, but | RequiremenR3, but | RequiremenR3, but
in more tharsix in more tharseven in more thareight in more thamine
calendamonthsand | calendamonthsand | calendamonthsand | calendamonths
less than or equal to | less than or equal to | less than or equal to OR
sevencalendar eightcalendar nine calendamonths
months months The Generator Owner
or Transmission
Ownerfailedto
develop a CARN
accordance with
RequiremenR3.
R4 Longterm | Medium | The Generator Owner The Generator Owner
Planning or Transmission or Transmission
Ownerimplementeda Ownerfailed to
Corrective Action implementa
Plan (CAP) but failed N/A N/A Corrective Action
to updatea CAP when Plan(CAP) in
actions or timetables accordance with
changed, in Requiremeni4.
accordance with
Requiremeni4.
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D. Regional Variances
None.

E. Interpretations
None.

F. Associated Documents
Applied Protective RelayingVestinghaise Electric Corporation, 1979.

Burdy, JohnLossof-excitation Protection for Synchronous Generators GHR3 General
Electric Company.

IEEE Power System Relaying Comteg WG D6, Power Swing and Oudf-Step
Considerations on Transmission Linekily 2005:http://www.pespsrc.org/Reports
[Power%2@&wing%20and%2000S%20Considerations%200n%20Transmission%20
Lines%20F..pdf

Kimbark Edward Wilson Power System Stability, Volume II: Power Circuit Breakers and
Protective RelaysPublished by John Wiley and So485Q

Kundur, PrabhaPower System Stabilignd Contro) 1994 Palo Alto: EPRI, McGraw Hill,
Inc.

NERC System Protection and Control Subcommit®refection System Response to Power
Swings August 2013 http://www.nerc.com/comm/PC/System%20Protection%?20
and%20Control%20Subcommittee%20SPCS%2020/SPCS%20Power%20Swing%20
Report_Final 20131015.pdf

Reimert, DonaldProtective Relaying for Power Genéian System<006, Boca Raton: CRC
Press.

Version History

Version Action Chan_ge
Tracking
1 November 13, 2014 Adopted by NERC Board of New
Trustees
1 March 17, 2016 | FERC Order issued approving
PRGO026-1. Docket No. RM15
8-000.
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: Change

NI Tracking

2 TBD Adopted by NERC Board of Revised
Trustees
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PRC-026-1-2 1 Attachment A

This standard applies to any protective functions which could trip instantaneously or with a time

del

= =4 =

ay of |l ess than 15 <gslpessonebdadncthudéenyg,

Phase distance
Phase overcurrent
Out-of-step tripping
Lossof-field

The following protectioriunctionsare excluded fronfRequirements of this standard

)l
)l

= =4 =4 4

= =4

Relay elements supervised by power swing blocking
Relay elements that are only enabled when otbkays or associated systems fail. For
example:

o Overcurrent elements that are only enabled during loss of potential conditions.

o0 Relay éements that are only enabled during a loss of communications
Thermal emulation relays which are used in conjunctiadh dynamic Faility Ratings
Relay elerents associated with direct current (dc) lines
Relay elements associatetith dc converter transformers
Phase fault detector relay elements employed to supervise otherefgeuhsive phase
distance elementsé., inorder to prevent false operation in the event of a loss of potential)
Relay elements associated with switmtito-fault schemes
Reverse power relay on the generator
Generatorelay elements that are armed only when the generator is disconnected from the
sydem, (e.g., nofdirectional overcurrent elements used in conjunction with inadvertent
energization schemes, aogen breaker flashover schemes)
Current differential relaypilot wire relay, andphase comparisarelay
Voltagerestrained or voltageontrolled overcurrent relays
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PRC-026-1-2 1 Attachment B

Criterion A

An impedancebased relayised for trippings expected to not trip for a stable power swing,
when the relay characteristiccompletely contained within thastable power swing regidn.
Theunstable power swing regionfermedby the union of three shapisthe impedance (R
X) plane (1) a lower los®f-synchronism circle based on a ratio of gendingend to
receivingend voltage®f 0.7; (2) an upper losef-synchronism circle based orratio of the
sendingendto receivingendvoltagesof 1.43; (3)a lensthat connects the endpoints of the
total system impedance (with the parallel transfer impedance remboeadjied by varying
the sendingend and receivingend voltages from 0.to 1.0 g@r unit, while maintaining a
constant system separation angle across the total system impedance where:

1. The system separation angle is:
1 Atleast 120 degrees, or
1 An angle less than 120 degrees where a documéresientstability analysis
demonstratetha the expected maximum stable separation angle is less than 120
degrees.
2. All generation is in service and all transmissiBBS Elements are in their normal
operating state when calculating the system impedance.
3. Saturated (transient or stitansient) reactace is used for all machines.

4 Guidelines and Technical Basis, Figuieand 2.
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PRC-026-1-2 1 Attachment B

Criterion B

The pickup of arovercurrent relay elementsed for tripping, thats above the calculated
current value (with the parallel transfer impedance removed) for the conditions below
1. Thesystem separation angle is:
1 Atleast 120 degrees, or

1 An angle less than 120 degrees where a documéraesientstability analysis
demonstratethatthe expected maximum stable separation angle is less than 120
degrees

2. All generation is in service andl dransmissionBES Elements are in their normal
operating state when calculating the system impedance.

3. Saturated (transient or stitansient) reactance is used for all machines.

4. Both the sendingndand receivingendvoltages at 1.05 per unit.
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Guidelines and Technical Basis

Introduction

The NERC System Protection and Control Subcommittee technical docufmaettion System

Response to Power Swindsigust 2013( i PSRPS Report o or fAreport o)
to support the development of thNEERC Reliability Standard. The report provided a historical
perspective on power swings as early as 1965 up through the approval of the report by the NERC
Planning Committee. The report also addresses reliability issues regardingftsatietween

securty and dependability of Protection Systems, considerations for this NERC Reliability
Standard, and a collection of technical information about power swing characteristics and varying
issues with practical applications and approaches to power swings. $ef ty@cs, the report
suggests an approach for this NERE&2Re lwhaibch iits
consistent with addressing three regulatory directives in the FERC Order No. 733. The first
directive concer ns taysystame thaliffeferdiate betéeen faultseaicdt | v e
stable power swings and, when necessary, phases out protective relay systems that cannot meet
this requirement®8 e ¢ o n d , devetop diReliability Standard addressing undesirable relay
operation due tstable power swingsoT he t hi rdtaoi ceoantsiideridi sl andi
that achieve the fundamental performance for all islands in developing the new Reliability
Standard addressing stable power swéhig&s considered during development of ttandard.

The development of this standard implements the majority of the approaches suggested by the
report. However, it is noted thatd Reliability Coordinator and Transmission Planner heote
beenincludedim he st andar décton(adssgyésiedby the ASRRSYReport). This is
so that a single entity, the Planning Coordinateaty bethe single sourctor identifying Elements
according taRequirement R1A single sourcewill insurethat multiple entities will notdentify
Elementsin duplicae, nor will one entity fail to provide an Element because it believes the
Element is being provided @nother entityThe Planning Coordinator has, or has access to, the
wide-area model and can correctly identify the Elements that map$eeptibldo a stable or
unstablepower swing Additionally, not including the Reliability Coordinator and Transmission
Planner is consistent with tlagplicability of other relay loadabilitiNERC ReliabilityStandards
(e.g., PR@23 and PR&25).1t is also consisternwith the NERC Functional Model.

T h e p hwhile snaintaining dependable fault detection and dependablef-@tép tripping

in Requirement R3, describes that the Generator Owner and Transmission Owner are to comply
with this standard while achieving diesired protection goals. Loadsponsive protective relays,

as addressed within this standard, may be intended to provide a variety of backup protection
functions, both within the generating unit or generating plant and on the transmission system, and

5> NERC System Protection and Control Subcommit®eetection System Response to Power SwiAggust 2013:
http://www.nerc.com/comm/PC/System%20Protection%20and%20Control%20Subcommittee%20SPCS%2020/SPC
S%20Power%20Swing%20Report_Final_20131015%.pdf

8 Transmission Raly Loadability Reliability Standard, Order No. 733, P.150 FERC 61,221 (2010).
7 lbid. P.153.
8 Ibid. P.162.
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this standard is not intended to result in the loss of these protection functions. Instead, the
Generator Owner and Transmission Owner must consider both the Requirements within this
standard and its desired protection goals and perform modifications pgootesctive relays or
protection philosophies as necessary to achieve both.

Power Swings

The IEEE Power System Relaying Committee WG D6 developed a technical document called
Power Swing and Oudf-Step Considerations on Transmission Ligdsgy 2005) thaprovides
background on power swings. The following are general definitions from that doctiment:

Power Swing: a variation in three phase power flow which occurs when the generator rotor
angles are advancing or retarding relative to each other in respookarges in load
magnitude and direction, line switching, loss of generation, faults, and other system
disturbances.

Pole Slip: a condition whereby a generator, or group of generators, terminal voltage angles
(or phases) go past 180 degrees with respetiet rest of the connected power system.

Stable Power Swing: a power swing is considered stable if the generators do not slip poles
and the system reaches a new state of equilibrium, i.e. an acceptable operating condition.

Unstable Power Swing: a pow&wring that will result in a generator or group of generators
experiencing pole slipping for which some corrective action must be taken.

Out-of-Step Condition: Same as an unstable power swing.

Electrical System Center or Voltage Zero: it is the pointants in the system where the
voltage becomes zero during an unstable power swing

Burden to Entities

The PSRPS Report provides a technical basis and approach for focusing on Protection Systems,
which are susceptible to power swings, while achieving tinpgse of the standard. The approach
reduces the number of relays to which the FIR6-21 Requirements would apply by first
identifying the BES Element(s) on which leegsponsive protective relays must be evaluated. The
first step uses criteria to identithe Elements on which a Protection System is expected to be
challenged by power swings. Of those Elements, the second step is to evaluate each load
responsive protective relay that is applied on each identified Element. Rather than requiring the
PlanningCoordinator or Transmission Planner to perform simulations to obtain information for
each identified Element, the Generator Owner and Transmission Owner will reduce the need for
simulation by comparing the loadsponsive protective relay characteristicspecific criteria in
PRG026-1271 Attachment B.

9 http://www.pespsc.org/Reports/Power%20Swing%20and%2000S%20Considerations%200n%20Transmission
%20Lines%20F..pdf
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Applicability

The standard is applicable to the Generator Owner, Planning Coordinator, and Transmission
Owner entities. More specifically, th@enerator Owner and Transmission Owner entities are
applicablewhen applying loagtesponsive protective relays at the terminals of the applicable BES
Elements. The standard is applicable to the following BES Elements: generators, transformers, and
transmission lines. The Distribution Provider was considered for siociuin the standard,;
however, it is not subject to the standard because this entity, by functional registration, would not
own generators, transmission lines, or transformers other than load serving.

Loadresponsive protective relays include any protectiunctions which could trip with or
without time delay, on load current.

Requirement R1

The Planning Coordinatdras a widearea view and ign the positionto identify what, if any,
Elements meet the criteria. The critedloased approach is consistevith the NERC System
Protection and Control Subcommittee (SPCS) technical docyuRreté¢ction System Response to
Power SwinggAugust 2013,1° which recommensla focused approach to determine amisk
Element.Identification of Elements comes from thenaal Planning Assessments pursuant to the
transmission planning (i .e., ATPLO)-008)hadd ot her
the standard is not requiring any other assessments to be performed by the Planning Coordinator.
The required notificatin on a calendar year basis to the respective Generator Owner and
Transmission Owner is sufficient because it is expected that the Planning Coordinator will make
its notifications following the completion of its annual Planning Assessments. The Planning
Coordinator will continue to provide notification of Elements on a calendar year basis even if a
study is performed less frequently (e.g., PGB T Automatic Underfrequency Load Shedding,
which is five years) and has not changed. It is possible that aifjag@oordinator coulditilize
studiesfrom a prior yeain determininghe necessary notifications pursuanRequirement R1.

Criterion 1

The first criterion involvesgenerator(s) where an angular stability constraint exists that is
addressed biimiting the output of a generator a Remedial Action Scheme (RAS) and those
Elements terminating at the Transmission station associated with the generfatorésample, a
scheme to remove generation for specific conditions is implemented for-arfiblgeneating

plant (1,200 MW). Two of the units are 500 MW each; one is connected to the 345 kV system and
one is connected to the 230 kV system. The Transmission Owner has two 230 kV transmission
lines and one 345 kV transmission line all terminating at thergéing facility as well as345/230

kV autotransformerThe remaining 100 MW consists of two 50 MW combustion turbine (CT)
units connected to four 66 kV transmission lines. The 66 kV transmission lines are not electrically
joined to the 345 kV and 230 kivansmission lines at the plant site and are not subj¢ettmy
generating output limitatioor RAS. Astability constraint limits the output of thpertion of the

10 http://www.nerc.com/comm/PC/System%20Protection%20and%20Control%20Subcommittee%20SPCS%20
20/SPCS%20Power%20Swing%20Report_Final 2013101)5.pdf
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plantaffected by the RA$o 700 MW for an outage of the 345 kV transmission. liflee RAS

trips one of the 500 MW units to maintain stabifity a loss of the 345 kV transmission |wben

the total output from both 500 MW units is above 700 MW. For this example, both 500 MW
generating units and the associagedierator stepp (GSU) tranformerswould be identified as
Elementameeting tls criterion. The 345/230kV autotransformer, the 345 kV transmissiore,

and the two 230 kWransmission lines would al$é® identified as Elements meetingstbriterion

The 50 MWcombustion turbineand 66 kV transmissiorlines would not be identifiedursuant

to Criterion 1 because these Elements are not subjeahyogenerating output limitatioor RAS

and do not terminate at the Transmission station associated with the generators that are subject t
any generating output limitatioor RAS.

Criterion 2

The second criterion involves Elemerdssociated with angular instability identified the
Planning Assessmentgor example, ifPlanning Assessments have identified that an angular
instability coud limit transfer capability otwo long parallel 500 kV transmissiéines-telines to

a maximum ofL,200 MW, and this limétionis based on angular instability resulting from a fault
and subsequent loss of one of the two lines, then both lines woulitbgfied as Elements
meeting the criterion.

Criterion 3

The third criterion involves Elements that form the boundary of an island within an underfrequency

load shedding (UFLS) design assessment. The criterion applies to islands idduatifezti on

applimt i on of the Planning Coordinatords criter
formed by tripping the Elemesibased on angular instabilityhe criterion applies if the angular
instability is modeled in the UFLS design assessment, orifthedoar y i s i-ldiennetdi f i e
(i.e., the Elements are selected based on angular instability considerations, but the Elements are
tripped in the UFLS design assessment without modeling the initiating angular instability). In cases
where an oubf-step condion is detected and tripping is initiated at an alternate location, the
criterion applies to the Element on which the power swing is detected. The criterion does not apply

to islands identified based on other considerations that do not involve angtaduility, such as

excessive loadindglanningCoordinatorarea boundary tie lines, oaBncingAuthority boundary

tie lines

Criterion 4

The fourth criterion involve&lemens identified in the most receminnualPlanning Assessment
where relay trippingoccursdue toa stable or unstabté power swing during asimulated
disturbance Theintert is for the Planning Coordinator to include any Element(s) where relay
tripping was observed during simulations performed for the most recent annual Planning
Assessrant associated with the transmission planning-OP1-4 Reliability Standard. Note that

11Re f er Justfication ®r Intluding Unstable Power Swings in the Requiredents e c t i o n .
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relay tripping must be assessed within those annual Planning AssessmemBLp@b1-4, R4,

Part 4.3.1.3, which indicates that analysis shall includditiier i p p ransmgissmori lines and
transformers where transient swings cause Protection System operation based on generic or actual
rel ay rdentifging sucloElements according to Criterion 4 and notifying the respective
Generator Owner and Transmission Ownell vafuire that the owners of any leassponsive
protective relay applied at the terminals of
to tripping in response to a stable power swing.

Planning Coordinators have the discretion to determvimether the observed tripping for a power
swing in its Planning Assessments occurs for valid contingencies and system conditions. The
Planning Coordinator will address tripping that is observed in transient analyses on an individual
basis; therefore, thelanning Coordinator is responsible for identifying the Elements based only
on simulation results that are determined to be valid.

Due to the nature of how a Planning Assessment is performed, there may be cases where a
previouslyidentified Element is natlentified in the most recent annual Planning Assessment. If

so, this is acceptable because the Generator Owner and Transmission Owner would have taken
action upon the initial notification of the previously identified Element. When an Element is not
identified in later Planning Assessments, the risk of {oegponsive protective relays tripping in
response to a stable power swing during-Ranlt conditions would have already been assessed
under Requirement R2 and mitigated according to Requirements R3antere the relays did

not meet the PRO26-1-21 Attachment B criteria. According to Requirement R2, the Generator
Owner and Transmission Owner are only required #eveduate each loagksponsive protective

relay for an identified Elemenwhere the evaation has not been performed in the last five
calendar years.

Although Requirement R1 requires the Planning Coordinator to notify the resp@etiarator

Owner and Transmission Ownefrany Elements meeting one or more of the four criteria, it does

not preclude the Planning Coordinator from providing additional information, such as apparent
impedance characteristics, in advance or upon request, that may be useful in evaluating protective
relays. Generator Ownarand Transmission Ownerare able to compke protective relay
evaluations and perform the required actions without additional information. The standard does
not include any requirement for the entities to provide information that is already being shared or
exchanged between entities for operatiegds. While a Requirement has not been included for

the exchange of information, entities should recognize that relay performance needs to be
measured against the most current information.

Requirement R2

Requirement R2 requires the Generator Owner am@sshnission Owner to evaluate its lead
responsive protective relayseaasure thatheyareexpected to not tripn response to stable power
swings
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The PRC0261-2 i Attachment A lists the applicable loaesponsive relays that must be
evaluated which inclde phase distance, phase overcurrentpbatep tripping, and lossf-field
relay functions. Phase distance relays could include, but are not limited to, the following:

1 Zone elementwith instantaneous tripping amtentional time delays déss tharl5 cycles
1 Phase distance elementsed in higkspeed communicatieaided tripping schemes
including:
A Directional Comparison BlockindCB) schemes
A Directional Comparison UBlocking (DCUB) schemes
A Permissive Overreach Transfer Trip (POTT) schemes
A PermissivdJnderreach Transfer Trip (PUTT) schemes

A method is provided within the standard to support consistent evaluation by Generator Owners
and Transmission Owners based on specified conditions. Once a Generator Owner or Transmission
Owner is notified of Elemeds pursuant to Requirement R1, it has 12 full calendar months to
determi ne i f erespohsivieproteche netays meet thee #EG-1-2 1 Attachment

B criteria, if the determination has not been performed in the last five calendaAgshtimnally,

each Generator Owner and Transmission Owner, that becomes awgenefator, transformer,

or transmission line BEElement that tripped in response to a stable or unstable power swing due
to the operation of its protective relagysrsuant to Ragrement R2, Part 2,2nust perform the
samePRG026-1-21 Attachment Beriteriadeterminatiorwithin 12 full calendar months.

Becoming Aware of an Element That Tripped in Response to a Power Swing
Part 2.2 in Requirement R2 is intended to initiate adiiotihe Generator Owner and Transmission

Owner when there is a known stable or unstabl e
tripping. The criterion starts with becoming aware of the event (i.e., power swing) and then any
connectionwiththent i t yés EIl ement tripping. By doing s

having to demonstrate that it made a determination whether a power swing was present for every
Element trip. The basis for structuring the criterion in this manner is driveretgvailable ways

that a Generator Owner and Transmission Owner could beawanre of an Element that tripped

in response to a stable or unstable power swing due to the operation of its protective relay(s)

Element trips caused by stable or unstable pawengs, though infrequent, would be more
common in a larger event. The identification of power swings will be revealed during an analysis
of the event. Event analysis where an entity may become aware of a stable or unstable power swing

could include intera | anal ysis conducted by the entity,
following a trip, or a larger scale analysis by other entities. Event analysis could include
invol vement by the entityds Regional Entity,

Information Common to Both Generation and Transmission Elements

The PRC026-121 Attachment A lists the loatksponsiverotectiverelays thaaire subjecto this
standardGenerator Owners affidansmission Owners may own leeebponsiverotectiverelays
(e.g, distance elays) thatlirectly affect generation or transmission BES Elementsdhcequire
analysis as a result of Elements being identified by the Planning Coordinator in Requirement R1
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or the Generator Owner or Transmission Owner in RequiremeridR2xampledistance relays
owned by the Transmissi@wnermay be installed at the higloltage side of thgenerator step

up (GSU transformer (directional toward the generator) providing backup to generation
protection. Generator Owners may have distance repgpgedto backup transmission protection

or backup protectioto the GSUtransformer The Generator Owner ménave relays installedt

the generator terminals or the higbltage side of the GSU transformer

Exclusion of Time Based Load-Responsive Protective Relays

The pur pose of odndue that toabspbrasivedorotedive rellays dre expected to
nottrip in response to stable power swings during-Raalt conditions ooadresponsivehigh

speed trippingprotectiverelays pose the highestk of operating during a power swing. Because

of this, highspeed tripping protective relays and relays with a time delay of less than 15argcles
included in the standard; whereas other relays (i.e., Zones 2 and 3) with a time delay of 15 cycles
or greater are excluded. The time delay used for exclusion on k@deesponsiveprotective

relays is based on the maximum expected time libed-responsiveprotectiverelays would be
exposed to a stable power swing with a slow slip rate frequency.

In orderto establish a time delay that distinguishes a Jnigfloadresponsiveprotectiverelay

from one that has a time delay for tripping (lowisk), a sample of swing rates were calculated

based on a stable power swing entering and leaving the impedaraetehstic as shown in Table

1. For a relay impedance characteristic that has a power swing entering and leaving, beginning at
90 degrees with a termination at 120 degrees before exiting the zone, the zone timer must be greater
than the calculated timegh st abl e power swing is inside the
response to the stable power swing

pemd e OHDE ONLGE Qa0 Do QI @O QO
CEMYdRHO Q

Table 1: Swing Rates

Eq. (1) Gé 000G QK

Zone Timer Slip Rate
(Cycles) (Hz2)
10 1.00
15 0.67
20 0.50
30 0.33

With a minimum »ne timer of 15 cycles, the corresponding slip rate of the system is 0.67 Hz.
This represents an approximation of a slow slip rate during a system Disturbance. Longer time
delays allow for slower slip rates.
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Application to Transmission Elements

Criterion A in PRG026-2-2 i Attachment B describes an unstable power swing region that is
formed by the union of three shapes in the impedanc€) [ane. The first shape is a lower loss
of-synchronism circle based on a ratio of the sendimdjto receivingend vdtages of 0.7 (i.e., &

[ Er=0.7 /1.0 =0.7). The second shape is an uppenlesgnchronism circle based on a ratio of

the sendingend to receivingend voltages of 1.43 (i.e.sEEr = 1.0/ 0.7 = 1.43). The third shape

is a lens that connects thedpoints of the total system impedance together by varying the sending
end and receivingnd system voltages from 0.0 to 1.0 per unit, while maintaining a constant
system separation angle across the total system impedance (with the parallel transfarcenpeda
removed see kgures1 through %. The total system impedance is derived from a-lwe
equivalent network and is determined by summing the seridgsource impedance, the line
impedance (excluding the Thévenin equivalent transfer impedance), ardéhengend source
impedance as shown in Figures 6 and 7. Establishing the total system impedance provides a
conservative condition that will maximize the security of the relay against various system
conditions. The smallest total system impedance reptes condition where the size of the lens
characteristic in the X plane is smallest and is a conservative operating point from the standpoint

of ensuring a loatlesponsive protective relay is expected to not trip given a predetermined angular
displacenent between the sendhegd and receivingnd voltages. The smallest total system
impedance results when all generation is in service and all transmission BES Elements are modeled
in their Anor mal 0 DL ieAtacloment BGriggnom A).The parallel PR C
transfer impedance is removed to represent a likely condition where parallel Elements may be lost
during the disturbance, and the loss of these Elements magnifies the sensitivity of the load
responsive relays on the parallel linebyremiong t he Ainfeed effecto (i
sensed by the relay is decreased as a result of the loss of the transfer impedance, thus making the
relay more likely to trip for a stable power swingee Figures 13 and 14).

The sendingend and receiag-end source voltages are varied from 0.7 to 1.0 per unit to form the
lower and upper lossf-synchronism circles. The ratio of these two voltages is used in the
calculation of the lossef-synchronism circles, and result in a ratio range from 0.7 ta 1.43

X _ O p8r

T Eqg. (3): 0 ™ P8 o
The internal generator voltage during severe power swings or transmission system fault conditions
will be greater than zemue to voltage regulator support. The voltage ratio ofd1743 is chosen
to be more conservative than the RBZ3'2 and PRE025* NERC Reliability Standards where a
lower bound voltage of 0.85 per unit voltage is used. A £15% internal generator voltage range was
chosen as a conservative voltage range for cdioolaf the voltage ratio used to calculate the
lossof-synchronism circles. For example, the voltage ratio using these voltages would result in a
ratio range from 0.739 to 1.353.

(0]
Eq. (2) 0 &

2 Transmission Raly Loadability

13 Generator Relay Loadability
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O O
Eq. (4) o %ﬁ ™ O W Eq. (5): o) %3 pB L O

The lower ratio is rounded down to 0.7 to be more conservative, allowing a voltage range of 0.7
to 1.0 per unit to be used for the calculation of the-tifssynchronism circle!*

When the parallel transfer impedance is included in the model, the division of current through the
parallel transfer impedance path results in actual measured relay impedances that are larger than
those measured when the parallel transfer impedamemved (i.e., infeed effect), which would

make it more likely for an impedance relay element to be completely contained within the unstable
power swing region as shown in Figure 11. If the transfer impedance is included in the evaluation,
a distance relaglement could be deemed as meeting FR61-2 1 Attachment Bcriteria and,

in fact would be secure, assuming all Elements were in their normal state. In this case, the distance
relay elementould trip in response to a stable power swing during an aeteal if the system

was weakened (i.e., a higher transfer impedance) by the loss of a subset of lines that make up the
parallel transfer impedance as shown in Figure 10. This could happen because the subset of lines
that make up the parallel transfer indpace tripped on unstable swings, contained the initiating
fault, and/or were lost due to operation of breaker failure or remoteupagkotection schemes.

Table 10 shows the percent size increase of thesleaygeas seen by the relay under evaluation
when the parallel transfer impedance is included. The parallel transfer impedance has minimal
effect on the apparent size of the lshapeas long ashe parallel transfer impedanteat least

10 multiples of the parallel line impedance (less than 5% deapeexpansion), therefore, its
removal has minimal impact, but results in a slightly more conservative, smallesHape
Parallel tansfer impedances of 5 multiples of the parallel line impedance or less result in an
apparent lenshapesize of 10% ogreater as seen by the relay. If two parallel lines and a parallel
transfer impedance tie the sendemdand receivingendbuses together, the total parallel transfer
impedance will be one or less multiples of the parallel line impedance, resultingapparent
lensshapesize of 45% or greater. It is a realistic contingency that the parallel line could-be out
of-service, leaving thparalleltransfer impedance making up the rest of the system in parallel with
the line impedanceSince it is not knownactly which lines making up the parallel transfer
impedance will be out of service during a major system disturbance, it is most conservative to
assume that all of them are out, leaving just the line under evaluation in service.

Either the saturated traest or subtransient direct axis reactance may be used for machines in
the evaluation because they are smaller than theaturated reactances. Since saturated sub
transient generator reactances are smaller than the transient or synchronous redwarsesf t
subtransient reactances will result in a smaller source impedance and a smaller unstable power
swing region in the graphical analysis as shown in Figures 8 and 9. Because power swings occur
in a time frame where generator transient reactanckdeviprevalent, it is acceptable to use
saturated transient reactances instead of saturateiiasisient reactances. Because some short

14 Final Report on the August 14, 2003 Blackout in the United States and Canada: Causes and Recommendations
April 2004, Section 6 (The Cascade Stage ofo tshteatBd sa,c ko
iSome generator undervoltage relays were set to trip a
70% voltage and a motor starter contactor drops out around 75%, so if there is a compelling need to protect the

turbine from the sstemtheundev ol t age trigger point should be no highei
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circuit models may not include transient reactances, the use dfasigient reactances is also
acceptable becauseiioduces more conservative results. For this reason, either value is acceptable
when determining the system source impedances {FZ3-2 1 Attachment BCriterion Aand

B, No. 3).

Saturated reactances are used in stiootiit programs that produce trsystem impedance
mentioned above. Planning and stability software generally usaturated reactancé&senerator

models used in transient stability analyses recognize that the extent of the saturation effect depends
upon both rotor (field) and stator cants. Accordingly, they derive the effective saturated
parameters of the machine at each instant by internal calculation from the specified (constant)
unsaturated values of machine reactances and the instantaneous internal flibhkegplecific
assumpbns regarding which inductances are affected by saturation, and the relative effect of that
saturation, are different for the various generator models U$eds unsaturated values of all
machine reactances are used in settinglapning and stabilitydftwaredata, and the appropriate

set of opertircuit magnetization curve datmprovided for each machine.

Saturated reactance values are smaller than unsaturated reactance values and are used in short
circuit programs owned by the Generator and TrarsomsOwners. Because of this, saturated
reactance values are to be used in the development of the system source impedances.

The source or system equivalent impedances can be obtained by a number of different methods
using commercially available sharircuit calculation tools?® Most shoricircuit tools have a
network reduction feature that allows the user to select the local and remote terminal buses to
retain. The first method reduces the system to one that contains two buses, an equivalent generator
at ezh bus (representing the source impedances at the seardirand receivingnd), and two

parallel lines; one being the line impedance of the protected line with relays being analyzed, the
other being the parallel transfer impedance representing all ottmebinations of lines that
connect the two buses together as shown in Figure 6. Another conservative method is to open both
ends of the line being evaluated, and apply a thheese bolted fault at each bus to determine the
Thévenin equivalent impedanceeach bus. The source impedances are set equal to the Thévenin
equivalent impedances and will be less than or equal to the actual source impedances calculated
by the network reduction method. Either method can be used to develop the system source
impedancs at both ends.

The two bullets of PRD26-1-21 Attachment BCriterion A No. 1, identify the system separation
angles used to identify the size of the power swing stability boundary for evaluating load
responsive protective relay impedance elementsfifidtédullet of PRC026-1-21 Attachment B,
Criterion A No. 1 evaluates a system separation angle of at least 120 degréekdlthtonstant

while varying the sendingnd and receivingnd source voltages from 0.7 to 1.0 per unit, thus
creating an urtable power swing region about the total system impedance in Flgurhis
unstable power swing region is compared to the tripping portion of the distance relay
characteristic; that is, the portion that is not supervised by load encroachment, blindersgor
other form of supervision as shown in Figure 12 that restricts the distance element from tripping

15 Demetrios A. Tziouvaras and Daging Hou, Appendi®irt-Of-Step Protection Fundamentals and
Advancemenf#pril 17, 2014:https://www.selinc.com
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for heavy, balanced load conditions. If the tripping portion of the impedance characteristics are
completely contained within the unstable power swagjan, the relay impedance element meets
Criterion Ain PRG026-1-21 Attachment BA system separation angle of 120 degrees was chosen
for the evaluation because itgenerallyaccepted in the industry that recovery for a swing beyond
this angle is unlikly to occurt®

The second bullet of PRG26-1-2 1 Attachment BCriterion A No. 1 evaluates impedance relay
elements at a system separation angle of less than 120 degrees, similar to the first bullet described
above. An angle less than 120 degrees masgbd if a documented stability analysis demonstrates

that the power swing becomes unstable at a system separation angle of less than 120 degrees.

The exclusion of relay elements supervisedPoyver Swing BlockingRSB in PRG026-1-2 i
Attachment A allowghe Generator Owner or Transmission Owner to exclude protective relay
elements if they are blocked from tripping by PSB relays. A PSB relay applied and set according
to industry accepted practices prevent supervisedresmbnsive protective relays fromipping

in response to power swings. Further, PSB relays are set to allow dependable tripping of supervised
elements. The criteria iIPRG026-1-2 1 Attachment B specifically applies to unsupervised
elements that could trip for stable power swings. Theegloadresponsive protective relay
elements supervised by PSB can be excluded from the Requirementsstairttiesd.

16 AThe critical angle for maintaining stability will vary depending on the contingency and the system condition at

the time the contingency occurs; however, the likelihood of recovering from a swing that exceeds 120 degrees is
marginal and 120 degrees igeally accepted as an appropriate basis for settifyfdiep protection. Given the

importance of separating unstable systems, defining 120 degrees as the critical angle is appropriate to achieve a
proper balance between dependable tripping for unstable power swings and secure operation for stable power
swigsO NERC System Protect i oPnotectiondSystera Resporssée to Fowds Syongsmi t t e e,
August 2013http://www.nerc.com/comm/PC/System%20Protection%20and%20Control%20Subcommittee%20
SPCS%2020/SPCS%20Power%20Swing%20Report_Final_2013101p.p218.
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Figure 1: An enlarged graphic illustrating the unstable power swing region formed by the
of three shapes in the impedanceX{Rplane: Shape 1) Lower losd-synchronism circle
Shape 2) Upper lossf-synchronism circle, and Shape 3) Lens. The mho element charact
is completely contained within the unstable power swing region (i.e., it does not interse
portion of the astable power swing region), therefore it meets fR&1-2 1 Attachment B,

Criterion A No. 1.
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Attachment BCriterion A No.1.

Figure 2: Full graphic ofthe unstable power swing region formed by the uniorhefthree
shapes in the impedance-¥ plane:Shapel) Lower lossof-syndironism circle,Shape2)
Upper lossof-synchronism circle, ané®hape3) Lens. The mho element characteristic
completely contained within the unstable power swing region, therefore it meet828RC i
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Figure 3. System impedances as seen by Relay R (voltage connections are not shown)
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Figure 4: The defining unstable power swing region points where the lens shape interse
lower and upper lossf-synchronism circle shapes and where the ileessects the equal EM
(electromotive force) power swing.
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Left Side Right Side
Coordinates Coordinates
E:;/Egr
Voltage Ratio R + X R + X

0.7 12005 11.946] 15676 6.41
072 12004 12407 15852 b.G36
074 -11.5995] 12857 16018 7255
076 -11.882] 13.298] 16175 7 BB
0./8] -11.5961 13728 1632 8.073

o8] -11.5935)  14.151 16,455 §.472
0.82] -11.803] 14583 16.58% 5§.565
0ad4] -11.867] 14965 16.71 2251
08| -11.826] 15361 16.524 2631
0.58 -11.78] 16748 16.93)  10.004

09 -11.731 16.123 17.03)  10.371
092 -11.678] 16497 17123 10732
094 -11.621 16.852| 17209 11.086
086 11862 17.205 1729 11.435
085 -11.453 17.85] 17.364] 11777
1 11434 17887 17434 12113
10286 -11.336] 18356 17524 125584
1.0572]  -11.234 15.51 17604  13.043
1.0858] 11127 19.2581 17675 13.48
11144 1017 19677 17738 13526

1,143 -10.504) 20.081 17792 14.351
1.9716] 10788  20.491 17.84] 14766
1.2002 -10.67 20.65 17.88 1517
12288 1055 AM.256) 17914 15564
12574 104258 2162 17942 15545

1.286) -10304) 21975 17964 1632
1.3146 S1008) 0 22318 17.581 16657
13432 -10.054| 226521 175993 17.043
1.3718 9928 22976 18.001 1738
1.4004 -5.801 2329 18003 17723

1.42% H.676 23.59  18.005| 18.054

Figure 5: Full table of 31 detailed lens shape point calculatidie bold highlighted rows
correspond to the detailed calculations in Tabi&s 2

Table 2: Example Calculation (Lens Point 1) ‘

This example is for calculating the impedance the first point of the lens characteristic,
source voltages are used for the 230 kV (base) line with the sesathgoltage (E) leading
the receivingend voltage (k) by 120 degrees. See Figsi@and 4.
W’ pgTm

Vo

Eq. (6) 0
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Table 2: Example Calculation (Lens Point 1) ‘

commnmn” pog T

Vo
O polgwp” pag
, w” d
Eq. (7) o) -
, ¢ ol mJam
@) -
No

0O polx wpJan

Positive sequence impedance data (with transfer impedanset toa large value)

~

Given: ® ¢ Qm O 1T Qm ® T Qm
Given: W W pmTm

Total impedance between the generators.

Eq. (8) ©  ma
i} T @mm 1 Qm pmm
w

T @mm 1T Qm pmm
@ T @m
Total system impedance.

Eq. (9) @ O W )
A ¢ @mm 1 ‘@mm 1 Q@ mm
) p T QMM

Total system current from sendiegd source.
Eqg. (10 O °© 0
g. (10) 5

polg wp” pag T ofg wp Jam
p T QM
0 thpp” &P

The currentas measured by the relay on(Eigure 3) is only the current flowing through th;
line as determineldy using the current divider equation.

kO]

Eq.(11) |0 0 2
. =
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Table 2: Example Calculation (Lens Point 1) ‘

" - R T Qm pmm
O thpp axd - Qmm 1T Q@m pmm
0 thpp ek

The voltageas measured by the relay on Eigure 3) is the voltage drop from the sendin
end source through the sendiaigd source impedance.

Eq. (12) @ O & O
® poxwp” pigmc @mm thpp e
© wiux” i

The impedance seen by the relayZn

., ®
Eq. (13) W 0
o mll:xux"' ® @
Th p p” 8xdp
@) PR OTQ®pm

Table 3: Example Calculation (Lens Point 2) \

This example is for calculating the impedance second poinedétis characteristic. Unequ
source voltages are used for the 230 kV (base) line with the seslihgpltage (E) at 70% of
the receivingend voltage (k) and leading the receivirgnd voltage by 120 degrees. S
Figures3 and 4.

w” T
Eq.(14) |o P9 1p
Vo
cmnn”™ pog m
q \ pog -~
Vo
0O whouvg” p o
w” d
Eq. (15 S
g. (15) TG
) ¢ ot mJarm
(@] S
Vio
O polxwpdar
Positive sequence impedance data (with transfer impedanset to darge value).
Given: ©® ¢ Qm ® 1T Q@m ® T Qm
Given: ® w pmm
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Table 3: Example Calculation (Lens Point 2)

Total impedance between the generators.

. T gmm 1t @m pmm
w

T @mm 1T @Qm pmm
@& T Qm
Total system impedance.

Eq. (17) ) ® ® )

&) ¢ @mm 1 ‘@mm 1 Q@ mm
[A) p T Qm

Total system current from sendiegd source.

. O ©
Eq. (18) (@] 5

wud” p&at p olx wpJar
pTQ M
'O  opu T IR X

The currentas measured by the relay on(Eigure 3) is only the current flowing through th;
line as determinely using the current divider equation.

O

w

Eq. (19) 0 O =

T Qm pmm

O opuTIRX Q@mm 1T Qm pmm

'O ohpu 1" IR X

The voltageas measured by the relay on Eigure 3) is the voltage drop from the sendin
end source through the sendiigd source impedance.

Eq. (20) w O w °©

® w@uo” pig T @mm opu T IR X
® oEmxplow

The impedance seen by the relay en Z

Eq. 1) () 0

Final Draftof PR@026-2
April 2021 Pag 330f 86



PR®@26-21 Relay Performance During Stable Power Swings

Table 3: Example Calculation (Lens Point 2) \

o olr x prlow
ohbv T "I X
@ p@yx Q@3 gm

Table 4. Example Calculation (Lens Point 3) ‘

This example is for calculating the impedance third point of the lens charéctddisequal
source voltages are used for the 230 kV (base) line with the recenthgoltage (k) at 70%
of the sendingendvoltage (k) and the sendirgndvoltage leading the receivirgndvoltage
by 120 degrees. See Figures 3 and 4.

G -
Eq.(22 |o P9
Vo
o commnn” pog T
Vo
O polgwp” pag m
w” d
Eq. (23) - X b
Vo
) ¢ ol mJam
@] S Tt
Vio

0 whuvy” Jw

Positive sequence impedance data (with transfer impedanset to a largealue).
Given: ® ¢ @m O T Q@m ©® T Q@m
Given: @ W pTmm

Total impedance between the generators.

Eq. (24) W o o
) T @mm 1 @m pmm
A

T gnmm 1 @m pmm
@ T Qm
Total system impedance.

Eq. (25) ® ®» © @
@) ¢ @mm 1 @mm 1 Qmm
® p T Qm
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Table 4. Example Calculation (Lens Point 3) \

Total system current from sendiegd ®urce.

.. 0 ©
Eq. (26) o) =

polgwp” pag W@ UL Jw
p T Q M
'O olpu T Apd

The currentas measured by the relay on(Eigure 3) is only the current flowing through th
line as detrmined by using the current divider equation.

O

o

Eq. (27 0 O .
q. (27) 5

T Qm pmm

O oot aph — Qmm T Q@m pmm

'O ofpu T apd

The voltageas measured by the relay on (Zigure 3) is the voltage drop from the sendin
end source through the sendieigd source impedance.

Eq. (28) w O » O

@ pogwp” pagmc @mm ohpu T Epd
w ol v’ @dor

The impedance seen by the retay2 .

Eq. (29 ; d
g. (29) ® S
o v T~ Bod
&) pHTLQ Grum

Table 5: Example Calculation (Lens Point 4) ‘

This example is for calculating the impedance fourth pointhe lens characteristic. Equ
source voltages are used for the 230 kV (base) line with the seslihgoltage (E) leading
the receivingend voltage (E) by 240 degrees. See FiguBeand 4.

0" T
Eq. (30) 0O \—c
Vo
ocmmnn” dam
o G ‘ d
Vo
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O polxwp” dam
w” d
No
¢ ot mJam
Vo
0O polx wpJanr

Eq. (31)

O

Positive sequence impedance data (with transfer impedanset toa large value).
Given: ® ¢ @m O T Q@m O T @m
Given: (A W pmtm

Total impedance between the generators.

) T @mm T @Q@m pmm
w

T @mm 1 @m pmm
@ T @m
Total system impedance.

Eq. (33) ) 0 ® &)

@) ¢ @mm 1 ‘@mm T Qmm
A p T QM

Total system current from sendiegd source.

. O O
Eq. (34) o) =

polx wp”™ 4 TP Oy wpJam
pTt QM
0 thpp” pdp
The currentas measured by the relay on(Zigure 3) is only the current flowing through ths
line as determined by using the current divider equation.

§O)

w

Eq. () 0 "0 =

T . Qn pmm
T @Q@Qmm 1 Q@m prmn

0 thpp” pdp

0 thpp” pdp
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Table 5: Example Calculation (Lens Point 4) \

The voltageas measured by the relay on (Zigure 3) is the voltage drop from the sendin
end sairce through the sendirand source impedance.

Eq. (36) w O » O

® polxwp” damng @mm thpp” pdp
w wixvoe pngd

The impedance seen by the relay en Z

Eq.(37) w 6
o wix v " p nigp o
thpp” Bdp
&) PR CT QR YN

Table 6: Example Calculation (Lens Point 5) ‘

This example is for calculating the impedance fifth point of the lens characteristic. Ur
source voltges are used for the 230 kV (base) line with the serefidigvoltage (E) at 70% of
the receivingend voltage (E) and leading the receivirgnd voltage by 240 degrees. S
Figures3 and 4

) w” ¢um
Vo
cmnmn” dam
o q ‘ | & T
Vo
0O whouv” ¢ dar
w” d
Eq. (39 S
d. (39) TG
) ¢ ol mJam
@) -
No

0O polx wpJanr

Positive sequence impedance data (with transfer impedaneet to darge value).

~

Given: ©® ¢ Qm © 1T Qm ® T Qm
Given: ® W pTmm

Total impedance between the generators.

Eq. (40 s —_—
g. (40) W 5o
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Table 6: Example Calculation (Lens Point 5)

T @mm 1T Qm pmm

[0 — —
T Qmm 1T Qm prmm

A T Q@ m

Total system impedance.

Eq. (41) W 0w )

&) ¢ @m 1 @m 1 Q@m

) p T Q™M

Total system current from sendiegd source.

. O ©O
Eq. (42) (@) 5

wud” ¢ dart p olx wpJar
pT Qm

KO)

O opuvt” @gu

line as determined by using the current divider equation.

The currentas measured by the relay on(Eigure 3) is only the current flowing through th

Eq (43) 0 'O =
. - ‘ T Qm pmm
O opvt” By 3 QmMm T Qm pmm
O ofput” B @Pu

end source through the sendiegd source impedance.

The voltageas measured by the relay on Eigure 3) is the voltage drop from the sendin

Eq. (44) © O & O

®w WLy ciat ¢ @mm opuvr” ®u

© oirxan wae b

The impedance seen by the relay en Z

; oIt xan" wd b
© obu 1’ @gu
@ PBTLQ BT K
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This example is for calculating the impedance sixth point of the lens characteristic. U
soure voltages are used for the 230 kV (base) line with the recegvidgroltage (k) at 70%
of the sendingend voltage (E) and the sendirgnd voltage leading the receiviegd voltage
by 240 degrees. See Figsrg and 4.

W ¢uWm
Eq.(46) |0 2_ST
Vio
commnmn” da m
Vo
pox wp” dar m
Eq. (47) - X TUh
Vo
, ¢ ot mJarm
@) S T T
Vo

0 wmu” Ju
Positive sequence impedance data (with transfer impedanset to a large value).

Given: ® ¢ @m ® 1T Q@m O T @m
Given: ® ®w pmtm

Total impedance between the generators.

Eq. (48) w W

T @mm 1T Q@m pmm

T @mm 1T Qm pmm

4) T Q@m

Total system impedance.

Eq. (49) ® ®» O @

& ¢ @mm 1 @mm 1 Q@mm
® p T QM

Total system current from sendiegd source.

O ©O

Eq.(50) | O =

polgwp” da@ awu” Jw
pT @ m
O ohput” Pdy

&
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The currentas measured by the relay on(Zigure 3) is only the current flowing through ths
line as determined by usingetlcurrent divider equation.

)

Eq.51) |©O ©

T Qm pmm
T Q@Qmm 1 Qm pmm

'O ohput” Py

'O ohpu 1" Py
The voltageas measured by the relay on (Zigure 3) is the wltage drop from the sending
end source through the send#igd source impedance.

Eq. (52) w O w O

w pogwp” damc mm opu T Pdx
® o oupp@d

The impedance seen by the relay en Z

w w

Eq. 63) W Ee
& wﬂigch"'_p p&x &
ocpuv 1”7 Py
@ WX 0Q @ un
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ES ZTR ER
Zs ' Zg
Z, N
Z, Z
L 4TR
ZTotal = 4s * Z, + 2 ZR

Figure 6. Reduced two bus system with sendem source impedances,Zreceivingend
source impdance 2, line impedance Z and parallel transfer impedance:Z

ES ZTR ER
Z, [--CTIoe-q 7z

ZsyS = Zs+ ZL+ZR

Figure 7. Reduced two bus system with sendem source impedances,Zreceivingend
source impedancerZand line impedance Zvith the parallel transfer impedancesZemoved.
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Strong Source System Impedances
45
40 A
Strong Source System v Mho Element Characteristic Set
35 Impedance of 51 Ohms s 1 at 28 Ohms Primary Reach
3':' /'.
.-'/'
25 -
20 Y,
= “fome
E (=
CARE |
>
10 "
5
I"'._ Y,
0 s
i | Mho Element Characteristic Doesn't
| / feet Attachment B Criteria
-5 g
10 4
-15
=30 =25 =20 -15 -0 -3 0 5 w15 w0 2530
E (chins)
Figure 8: A strongsource system with a line impedance 0£220.4 ohms (i.e., the thicker re
line). This mho element characteristic (i.e., the blue circle) does not meet thOZBR |
Attachment B,Criterion A because it is not compédy contained within the unstable pow
swing region (i.e., the orange characteristic).

Figure 8 above represents a healdgded system with all generation in service and all
transmission BES Elements in their normal operating state. The mho eldramtteristi¢set at

137% of 4) extends into the unstable power swing region (i.e., the orange characteristic). Using
the strongest source system is more conservative because it shrinks the unstable power swing
region, bringing it closer to the mho elemeharacteristic. This figure also graphically represents

the effect of a system strengthening over time and this is the reasorel@lwation if the relay

has not been evaluated in the last five calendar years. Figure 9 below depicts a relay sitaemeet
PRGO026-1-27 Attachment BCriterion A Figure 8 depicts the same relay with the same setting

five years later, where each source has strengthened by about 10% and now the same mho element
characteristidoes not meetriterion A
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Weak Source System Impedances
43
4[' ./’/’J ".
/| '1.. Mho Element Characteristic Set
75 v at 28 Ohms Primary Reach
YWeak Source System
sgl| Impedance of 84 Ohms /f
&
//
25 7
fl.f
20 4
g | frad
AR
P
10
5
0 s —
\ )4 bho Element Characteristic Meets
/ Attachment B Criteria
-5 . ra
- 10 ~
-15
=3 -25 -0 -15 -0 -5 0 5 w13 0 25 30
E {chms)
Figure 9: A weak-source system with a line impedance 0£220.4 ohms (i.e., the thicker re
line). This mho element characteridiie., the blue circle) meets the PRE6-1-21 Attachment
B, Criterion Abecause it is completely contained within the unstable powegsegion (i.e.,
the orange characteristic).

Figure 9 above represents a ligHthaded system, using a minimum generation profile. The mho
element characteristiset at 137% of 4 does not extend into the unstable power swing region
(i.e., the orangeharacteristic)Using a weaker source system expands the unstable power swing
region away from the mho element characteristic.
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43

40 Fower Swing Stability Boundary
Calculated with Transfer

a5 Impedance Removed

30

25

zn\

15

¥ (ohmsz)

10

5 g

I} N T
Mho Element Characteristic Doesn't
5 Meet Attachment B Criteria

- 10

_IEED =25 -0 -1 -10 -5 0 5 10 15 20 25 30

E {ohms)

Figure 10: This is an example of an unstable power swing re@ien the orange characteristi
with the parallel transfeimpedance removed. This relay mho element characteristic (i.€
blue circle) does not meet PRI26-1-21 Attachment BCriterion Abecause it is not complete
contained within the unstable power swing region.

Table 8: Example Calculation (Parallel Transfer Impedance Removed) ‘

Calculations for the point at 120 degrees with equal source impedances. The total systen
equals the line current. See Figure 10.

0" 1
Eq.(54) |©O #]
o commnn” pog T
No
O pofx wp” g
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Table 8: Example Calculation (Parallel Transfer Impedance Removed)

, w” d
Eq. (55) 0 -
Vio
, ¢ ot mJar
O S
Vo
0O polx wpJanr
Given impedance data.
Given: ® ¢ @m O T Q@m ) @ m)
Given: (A W pmtm
Total impedance between the generators.
Eqg. (56 X ——
g. (56) 4 R
. T @mm 1 Q@m pmnn
W = =
T Qmm 1T Qm pmm
@ T @m
Total system impedance.
Eq. (57) ® ®» © @
&) ¢ @mm 1 ‘@mm 1 Qmm
A p T Q m
Total system current from sendiegd source.
Eq. (58 O °© ©°
. (58) -
o POX®@P” A 1 ol wpIdn
pTQm
0 thpp e

The currentas measured by the relay on(Zigure 3) is only the current flowing through ths

line as determined by using the current divider equation.
Eq. (59 © °O ©
. (59) =
. - - T Qm pmm
O PP P T T Gn pnm
‘0 th pp”EKdp
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Table 8: Example Calculation (Parallel Transfer Impedance Removed) \

The voltageas measured by the relay on (Zigure 3) is the voltage drop from the sendin
end source through the sendiagd source impedance.

Eq. (60) w 0O & O
® poxwp” pgmg Q@m tThpp axd
O woux” ®Ew

The impedance seen by the relay en Z

Eqg. (61) w Ee
o w'@(Ux"' » dop
T p p” &xdp
@) PR 0T'Q @p ay
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45
40
Fowear Swing Stability Boundary
35 Calculated with Transfer
Impedance Included
30
25

zn\

15

¥ (ohms)

10

N\

1 Y 9
bho Element Characteristic Meets
-5 Attachment B Criteria

- 10

_1EED -5 -2 -1 -10 -3 1] 5 10 15 20 25 30

E {chms)

Figure 11: This is an example of an unstable power swing re@ien the orange characteristi
with the parallel transfer impedance included causing the mho element characteristic
blue circle) to appear to meet the PREG-1-2 i Attachment B,Criterion A because it is
completely contained within the unstable power swing region. Including the parallel tr
impedance in the calculation is not allowed byRfG026-1-2 1 Attachment B Criterion A

In Figure 11 above, the parallehnsfer impedance is 5 times the line impedance. The unstable
power swing region has expanded out beyond the mho element charaafeesta the infeed
effect from the parallel current through the parallel transfer impedance, thus allowing the mho
elenment characteristic to appear to meet the RRG1-27 Attachment BCriterion A Including

the parallel transfer impedance in the calculation is not allowed by theDPRE2 i Attachment

B, Criterion A
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Table 9: Example Calculation (Parallel Transfer Impedance Included) \

Calculations for the point at 120 degrees with equal source impedances. The total systen
does not equal the line current. See Figure 11.

G -
Eq.(62 |o 2P
Vo
o commnn” pog T
Vo
O poflxwp” pag m
. w”
Eq.(63) |©O y
Vo
, ¢ ol mJar
O S
Vo

0O polx wpJanr

Given impedance data.
Given: O ¢ @m O T Q@m O T @Q@m
Given: @ @ L

A T Q@mm v

® CTm Qmm
Total impedance between the generators.

T Qmm ¢m @nm
T Qmm ¢m'@Qmm
® B ooQ® o

Total system impedance.

Eq. (64) | &

Eq. (65) (A O W @

@ ¢ @mm ovooc@@mem T Qmm
A WooQ@on

Total system current from sendiegd source.

O ©O

Eq.(66) | O =

polx wp” pag Tp ofx wpJam
WooRQ@on

kO]
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Table 9: Example Calculation (Parallel Transfer Impedance Included)

'O thho o’ gxdp

The currentas measured by the relay on(Eigure 3) is only the current flowing through th
line as determined by usittige current divider equation.

Eqg. (67) 0 © =
. - - ¢ T QT
O t™wooaxd 3 Qmm  ¢TmQmm
0 thteg” pd

The voltageas measured by the relay on (Figure 3) is the voltage dip from the sending
end source through the send#igd source impedance.

Eq. (68) w O w O

® polxwp” pagmc am thioo” gk
® wo px” &

The impedance seen by the relay en Z

Eq. (69) & %
o wt px” o
thtg X7 8xdp
&) PEHFPOQ& PN
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Table 10: Percent Increase of a Lens Due To Parallel Transfer Impedance.

The following demonstrates the percent size increffige lens characteristic forin
multiples of 4 with the paralleltransfer impedance included.
Z1r in multiples of 4 Percent increase of lens with equal EMK
sources (Infinite source as reference)
Infinite N/A
1000 0.05%
100 0.46%
10 4.63%
9.27%
23.26%
46.76%
0.5 94.14%
0.25 189.56%
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E {ohms)

45
40
Mon-Tripping
35 Region of
kho Element
a0 Characteristic
a5
20
g
= 15
e
10
Mon-Tripping
5 Region of
tho Element
ol Characteristic |
\ Whao Element
-3 Characteristic
I
- 10 Load Encroachment Blinders
» / |
-3 -25 -d0 -1 -10 -5 I 5 10 15 20 25 30

Figure 12 The tripping portion of the mho element characteristic (i.e., the blue circle
blocked by load encroachment (i.e., the parallel green lines) is completely contained wit
unstable pwer swing region (i.e., the orange characteristic). Therefore, the mho el
characteristic meets the PRR26-1-2i Attachment BCriterion A
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ZS — ZR
— hr ZL —
leys —= lsys

Figure 13: The infeed diagram shows the impedance in front of the relay R with theep
transfer impedance included. As the parallel transfer impedance approaches infin
impedances seen by the relay R in the forward direction becomegrZ

Table 11: Calculations (System Apparent Impedance in the forward direction)

The following equations are provided foalculaing the apparent impedance back to the
source voltage as seen by relay R. Infeed equations froto Sburce kE whereEr= 0. See
Figure 13.
. W W
Eq. (70) (@] =
Eq. 71) o 20
(@)
Eq. (72 O 0O 0
Eqg. (73 0 % Since0 1 Rearranged: |@w O ®
.. 0w O o
Eq. (74) O -
. W O °O W
Eqg. (75 (@) R
Eq. (76) w 1O 0 ® 0
Eq. (77) & .,gcbcb"o,www pg
(@] O (@]
Eq. (78 O © 0
Eq. (79 O O 5o
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Table 11: Calculations (System Apparent Impedance in the forward direction)

The infeed equations shows the impedance in front of the relay R (Figure 13) with the
transfer impedance incled. As the parallel transfer impedance approaches infinity
impedances seen by the relay R in the forward direction becomeZZ

Eq. 81) @ O © P

Figure 14: The infeed diagramh®ws the impedance behind relay R with the parallel trar
impedance included. As the parallel transfer impedance approaches infinity, the impe
seen by the relay R in the reverse direction becorges Z

Table 12: Calculations (System Apparent Impedance in the Reverse Direction)

The following equations are provided foalculaing the apparent impedance back to the
source voltage as seen by relay R. Infeed equations fipbatkto source EwhereEs= 0.
See Figure 14.
Eq. 82 (@] 5
Eq. 83 ‘O @ - o
W

Eq. 84) © O 0°
Eq. 85 0 % SinceO 1 |Rearranged:| w O ®

o w 0O
Eq. 86) (@] =
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Table 12: Calculations (System Apparent Impedance in the Reverse Direction)

W O O ()

Eq. 87) (@] R
Eq. 89 W 0 ® 0 0 ®
Eq. 89) & © w e 2% 6 6 p =

o) o) o)
Eq. ©0) 0 0 =
Eq. O1) 0 0 —

O )

The infeed equations shows the impedance behindRe{&igure 14) with the parallel transf
impedance included. As the parallel transfer impedance approaches infinity, the impe
seen by the relay R in the reverse direction becorges Z

. . 0 As seen by relay R at the receiviegd of
Eq. 03 @ @ 0P T | theline. T °

. . © Subtract Z for relay R impedance as se
Eq. ©4) ® ©w P at sendingend of the line.
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250

Out-0f-Step
200 Outer Blinder

150

aystem Impedance

100

30 Qut-0f-Step
Inner Blinder

3 (ohms)

- 50

- 100 Mho Elernent
Characteristic

- 150

- 200

- 25—%50 -Jo0 -150  -100 =30 1 0 100 150 200 250

E {chms)

Figure 15; Out-of-step trip (OST) inner blinder (i.e., the parallelgndines) meets the PR(
026121 Attachment BCriterion Abecause the inner OST blinder initiates tripping either
The-Way-In or OnThe-Way-Out. Since the inner blinder is completely contained within
unstable power swing region (i.e., the orangarabteristic), it meets the PRI261-2 i
Attachment BCriterion A
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Table 13: Example Calculation (Voltage Ratios)

These calculations are based on the-tdssynchronism characteristics for the cases of N
and N > 1 as found in th&pplication of Qut-of-Step Blocking and Tripping RelaySER-3180,
p. 12, Figure8.’ The GE illustration shows the formulae used to calculate the radius and
of the circles that make up the ends of the portion of the lens.

Voltage ratio equations, source impedaegeation with infeed formulae applied, and cir
equations.

Given: 0 T O par

. 08
Eq. (95) 0 Os pﬂi;t et
The total system impedance as seen by the relay with infeed formulae applied.
Given: ® ¢ Q@m ® T Qm O T @m
Given: ) W pmtm

) T Qm pmm
Eq.96) |6 & p = o o p 2

@ @

&) p T Qm

The calculated coordinates of the lower fo§synchronism circle center.

., . ) 0 @

Eq. (97) ) () p R Y
., . T Q@ mm ™ pT QT
@ C BT P TTow onm b T

@ PAATYR Grom
The calculated radius of the lower lexfssynchronism circle.

Eq.(98) i
o 0
LT pT QMM
pTR
L e@y
The calculated coordinates of the upper-ossynchronism circle center.
Given: O p8rt 0 T

17 http://storegedigitalenergy.com/fag/Documents/Alps/GBR80. pdf
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Table 13: Example Calculation (Voltage Ratios)

08 pd

Eq. (99) 0 s ™ p& o
. o &) 0

Eq. (100) (@) W W p o G >
. 5 . T '@ nm pmQmm
® T @m 1 Qmm p — BT prm 8 0 p

O PHTYDPH O

The calculated radius of the upper la$ésynchronisn circle.

0 ©
Eq. (101) i U—O
. P& 0o p T QM
l P8 0 p
I @y
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Lower Circle Loss of Synchromsm Region

30
20

- 10
Diztance to Certer of
-0 Circle from the last term of

Equation 37
- 30 magnitude = 48 991 ohms R“*{

# {ohms)
|

From Equation 97

oy = (11808, -58.039) Fadius fram equation 95
-0 magnitude = B3 957 ohms

-3

Shape 1

- a0
- 100
- 110
- 120

- 130

_ldl—DIDD—S'EI—ED—?D—&D—SD—{I—ED—ED—ID o 10 20 30 40 0 &0 M0 &0

E. {chims)

Figure 15a: Lower circle lossof-synchronism region showing the coordinates of the circle
center and the circle radius.
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Lower Cucle Loss of Synchromsm Region

30

20\

{12,005, 11 94E)

10 @1

L ——

(1S676,641) — |

1

Diztance between towo points =
SQRT-12.005 - 1567612 + (11 946 — 6 4102
=25.229 ohms

@

)
)
!
1
—10 e :’
|
/
/
|

H (ohmz)

Radius from eguation 92
magnitude = 69 957 ochms

_sn ; Angle = 2 * ASIN(O.S * 26,229 / §9.957) = 23.27 degrees
{

Fraom Equation 97
Z.,=(-11608, 58039 |

-6l

_?E 50 -40 - 30 =20 - 10 0 10 20 30 40 a0

E {ohms)

Figure 15b: Lower circle lossof-synchronism region showing the fitbreesteps to calculate
the coordinates of the points on the cirdleldentify the lower circldossof-synchronism
points that intersect the lens shape where the seeditigo receivingendvoltage ratio is 0.7
(see lens shape calculations in Tablg9.2) Calculate the distance between the two lower
circle lossof-synchronisnpoints identified inStep 1. 3) Calculate the angle of arc that
connects the two lower circlessof-synchronisnpoints identified inStep 1.

Final Draftof PR@026-2
April 2021 Pag 59 of 86



PR®@26-21 Relay Performance During Stable Power Swings

Lower Cucle Loss of Synchromsm Region
30
{-12.005, 11 94E)
4 S —
10 @1 (1S676,84H) —
0 r/ o =
End Angle = 7869 + 23.27 2 = \\
30.325 degrees Start Angle = 78EA— 2327 /2=
- 10 B7.055 dedgress
o System Angle (From Zsysl = |4 /
= ATANCSD 100 = /
’E - T3 .69 degrees I
= ; @
# /
I Calculate &Angle Step Size for
- 30 Mumber of Desired Points (30
/ Points in thiz Example]:
/ (360 — 23277 /30 = 11.224
40 / degrees per point
- /
[
/
—s0 | 2327 degrees
J
40 Z.,=(-11 608, -58039 |J
=0
- 30 —40 - 30 =20 - 10 1] 1 20 30 40 a0
E {ohms)
Figure 15c: Lower circle lossof-synchronism region showing the steps to calculate the st
angle, end angle, and the angle step size for the desired number of calculated)points.
Calculate the system ang®.Calculae the start angl&) Calculate the end anglé)
Calculate the angle step size for the desired number of points
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Lower Circle Loss of Synchromsm Region

30
10 T —
(15676,641) ~ |
@ SO (27 B39, -0134)
1] X |
i
s
-10 i "
— / s
E | Radiuz = £9.9365 ohms s s
R
= |
= | Step every 11.2243 degrees |

_ 10 \

{46832, -19.531)

a0 | Start Angle = 67,055 degrees | W = BO.OE6S * SINC33

3520+

E {ohtms)

@ (-58.039) = -19.531 ohms
\ |
-0 R = 639865 * COS(33.352) + Il
I.,=(-11.608, -58.039) {-11 505 = 46,832 ohms .
&0 —
B7.055— 3 * 11 2243 = 33 382 degrees |@(
-0
—50  -40  -30 -0 -10 0 10 20 a0 40 50

proceed in a clockwise directio®) Advance the step angle for each po@)tCa
new angle after step advancementCalculate the RX coordinates.

Figure 15d: Lower circle lossof-synchronism region showing the final steps to calculate t
coordinates of the points on the circlg Start at the intersection with the lens shape and

Iculate the
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Upper Circle Loss of Synchromsm Regon

170
140
150
140
130
120
110
100

20

&l

¥ (ohms)

7a
&l
50
40

10

40 \
20

Shape 2

Fadius from egqustion 101
magnitude = 53 957 ohms

.= (17 EO8, 83.039)

From Equation 100

. || Circle fromthe last term of

\

Distance to Center of

Equation 100
magnitude = 45931 ohms

0

]

- 10

- 30 -70-é0-50-40-30-20-10 0O

E. (ohins)

10 20 30 40 50 &0 70 20 50 100

Figure 15e:Upper circle los®f-synchraism region showing the coordinates of the circle
center and the circle radius.
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Upper Cuele Loss of Synchronism Region

a0

o0

a0 ®

Angle = 2 * ASIMND.S * 25229 FE3.957) = 23 .27 degrees

?Ell

Distance betvween two poirtz =
SORT(-0.67E - 1800512 + (23.59 —15.054"2)
=28.229 chinz

a0 @

[ Fram Equation 100
L..=(17 603, 55.039

=" FRadius from equation 101

/ magnitude = 63 957 ohms

¥ {ohms)

30
®
-h-hh--_"""'-- -

. (-9.676, 23.59) o k®

i S _a

(18005, 18.054)

- 50 - 40 -3l =20 - 10 0 1 20 a0 40 Sl

E (ohms)

Figure 15f: Upper circle los®f-synchronism region showing the fitbtreesteps to calculate
the coordinates of the points on the cirdleldentify the upper circle pots that intersect the
lens shape where the sendigd to receivingend voltage ratio is 1.43 (see lens shape
calculations in Tables-2). 2) Calculate the distance between the two upper circle points
identified inStep 1.3) Calculate the angle of arbdt connects the two upper circle points
identified inStep 1.
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Upper Cuele Loss of Synchromsm Region

100
50 Z..= (17 508, 83.039)
il Calculate Angle Step Size for
Mutnber of Desired Pairts (30 2327 degrees
Poirtz in this Example;
0 (360 —=23271 030 ="11224
degrees per point

]
e
g
!
e
P

Start Angle = 7569 -2327 12 =
A0 67 .055 degrees
\ End Angle = 7369 + 2327 /2 =
30 90.325 degrees
@ = .
I (-9.576, 23.59) @)
20 — X

(18.005, 15.054)

System Angle (From Zzys) =
1n ATAMCSO0 A =
75.69 degrees \
]

- 50 -40 - 30 -0 - lﬂb I 10 20 30 40 50

E (ohms)

Figure 15g: Upper circle los®of-synchronism region showing the steps to calculate the
angle, end angle, and the angle step size for the desired number of calculated)foahtslate
the system angle) Calculate the start angl8) Calculate the end anglé) Calculate the angl
step size for the desired number of paints
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Upper Cucle Loss of Synchromsm Regon

100

i

&0

€

G67.053—3* 11.2243 = 33,332 degrees

F = B9 9865 * COS(33.382 - 180)
+ 17608 = 40,832 ohms

X = (995865 * SIN(33.582 - 1800
+ 533.039 = 495 ohims

Start Angle = BY 055 degrees

[
/ Z..= (17 608, 55.039)

Step every 11.2243 degrees

fal
g :
fgf a0 Fadius = 699865 ohinz
{-30.832, 49.531) i ‘,"’
i !
40 4 /
s
[-32.219, 35.8928 r
30
(=21 699, 30.134) @
(-9676, 23.50)
20 —
1]
- 30 =40 - 30 -0 - 10 0 10 20 30 40 a0
E {ohtns)

Figure 15h: Upper circle losof-synchronism region showing the final steps to calculate t
coordinats of the points on the circlé) Start at the intersection with the lens shape and
proceed in a clockwise directioR) Advance the step angle for each po#)tCalculate the
new angle after step advancemeéntCalculate the X coordinates
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Lower Loss of Synchronism Upper Loss of Synchronism
Circle Coordinates Circle Coordinates
Angle Angle
{degrees) R + jX {degrees) R + X
67.055) 15676 G.41 7055 -9E67B 23.59
55831 27EB93] -0.134 55831 -21.693] 30134
44 60G|  38.219] -5.892 44 606 -32.219| 35.892
33.382( 46.832] -19.531 33.382| 40.832| 49.531
22158 53.21| -31.843 221588 4721 B1B4A3
10,933 57.108] -44.765 10933 -51.108] 74.765
359.709| 58375 -58.395 359,709 -52.378] B5.395
343455 B9 720N J4o. 485  -00.597) 102.011
337.26) 52935 -85.092 33726 -46.939| 115.092
J26.036| 46435 -97.135 J26.036| -40.435) 127.139
14812 37717 -107.68 F4812] 31717 15768
J03.567| 27.109] -116.341 J03.5587| -21.108] 146.341
292,363 15.02] 122762 292365 8.02| 152.782
281.139 1.913] -126.707 281.139 4.087| 156.707
269914 -11.712] -128.026 269.914] 17712 158.026
25869 -25.333] -126 667 20069 31.333| 156667
247 466|  -35.429| 122 652 247 466| 44 428) 152652
236.241| -50.499] -116.225 236241 56.4939) 145.225
225017 -B1.081] -107.542 225017 B7.081] 137.542
213793 B9.771| -96.965 213793 75771 126.965
2025658 -7B.235| -84.899 202865 82.235] 114.899
191.344| -B0.227) -71.806 191.344] B86.227| 101.806
18012 -B1.594] -55.185 18012 87.594| B5.185
168.895) 80284 -44.58 168.895) Bh.254 74.56
187671 76347 -31.44 157671 82.347 51.45
146.447| -B9.933) -19.357 146.447) 75533 48357
130.222) -B1.285) -B.744 135,222 B7.288| 35744
123.995) 50742 -0.016 123.995) 56742 30.016
112.774] -35.699 5.491 1M2774] 44893 23509
101.548] 2562 10.53 101.548 31.62 19.47
90325 12005 11.945 90325 18.005] 13.054
Figure 15i: Full tables of calculated lower and upper logsynchronism circle coordinate
The highlighted rows the detailed calculated points in Figures 15d and 15h.

Application Specific to Criterion B

The PRCG026-1-2i Attachment B,Criterion B evaluatesovercurrent elements used for tripping.

The same criteria as PRI26-1-2 i Attachment B Criterion Ais used except for an additional
criterion (No. 4) that calculates a current magnitude based upon generator internal voltage of 1.05
per unit. A value ofL..05 per unit generator voltage is used to establish a minimum pickup current
value for overcurrent relays that have a time delay less than 15 cycles. The samntiagd
receivingend voltages are established at 1.05 per unit at 120 degree systemaepagié. The

1.05 per unit is the typical upper end of the operating voltage, which is also consistent with the
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maximum power transfer calculation using actual system source impedances in H23PRC
NERC Reliability Standard. The formulas used to cateuae current are in Table 14 below.

Table 14: Example Calculation (Overcurrent) ‘

This example is for a 230 kV line terminal with a directional instantaneous phase over
element set to 50 amps secondary times a CT ratio of 160:1 that equalsr8)@amary.
The following calculation is where sfequals the base lide-ground sendingnd generato
source voltage times 1.05 at an angle of 120 degreesqgJals the base liffe-ground
receivingend generator internal voltage times 1.05 at an afddedegrees, andsgequals the
sum of the sendingnd source, line, and receiviegd source impedances in ohms.

Here, thenstantaneouphase setting of 8,000 amps is greater than the calculated system
of 5,716 amps; therefore, it meets RBZB-1-2 1 Attachment BCriterion B

0" T
Eq. (102) %J P38t L
ocmnn” por T
o S ‘ pog L8t U
No

® polwon” pag T

Receivingend generator terminal voltage.

w” d
Vo
¢ o mJan
Vo
® p olwo nJdan

Eq. (103) | &

P8t L

p8t v

The total impedare of the system (4 equals the sum of the sendiegd source impedanc
(Zs), the impedance of the line () and receivingend impedance g in ohms.

Given: ©® o Qg O p® QHm O T QS
Eq.(104) |& & & O

@ c Qom p& QE M ™ Q& m

Q) 19 @ qQ

Total system current.

®w W

Eg. (105) | O =

p ofwo 7 pag TP ofwo I
® Qqm
0 uxpWcT @Y
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Application Specific to Three-Terminal Lines

If a threeterminalline is identified as artlement that is susceptible to a power swing based on
Requirement R1, the loagsponsive protective relays at each end of the tiereanal line must
be evalated.

As shown in Figure J5the source impedances at each end of the line can be obtained from the
similar short circuit calculation as for the t@rminal line (assuming the parallel transfer
impedances are ignored)

A B

Z SB
SA Z Z
@—z SN | S—@

Figure 15f Threeterminal line.To evaluate the loacksponsive protective relays tre three
terminal lineat Terminal A, the circuiin Figure 15jis first reducedo the equivalent circui
shown in Figure 15kThe evaluation process for the le@sponsiveprotective relays othe
line at Terminal A will now be the same as that of the #®ominal line
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A EQ
E, > Eeq
.| .. |
= —

Zeq= (2 o+ Zeg(Z 5+ Zge)

Figure 15k Threeterminal line reduced to a twerminal line.

Application to Generation Elements

As with transmission BEElements the determination of the apparent impedaseen atan
Elementlocated at, or near, a generation Faciitycomplex for power swings due to various
interdependent quantities. These variances in quantities are caused by changes in machine internal
voltage, speed governor action, voltage regulator action, the reaction of other local generators, and
the reaction of other interconnected transmis&8&% Elements as the event progresses through

the time domainThough tansient stabilitysimulationsmay beused to determine the apparent
impedance forverifying loadresponsive relagettingst®!® RequirementR2, PRG026-1-2 i
Attachment B Criteria A and B provides a simplified method for evaluating the-feagonsive
protective r el ay aginrssposse o p stable polver swyng witbouttrequiripgp |
stability simulations.

In general, the electrical center will be in the transmission system for cases where the generator is
connected through a weak transmission system (high external impedarmtégr cases where

the generator is connected through a strivagsmissiorsystem, the electrical centeould be

inside the unit connected zoffdn either case, loatesponsiveprotectiverelays connected at the
generator terminals or at the higbltage side of the generator stap (GSU) transformer may be
challenged byower swingsRelays that may be challenged by power swings witliétermined

by the PlanningCoordinator in Requirement R1 by the Generator Owner afteecoming aware

of agenerato, transformer, or transmission line BE®ment that trippedin response tastable

or unstablepower swingdue to the operation of its protective relay(s) in Requirement R2

8 Donald ReimertProtective Relaying for Power Generation SysteBmca Raton, FL, CRC Pre006
19 prabha Kundr, Power System Stability and Contr&PRI, McGraw Hill, Inc., 1994.
20 |bid, Kundur.

2’See Guidelines and Techni cddnEBmesfiha Trispedn Reésponsetoda Be c o mi n g
Power Swing, 0
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Voltage controlled tim@vercurrentandvoltagerestrained timevercurrent riays areexcluded

from this standardVhenthese relays argetbased on equipment permissible overload capability
theiroperating time aremuch greater than 15 cycles for the current levels observed during a power
swing

Instantaneous overcurretime-overcurrentand definitetime overcurrentelayswith a time delay
of less than 15 cycldsr the current levels observed during a power swirggpplicableandare
required to be evaluatddr identified Elements

The generator lossf-field protectivefunction is provided by impedance relay(s) connected at the
generator terminals. The settings are applied to protect the gerfevataa partial or complete
loss of excitation under all generator loading conditions and, at the same timnenbae to
tripping onstable power swings. It more likelythat thelossof-field relay would operate during

a power swing when the automatic voltage regulator (AVR) is in manual ratiter than when

in automatic modé? Figure 16illustrates the lossof-field relayin the RX plot, whichtypically
includes up tothree zones of protection.

N5
T o

40-1 Directional
Element \ R (Per Unit)

15 1 05 -\‘}L 15 y
P \:\\f\

/ \ 1 / / \ \‘-

\ \- Capabity Curve

e /./.
z.2/,
\ SSSL __,/

X (Per Unit)

\
s
@
w

B

?

M
—

i

Figure 16: An R-X graph oftypicalimpedancesettings for losof-field relays

22 John BurdyJossof-excitation Protection for Synchronous Generators GHR3 General Electric Company
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Lossof-field characteristic40-1 has a wider impedance characteristic (positive offset) than
characteristic10-2 or characteristi@l0-3 and provides additional generator protection for a partial
loss of field or a loss of field under low load (less than 10% of rated). The tripping logic of this
protection scheme is established by a directional cgrdasoltage setpoinand a time delay. The
voltage and time delay add security to the relay operation for stable power dRliagacteristic

40-3 is lesssensitive to power swingkhan characteristicd0-2 and is set outside the generator
capability cuve in the leading direction. Regardless of the relay impedance s&R@)193
requi r es-sandralimitetdperatdii e hfor e Pr ot ecti on Syst ems
a n dnh-sdrvice Protection System devices are set to isolate-enelgizeequipment in order to

limit the extent of damagehen operating conditions exceed equipment capabilities or stability
limits.0 Time delays for tripping associated with lasfsfield relay$*?®> have a range from5
cycles for characteristid0-2 to 60 cyclesfor characteristid0-1 to minimize tripping during stable
power swingsln PRG026-12, 15 cycles establishes a threshold for applicability; howeves,

the responsibility of the Generator Owner to establish settings that provide security agdmst stab
power swings and, at the same time, depemdatatection for the generator.

The simple twemachine system circuit (method also usedhi@ Application toTransmission
Elemens section) is used to analyze the effect of a power swing at a generatity faciload
responsive relays. In this section, the calculation methededfor calculaing theimpedance
seen by the relay connected at a point in the cifédihe electrical quantities used to determine
the apparent impedance plot using this methi@generator saturaté@nsientreactance (%),
GSU transformer impedance ), transmission line impedance_jZand the system equivalent
(Ze¢) at the point of interconnection. All impedance values are known to the Generator Owner
except for the sysin equivalent. The system equivalenblstainablefrom the Transmission
Owner.The sendingendand receivingend source voltages are varied fror@ @. 1.0 per unit to
form the lensshapeportion of the unstable power swing regiohhe voltage range of Dto 1.0
results in a ratio range from 0.7 to 1.48is ratio range is usdd form the lower and upper less
of-synchronism circle shapes of the unstable power swing regjisgstem separation angle of
120 degrees is used atcordance with PRG26-1-2 i Attachment B criteria foeach load
responsiverotectiverelayevaluation

Table 15 lelow is an example calculation of the apparent impedance locus malsed on
Figuresl7 and182’ In this example, the generator is connected to th&k848ansmissiorsystem
through the GSU transformer and has lited ratings.Note that he loadresponsiveprotective
relays in this examplenay have ownership witlhe GeneratoOwneror theTransmissiorOwner.

23 Coordination of Generatingnit or Plant Capabilities, Voltage Regulating Controls, and Protection
24 Ibid, Burdy.
25 Applied Protective RelayingVestingtouse Electric Corporation, 1979.

26 Edward Wilson KimbarkPower System Stability, Volume II: Power Circuit Breakers and ProteRtxays
Published by John Wiley and Sei85Q0

27 |bid, Kimbark.
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Generator System Equivalent |
l

™ [
ES ER m(zsys) (1'm)(zsys)
T X”d XGSU Ze

| | - [ ] | | -
1 ] L ] L |

M (relay T

Location) 345kV Bus M

Eg Eg

Figure 17: Simple ondine diagram of the | Figure 18: Simple system equivalent

GSU | Zsys

system tdoe evaluated. impedance diagram to be evaluat@d.
Input Descriptions Input Values

Synchronous Generator nameplate (MVA WT 16 !

Saturatedransient reactance (940VA base) ® T Y ElR@® EO
Generator rated voltage (Lisie-Line) ¢ TQ®

Generator stepp (GSU) transformer rating YYPomwo

GSU transformer reactance (880 MVA base 8 p @ub

System Equivalent (100 MVA base) w mdnycoJbld@ EO

Generator Owner Load-Responsive Protective Relays

01T OBEOEARADA BAT A
40-1 | AEOHROWD A E O
$SEAI AGd @D A® EO

. ACAOEDAADAAAT AA
40-2 | EEOHROP AD® E O

$SEAI AQA DA EO

. ACADOEDBADAAAT AA
40-3 | EEOROP AD E O

SEAI AQdh®AD EO
SEAI AGhODAD EO

- 41 Yyuld

21-1

28 |bid, Kimbark.
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50 ) DEAE O@sD ADI E O
Transmission Owned Load-Responsive Protective Relays

$EAI AGd ® A@ EO
-4 Yyould

21-2

Calculations shown for a 120 degree angle agii== 1. The egation for calculating Zis:*°

. p a 0O a O .
Eqg. (L06) & 5T o &

Where m is the relay location as a function of the total impedance (real number less than 1)
Esand R is the sendinggndand receivingend voltages
Zsysis thetotal systemmpedance
Zris the complex impedance at the relay location and plotted oradi&ram

All of the above are constants (MO/ A base) whi | e Talhesl6 lzelovgdorgainsi
calculations for a generatasing the datadted in Table 15

Tablel6: Example Calculations (Generator)

The following calculations are on%0MVA base.

Given: ® &% P TN » TP XPHO (O @WroxpP
Eq.(107) |& & & &

G @Y TaD X pHnd @Wexpe

@ ™ ¢ § wodm) 6
Eqg. (108) a w T[&q”una)p(po

W ¢ ow

. p & 0O a O .
Eq. (109) () o1 © W

p TPQOo P pEM TP QO It

) owd pa
pP" p& ™M It T G »

29 |bid, Kimbark.
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PR®@26-21 Relay Performance During Stable Power Swings

Tablel6: Example Calculations (Generator)

™M CcTTAD oCOo P
PR Qoo oW pu

T®PPOPPPLI TMCOWI Pa

™ WT ¢ @uYPo

T Y @8t X B O

Table 17 lists the swing impedance values at other angles an@d/BkE 1, 1.8, and 0.7. The
impedance values are plotted on aX Braph with the center being at the generator terminals for
use in evaluating impedanopelay settings.

Table 17: Sample Calculations for a Swing Impedance Chart for Varying Voltages

at the Sending-End and Receiving-End.

Es/Er=1 Es/Er=1.43 Es/Er=0.7
ZR Zr ZR

Angle (d) | Magnitude Angle Magnitude Angle Magnitude Angle
(Degrees) (pu) (Degrees) (pu) (Degrees) (pu) (Degrees)
90 0.320 -13.1 0.296 6.3 0.344 -31.5
120 0.194 -21.9 0.173 -0.4 0.227 -40.1

150 0.111 -41.0 0.082 -10.3 0.154 -58.4

210 0.111 -25.9 0.082 190.3 0.154 238.4
240 0.194 201.9 0.173 180.4 0.225 220.1
270 0.320 193.1 0.296 173.7 0.344 211.5

Requirement R2 Generator Examples
Distance Relay Application

Based orPRCG026-1-2i Attachment BCriterion A the distance relay (21) (i.e.,owned by the
GenerationrOwnel characteristigs in the region where a stable power swing would not occur as
shown in Figurel9. There is nofurther obligation to the owner in this standard for this {oad
responsiveprotectiverelay.

The distance relay (22) (i.e.,owned by th@ransmissior®wnel) is connected at the higloltage
side of the GSUWransformeland its impedanceharacteristigs in the region where a stable power
swing could occur causing the relay to operate. In this example jiftémtionaltime delay of this
relayis less than 1%®ycles the PRG0261 Attachment B Criterion A cannot be met, thube
Transmission Owner is geiired to create a CAP (Requirem&®). Some of the options include,
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but are not limited taghanginghe relay setting (i.eimpedanceeach angle, timedelay), modify
the scheme (i.eaddPSB), or replace th@rotection SystenNote that the relay nyabe excluded
from this standard it hasan intentional time delagqual to or greater than 15 cycles.
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Note: The center is at the generator terminals

Figure 19: Swingimpedancgraph forimpedanceelays at ageneratingacility.

Loss-of-Field Relay Application

In Figure20, the RX diagram shws the losof-field relay (401 and 402) characteristicare in

the region where a stable power swing can cause a relay opePatitattive relayt0-1 would

be excluded if it haan intentionatime delayequal to or greater than 15 cycles. Similai§.2

would be excluded if itsitentionaltime delayis equal to or greater than 15 cycles. For example,
if 40-1 has a time delay of 1 second ane?4@as a time delay of 0.25 seconds, they are excluded
and there is no further obligatiam the Generator @nerin this standard for these relays. The
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lossof-field relaycharacteristi@0-3 isentirely insidethe unstable power swingegion In this
case, the owner may select high speed tripping on operdttbe 403 impedance element.

X (Per Unit)
| \
— 1 Ey/Ex=1.43 R (Per Unit)
1.5 -1.0 0.5 0}0 [485) = TO 1.5 2.0 25
\\!: Es/Ez=1.0
o LN
Ay Nt
ES/ER = O.x \ '\
al
40-2 40-3 AR x ) 40-1 Trip Permissives
il I : - Impedance element closed
\ ! ! - Directional element closed
/ ¢ - Eg < 80% Nominal
. L All conditions above for
; 7 t>0.25 seconds
il Gen Capability
Curve X 40-2 Trip within the impedance
/ R element fort > 0.25seconds
I o’ 40-1
40-3 Trip with impedance element
\ 20 . / 5SSl /// for t=0.00seconds
\ //
= SSSL Steady State Stability Limit
— ' /
L
Figure 20: Typicd R-X graph for lossof-field relayswith a portion of the unstable power swi
region defined by PRO26-1-21 Attachment BCriterion A

Instantaneous Overcurrent Relay

In similar fashionto the transmissionline overcurrent gample calculation in Tald 14 the
instantaneous overcurrent relay minimum setting is establishB®@026-1-2 i Attachment B,
Criterion B The solution is found by:

O ©
WUo

Eq. (110) 'O

As stated in the relay settingsTable 15 the relay is insta#ld on the highvoltage side of the GSU
transformer with a pickup of 5.@punit The maximum allowable current is calculated below.

gu” v'Jm
0 P pJClIETT »
™ ¢ 0wl WT
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PP Ppum
T ¢ 0wl Lot

O c&p eimod

kO]

Theinstantaneouphase setting of 5.Gep unitis greater than the calculated system current3df 2.
per unit;thereforeit meets thd®RG026-1-2 1 Attachment BCriterion B

Out-of-Step Tripping for Generation Facilities

Outof-step protection fothe generator generally falls into three different schemes. The first
scheme is a distance relay connected at thevobhge side of th&SUtransformer with the
directionalelementooking toward the generator. Because this relay setting may be the same
settingused for generator backup protectisedRequirement R2 Generator Examplestance
Relay Application), it is susceptible t&ripping in response tstable power swings and would
require modification. Because this scheme is susceptilbtgopdng in response tstable power
swings and any modification to the mho circle will jeopardize the overall protection of the out
of-step protection of the generatavailable échnical literature does not recommend using this
scheme specifically for geneaatoutof-step protectionThe second and thirut-of-step
ProtectionSystemschems are commonly referred to as single and double blinder schemes.
These schemes are installed or enabled fepbatep protection using a combination of
blinders, a mho eiment, and timers. The combination of these protective relay functions
provides oubf-step protection and discrimination logic for stable anstable power swings.
Single blinder schemes use logic that discriminate between stable and unstable poveebgwing
issuing a trip command after the first slip cycle. Double blinder schemes are more ctivaplex
the single blinder schenand, depending on the settings of the inner blinder, a trip for a stable
power swing may occur. While the logic discriminatesveetn stable and unstable power
swings in either scheme, it is important that theitipating blinders be set at an angle greater
than the stability limit of 120 degrees to remove the possibility of a trip for a stable power swing.
Below is a discussioaf the double blinder scheme.

Double Blinder Scheme

Thedoubleblinder schemeis amethod for measuring the rate of change of positive sequence
impedance for oubf-step swing detectiomhe schemeompares a timer setting to the actual
elapsed time redred by the impedance locus to pass between two impedance characteristics. In
this casethe two impedance characteristics are simple blinders, each set to a specific resistive
reach on the KX plane. Typicallythe two blinders on the left half plane d@ne mirror images of
those on the right half plane. The scheme typically includes achdracteristievhich acts as a
starting elemenbutis not a tripping element.

The scheme detects the blinder crossings and time delays as represented-Xrptheeas
shown in Figure2l. The system impedance is camspd of the generator transi€¢ktid \GSU
transformei(X), and transmission systefMsysten), impedances.

The scheme logic is initiated when the swing locus crosses theBdumger R1(Figure 21) on
the right at separation angle U. The scheme
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inner blinder. At this point the scheme logic seals in theobstep triplogic at separation angle
b. Tripping actual |l y a ssteesdchane eharacteriste atisepgragiaha n c e
angl e 1U.

The powerswing may leave both inner and outer blinders in either direaihtripping will

assert Therefore, the inner Dblinder must be set
that the sy®m cannot recover. This angle shouldsbeatl20degres or more. Setting the angle
greater than 128egres satisfieshe PRG026-1-21 Attachment B Criterion A(No. 1, 1%

bullet) since the tripping function is asserted by the blinder elemeansent stability studies
mayindicatethata smaller stability limit angles acceptableinder PR@26-1-21 Attachment

B, Criterion A(No. 1, 2" bullet). In this respect, the double blinder scheme is similar to the

double lens and triple lens schemes andyteansmissiompplicationout-of-stepschemes

-R2 Blinder R2

Blinder R1

a swing locus

Figure 21: Double Blinder Scheme generic out of step characteristics.
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Figure22 illustrates a sample setting of the double blinder schentadexample 94MVA

generator. The only setting requireméntthis relay scheme is the right inner blingetich

must be set greater than the separation angle of 120 degrees (or a lesser angle based on a
transient stability study) to ensure that the-ofustep protective functiors expected tmot trip

in regonse ta stable power swinduring nonFault conditionsOther settings such as the mho
characteristicouter blinders, and timers are set according to transient stability studies and are not
a part of this standard.

!
. |
I ;
}
y . y
- . SEsy==0.7
-
2220 218 16 Ad 121 ~ . 6|35 .10 .12- 14.16.18.20. 22
= . - Ry
i ;401 A=
= s _ -
o - -
= ' - ~
_ s N
& £ | \
fin} # 1 L
= P | oo
g a . A
o ! { Egen=0.7
2 2 | 40-3
E ¥ ! | \
3
- ' \
1 I ) :
i | ' .
| ap2 '
\ N Jus ]
1
\ _24 4 .II
I-._ 145 1 .-I
5 I‘"\ _m T "'.
" T /s
r Il
\\‘ 32 T+ s
% %, //
S TR P
N % T e
B
40

R (0 sécun-:l_ﬂr:,r, horizontal)

Figure 22 Double Blinder @it-of-Step Scheme with unit impedance data and loesponsive
protectiverelayimpedanceharacteristics for the example 940 MVA generator, scaled in
secondary ohms.
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Requirement R3

To achieve the stated purpose of this standard, whicheissiare thatelays are expected to not
trip in response to stable power swings during-Raualt conditionsthis Requirement ensures
thatthe applicableentity develogs a Corrective Action Plan@AP) thatreduces the risk aklays
trippingin response ta stable powr swingduring nonFault conditionghat may occur on any
applicableBESElement

Requirement R4

To achieve the stated purpose of this standard, whicheissiore that loadesponsive protective
relays are expected to not trip in response to stablermswirgs during notFault conditionsthe
applicableentity is required tamplement ay CAP developed pursuant to Requirement$e@h
thatthe Protection Systemiill meet PRE026-121 Attachment Beriteriaor can be excluded under
the PRC02612 i Attachment A criteria (e.g., modifying the Protection System so that relay
functions are supervised by power swing blocking or using relay systems that are immune to power
swing9, while maintaining dependable fault detection and dependabief-atep tripping if out-
of-step tripping is applied at the terminal of tBES Element) Protection System owners are
required in the implementation of a CAP to update it when actions or timetable changal] until
actions are completeAccomplishing this objective is intded to reduce the occurrence of
Protection System tripping during a stable power swithgreby improving reliability and
minimizing risk to the BES

The followingareexample of actions taken taomplete CABfor a relaythatdid not meet PRC
026121 Attachment B andould beatrisk of tripping in response tostable power swinduring
nonFault conditions A Protection Systenthange was determined to be acceptable (without
diminishing the ability of the relay to protect for faults within its zonprotection).

Example R4a Actions: Settings were issued on 6/02/2015 to reduc&tme?2 reach of

the impedance relay used in ttieectional comparison unblocking (DCUBheme from

30 ohms to 25 ohms so that the relay characteristic is completelyrahtaithin the lens
characteristic identified by the criterion. The settings were applied to the relay on
6/25/2015.CAP wascompletedon 06/25/2015

Example R4b: Actions: Settings were issued on 6/02/2015 to enableobatep blocking

on the existing mioprocesscebased relay to prevent tripping in response to stable power
swings. The setting changes were applied to the relay on 6/2528F5wvascompleted

on 06/25/2015
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The followingis anexample ofactions taken tcompletea CAP for a relayrespondng to a stable
power swing that required the addition of an electromechanical power swing blocking relay.

Example R4c: Actions: A project for the addition of an electromechanical power swing
blocking relay to supervise tiZ®mne2 impedance relay was inited on 6/5/2015 to prevent
tripping in response to stable power swings. The relay installation was completed on
9/25/2015. CARvascompleted on 9/25/2015.

The following is an example of actions taken to complete a @AIR a timetable that required
updatirg for the replacement of the relay.

Example R4d: Actions: A project for the replacement of the impedance relays at both
terminals of line X with line current differential relays was initiated on 6/5/2015 to prevent
tripping in response to stable power sgganThe completion of the project was postponed
due to line outage rescheduling from 11/15/2015 to 3/15/2016. Following the timetable
change, the impedance relay replacement was completed on 3/18/2016 W&AP
completed on 3/18/2016.

The CAP is complete vén all the documented actions riemedythe specific problem (i.e.,
unnecessary tripping during stable power swirsge completed

Justification for Including Unstable Power Swings in the Requirements

Protection Systems that are applicable to the Stdradat must be secure for a stable power swing
condition (i.e., meets PRQ26-12 i Attachment B criteria) are identified based on Elements that
are susceptible both stable and unstable power swings. This section provides an example of why
Elements thatrip in response to unstable power swings (in addition to stable power sanegs)
identifiedand thatheirload-responsive protective relays need to be evaluated undeORP&E2

T Attachment B criteria

Line 1

= -
_i Line 2 i_

Figure 23 A simple electrical system where tWines tie a small utility to a much largs
interconnection.

In Figure 23 the relays at circuit breakers 1, 2, 3, and 4 are equipped with a typical overreaching
Zone 2 pilot system, using a Directional Comparison Blocking (DCB) scheme. Internal faults (o
power swings) will result in instantaneous tripping of the Zone 2 relays if the measured fault or
power swing impedance falls within the zone 2 operating characteristic. These lines will trip on
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pilot Zone 2 for oubf-step conditionsf the power swingmpedance characteristic enters into
Zone 2 All breakers areated forout-of-phase switching.

45 I

Ereaker opens. If breaker
hadn't opened, the swing
wiolld have continued past
35 the 180 degree point as
depicted by the dashed line.

Zone 2 is not contained
within the unstable
powEr SWing region.
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Figure 24: In this case, the Zone 2 element on circuit breakers 1, 2, 3, and 4 did not m
PRG026-12 1 Attachment B criteria (this figure depicts thewer swing as seen by relays
breakers 3 and 4).

In Figure 24, a large disturbance occurs within the small utility and its system geafsstep

with the large interconnecthe small utility is importing power at the time of the disturbance. The
adual power swing, as shown by the solid green line, enters the Zone 2 relay characteristic on the
terminals of Lines 1, 2, 3, and 4 causing both lines to trip as shown in Figure 25.
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