
Agenda Planning 
Committee 
**Joint Session – OC-PC-CIPC: September 12, 2017 | 10:00 a.m. – noon EDT** 
**Executive Committee Meetings: 8:00 a.m. – 10:00 a.m. EDT ** 

September 12, 2017 | 1:00 – 5:00 p.m. EDT 
September 13, 2017 | 8:00 a.m. – Noon EDT 

Hilton Quebec 
1100 Rene Levesque East 
Quebec City, Quebec G1R 4P3 
Canada 

Tuesday, September 12 

Administrative Items and Committee Updates (1:00 – 1:30 p.m.) 

1. Administrative

a. Introductions – Brian Evans-Mongeon, Chair

b. Arrangements and Safety Briefing – Hotel Staff

c. NERC Antitrust Compliance Guidelines and Public Announcement – Mark Olson, Secretary

d. Announcement of Quorum – Mark Olson, NERC

e. Consent Agenda – Brian Evans-Mongeon, Chair

i. June 6-7, 2017 Meeting Minutes

ii. September 12-13, 2017 Meeting Agenda

f. Executive Committee Election

2. Committee Updates

a. Opening Remarks and Committee Updates – Brian Evans-Mongeon, Chair

i. Welcome New Members

ii. Follow-up to July 28th email memo

iii. August NERC Board of Trustees Meeting Update

iv. Review of IROL-related definitions developed by the Methods for Establishing IROLs Joint
Task Force (MEITF)

b. Future Meetings – Mark Olson, NERC

i. December 12-13, 2017 | Atlanta, GA
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ii. March 6-7, 2018 | TBD 

iii. June 5-6, 2018 | TBD 

iv. September 11-12, 2018 | TBD 

v. December 11-12, 2018 | TBD 

c. Schedule Changes and Process updates (if not addressed in this meeting) – Mark Olson, NERC 

i. Reliability Guidelines  

d. NERC Leadership Remarks – John Moura, NERC 

e. Committee Subgroup Leadership Changes, if necessary – Brian Evans-Mongeon, Chair 
 
Subcommittee Leadership Reports and Quarterly Work Plan Review (1:30 – 2:45 p.m.) 

3. Performance Analysis Subcommittee (PAS) – Paul Kure 

a. Generator Availability Data System Working Group (GADSWG) 

b. Transmission Availability Data System Working Group (TADSWG) 

c. Demand Response Data System Working Group (DADSWG) 

4. Reliability Assessment Subcommittee (RAS) – Phil Fedora 

a. Probabilistic Assessment Working Group (PAWG) 

5. System Protection & Control Subcommittee (SPCS) – Richard Quest 

6. Synchronized Measurements Subcommittee (SMS) – Jim Kleitsch 

7. System Analysis and Modeling Subcommittee (SAMS) – Michael Lombardi 

a. Load Modeling Task Force (LMTF) 

b. Plant-Level Controls and Protection Modeling Task Force (PCPMTF) 

c. Power Plant Modeling and Verification Task Force (PPMVTF) 

Break 
2:45 – 3:00 p.m. 

 
Committee Business (3:00 – 5:00 p.m.) 

8. Reliability Guideline: Distributed Energy Resource Modeling Parameters | Approve – Ryan Quint, 
NERC 

Background/Objective: This guideline brings together many different reference materials into a 
consolidated guidance document for industry’s use when modeling DER for interconnection-wide 

Meeting Notes: 
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powerflow cases and dynamic simulations.  The guideline was posted for 45-day industry comment 
period June 13 – July 28. LMTF received about 175 comments. The vast majority of comments were 
editorial in nature. And the other comments related to clarification on model parameters and 
recommended values for those parameters. The recommendations and text around the model 
parameter tables were clarified and strengthened based on comments received. LMTF is requesting 
final approval of the Reliability Guideline following response to industry comments. 
Background Materials: Reliability Guideline, Comment Matrix / Presentation 
Action:    Approve  
Suggested Motion: I move for the NERC Planning Committee to approve the Distributed Energy 
Resource Modeling Parameters Guideline, as presented. 
Motion maker: Second: Pass: Yes         No Tbld 
Meeting Notes:  

 

9. Reliability Guideline: Forced Oscillation Monitoring and Mitigation  | Approve – Ryan Quint, 
NERC 

Background/Objective: This guideline addresses forced oscillations including fundamentals of 
oscillations, a framework for identifying, analyzing, and mitigating forced oscillations, and a number of 
examples of these oscillations from across North America. The guideline was posted for 45-day industry 
comment period May 22 – July 7. SMS received about 160 comments. The majority of comments were 
clarifying technical content or appendix materials related to actual forced oscillation events or online 
applications (from the respective entities who supplied that information originally). SMS is requesting 
final approval of the Reliability Guideline following response to industry comments. 
 
Background Materials: Reliability Guideline, Comment Matrix / Presentation 
Action:    Approve  
Suggested Motion: I move for the NERC Planning Committee to approve the Forced Oscillation 
Monitoring and Mitigation Guideline, as presented. 
Motion maker: Second: Pass: Yes         No Tbld 
Meeting Notes:  

 

10. NERC Special Assessment: Bulk Power System Impacts Due to Severe Disruptions on the Natural 
Gas System | Information – John Moura, NERC 

Background/Objective: NERC has revised the report with input from PC reviewers and stakeholders. 
The PC will be informed of the changes and the timeline leading to NERC Board of Trustees action at the 
November Board meeting.  
Background Materials: Presentation 
Action:    For Discussion  
Suggested Motion: N/A 
Motion maker: Second: Pass: Yes         No Tbld 
Meeting Notes:  

http://www.nerc.com/comm/PC_Reliability_Guidelines_DL/Reliability_Guideline_-_DER_Modeling_Parameters_-_2017-08-18_-_FINAL.pdf
http://www.nerc.com/comm/_layouts/xlviewer.aspx?id=/comm/PC_Reliability_Guidelines_DL/Copy%20of%20Copy%20of%20Comment_Matrix_PC_RG_Distributed_Energy_Resource_Modeling_-_2017-08-18.xlsx&Source=http%3A%2F%2Fwww%2Enerc%2Ecom%2Fcomm%2FPages%2FReliability%2Dand%2DSecurity%2DGuidelines%2Easpx&DefaultItemOpen=1
http://www.nerc.com/comm/PC_Reliability_Guidelines_DL/Reliability_Guideline_-_Forced_Oscillations_-_2017-07-31_-_FINAL.pdf
http://www.nerc.com/comm/_layouts/xlviewer.aspx?id=/comm/PC_Reliability_Guidelines_DL/Comment_Matrix_PC_RG_Forced_Oscillations_-_Responses_-_2017-07-31.xlsx&Source=http%3A%2F%2Fwww%2Enerc%2Ecom%2Fcomm%2FPages%2FReliability%2Dand%2DSecurity%2DGuidelines%2Easpx&DefaultItemOpen=1
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Wednesday, September 13 
 
Committee Business - continued (8:00 a.m. – Noon) 

11. Implementation Guidance Overview – Ken McIntyre, NERC  
Background/Objective: Implementation Guidance, as described in the NERC Board of Trustees 
approved Compliance Guidance Policy, provides examples or approaches to illustrate how registered 
entities could comply with a Reliability Standard that are vetted by industry and endorsed by the ERO 
Enterprise. The examples provided in the Implementation Guidance are not exclusive, as there are likely 
other methods for implementing a standard. The presentation will familiarize the PC with the ERO 
Enterprise endorsement process and the Planning Committee’s role as a pre-qualified organization 
capable of submitting Implementation Guidance for endorsement.  
Background Materials: Compliance Guidance Policy 
Action:    For Discussion 
Suggested Motion: N/A 
Motion maker: Second: Pass: Yes         No Tbld 
Meeting Notes:  

 

12. Implementation Guidance: PRC-024-2 – Generator Frequency and Voltage Protective Relay 
Settings | Information/Request for Reviewers – Rich Quest, MRO  

Background/Objective: Reviewers are requested to provide feedback to the SPCS for consideration. 
When approved by the PC, the Implementation Guidance will be submitted to the ERO Enterprise for 
endorsement in accordance with NERC’s Compliance Guidance Policy. 
 
Background Materials: Implementation Guidance / Presentation 
Action:    For Discussion and  Assign Reviewers 
Suggested Motion: N/A 
Motion maker: Second: Pass: Yes         No Tbld 
Meeting Notes:  

 

13. Implementation Guidance: PRC-023-4 – Transmission Relay Loadability  | Information/Request 
for Reviewers – Rich Quest, MRO  

Background/Objective: Reviewers are requested to provide feedback to the SPCS for consideration. 
When approved by the PC, the Implementation Guidance will be submitted to the ERO Enterprise for 
endorsement in accordance with NERC’s Compliance Guidance Policy. 
 
Background Materials: Implementation Guidance / Presentation 
Action:    For Discussion and  Assign Reviewers 
Suggested Motion: N/A 
Motion maker: Second: Pass: Yes         No Tbld 
Meeting Notes:  

http://www.nerc.com/pa/comp/Resources/ResourcesDL/Compliance_Guidance_Policy_FINAL_Board_Accepted_Nov_5_2015.pdf
http://www.nerc.com/pa/comp/Resources/ResourcesDL/Compliance_Guidance_Policy_FINAL_Board_Accepted_Nov_5_2015.pdf
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14. 2017-18 Winter Reliability Assessment | Update – Elliott Nethercutt, NERC 
Background/Objective: NERC’s annual winter reliability assessment covers the three-month 
(December–February) winter period. The assessment provides an overall perspective on the adequacy 
of the generation resources and the transmission systems necessary to meet projected winter peak 
demands. The assessment monitors and identifies potential reliability issues of interest and regional 
areas of concern in meeting projected customer demands. Schedule for review and approval along with 
preliminary findings will be presented. 
Background Materials: None 
Action:    For Discussion   
Suggested Motion: N/A 
Motion maker: Second: Pass: Yes         No Tbld 
Meeting Notes:  

 

 

15. 2017 Long Term Reliability Assessment (LTRA) | Update – Elliott Nethercutt, NERC 
Background/Objective: Provide an overview of the 2017 Long-Term Reliability Assessment (2017LTRA), 
including preliminary data trends and key findings. Provide schedule for review and approval. 
Background Materials: Presentation 
Action:    For Discussion   
Suggested Motion: N/A 
Motion maker: Second: Pass: Yes         No Tbld 
Meeting Notes:  

 
Break 
9:30 –9:45 a.m. 

 

16. Essential Reliability Services Working Group (ERSWG) | Update –Mark Ahlstrom, ERSWG Member 
Background/Objective: The ERSWG has been moving forward with its planned activities for 2017.  The 
team has been collecting data on frequency response and ramping from resources for all four 
interconnections and developing assessment tools to examine historical trends that will find their way 
into future SOR reports, as well as predictive forecasting for illustration in the LTRA. The presentation 
will highlight those actions.  
Background Materials: Policy Briefing on Balancing Trends/Presentation 
Action: For Discussion 
Suggested Motion: N/A 
Motion maker: Second: Pass: Yes         No Tbld 
Meeting Notes:  
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17. System Voltage and Reactive Capability Trends – Ryan Quint, NERC 
Background/Objective: Discuss observed trends in power electronic-based reactive power resource use 
in the bulk-power system, potential impacts to System Voltage and Reactive Capability, and potential 
needs and data sources for observing trends in these areas. Also consider potential tasks for 
subcommittee assignment.  
Background Materials: Presentation 
Action: For Discussion 
Suggested Motion: N/A 
Motion maker: Second: Pass: Yes         No Tbld 
Meeting Notes:  

 

18. Distributed Energy Resources (DER) Penetration in Load Forecasting – John Simonelli, ISO-NE 
Background/Objective: The ERSWG will address industry concerns about the potential negative impact 
of increased DER on the accuracy of load forecasting. 
Background Materials: link to the 2017 DER Report 
Action:  High level discussion of possible ERSWG actions on this issue. 
Suggested Motion: N/A 
Motion maker: Second: Pass: Yes         No Tbld 
Meeting Notes:  

 

19. Impact of DER on Under Frequency Load Shedding (UFLS) systems – Bob Cummings, NERC 
Background/Objective: High penetration of DER can have rapid and unexpected impacts on net load 
during a system event if not coordinated and accounted for in UFLS schemes, resulting in a risk to 
reliability. Discuss steps and potential work plan tasks, including coordination with Regions, to assess 
potential DER impacts on UFLS.  
Background Materials: link to the 2017 DER Report 
Action: For Discussion 
Suggested Motion: N/A 
Motion maker: Second: Pass: Yes         No Tbld 
Meeting Notes:  

 

20. CIPC/PC Activities Addressing Physical and Cyber Risk Areas – Brian Evans-Mongeon 
Background/Objective: From Mark Child, Chair of CIPC: Page 27 item 17 (physical security), and Page 29 
item 8 (cybersecurity) of the RISC report includes the somewhat ambiguous words “facilitate planning 
considerations to reduce the number/exposure of critical facilities.” The CIPC Executive Committee will be 
discussing this and other Medium-term recommendations of the RISC report as we frame our work-plan for 2018 
& 2019.  His expectation is that the CIPC work-plan will be amended to include “Work with the PC to facilitate 
planning considerations…etc.”, with specific deliverables to be determined later.  Please discuss and debate the 
merits, scope, and potential work product that might come of such a collaboration. 
Background Materials: link to the 2016 RISC Report.  
Action: For Discussion 

http://www.nerc.com/pa/RAPA/ra/Reliability%20Assessments%20DL/Distributed_Energy_Resources_Report.pdf
http://www.nerc.com/pa/RAPA/ra/Reliability%20Assessments%20DL/Distributed_Energy_Resources_Report.pdf
http://www.nerc.com/comm/RISC/Related%20Files%20DL/ERO_Reliability_Risk_Priorities_RISC_Reccommendations_Board_Approved_Nov_2016.pdf
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Suggested Motion: N/A 
Motion maker: Second: Pass: Yes         No Tbld 
Meeting Notes:  

 

21. Geomagnetic Disturbance Task Force (GMDTF) | Update – Frank Koza, GMDTF Chair 
Background/Objective: FERC Order No. 830 approved GMD Reliability Standard TPL-007-1, and 
directed additional GMD research, data collection, and revisions to the GMD Reliability Standard TPL-
007. The presentation will inform the PC on GMD TF activity related to the GMD research plan and data 
collection. Additionally, Standards Drafting Team (SDT) activities to draft revisions to the GMD planning 
standard (TPL-007) addressing directives in FERC Order No. 830 will be covered. In the Order, FERC 
directed NERC to develop the following revisions to TPL-007: (i) modify the benchmark GMD event used 
in GMD Vulnerability Assessments; (ii) Require entities to collect of geomagnetically-induced current 
(GIC) data; and (iii) require deadlines for Corrective Action Plans (CAP) and GMD mitigation.  
Background Materials: Presentation 
Action: For Discussion 
Suggested Motion: 
Motion maker: Second: Pass: Yes         No Tbld 
Meeting Notes:  

 

22. Member Roundtable Discussion| Update  
Background/Objective:  

a. Perspectives from: Industry Segments; State and Federal agencies; Regions 

Background Materials: N/A 
Action: For Discussion 
Meeting Notes:  

 
Closing Remarks 

23. Closing Remarks – Brian Evans-Mongeon, Chair 

 
 



 

 

 

Announcement  
2017 Planning Committee Election Results  
 
The Planning Committee (PC) opened nominations for 16 vacant positions from May 30 through June 19. 
Three sectors (the Investor Owned Utility sector, Electricity Marketer, and Independent System 
Operator/Regional Transmission Organization) had more nominees than available open positions; 
therefore, balloting was required for those sectors. The following 11 people were nominated for, or 
elected to fill, the open positions on the PC to serve from 2017–2019 
 

Sector Elected Members 

1. Investor-Owned Utility  Katy Onnen (Kansas City Power and Light) 

2. State/Municipal Utility Kenneth Stone (Braintree Electric Light Department) 

3. Cooperative Utility Paul McCurley (NRECA) 

4. Federal or Provincial Utility/Federal 
Power Marketing Administration 

Robert Reinmuller(Hydro One) 
Gayle Nansel (Western Area Power Administration) 

5. Transmission Dependent Utility Carl Turner (Florida Municipal Power Agency) 

6. Merchant Electricity Generator Matthew Luther (NRG Energy) 

7. Electricity Marketer Kim Adelberg (Southern Company Services) 

8. Large End-Use Electricity Customer No nominees  

9. Small End-Use Electricity Customer Darryl Lawrence (Pennsylvania Office of Consumer 
Advocate) 

10. Independent System Operator/Regional 
Transmission Organization 

Jeff Billo (ERCOT) 

11. Regional Entity None – All member are appointed by their Regional 
Entity. 

12. State Government Christine Ericson (Illinois Commerce Commission) 
 



 
 

 

 
Nomination Form 
NERC Planning Committee Members 
 

Information about you, the nominator.  Self‐nominations are permitted. 

1. Name  Your first and last name.  Gayle Nansel 

2. E‐mail Address  Your e‐mail address.  nansel@wapa.gov 

3. Phone Number  Your phone number.  406‐255‐2830 

4. Employer  Who you work for or represent.   Western Area Power Administration 

5. NERC Membership Sector, if 
applicable 

If your employer is a NERC member, select 
your employer’s NERC membership sector.  
If not, select “Not a NERC member.” 

Choose one from the list below: 

Federal or provincial utility 

Information about the person you are nominating, the nominee. 

6. Name  Nominee’s name.  Gayle Nansel 

7. E‐mail Address  Nominee’s e‐mail address.  nansel@wapa.gov 

8. Title  Nominee’s business title.   Transmission Planning Manager 
Upper Great Plains Region 

9. Employer  Who the nominee works for or represents.   Western Area Power Administration 

10. Job description  Brief explanation of the nominee’s 
responsibilities. 

Responsible for transmission 
planning and operating studies 
associated with the transmission 
and generation of electric power on 
the interconeected systems of the 
Upper Great Plains Region of 
Western Area Power Administration.  
Represents the organization in 
regional transmission group 
activities, reliaiblity council 
committees, and in other meetings 
that impact Western's transmission 
system capabilities.  Also, provides 
operational engineering support for 
real-time dispatch activities. 

11. Planning Committee Sector  Choose the Planning Committee sector the 
nominee is running for.  Select one. 

Is the person (i) a NERC member in the 
sector for which he or she is nominated, or 
(ii) eligible for NERC membership in the 
sector for which he or she is nominated?  
See Section 3.3.a of the Planning 

Choose one from the list below: 

Federal or provincial utility 

 

 Yes 

Nominations are due by 
midnight, June 19, 2017. 
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Committee Charter. The phrase “a NERC 
member” means the nominee is either a 
NERC member or employed by a NERC 
member. 

12. Willingness to serve  The nominee is willing to: 

a. Bring subject matter expertise to the 
Planning Committee 

b. Be knowledgeable about operating 
reliability and reliability assessment 

c. Attend and participate in all Planning 
Committee meetings 

d. Express his/her opinions as well as 
the opinions of the sector he/her 
represents at Planning Committee 
meetings 

e. Discuss and debate interests rather 
than positions 

f. Complete Planning Committee 
assignments 

g. Inform the secretary of any changes 
in their status that may affect their 
eligibility for committee membership 

 Yes 

The nominee has read the Planning 
Committee Charter. 

Click here for: PC Charter  

 Yes 

13. Additional Information  Additional information about the nominee 
that would help a sectors’ member decide 
to elect this person. (A sentence or two.) 

Currently servies as the Chairman of the MRO 
Planning Committee and the NATF Transmission 
Planning Group and is a voting member of the 
SPP Transmission Working Group and the SPP 
Economic Studies Working Group.  

How to Submit Your Nomination 

1. Send this form by e‐mail to pcelection@nerc.net as an attachment.  It will be posted on the NERC Planning Committee website for 
the 2017 election. 

2. Or you can scan and email the nomination form to: Levetra Pitts. 

3. Save a copy of your nomination form for your records. 

 
 



 
 

 

 
Nomination Form 
NERC Planning Committee Members 
 

 

Information about you, the nominator.  Self-nominations are permitted. 

1. Name Your first and last name. Kim Adelberg 

2. E-mail Address Your e-mail address. kmadelbe@southernco.com 

3. Phone Number Your phone number. 205-257-5526 

4. Employer Who you work for or represent.  Southern Company Services, Inc. 

5. NERC Membership Sector, if 
applicable 

If your employer is a NERC member, select 
your employer’s NERC membership sector.  
If not, select “Not a NERC member.” 

Choose one from the list below: 

Investor-owned utility 

Information about the person you are nominating, the nominee. 

6. Name Nominee’s name. Kimberly Malm Adelberg 

7. E-mail Address Nominee’s e-mail address. kmadelbe@southernco.com 

8. Title Nominee’s business title.  Energy Trading Director 

9. Employer Who the nominee works for or represents.  Southern Company Services, Inc. 

10. Job description Brief explanation of the nominee’s 
responsibilities. 

Provides leadership and oversight 

for electricity transactions in the 

energy market which include hourly 

and term trading, energy scheduling 

and portfolio management to 

maintain reliability of power supply 

to customers, while minimizing cost 

to customers. 

11. Planning Committee Sector Choose the Planning Committee sector the 
nominee is running for.  Select one. 

Is the person (i) a NERC member in the 
sector for which he or she is nominated, or 
(ii) eligible for NERC membership in the 
sector for which he or she is nominated?  
See Section 3.3.a of the Planning 
Committee Charter. The phrase “a NERC 
member” means the nominee is either a 
NERC member or employed by a NERC 
member. 

Choose one from the list below: 

Electricity marketer 

 

 Yes 

12. Willingness to serve The nominee is willing to: 

a. Bring subject matter expertise to the 
Planning Committee 

 Yes 

Nominations are due by 

midnight, June 19, 2017. 
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b. Be knowledgeable about operating 
reliability and reliability assessment 

c. Attend and participate in all Planning 
Committee meetings 

d. Express his/her opinions as well as 
the opinions of the sector he/her 
represents at Planning Committee 
meetings 

e. Discuss and debate interests rather 
than positions 

f. Complete Planning Committee 
assignments 

g. Inform the secretary of any changes 
in their status that may affect their 
eligibility for committee membership 

The nominee has read the Planning 
Committee Charter. 

Click here for: PC Charter  

 Yes 

13. Additional Information Additional information about the nominee 
that would help a sectors’ member decide 
to elect this person. (A sentence or two.) 

With Southern Company 21 years and has held 
postions in business units involved in system 
planning, generation strategy, environmental 
strategy, wholesale market price forecasting, and 
risk analysis.  Served as climate strategy manager 
to address policy analysis and strategy related to 
the climate change policy. B.S. Chemical 
Engineering, Master's Business Administration.   

How to Submit Your Nomination 

1. Send this form by e-mail to pcelection@nerc.net as an attachment.  It will be posted on the NERC Planning Committee website for 
the 2017 election. 

2. Or you can scan and email the nomination form to: Levetra Pitts. 

3. Save a copy of your nomination form for your records. 

 
 

http://www.nerc.com/comm/PC/Related%20Files%202013/NERC_PC_Charter_2016_FINAL.pdf
mailto:pcelection@nerc.net
mailto:levetra.pitts@nerc.net
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NERC Planning Committee Members 
 

 

Information about you, the nominator.  Self-nominations are permitted. 

1. Name Your first and last name. Bing Young  

2. E-mail Address Your e-mail address. Bing.Young@HydroOne.com 

3. Phone Number Your phone number. 416-345-5029 

4. Employer Who you work for or represent.  Hydro One  

5. NERC Membership Sector, if 
applicable 

If your employer is a NERC member, select 
your employer’s NERC membership sector.  
If not, select “Not a NERC member.” 

Choose one from the list below: 
Federal or provincial utility 

Information about the person you are nominating, the nominee. 

6. Name Nominee’s name. Robert Reinmuller 

7. E-mail Address Nominee’s e-mail address. Robert.Reinmuller@HydroOne.com 

8. Title Nominee’s business title.  Senior Manager, System Operations 

9. Employer Who the nominee works for or represents.  Hydro One 

10. Job description Brief explanation of the nominee’s 
responsibilities. 

This senior technical role combines the 
management of the real time Transmission 
System Operational support activities, day ahead 
and near term planning & system assessments as 
well as technical support for long term planning, 
sustainment and capital investment activities. It 
also encompasses about 50% of the company's 
NERC reliability commitments.  Robert will be 
assuming the role of Transmission Planning 
Manager in Q3 2017.   

11. Planning Committee Sector Choose the Planning Committee sector the 
nominee is running for.  Select one. 
Is the person (i) a NERC member in the 
sector for which he or she is nominated, or 
(ii) eligible for NERC membership in the 
sector for which he or she is nominated?  
See Section 3.3.a of the Planning 
Committee Charter. The phrase “a NERC 
member” means the nominee is either a 
NERC member or employed by a NERC 
member. 

Choose one from the list below: 
Federal or provincial utility 
 

 Yes 

12. Willingness to serve The nominee is willing to:  Yes 

Nominations are due by 
midnight, June 19, 2017. 
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a. Bring subject matter expertise to the 
Planning Committee 

b. Be knowledgeable about operating 
reliability and reliability assessment 

c. Attend and participate in all Planning 
Committee meetings 

d. Express his/her opinions as well as 
the opinions of the sector he/her 
represents at Planning Committee 
meetings 

e. Discuss and debate interests rather 
than positions 

f. Complete Planning Committee 
assignments 

g. Inform the secretary of any changes 
in their status that may affect their 
eligibility for committee membership 

The nominee has read the Planning 
Committee Charter. 
Click here for: PC Charter  

 Yes 

13. Additional Information Additional information about the nominee 
that would help a sectors’ member decide 
to elect this person. (A sentence or two.) 

Member of the the NPCC Task Force on 
Coordination of Operation (TFCO), senior IEEE 
member and Professional Engineer.  Robert is 
also active on North American Transmission 
Forum activities. 

How to Submit Your Nomination 
1. Send this form by e-mail to pcelection@nerc.net as an attachment.  It will be posted on the NERC Planning Committee website for 

the 2017 election. 
2. Or you can scan and email the nomination form to: Levetra Pitts. 
3. Save a copy of your nomination form for your records. 

 
 

http://www.nerc.com/comm/PC/Related%20Files%202013/NERC_PC_Charter_2016_FINAL.pdf
mailto:pcelection@nerc.net
mailto:levetra.pitts@nerc.net
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Announcement 
Board Focuses on Cross-Border Collaboration; Approves 
Budget; Adopts Standards, Including Supply Chain 
 
August 10, 2017 
 
OTTAWA – The North American Electric Reliability Corporation held its quarterly Board of 
Trustees meeting in Ottawa on August 10. The Honorable James Gordon Carr, minister of 
Natural Resources Canada, welcomed participants to Canada during the country’s 150th 
anniversary and lauded the cross-border partnerships in a videotaped greeting.  
 
Patricia Hoffman, Acting Secretary for the Department of Energy’s Office of Electricity 
Delivery and Energy Reliability, in opening remarks said that in the coming years DOE is 
championing the diversity of tools and capabilities with a focus on affordability, resilience 
and recovery. Other remarks were made by the Honorable Sergio Marchi, President and 
Chief Executive Officer, Canadian Electricity Association; and Murray Doehler, Chair of 
CAMPUT, who both noted the valuable contributions of NERC as a North American-focused 
enterprise for reliability and security.   
 
“We are part of an opportunity that is building a foundation of reliability and security across 
three countries – United States, Canada and Mexico,” said Gerry Cauley, President and Chief 
Executive Officer, commending the partnerships. “Our relationships are fundamental and 
essential to the strength of NERC and to the good of our nations’ reliability and security.” 
 
Board Chair Roy Thilly praised the level of participation at the annual meeting between the 
Board, Canadian regulators and federal government representatives. The meeting focused 
on understanding how Reliability Standards are adopted in each of the provinces and 
discussed ERO Enterprise long-term strategic planning. Canadian regulators also received 
technical briefings on cyber security and ongoing work by NERC’s Solar Inverter Task Force. 
 
The 2018 Business Plan and Budget was approved by the Board, which includes funding that 
supports the long-term strategy for the Electricity Information Sharing and Analysis Center. 
NERC expects to file the budget with the Federal Energy Regulatory Commission for approval 
later this month. 
 
The Board adopted one new standard and modifications to four existing standards and two 
Regional standards. The Board also affirmed the review of two existing standards: 



 
 
 
 

 Announcement  |  Board Focuses on Cross-Border Collaboration; Approves Budget; Adopts Standards 2 

 CIP-013-1 Cyber Security – Supply Chain Risk Management requires entities to assess the security risks of 
vendor products and services when planning and procuring. 

 CIP-005-6 Cyber Security – Electronic Security Perimeter modified to address vendor-initiated remote 
access.  

 CIP-010-3 – Cyber Security – Configuration Change Management and Vulnerability Assessments modified 
to address software integrity and authenticity.  

 PRC-006-3 – Automatic Underfrequency Load Shedding, NPCC Regional Variance for Quebec 
Interconnection, which defines a more accurate generation deficiency scenario applicable to the Québec 
Interconnection and serves to prevent unnecessary load shed. 

 Modifications to BAL-002-2(i) Violation Risk Factors in response to FERC Order No. 835, which changes R1 
and R2 VRFs from “medium” to “high.” 

 Regional standards: BAL-502-RF-03 – Planning Resource Adequacy Analysis, Assessment and 
Documentation and PRC-006-SERC-02 – Automatic Underfrequency Load Shedding Requirements. 

 Project 2016 EPR-02 - Enhanced Periodic Review of Voltage and Reactive Standards, VAR-001-4.1 and 
VAR-00204, which made errata changes only. 

  
In conjunction with the adoption of the supply chain standard, the Board directed that NERC and industry continue 
working on supply chain issues to include implementation guidance as appropriate, further study of supply chain 
risks and continued information sharing, among other activities. 
 
In other action, the Board appointed Michael Walker as Senior Vice President and Chief Enterprise Risk and Strategic 
Development Officer. Walker, who joined NERC in May 2009, most recently served as Senior Vice President, Chief 
Financial and Strategic Development Officer. The Board also appointed Scott Jones as Vice President, Chief Financial 
and Administrative Officer and Corporate Treasurer. Jones, who joined NERC in December 2014, recently served as 
Vice President, Finance, Administration and Treasurer.  
  
“Mike’s appointment reflects the company’s increased focus and commitment to enterprise risk management, long 
term strategic planning and execution,” Cauley said. “Scott’s strong financial, accounting and business planning 
background will help successfully lead the company’s business plan and budget development and oversight 
functions, as well as ensure the ongoing integrity of the corporation’s financial and accounting controls. 
  
Attendees were also encouraged to participate in NERC’s annual grid security conference – GridSecCon – taking 
place October 17-20 in St. Paul, Minn.; and in NERC’s grid security exercise – GridEx – taking place November 15-
16.  
  
Board presentations may be found by clicking here. The next Board of Trustees meeting is November 9 in New 
Orleans. 

 
### 

 
The North American Electric Reliability Corporation (NERC) is a not-for-profit international regulatory authority whose mission is 
to ensure the reliability of the bulk power system in North America. NERC develops and enforces Reliability Standards; annually 
assesses seasonal and long‐term reliability; monitors the bulk power system through system awareness; and educates, trains, 
and certifies industry personnel. NERC’s area of responsibility spans the continental United States, Canada, and the northern 
portion of Baja California, Mexico. NERC is the electric reliability organization for North America, subject to oversight by the Federal 
Energy Regulatory Commission and governmental authorities in Canada. NERC’s jurisdiction includes users, owners, and operators 
of the bulk power system, which serves more than 334 million people. 

http://www.nerc.com/pa/CI/CIPOutreach/Pages/GridSecCon.aspx
http://www.nerc.com/pa/CI/CIPOutreach/Pages/GridEX.aspx
http://www.nerc.com/gov/bot/Pages/Agenda-Highlights-and-Minutes-.aspx
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From: Brian Evans-Mongeon 
Sent: Friday, August 18, 2017 7:03 PM
To: 'Ryan Quint' <Ryan.Quint@nerc.net>
Cc: Brian Zavesky <Brian.Zavesky@mrenergy.com>; Ken Stone (kstone@beld.com)
<kstone@beld.com>
Subject: MEITF Definition comment
 
Ryan
 
As the reviewers from the NERC Planning Committee (Brian Zavesky, Ken Stone, and myself), we
would like to thank the MEITF for their efforts in putting together the proposed set of definitions.  It
is very clear to us that your consideration has been thorough and you have attempted to clarify a
particularly difficult and potentially contentious aspect of our industry. 
 
One aspect of our consideration comes down to some questions on whether or not we are trying to
assert a “reliability” based approach to IROLs and SOLs, or are you looking to establish a compliance
based approach.  What does this mean?  As we have come to realize in our world, the English
language can be read by a similar based group of persons, say all Control Area operators, and even
though their work is basically the same, their work and actionable tendencies will result in differing
processes and procedures.  While they all may get to a similar end-point the way they get there can
be different.  Therefore, In a reliability approach, we recognize that the regions or areas will read the
definitions and ultimately the “methods to establish” in a manner consistent with their current
approaches.  These historic processes will yield “reliable” basis for IROLs and SOLs, but if you apply
one area’s logic, you may not yield the same answer in another area.  Are we okay with the
prospects of differing processes and determining that a region or an area has IROL or SOL that would
be found elsewhere under substantially similar conditions?
 

mailto:Brian.Evans-Mongeon@utilitysvcs.com
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Or are we going to be trying to assert a set of definitions and processes where we would have a
compliance based solution setting out a consistent and uniform result for establishing IROLS and
SOLs, regardless the region or area’s historic view? 
 
While the definitions themselves, as you have addressed them, look great on the surface.  We
wonder about how they will be interpreted and applied within the various regions and areas.  Have
you conducted any assessments within the group on the application of the methodology/definitions
to see if we are likely to see confusion/inconsistency in the applying of the definitions?
 

Brian
Utility Services
t: (802) 241-1400
brian.evans-mongeon@utilitysvcs.com
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NERC Planning Committee  
Compliance Implementation Guidance  
PRC-024-2 
 
1.0 Overview  
1.1 Preamble 
 
Implementation Guidance provides a means for registered entities to develop examples or approaches 
to illustrate how registered entities could comply with a standard that are vetted by industry and 
endorsed by the Electric Reliability Organization (ERO) Enterprise.  The examples provided in this 
Implementation Guidance are not exclusive, as there are likely other methods for implementing a 
standard.  The ERO Enterprise’s endorsement of an example means the ERO Enterprise Compliance 
Monitoring and Enforcement Program (CMEP) staff will give these examples deference when 
conducting compliance monitoring activities.  Registered entities can rely upon the example and be 
reasonably assured that compliance requirements will be met with the understanding that compliance 
determinations depend on facts, circumstances, and system configurations. 1 

• Guidance documents cannot change the scope or purpose of the requirements of a standard.  

• The contents of this guidance document are not the only way to comply with a standard.  

• Compliance expectations should be made as clear as possible through the standards 
development process which should minimize the need for guidance after final ballot approval 
of a standard. 

• Forms of guidance should not conflict.  

• Guidance should be developed collaboratively and posted on the NERC website for 
transparency.  

 
1.2 Purpose 
This guidance document is to assist NERC Registered Entities in developing a common understanding of 
the practices and processes surrounding the evaluation of voltage protective relay settings with 
respect to NERC Standard PRC-024-2. It is also intended to establish reasonable assumptions to be 
used in the calculations to meet the intent of this standard. It provides examples of these calculations 
to demonstrate compliance. 

 
1.3 Scope 

                                                 
1 Source: 
http://www.nerc.com/pa/comp/Resources/ResourcesDL/Compliance_Guidance_Policy_FINAL_Board_Accepted_Nov_5_2015.pdf 
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This guidance document applies to GOs who are demonstrating compliance with PRC-024-2 
Requirement R2.  

R2. Each Generator Owner that has generator voltage protective relaying activated to trip its 
applicable generating unit(s) shall set its protective relaying such that the generator voltage 
protective relaying does not trip the applicable generating unit(s) as a result of a voltage 
excursion (at the point of interconnection3) caused by an event on the transmission system 
external to the generating plant that remains within the “no trip zone” of PRC-024 Attachment 
2. If the Transmission Planner allows less stringent voltage relay settings than those required to 
meet PRC-024 Attachment 2, then the Generator Owner shall set its protective relaying within 
the voltage recovery characteristics of a location-specific Transmission Planner’s study. 
Requirement R2 is subject to the following exceptions: 

• Generating unit(s) may trip in accordance with a Special Protection System (SPS) or 
   Remedial Action Scheme (RAS). 

• Generating unit(s) may trip if clearing a system fault necessitates disconnecting (a) 
generating unit(s). 

• Generating unit(s) may trip by action of protective functions (such as out-of-step functions 
or loss-of-field functions) that operate due to an impending or actual loss of synchronism 
or, for asynchronous generating units, due to instability in power conversion control 
equipment. 

• Generating unit(s) may trip within a portion of the “no trip zone” of PRC-024 Attachment 2 
for documented and communicated regulatory or equipment limitations in accordance with 
Requirement R3. 

 

This guidance document does not demonstrate any calculations for auxiliary equipment voltages as 
auxiliary equipment relays are not included in the scope of PRC-024-2.2 

This guidance is limited to conventional synchronous machines.  Unconventional generation3, do not 
produce as much reactive power as synchronous generators, hence the voltage drop due to reactive 
power flow through the GSU transformer is not as significant.  Therefore, the generator bus voltage 
can be conservatively estimated by reflecting the high-side nominal voltage to the generator-side 
based on the GSU transformers turns ratio. 
 
 
 
 
1.4 Background 
                                                 
2 From PRC-024-2 Comments for draft 5 of the Standard: “The SDT has removed R4. As such, auxiliary systems are no 
longer mentioned in any of the remaining requirements.” 
3 Resources that typically operate to a unity pf schedule including renewable resources, asynchronous generation, as indicated 
in PRC-025. 
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There have been numerous requests for clarification on various points of PRC-024 from the Industry. 
Due to the number of requests and additionally, a specific request from the IEEE PSRC J Subcommittee 
JTF2 task force for a PRC-024-2 example, this Implementation Guidance was determined to be a 
needed document for the industry. 
 
A common question that has consistently been asked by the Industry is whether or not the “no trip” 
area of the voltage curve ends at 4 seconds or extends infinitely. The PRC-024 Voltage Ride-Through 
Time Duration Curve in Attachment 2 of the standard is intended to prevent generators from tripping 
for recoverable transient voltage disturbances on the BES. For this reason, the curve only covers a four 
second time window. These voltage level and time duration steps are meant to allow time for a 
generator with its AVR in automatic to recover from the disturbance before protective relays trip the 
unit. The standard development record shows that the intent of the standard is to simplify the analysis 
of voltage sensitive protective relay tripping characteristics using steady-state techniques to provide 
reasonable levels and times for the controls to respond. 4   The accompanying examples, displaying the 
relay trip characteristic plotted with the PRC-024 Voltage Ride-Through Time Duration Curve, indicate 
that the “no trip” area stops at 4 seconds. 
 
Another question that has come up consistently is: “Is the area outside the Voltage Ride-Through Time 
Duration Curve a must trip area?” The Standard prescribes an area that is a “no trip” area. There is no 
requirement to trip for the area outside the “no trip” area. Rather it is a “may trip” area, if needed to 
protect equipment for low voltages. In the tabular tables, the term instantaneous trip is used. This 
term is intended to indicate instantaneous tripping is allowed, not required. 
 

 
 
In Attachment 2 of PRC-024-2 titled “Voltage Ride Through Curve Clarifications, Evaluating Protective 
Relay Settings:” the standard states:  
Voltage Ride-Through Curve Clarifications 
Curve Details: 
1. The per unit voltage base for these curves is the nominal operating voltage specified by the 
Transmission Planner in the analysis of the reliability of the Interconnected Transmission 
Systems at the point of interconnection to the Bulk Electric System (BES). 

                                                 
4 The SDT comments for the draft 4 posting state: The curves in Attachment 2 have been revised and shortened from 
600 seconds to 4 seconds in order to coordinate better with the Generator Relay Loadability standard (PRC-025). The philosophy is that 
PRC-024 applies during excursions and PRC-025 applies subsequently during steady-state stressed system conditions. 
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2. The curves depicted were derived based on three-phase transmission system zone 1 faults with 
Normal Clearing not exceeding 9 cycles. The curves apply to voltage excursions regardless of the type 
of initiating event.  
3. The envelope within the curves represents the cumulative voltage duration at the point of 
interconnection with the BES. For example, if the voltage first exceeds 1.15 pu at 0.3 seconds after a 
fault, does not exceed 1.2 pu voltage, and returns below 1.15 pu at 0.4 seconds, then the cumulative 
time the voltage is above 1.15 pu voltage is 0.1 seconds and is within the no trip zone of the curve. 
4. The curves depicted assume system frequency is 60 Hertz. When evaluating Volts/Hertz protection, 
you may adjust the magnitude of the high voltage curve in proportion to deviations of frequency below 
60 Hz. 
5. Voltages in the curve assume minimum fundamental frequency phase-to-ground or phase to-phase 
voltage for the low voltage duration curve and the greater of maximum RMS or crest phase-to-phase 
voltage for the high voltage duration curve. 
Evaluating Protective Relay Settings: 
1. Use either the following assumptions or loading conditions that are believed to be the most 
probable for the unit under study to evaluate voltage protection relay setting calculations on the static 
case for steady state initial conditions:  
a. All of the units connected to the same transformer are online and operating. 
b. All of the units are at full nameplate real-power output. 
c. Power factor is 0.95 lagging (i.e. supplying reactive power to the system) as measured at the 
generator terminals. 
d. The automatic voltage regulator is in automatic voltage control mode. 
2. Evaluate voltage protection relay settings assuming that additional installed generating plant 
reactive support equipment (such as static VAr compensators, synchronous condensers, or capacitors) 
is available and operating normally. 
3. Evaluate voltage protection relay settings accounting for the actual tap settings of transformers 
between the generator terminals and the point of interconnection. 
The clarifications to Attachment 2 provide guidance to the generator asset owner (GO) on how to 
verify conformance. One question that has arisen is how to define one per unit voltage at the POI when 
comparing the limits to relay settings. Item 1 of the Curve Details of attachment 2 says, "The per unit 
voltage base for these curves is the nominal operating voltage specified by the Transmission Planner in 
the analysis of the reliability of the Interconnected Transmission Systems at the point of 
interconnection to the Bulk Electric System (BES)." Planners must plan the system such that it operates 
within the equipment capabilities of BES assets. They generally limit their acceptable operating states 
to some range +/- of the system nominal voltage. So, the voltage used in the analysis is meant to 
designate the nominal voltage base used in the planner's system model. So, the GO must confirm the 
system nominal voltage for the POI bus that is used in the planner's model of the bulk electric system. 
This will normally be the standard nominal voltage of the system and will not vary from bus to bus for a 
given voltage level of the BES. Because the no trip zone limits are steady-state representations of the 
severity of the voltage transient versus the time to recover during a transient event, it is acceptable to 
use the system model nominal in defining these limits. If planners determine that operating voltages 
must deviate significantly from nominal, they generally recommend changes in the recommended 
setting of the no-load tap changer (NLTC) on the generator step-up transformer to ensure that the 
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generation assets can operate within their nominal operating ranges. Thus, if a NLTC is adjusted, 
verification of compliance of voltage sensitive relays with PRC-024 limits should be repeated. 
Another question that has arisen is how to define the steady-state load flow conditions when 
accounting for the voltage drop between the POI and the generator. Item 1 of the Evaluating 
Protective Relay Settings section of attachment 2 says, "Use either the following assumptions or 
loading conditions that are believed to be the most probable for the unit under study . . ." The 
clarifications then go on to suggest assuming that generator is at full nameplate real-power output and 
at 0.95 lagging power factor and that the AVR is in automatic voltage control mode. To interpret the 
intent of this guidance, we have to go back to understanding that we are using a steady-state analysis 
to provide ride-through capability for a transient event. 
Let us first look at the undervoltage limits. A transient undervoltage condition is likely to occur due to a 
short circuit in the vicinity of a generating unit. A severe short circuit should be cleared relatively 
quickly and the unit should be able to recover. If the unit is initially running at leading power factor 
(under excited and absorbing VArs from the system), the internal voltage behind the generator 
impedance will be low and the generator's ability to ride-through the transient low voltage event is 
reduced. Thus, for evaluating undervoltage element coordination with the ride-through curve, this will 
likely be the worst case scenario. Assuming leading power factor will reduce the generator voltage in 
steady state and reduce coordination margins with undervoltage tripping elements relative to 
assuming lagging power factor in the calculations. In steady-state, one would not expect the unit to be 
absorbing VArs during an undervoltage condition. However, the four second time window of the ride-
through curves is intended to represent a transient disturbance. The guidance allows us to assume 
lagging power factor for this condition so that is what is used in the examples. If the GO would like to 
find the worst case for coordination, they are allowed to use an assumption of leading power factor in 
the calculations. 
Examining the overvoltage limits, for a transient condition, a fast acting exciter will likely have boosted 
the excitation during a slow clearing short circuit to help the unit remain stable. Thus, once the short 
circuit is cleared, the generator terminal voltage will be elevated until the AVR has time to reduce the 
excitation to steady-state levels. For this case, the unit during the four second transient time window 
will be running at lagging power factor (overexcited and supplying VArs to the system). Thus, we use 
the assumption recommended in the standard of lagging power factor in the example for evaluating 
overvoltage elements. 

 

2.0  Compliance Implementation and Evidence 
 
This guidance document demonstrates the multiple aspects of determining the generator terminal and 
GSU high side simultaneous voltages.  Three methods are provided for voltage calculations. The first 
method demonstrates how to project the relay voltage characteristic to the high side of the GSU 
(typical POI) for a given generator voltage relay setting. This will allow the relay setting to be compared 
to the voltage ride-through time duration curves in Attachment 2 of PRC-024-2. 
The second and third methods demonstrate how to project the voltage ride-through time duration 
curve to the secondary of the instrument transformer that supply the generator voltage relay. This will 
allow the voltage ride-through time duration curves in Attachment 2 of PRC-024-2 to be compared to 
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the relay setting. Method two is based on PRC-025-1 Option 1b iterative calculation. Method three is a 
simplified single-iteration approach. 
 

2.1  Load Flow Assumption for Low Voltage Condition 
 
The power factor assumption for the low voltage condition used in these examples is 0.95 lagging 
(supplying VArs to the system) as suggested by the standard. This will be the most likely steady state 
condition during a low voltage event, in that the generator will be trying to support voltage at the POI. 
 
While these calculations use these assumptions, other assumptions could be used.  A more severe 
scenario may be a leading power factor condition (absorbing VArs from the system) as the unit would 
be under excited (lower voltage at generator terminals). This would be the more conservative 
assumption during a low voltage event for verifying relay setting compliance. 
 
2.2  Load Flow Assumption for High Voltage Condition 
 
The power factor assumption for the high voltage condition used in these examples is 0.95 lagging 
(supplying VArs to the system) as suggested by the standard. Using lagging power factor would be the 
more conservative assumption during a high voltage event for verifying relay setting compliance. 

 

3.0 Example Calculations 
 

Input Descriptions Input Values 
Generator nameplate (MVA @ rated p.f.) MVAGEN_BASE = 176 MVA 

p.f.GEN = 0.85 

Generator nominal voltage (line to line) kVGEN_BASE = 16 kV 

Generator step-up (GSU) transformer rating MVAGSU_BASE = 170 MVA 

GSU transformer reactance (170 MVA base) ZGSU = 10.12% 

GSU transformer high-side Nameplate Voltage kVGSU_HS = 138 kV 
GSU transformer low-side Nameplate Voltage kVGSU_LS = 15 kV 

GSU transformer high-side no-load tap Voltage kVGSU_TAP = 134.5 kV 

Nominal System Voltage (line to line) kVSYS_BASE  = 138 kV 
Generator VT Ratio VTRGEN = 140:1 
Load power factor p.f.LOAD = 0.95 

System MVA base MVASYS_BASE = 100 MVA 
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Example Calculations: Simple Iteration Method (Bauer Method) 

 

 
This method starts by assuming a 0.95 lagging power factor at the POI. It then calculates the angle 
difference between the generator voltage and the POI voltage to account for the I2X losses of the GSU. 
The load flow current angle at the POI is then adjusted by this voltage drop angle to give the 0.95 
power factor load flow out of the generator recommended in the standard. This simple iteration 
provides results with adequate precision. The calculations are done in per unit on the power system 
base, then converted to the generator base using the ratio of the generator base to the power system 
base. The ratio of the GSU is considered using its actual no-load tap setting. The generator relay 
secondary voltage values are compared to the graph in Attachment 2 of PRC-024 to determine if the 
generator voltage relay settings are compliant. 
 
 
Calculate the generator real power output at rated MVA (MWGEN): 
 
(1) MWGEN = MVAGEN_BASE * p.f.GEN 
 

MWGEN = 176 MVA * 0.85 
 
MWGEN = 149.6 MW 

 
 
Convert the GSU transformer impedance from the GSU base to the power system base (ZGSU_SYS_BASE): 
 
 

(2) ZGSU_SYS_BASE = ZGSU * �𝐌𝐌𝐌𝐌𝐌𝐌𝐒𝐒𝐒𝐒𝐒𝐒_𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁

𝐌𝐌𝐌𝐌𝐌𝐌𝐆𝐆𝐒𝐒𝐆𝐆_𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁
� * � 𝐤𝐤𝐌𝐌𝐆𝐆𝐒𝐒𝐆𝐆_𝐇𝐇𝐒𝐒

𝐤𝐤𝐌𝐌𝐒𝐒𝐒𝐒𝐒𝐒_𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁
� 

 

 ZGSU_SYS_BASE = 10.12% * �𝟏𝟏𝟏𝟏𝟏𝟏 𝐌𝐌𝐌𝐌𝐌𝐌
𝟏𝟏𝟏𝟏𝟏𝟏 𝐌𝐌𝐌𝐌𝐌𝐌

� * �𝟏𝟏𝟏𝟏𝟏𝟏 𝐤𝐤𝐌𝐌
𝟏𝟏𝟏𝟏𝟏𝟏 𝐤𝐤𝐌𝐌

� 
 
 ZGSU_SYS_BASE = 5.95%  
 
 
Calculate the ratio of power system base voltage to generator base voltage (RatioPOI-GEN) using the 
actual high-side voltage tap selected on the GSU (kVGSU_TAP) to project the VPOI to the generator 
terminals, neglecting the load flow voltage drop on the GSU: 
 
(3) RatioSYS_GEN = 𝐤𝐤𝐌𝐌𝐒𝐒𝐒𝐒𝐒𝐒_𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁

𝐤𝐤𝐌𝐌𝐆𝐆𝐁𝐁𝐆𝐆_𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁
 (4) GSURATIO = 𝐤𝐤𝐌𝐌𝐆𝐆𝐒𝐒𝐆𝐆_𝐓𝐓𝐌𝐌𝐓𝐓

𝐤𝐤𝐌𝐌𝐆𝐆𝐒𝐒𝐆𝐆_𝐋𝐋𝐒𝐒
    (5)  Ratio POI-GEN = 𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐒𝐒𝐒𝐒𝐒𝐒_𝐆𝐆𝐁𝐁𝐆𝐆

𝐆𝐆𝐒𝐒𝐆𝐆𝐑𝐑𝐌𝐌𝐓𝐓𝐑𝐑𝐑𝐑
 

 
 RatioSYS_GEN = 𝟏𝟏𝟏𝟏𝟏𝟏 𝐤𝐤𝐌𝐌

𝟏𝟏𝟏𝟏 𝐤𝐤𝐌𝐌
   GSURATIO = 𝟏𝟏𝟏𝟏𝟏𝟏.𝟓𝟓 𝐤𝐤𝐌𝐌

𝟏𝟏𝟓𝟓 𝐤𝐤𝐌𝐌
     RatioPOI-GEN = 𝟏𝟏.𝟏𝟏𝟔𝟔𝟓𝟓

𝟏𝟏.𝟗𝟗𝟏𝟏𝟏𝟏
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 RatioSYS_GEN = 8.625   GSURATIO = 8.967     RatioPOI-GEN = 0.962 
 
 
Verify the power system to generator base conversion and convert the system base voltage (POI) at 
the low-side of the GSU in per unit to the voltage at the generator at the actual voltage tap selected on 
the GSU (neglecting load flow voltage drop):   
  
 

(6)    kVGEN_PU = 
�
𝐤𝐤𝐌𝐌𝐒𝐒𝐒𝐒𝐒𝐒_𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁
𝐆𝐆𝐒𝐒𝐆𝐆𝐑𝐑𝐌𝐌𝐓𝐓𝐑𝐑𝐑𝐑

�

𝐤𝐤𝐌𝐌𝐆𝐆𝐁𝐁𝐆𝐆_𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁
 

 

 kVGEN_PU = 
�𝟏𝟏𝟏𝟏𝟏𝟏 𝐤𝐤𝐌𝐌
𝟏𝟏.𝟗𝟗𝟏𝟏𝟏𝟏 �

𝟏𝟏𝟏𝟏 𝐤𝐤𝐌𝐌
 

 
 kVGEN_PU = 0.962 p.u.  1 p.u. at the POI equals 0.962 p.u. at the generator terminals 
 
 
Load Flow Assumptions for Steady-state Voltage Drop Calculations 

 

As per the Voltage Ride-Through guidance provided in PRC-024, the voltage protective relay settings 
were evaluated using the following loading conditions: 

1. The generator is operating at full nameplate real power output. 

2. The load power factor is 0.95, as measured at the generator terminals: 

• 0.95 lagging (supplying VArs to the system) for evaluation of the under voltage elements as 
prescribed in PRC-024 as most likely loading condition when the system voltage is low. 

• 0.95 lagging (supplying VArs to the system) for evaluation of the over voltage elements as 
the condition that would be the worst case for coordination between the over voltage 
protective elements and the Voltage Ride-Through Time Duration Curve in Attachment 2 of 
PRC-024 

 

Calculate the rated real power output for the generator: 

 

(7) MVAPOI_1.0 = 
𝐌𝐌𝐌𝐌𝐆𝐆𝐁𝐁𝐆𝐆
𝐩𝐩.𝐟𝐟.𝐋𝐋𝐑𝐑𝐌𝐌𝐋𝐋
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 MVAPOI_1.0 = 
𝟏𝟏𝟏𝟏𝟗𝟗.𝟏𝟏 𝐌𝐌𝐌𝐌

𝟏𝟏.𝟗𝟗𝟓𝟓
 

 

 MVAPOI_1.0 = 157.5 MVA 

 

Convert to a per unit value on the generator base 

 

(8)  MVAPOI_1.0_pu = 
𝐌𝐌𝐌𝐌𝐌𝐌𝐓𝐓𝐑𝐑𝐑𝐑_𝟏𝟏.𝟏𝟏

𝐌𝐌𝐌𝐌𝐌𝐌.𝐆𝐆𝐁𝐁𝐆𝐆_𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁
 

 

 MVAPOI_1.0_pu = 
𝟏𝟏𝟓𝟓𝟏𝟏.𝟓𝟓 𝐌𝐌𝐌𝐌𝐌𝐌
𝟏𝟏𝟏𝟏𝟏𝟏 𝐌𝐌𝐌𝐌𝐌𝐌

 

 

 MVAPOI_1.0_pu = 0.895 p.u. 

 

The calculations below must be completed for each step on the graph in Attachment 2. 

 

1.2 p.u. voltage 

 

VPOI_1.2_pu = 1.2𝒆𝒆−𝒋𝒋𝟏𝟏° 

Iteration 1: 

 

Calculate the load flow current in per unit assuming rated MW output at 0.95 lagging power factor:  

(9) ILOAD_1.2-1 =  𝐌𝐌𝐌𝐌𝐌𝐌𝐓𝐓𝐑𝐑𝐑𝐑_𝟏𝟏.𝟏𝟏_𝐩𝐩𝐩𝐩 
𝐌𝐌𝐓𝐓𝐑𝐑𝐑𝐑_𝟏𝟏.𝟔𝟔_𝐩𝐩𝐩𝐩

 𝐞𝐞−𝐣𝐣 𝐑𝐑𝐚𝐚𝐑𝐑𝐚𝐚(𝐩𝐩𝐟𝐟𝐋𝐋𝐑𝐑𝐌𝐌𝐋𝐋) 

ILOAD_1.2-1 =  𝟏𝟏.𝟗𝟗 
𝟏𝟏.𝟔𝟔

 𝐞𝐞−𝐣𝐣 𝐑𝐑𝐚𝐚𝐑𝐑𝐚𝐚(𝟏𝟏.𝟗𝟗𝟓𝟓) 

ILOAD_1.2-1 =  𝟏𝟏. 𝟏𝟏𝟓𝟓∠ − 𝟏𝟏𝟏𝟏. 𝟔𝟔° p.u. 

 



 

 
NERC | PRC-024-2 Implementation Guidance | March, 2017 11 11 

Calculate the per unit voltage drop from the POI to the generator terminals at the assumed load flow: 

(10) VDROP_1.2-1 = ILOAD_1.2-1 *   𝐣𝐣 𝐙𝐙𝐆𝐆𝐒𝐒𝐆𝐆_𝐒𝐒𝐒𝐒𝐒𝐒_𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁 
 

VDROP_1.2-1 = (𝟏𝟏.𝟏𝟏𝟓𝟓∠ − 𝟏𝟏𝟏𝟏.𝟔𝟔°) *  (𝟏𝟏.𝟏𝟏𝟓𝟓𝟗𝟗𝟓𝟓∠𝟗𝟗𝟏𝟏°) 
 

VDROP_1.2-1 =  𝟏𝟏.𝟏𝟏𝟓𝟓∠𝟏𝟏𝟏𝟏.𝟏𝟏° p.u. 
 

Calculate the per unit voltage drop at the generator terminals at the assumed load flow: 

(11) VGEN_1.2-1 = VPOI_1.2_pu + VDROP_1.2-1 

 VGEN_1.2-1 = (𝟏𝟏.𝟔𝟔∠𝟏𝟏°) +  (𝟏𝟏.𝟓𝟓∠𝟏𝟏𝟏𝟏.𝟏𝟏°) 

 VGEN_1.2-1 = 𝟏𝟏.𝟔𝟔∠𝟏𝟏.𝟏𝟏° p.u 

 

Calculate the power factor at the generator for 0.95 at the POI: 

(12) p.f.1.2-1 = cos (∠VGEN_1.2-1 - ∠ILOAD_1.2-1) 

 p.f.1.2-1 = cos(𝟔𝟔° + 𝟏𝟏𝟏𝟏.𝟔𝟔°) 

 p.f.1.2-1 = 0.939 

 

VGEN= 1.215PU@1.99 

 

VDROP= 0.044PU@71.81 
 

Rotate the load flow current by the difference in power factor angle between the POI and the 

generator calculated in the first iteration to obtain the desired generator power factor angle. 

 

 

mailto:0.044PU@71.81
mailto:0.746PU@-18.19
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Iteration 2: 

(13) MVA1.2-2 = 
𝐌𝐌𝐌𝐌𝐆𝐆𝐁𝐁𝐆𝐆
𝐩𝐩.𝐟𝐟.𝟏𝟏.𝟔𝟔−𝟏𝟏

 

 

 MVA1.2-2 = 
𝟏𝟏𝟏𝟏𝟗𝟗.𝟏𝟏 𝐌𝐌𝐌𝐌
𝟏𝟏.𝟗𝟗𝟏𝟏𝟗𝟗

 

 

 MVA1.2-2 = 159.4 MVA 

 

(14)  MVA1.2-2_pu = 
𝐌𝐌𝐌𝐌𝐌𝐌𝟏𝟏.𝟔𝟔−𝟔𝟔

𝐌𝐌𝐌𝐌𝐌𝐌.𝐆𝐆𝐁𝐁𝐆𝐆_𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁
 

 

 MVA1.2-2_pu = 
𝟏𝟏𝟓𝟓𝟗𝟗.𝟏𝟏 𝐌𝐌𝐌𝐌𝐌𝐌
𝟏𝟏𝟏𝟏𝟏𝟏 𝐌𝐌𝐌𝐌𝐌𝐌

 

 

 MVA1.2-2_pu = 0.906 p.u. 

 

Calculate the load flow current in per unit assuming rated MW output at the power factor calculated in 

the first iteration:   

(15) ILOAD_1.2-2 =  𝐌𝐌𝐌𝐌𝐌𝐌𝟏𝟏.𝟔𝟔−𝟔𝟔_𝐩𝐩𝐩𝐩 
𝐌𝐌𝐓𝐓𝐑𝐑𝐑𝐑_𝟏𝟏.𝟔𝟔_𝐩𝐩𝐩𝐩

 𝐞𝐞−𝐣𝐣 (𝐑𝐑𝐚𝐚𝐑𝐑𝐚𝐚(𝐩𝐩𝐟𝐟𝐋𝐋𝐑𝐑𝐌𝐌𝐋𝐋)+ ∠𝐌𝐌𝐆𝐆𝐁𝐁𝐆𝐆𝟏𝟏.𝟔𝟔−𝟏𝟏)  

ILOAD_1.2-2 =  𝟏𝟏.𝟗𝟗𝟏𝟏𝟏𝟏 
𝟏𝟏.𝟔𝟔

 𝐞𝐞−𝐣𝐣(𝐑𝐑𝐚𝐚𝐑𝐑𝐚𝐚(𝟏𝟏.𝟗𝟗𝟓𝟓)+ 𝟏𝟏.𝟗𝟗𝟗𝟗°) 

ILOAD_1.2-2 =  𝟏𝟏. 𝟏𝟏𝟓𝟓𝟓𝟓∠ − 𝟏𝟏𝟏𝟏. 𝟔𝟔° p.u. 

 

Calculate the per unit voltage drop from the POI to the generator terminals at the assumed load flow: 

(16) VDROP_1.2-2 = ILOAD_1.2-2 *   𝐣𝐣 𝐙𝐙𝐆𝐆𝐒𝐒𝐆𝐆_𝐒𝐒𝐒𝐒𝐒𝐒_𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁 
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VDROP_1.2-2 = (𝟏𝟏.𝟏𝟏𝟓𝟓𝟓𝟓∠ − 𝟏𝟏𝟏𝟏.𝟔𝟔°) *  (𝟏𝟏.𝟏𝟏𝟓𝟓𝟗𝟗𝟓𝟓∠𝟗𝟗𝟏𝟏°) 

 
VDROP_1.2-2 =  𝟏𝟏.𝟏𝟏𝟏𝟏𝟓𝟓∠𝟏𝟏𝟏𝟏.𝟏𝟏° p.u. 

 

Calculate the per unit voltage drop at the generator terminals at the assumed load flow: 

(17) VGEN_1.2-2 = VPOI_1.2_pu + VDROP_1.2-2 

 VGEN_1.2-2 = (𝟏𝟏.𝟔𝟔∠𝟏𝟏°) +  (𝟏𝟏.𝟏𝟏𝟓𝟓∠𝟏𝟏𝟏𝟏.𝟏𝟏°) 

 VGEN_1.2-2 = 𝟏𝟏.𝟔𝟔𝟏𝟏𝟏𝟏∠𝟔𝟔.𝟏𝟏𝟏𝟏° p.u 

 

Calculate the power factor at the generator for 0.95 at the POI: 

(18) p.f.1.2-2 = cos (∠VGEN_1.2-2 - ∠ILOAD_1.2-2) 

 p.f.1.2-2 = cos(𝟔𝟔.𝟏𝟏𝟏𝟏° + 𝟏𝟏𝟏𝟏.𝟔𝟔°) 

 p.f.1.2-2 = 0.95 

VGEN= 1.213PU@2.04 

 

VDROP= 0.045PU@73.79 
 

Repeat the previous steps. The results for each step in this example are as follows: 

 

1.175 p.u. voltage 

 

Iteration 1: 

VPOI_1.175_pu = 1.175𝐞𝐞−𝐣𝐣𝟏𝟏° 

 

VPOI = 1.2PU@0 

 

IGEN = 0.755PU@-16.21 

mailto:1.213PU@2.04
mailto:0.045PU@73.79
mailto:0.755PU@-16.21
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ILOAD_1.175-1 =  𝟏𝟏. 𝟏𝟏𝟏𝟏𝟏𝟏∠ − 𝟏𝟏𝟏𝟏. 𝟔𝟔° p.u. 

VDROP_1.175-1 =  𝟏𝟏.𝟏𝟏𝟏𝟏𝟓𝟓∠𝟏𝟏𝟏𝟏.𝟏𝟏° p.u. 

VGEN_1.175-1 = 𝟏𝟏.𝟏𝟏𝟗𝟗∠𝟔𝟔.𝟏𝟏𝟏𝟏° p.u 

 p.f.1.175-1 = 0.938 

 

Iteration 2: 

 MVA1.175-2 = 159.5 MVA 

MVA1.175-2_pu = 0.906 p.u. 

ILOAD_1.175-2 =  𝟏𝟏. 𝟏𝟏𝟏𝟏𝟏𝟏∠ − 𝟏𝟏𝟏𝟏. 𝟏𝟏𝟔𝟔° p.u. 

VDROP_1.175-2 =  𝟏𝟏.𝟏𝟏𝟏𝟏𝟏𝟏∠𝟏𝟏𝟏𝟏.𝟏𝟏𝟏𝟏° p.u. 

 VGEN_1.175-2 = 𝟏𝟏.𝟏𝟏𝟏𝟏𝟗𝟗∠𝟔𝟔.𝟏𝟏𝟏𝟏° p.u 

 p.f.1.175-2 = 0.95 

 

1.15 p.u. voltage 

 

Iteration 1: 

VPOI_1.15_pu = 1.15𝐞𝐞−𝐣𝐣𝟏𝟏° 

ILOAD_1.15-1 =  𝟏𝟏. 𝟏𝟏𝟏𝟏𝟏𝟏∠ − 𝟏𝟏𝟏𝟏. 𝟔𝟔° p.u. 

VDROP_1.15-1 =  𝟏𝟏.𝟏𝟏𝟏𝟏𝟏𝟏∠𝟏𝟏𝟏𝟏.𝟏𝟏° p.u. 

VGEN_1.15-1 = 𝟏𝟏.𝟏𝟏𝟏𝟏𝟓𝟓∠𝟔𝟔.𝟏𝟏𝟏𝟏° p.u 

 p.f.1.15-1 = 0.938 
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Iteration 2: 

 MVA1.15-2 = 159.6 MVA 

MVA1.15-2_pu = 0.907 p.u. 

ILOAD_1.15-2 =  𝟏𝟏. 𝟏𝟏𝟏𝟏𝟏𝟏∠ − 𝟏𝟏𝟏𝟏. 𝟏𝟏𝟏𝟏° p.u. 

VDROP_1.15-2 =  𝟏𝟏.𝟏𝟏𝟏𝟏𝟏𝟏∠𝟏𝟏𝟏𝟏.𝟗𝟗𝟏𝟏° p.u. 
 

 VGEN_1.15-2 = 𝟏𝟏.𝟏𝟏𝟏𝟏𝟏𝟏∠𝟔𝟔.𝟔𝟔𝟔𝟔° p.u 

 p.f.1.15-2 = 0.95 

 

1.10 p.u. voltage 

 

Iteration 1: 

VPOI_1.1_pu = 1.10𝐞𝐞−𝐣𝐣𝟏𝟏° 

ILOAD_1.1-1 =  𝟏𝟏. 𝟏𝟏𝟏𝟏𝟏𝟏∠ − 𝟏𝟏𝟏𝟏. 𝟔𝟔° p.u. 

VDROP_1.1-1 =  𝟏𝟏.𝟏𝟏𝟏𝟏𝟏𝟏∠𝟏𝟏𝟏𝟏.𝟏𝟏° p.u. 

VGEN_1.1-1 = 𝟏𝟏.𝟏𝟏𝟏𝟏𝟏𝟏∠𝟔𝟔.𝟏𝟏𝟏𝟏° p.u 

 p.f.1.1-1 = 0.936 

 

Iteration 2: 

 MVA1.1-2 = 159.8 MVA 

MVA1.1-2_pu = 0.908 p.u. 

ILOAD_1.1-2 =  𝟏𝟏. 𝟏𝟏𝟔𝟔𝟓𝟓∠ − 𝟏𝟏𝟓𝟓. 𝟏𝟏𝟏𝟏° p.u. 

VDROP_1.1-2 =  𝟏𝟏.𝟏𝟏𝟏𝟏𝟗𝟗∠𝟏𝟏𝟏𝟏.𝟏𝟏𝟏𝟏° p.u. 
 

 VGEN_1.1-2 = 𝟏𝟏.𝟏𝟏𝟏𝟏𝟏𝟏∠𝟔𝟔.𝟏𝟏𝟏𝟏° p.u 

 p.f.1.1-2 = 0.95 
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0.90 p.u. voltage 

 

Iteration 1: 

VPOI_0.9_pu = 0.90𝐞𝐞−𝐣𝐣𝟏𝟏° 

ILOAD_0.9-1 =  𝟏𝟏. 𝟗𝟗𝟗𝟗𝟏𝟏∠ − 𝟏𝟏𝟏𝟏. 𝟔𝟔° p.u. 

VDROP_0.9-1 =  𝟏𝟏.𝟏𝟏𝟓𝟓𝟗𝟗∠𝟏𝟏𝟏𝟏.𝟏𝟏° p.u. 

VGEN_0.9-1 = 𝟏𝟏.𝟗𝟗𝟔𝟔∠𝟏𝟏.𝟓𝟓° p.u 

 p.f..0.9-1 = 0.929 

 

Iteration 2: 

 MVA0.9-2 = 161.0 MVA 

MVA0.9-2_pu = 0.915 p.u. 

ILOAD_0.9-2 =  𝟏𝟏. 𝟏𝟏𝟏𝟏𝟏𝟏∠ − 𝟏𝟏𝟏𝟏. 𝟏𝟏𝟗𝟗° p.u. 

VDROP_0.9-2 =  𝟏𝟏.𝟏𝟏𝟏𝟏𝟏𝟏∠𝟏𝟏𝟓𝟓.𝟏𝟏𝟏𝟏° p.u. 
 

 VGEN_0.9-2 = 𝟏𝟏.𝟗𝟗𝟏𝟏𝟏𝟏∠𝟏𝟏.𝟏𝟏𝟏𝟏° p.u 

 p.f.0.9-2 = 0.949 

 

0.75 p.u. voltage 

 

Iteration 1: 

VPOI_0.75_pu = 0.75𝐞𝐞−𝐣𝐣𝟏𝟏° 

ILOAD_0.75-1 =  𝟏𝟏. 𝟏𝟏𝟗𝟗𝟏𝟏∠ − 𝟏𝟏𝟏𝟏. 𝟔𝟔° p.u. 
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VDROP_0.75-1 =  𝟏𝟏.𝟏𝟏𝟏𝟏𝟏𝟏∠𝟏𝟏𝟏𝟏.𝟏𝟏° p.u. 

VGEN_0.75-1 = 𝟏𝟏.𝟏𝟏𝟏𝟏𝟓𝟓∠𝟏𝟏.𝟗𝟗𝟗𝟗° p.u 

 p.f..0.75-1 = 0.919 

 

Iteration 2: 

 MVA0.75-2 = 162.7 MVA 

MVA0.75-2_pu = 0.925 p.u. 

ILOAD_0.75-2 =  𝟏𝟏. 𝟔𝟔𝟏𝟏𝟏𝟏∠ − 𝟏𝟏𝟏𝟏. 𝟔𝟔° p.u. 

VDROP_0.75-2 =  𝟏𝟏.𝟏𝟏𝟏𝟏𝟏𝟏∠𝟏𝟏𝟏𝟏.𝟏𝟏° p.u. 
 

 VGEN_0.75-2 = 𝟏𝟏.𝟏𝟏𝟏𝟏∠𝟓𝟓.𝟏𝟏𝟔𝟔° p.u 

 p.f.0.75-2 = 0.948 

 

0.65 p.u. voltage 

 

Iteration 1: 

VPOI_0.65_pu = 0.65𝐞𝐞−𝐣𝐣𝟏𝟏° 

ILOAD_0.65-1 =  𝟏𝟏. 𝟏𝟏𝟏𝟏𝟏𝟏∠ − 𝟏𝟏𝟏𝟏. 𝟔𝟔° p.u. 

VDROP_0.65-1 =  𝟏𝟏.𝟏𝟏𝟏𝟏𝟔𝟔∠𝟏𝟏𝟏𝟏.𝟏𝟏° p.u. 

VGEN_0.65-1 = 𝟏𝟏.𝟏𝟏𝟏𝟏∠𝟏𝟏.𝟓𝟓𝟏𝟏° p.u 

 p.f..0.65-1 = 0.908 

 

Iteration 2: 

 MVA0.65-2 = 164.8 MVA 

MVA0.65-2_pu = 0.936 p.u. 
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ILOAD_0.65-2 =  𝟏𝟏. 𝟏𝟏𝟏𝟏∠ − 𝟏𝟏𝟏𝟏. 𝟏𝟏𝟔𝟔° p.u. 

VDROP_0.65-2 =  𝟏𝟏.𝟏𝟏𝟏𝟏𝟏𝟏∠𝟏𝟏𝟏𝟏.𝟏𝟏𝟏𝟏° p.u. 
 

 VGEN_0.65-2 = 𝟏𝟏.𝟏𝟏𝟏𝟏𝟏𝟏∠𝟏𝟏.𝟏𝟏𝟏𝟏° p.u 

 p.f.0.65-2 = 0.947 

 

0.45 p.u. voltage 

 

Iteration 1: 

VPOI_0.45_pu = 0.45𝐞𝐞−𝐣𝐣𝟏𝟏° 

ILOAD_0.45-1 =  𝟏𝟏. 𝟗𝟗𝟏𝟏𝟏𝟏∠ − 𝟏𝟏𝟏𝟏. 𝟔𝟔° p.u. 

VDROP_0.45-1 =  𝟏𝟏.𝟏𝟏𝟏𝟏𝟏𝟏∠𝟏𝟏𝟏𝟏.𝟏𝟏° p.u. 

VGEN_0.45-1 = 𝟏𝟏.𝟓𝟓∠𝟏𝟏𝟏𝟏.𝟏𝟏° p.u 

 p.f..0.45-1 = 0.855 

 

 

 

 

 

VGEN = 0.500PU@13.00 

mailto:0.500PU@13.00
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Iteration 2: 

 MVA0.45-2 = 179.9 MVA 

MVA0.45-2_pu = 0.994 p.u. 

ILOAD_0.45-2 =  𝟔𝟔. 𝟔𝟔𝟏𝟏𝟏𝟏∠ − 𝟓𝟓. 𝟏𝟏𝟗𝟗° p.u. 

VDROP_0.45-2 =  𝟏𝟏.𝟏𝟏𝟏𝟏𝟏𝟏∠𝟏𝟏𝟏𝟏.𝟏𝟏𝟏𝟏° p.u. 
 

 VGEN_0.45-2 = 𝟏𝟏.𝟏𝟏𝟏𝟏∠𝟏𝟏𝟓𝟓.𝟏𝟏𝟔𝟔° p.u 

 p.f.0.45-2 = 0.933 

 

VGEN= 0.480PU@15.82 

 
 

 

 

Convert each voltage ride-through value to the generator VT secondary voltage seen by the relay: 

VDROP = 
0.188PU@71.81 

  

IGEN = 1.988PU@-
 

VDROP= 0.131PU@841.81 

VPOI = 
 IGEN= 2.208PU@-5.19 

mailto:0.480PU@15.82
mailto:0.188PU@71.81
mailto:1.988PU@-18.19
mailto:1.988PU@-18.19
mailto:0.131PU@841.81
mailto:2.208PU@-5.19
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VGEN_1.2_SEC = 𝐌𝐌𝐆𝐆𝐁𝐁𝐆𝐆_𝟏𝟏.𝟔𝟔.𝟔𝟔∗𝐑𝐑𝐌𝐌𝐓𝐓𝐑𝐑𝐑𝐑𝐓𝐓𝐑𝐑𝐑𝐑_𝐆𝐆𝐁𝐁𝐆𝐆∗𝐤𝐤𝐌𝐌𝐆𝐆𝐁𝐁𝐆𝐆_𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁
𝐌𝐌𝐓𝐓𝐑𝐑𝐆𝐆𝐁𝐁𝐆𝐆

 

VGEN_1.2_SEC = 𝟏𝟏.𝟔𝟔𝟏𝟏𝟏𝟏∗𝟏𝟏.𝟗𝟗𝟏𝟏𝟔𝟔∗𝟏𝟏𝟏𝟏 𝒌𝒌𝒌𝒌
𝟏𝟏𝟏𝟏𝟏𝟏

 

VGEN_1.2_SEC = 133.38 V 

 

Using this formula, calculate the relay secondary voltage for each remaining step on the graph in 

Attachment 2: 

 

VGEN_1.175_SEC = 130.66 V 

VGEN_1.15_SEC = 127.94 V 

VGEN_1.1_SEC = 122.51 V 

VGEN_0.9_SEC = 100.83 V 

VGEN_0.75_SEC = 84.66 V 

VGEN_0.65_SEC = 73.93 V 

VGEN_0.45_SEC = 52.78 V 
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Undervoltage settings 

 

Assume one level of undervoltage element is set to trip with a pickup of 102.9 V and a time delay of 60 

cycles: 
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NERC | PRC-024-2 Implementation Guidance | March, 2017 23 23 
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Example Calculations: Thompson Method 

 

 

The required voltage ride-through limits as shown in Attachment 2 of PRC-024 are given in per unit 
voltage at the point of interconnection (POI) on the high side of the GSU. The voltage transformer 
(VT) providing the signal to the voltage relay is located at the generator terminals. In order to 
validate compliance with PRC-024, the required system voltage at the POI has to be reflected to the 
generator terminals and account for the voltage drop across the GSU at the actual tapped ratio.. 

 

Calculate the generator real power output (MWGEN): 

 

(1) MWGEN = MVAGEN_BASE * p.f.GEN 

MWGEN = 176 MVA * 0.85 

MWGEN = 149.6 MW 

 

 

Calculate the nominal generator VT secondary voltage (VSEC): 

 

(2) VSEC = kVGEN_BASE 
VTRGEN

 

VSEC = 16 kV
140

 

VSEC = 114.29 V 

 
Calculate the GSU transformer base turns ratio (GSURATIO): 
 
 
(3) GSURATIO = 𝐤𝐤𝐌𝐌𝐆𝐆𝐒𝐒𝐆𝐆_𝐇𝐇𝐒𝐒

𝐤𝐤𝐌𝐌𝐆𝐆𝐒𝐒𝐆𝐆_𝐋𝐋𝐒𝐒
 

 
GSURATIO = 𝟏𝟏𝟏𝟏𝟏𝟏 𝐤𝐤𝐌𝐌

𝟏𝟏𝟓𝟓 𝐤𝐤𝐌𝐌
 

 
GSURATIO = 9.2 
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Calculate the GSU transformer impedance on the generator base (ZGSU_GBASE): 
 

(4) ZGSU_GBASE = ZGSU * �𝐌𝐌𝐌𝐌𝐌𝐌𝐆𝐆𝐁𝐁𝐆𝐆_𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁
𝐌𝐌𝐌𝐌𝐌𝐌𝐆𝐆𝐒𝐒𝐆𝐆_𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁

� * � 𝐤𝐤𝐌𝐌𝐆𝐆𝐒𝐒𝐆𝐆_𝐋𝐋𝐒𝐒
𝐤𝐤𝐌𝐌𝐆𝐆𝐁𝐁𝐆𝐆_𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁

�
𝟔𝟔

 

 

ZGSU_GBASE = 10.12% * �𝟏𝟏𝟏𝟏𝟏𝟏 𝐌𝐌𝐌𝐌𝐌𝐌
𝟏𝟏𝟏𝟏𝟏𝟏 𝐌𝐌𝐌𝐌𝐌𝐌

� * �𝟏𝟏𝟓𝟓 𝐤𝐤𝐌𝐌
𝟏𝟏𝟏𝟏 𝐤𝐤𝐌𝐌

�
𝟔𝟔

 
 

ZGSU_GBASE = 9.21% 
 
 

Calculate the ratio of the generator base to system base using the GSU current no-load tap setting: 
 
(5) RatioSYS_GEN =   𝐤𝐤𝐌𝐌𝐒𝐒𝐒𝐒𝐒𝐒_𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁 

𝐤𝐤𝐌𝐌𝐆𝐆𝐁𝐁𝐆𝐆_𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁
     (6) RatioGSU =  𝐤𝐤𝐌𝐌𝐆𝐆𝐒𝐒𝐆𝐆_𝐓𝐓𝐌𝐌𝐓𝐓

𝐤𝐤𝐌𝐌𝐆𝐆𝐒𝐒𝐆𝐆_𝐋𝐋𝐒𝐒
  (7) RatioPOI_GEN = 𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐒𝐒𝐒𝐒𝐒𝐒_𝐆𝐆𝐁𝐁𝐆𝐆

𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐆𝐆𝐒𝐒𝐆𝐆
 

 
      RatioSYS_GEN =  

𝟏𝟏𝟏𝟏𝟏𝟏 𝐤𝐤𝐌𝐌  
𝟏𝟏𝟏𝟏 𝐤𝐤𝐌𝐌

        RatioGSU = 𝟏𝟏𝟏𝟏𝟏𝟏.𝟓𝟓 𝐤𝐤𝐌𝐌  
𝟏𝟏𝟓𝟓 𝐤𝐤𝐌𝐌

       RatioPOI_GEN = 𝟏𝟏.𝟗𝟗𝟏𝟏𝟏𝟏 
𝟏𝟏.𝟏𝟏𝟔𝟔𝟓𝟓

 
 
      RatioSYS_GEN = 8.625        RatioGSU = 8.967        RatioPOI_GEN = 1.04 
 
 
 
Calculate the generator power at 0.95 load power factor (MVALOAD) using the value of MWGEN from Eq. 
1: 
 
(8) MVALOAD =  𝐌𝐌𝐌𝐌𝐆𝐆𝐁𝐁𝐆𝐆

𝟏𝟏.𝟗𝟗𝟓𝟓
 

 
MVALOAD =  𝟏𝟏𝟏𝟏𝟗𝟗.𝟏𝟏 𝐌𝐌𝐌𝐌

𝟏𝟏.𝟗𝟗𝟓𝟓
   

 
MVALOAD = 157.5 MVA 

 
 
 
Convert MVALOAD from Eq. 8 to per unit on the generator base (MVALOAD_pu): 
 
(9) MVALOAD_pu =  𝐌𝐌𝐌𝐌𝐌𝐌𝐋𝐋𝐑𝐑𝐌𝐌𝐋𝐋

𝐌𝐌𝐌𝐌𝐌𝐌𝐆𝐆𝐁𝐁𝐆𝐆_𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁
 

 
MVALOAD_pu =  𝟏𝟏𝟓𝟓𝟏𝟏.𝟓𝟓 𝐌𝐌𝐌𝐌𝐌𝐌

𝟏𝟏𝟏𝟏𝟏𝟏 𝐌𝐌𝐌𝐌𝐌𝐌
  

 
MVALOAD_pu = 0.895 p.u. 
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Under Voltage Settings 
 
Assume one level of under voltage set to trip with a pickup of 102.9 V and a time delay of 60 cycles.  
 
 
Calculate the under voltage pickup (UV27_pu) for 90% of Vsec from Eq. 1 in per unit: 
 
(10) V27_pu =   𝟏𝟏.𝟗𝟗∗𝐌𝐌𝐚𝐚𝐞𝐞𝐚𝐚

𝐌𝐌𝐚𝐚𝐞𝐞𝐚𝐚
 

 
V27_pu =  𝟏𝟏.𝟗𝟗∗𝟏𝟏𝟏𝟏𝟏𝟏.𝟔𝟔𝟗𝟗 𝐌𝐌

𝟏𝟏𝟏𝟏𝟏𝟏.𝟔𝟔𝟗𝟗 𝐌𝐌
  

 
V27_pu = 0.9 p.u. 

 
 
Calculate the generator load current (ILOAD_27) at the rated generator MW output with 0.95 lagging 
power factor (Eq. 9) for the generator terminal voltage at the relay under voltage set point (Eq. 10):  
 
(11) ILOAD_27 =  𝐌𝐌𝐌𝐌𝐌𝐌𝐋𝐋𝐑𝐑𝐌𝐌𝐋𝐋_𝐩𝐩𝐩𝐩 

𝐌𝐌𝟔𝟔𝟏𝟏_𝐩𝐩𝐩𝐩
 𝐞𝐞−𝐣𝐣 𝐑𝐑𝐚𝐚𝐑𝐑𝐚𝐚(𝟏𝟏.𝟗𝟗𝟓𝟓) 

 
ILOAD_27 =  𝟏𝟏.𝟏𝟏𝟗𝟗𝟓𝟓

𝟏𝟏.𝟗𝟗
𝐞𝐞−𝐣𝐣 𝐑𝐑𝐚𝐚𝐑𝐑𝐚𝐚(𝟏𝟏.𝟗𝟗𝟓𝟓) 

 
ILOAD_27 = 0.994 - j0.3103 

 
ILOAD_27 = 0.994∠-18.2° p.u. 
 
 

Calculate the per unit voltage drop across the GSU (VDROP_27) at the rated generator MW output with a 
0.95 lagging power factor: 
 
(12) VDROP_27 = ILOAD_27 *   𝐣𝐣 𝐙𝐙𝐆𝐆𝐒𝐒𝐆𝐆_𝐆𝐆𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁 
 

VDROP_27 = (𝟏𝟏.𝟗𝟗𝟗𝟗𝟏𝟏∠ − 𝟏𝟏𝟏𝟏.𝟔𝟔°) *  (𝟏𝟏.𝟏𝟏𝟗𝟗𝟔𝟔𝟏𝟏∠𝟗𝟗𝟏𝟏°) 
 

VDROP_27 = 𝟏𝟏.𝟏𝟏𝟗𝟗𝟔𝟔∠𝟏𝟏𝟏𝟏.𝟏𝟏𝟏𝟏° p.u. 
 
 
 
Calculate the per unit voltage at the POI (VPOI_27) for the rated generator MW output with 0.95 lagging 
power factor: 
 
(13) VPOI_27 = 𝐌𝐌𝐚𝐚𝐞𝐞𝐚𝐚 - 𝐌𝐌𝐋𝐋𝐑𝐑𝐑𝐑𝐓𝐓_𝟔𝟔𝟏𝟏 
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VPOI_27 = 0.9 p.u. – (0.0286 + j0.0869) p.u. 

 
VPOI_27 = 0.8714 p.u. + j0.0869 p.u. 

 
VPOI_27 = 𝟏𝟏.𝟏𝟏𝟏𝟏𝟏𝟏∠ − 𝟓𝟓.𝟏𝟏𝟗𝟗° p.u. 

 
 
Project the voltage element setting (VPOI_27_SET) from the generator terminals to the POI accounting for 
the voltage drop across the GSU: 
 
(14) VPOI_27_SET = |VPOI_27 | * RatioPOI_GEN  
 
 VPOI_27_SET = 0.876 * 1.04  
  
 VPOI_27_SET = 0.911 p.u. 
 
 
Plotting these results on the chart from Attachment 2 in Figure XX, it can be seen that this setting lies 
within the ‘No Trip’ zone and would not be compliant with PRC-024-2. 

 
 

Figure XX 
 
Over Voltage Settings  
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Assume one level of over voltage set with a pickup of 125.7 V and a time delay of 1800 cycles. 
 
Now, calculate the overvoltage pickup of 110% of Vsec in per unit (V59_pu): 
 
(15) V59_pu =   𝟏𝟏.𝟏𝟏∗𝐌𝐌𝐚𝐚𝐞𝐞𝐚𝐚

𝐌𝐌𝐚𝐚𝐞𝐞𝐚𝐚
 

 
V59_pu =  𝟏𝟏.𝟏𝟏∗𝟏𝟏𝟏𝟏𝟏𝟏.𝟔𝟔𝟗𝟗 𝐌𝐌

𝟏𝟏𝟏𝟏𝟏𝟏.𝟔𝟔𝟗𝟗 𝐌𝐌
  

 
V59_pu = 1.1 p.u. 

 
 
Using results from Eq. 9 to calculate the load current at rated MW output with 0.95 lagging power 
factor (ILOAD_59) for generator terminal voltage at the relay overvoltage set point: 
 
(16) ILOAD_59 =  𝐌𝐌𝐌𝐌𝐌𝐌𝐋𝐋𝐑𝐑𝐌𝐌𝐋𝐋_𝐩𝐩𝐩𝐩 

𝐑𝐑𝐌𝐌𝐩𝐩𝐩𝐩
 𝐞𝐞𝐣𝐣 𝐑𝐑𝐚𝐚𝐑𝐑𝐚𝐚(𝟏𝟏.𝟗𝟗𝟓𝟓) 

 
ILOAD_59 =  𝟏𝟏.𝟏𝟏𝟗𝟗𝟓𝟓

𝟏𝟏.𝟏𝟏
𝐞𝐞𝐣𝐣 𝐑𝐑𝐚𝐚𝐑𝐑𝐚𝐚(𝟏𝟏.𝟗𝟗𝟓𝟓) 

 
ILOAD_59 = 0.773 + j0.254 

 
ILOAD_59 = 0.813∠18.2° p.u. 
 

Calculate the per unit voltage drop across the GSU at the rated generator MW output at a 0.95 lagging 
power factor (VDROP_59): 
 
(17) VDROP_59 =  𝐑𝐑𝐋𝐋𝐑𝐑𝐌𝐌𝐋𝐋_𝟓𝟓𝟗𝟗 *   𝐣𝐣 𝐙𝐙𝐆𝐆𝐒𝐒𝐆𝐆_𝐆𝐆𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁 
 

VDROP_59 = (𝟏𝟏.𝟏𝟏𝟏𝟏𝟏𝟏∠𝟏𝟏𝟏𝟏.𝟔𝟔°) *  (𝟏𝟏.𝟏𝟏𝟗𝟗𝟔𝟔𝟏𝟏∠𝟗𝟗𝟏𝟏°) 
 

VDROP_59 = 𝟏𝟏.𝟏𝟏𝟏𝟏𝟓𝟓∠𝟏𝟏𝟏𝟏𝟏𝟏.𝟔𝟔° p.u. 
 
 
 
Calculate the per unit voltage at the POI at rated MW output with 0.95 lagging power factor (VPOI_59): 
 
(18) VPOI_59 = 𝐌𝐌𝐚𝐚𝐞𝐞𝐚𝐚 - 𝐌𝐌𝐋𝐋𝐑𝐑𝐑𝐑𝐓𝐓_𝟓𝟓𝟗𝟗 
 

VPOI_59 = 1.1 p.u. – (-0.0234 + j0.0712) p.u. 
 

VPOI_59 = 1.123 p.u. - j0.071 p.u. 
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VPOI_59 = 𝟏𝟏.𝟏𝟏𝟔𝟔𝟏𝟏∠ − 𝟏𝟏.𝟏𝟏𝟔𝟔𝟓𝟓° p.u. 
 
 
Project the voltage element setting (VPOI_59_SET) from the generator terminals to the POI accounting for 
the voltage drop across the GSU: 
 
(19) VPOI_59_SET = |VPOI_59 | * RatioPOI_GEN  
 
 VPOI_59_SET = 1.126 * 1.04  
  
 VPOI_59_SET = 1.17 p.u. 
 
  
 
 

 
 
Volts/Hertz Setting 
 
  



 

 
NERC | PRC-024-2 Implementation Guidance | March, 2017 30 30 

Example Calculations: Hataway Method 

 

 
This is an iterative method that has its basis in PRC-025-1, Option 1b and begins with the per unit 
voltage at the POI and reflects it to the generator terminals. The voltage calculated at the generator 
terminals is used to select the setting for the voltage relays rather than check an existing setting. 
 
 
Calculate Real Power output (MWGEN): 
 
(XX) MWGEN = MVAGEN_BASE * p.f.GEN 

 
MWGEN = 176 MVA * 0.85 

 
MWGEN = 149.6 MVA 

 
 
Calculate Reactive Power Output (MVArGEN): 
 
(XX) MVArGEN = MWGEN * tan (cos-1(0.95)) 
 

MVArGEN = 149.6 MW * tan (18.2°) 
 

MVArGEN = 49.17 MVAr 
 
 
 
Convert the generator power output during system disturbance into the desired per unit base:  
 
 
(XX) MVAGEN_pu = 𝐌𝐌𝐌𝐌𝐆𝐆𝐁𝐁𝐆𝐆

𝐌𝐌𝐌𝐌𝐌𝐌𝐒𝐒𝐒𝐒𝐒𝐒_𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁
 + j 𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐆𝐆𝐁𝐁𝐆𝐆

𝐌𝐌𝐌𝐌𝐌𝐌𝐒𝐒𝐒𝐒𝐒𝐒_𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁
 

 
MVAGEN_pu = 𝟏𝟏𝟏𝟏𝟗𝟗.𝟏𝟏 𝐌𝐌𝐌𝐌

𝟏𝟏𝟏𝟏𝟏𝟏 𝐌𝐌𝐌𝐌𝐌𝐌
 + j 𝟏𝟏𝟗𝟗.𝟏𝟏𝟏𝟏 𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐌

𝟏𝟏𝟏𝟏𝟏𝟏 𝐌𝐌𝐌𝐌𝐌𝐌
 

 
MVAGEN_pu = 1.496 p.u. + j 0.4917 p.u. 
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Convert the GSU reactance into desired ohmic value in per unit (ZGSU_pu): 
 
 
(XX) ZGSU_pu = ZGSU * �𝐌𝐌𝐌𝐌𝐌𝐌𝐒𝐒𝐒𝐒𝐒𝐒_𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁

𝐌𝐌𝐌𝐌𝐌𝐌𝐆𝐆𝐒𝐒𝐆𝐆_𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁
� 

 
ZGSU_pu = 10.12% * �𝟏𝟏𝟏𝟏𝟏𝟏 𝐌𝐌𝐌𝐌𝐌𝐌

𝟏𝟏𝟏𝟏𝟏𝟏 𝐌𝐌𝐌𝐌𝐌𝐌
� 

 
ZGSU_pu = 0.0595 𝛀𝛀𝐩𝐩𝐩𝐩 

 
 
Calculate kVLOW_BASE to account for the difference between kVSYS_BASE and kVGSU_TAP: 
 
(XX) kVLOW_BASE = kVSYS_BASE * �𝐤𝐤𝐌𝐌𝐆𝐆𝐁𝐁𝐆𝐆_𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁

𝐤𝐤𝐌𝐌𝐆𝐆𝐒𝐒𝐆𝐆_𝐓𝐓𝐌𝐌𝐓𝐓
� 

 
kVLOW_BASE = 138 kV * � 𝟏𝟏𝟓𝟓 𝐤𝐤𝐌𝐌

𝟏𝟏𝟏𝟏𝟏𝟏.𝟓𝟓 𝐤𝐤𝐌𝐌
� 

 
kVLOW_BASE = 15.39 kV 

 
 
Calculations for UV Values 
 
Using the formulas below, calculate the generator voltage (kVLOW_pu) for each high-side voltage (kVPOI 

pu) from the Voltage Ride-through Time Duration Curve in Attachment 2. 
 
Set the initial value of kVLOW_pu to 0.9 p.u. and repeat calculations until kVLOW_pu converges with a 
difference of less than 1% between iterations: 
 
 
 

(XX) 𝛉𝛉𝐋𝐋𝐌𝐌 = 𝐚𝐚𝐑𝐑𝐬𝐬−𝟏𝟏 � 𝐌𝐌𝐌𝐌𝐆𝐆𝐁𝐁𝐆𝐆∗|𝐙𝐙𝐆𝐆𝐒𝐒𝐆𝐆_𝐩𝐩𝐩𝐩|
|𝐤𝐤𝐌𝐌𝐋𝐋𝐑𝐑𝐌𝐌 𝐩𝐩𝐩𝐩|∗|𝐤𝐤𝐌𝐌𝐓𝐓𝐑𝐑𝐑𝐑 𝐩𝐩𝐩𝐩|

� 

 

(XX) |kVLOW pu| = 
|𝐤𝐤𝐌𝐌𝐓𝐓𝐑𝐑𝐑𝐑 𝐩𝐩𝐩𝐩|∗𝐚𝐚𝐑𝐑𝐚𝐚 (𝛉𝛉𝐋𝐋𝐌𝐌𝐱𝐱)± �|𝐤𝐤𝐌𝐌𝐓𝐓𝐑𝐑𝐑𝐑 𝐩𝐩𝐩𝐩|𝟔𝟔∗ 𝐚𝐚𝐑𝐑𝐚𝐚𝟔𝟔�𝚯𝚯𝐋𝐋𝐌𝐌_𝐱𝐱�+𝟏𝟏∗ 𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐆𝐆𝐁𝐁𝐆𝐆 𝐩𝐩𝐩𝐩∗𝐙𝐙𝐆𝐆𝐒𝐒𝐆𝐆_𝐩𝐩𝐩𝐩 

𝟔𝟔
 

 
(XX) %Δx-y =  

kVLOW_pu_x− kVLOW_pu_y

VLOW_pu_y
  

 
 
Using the above equations with kVLOW pu_1 = 0.9, calculate iteratively until %Δ < 1.0%: 
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𝛉𝛉𝐋𝐋𝐌𝐌_𝟏𝟏 = 𝐚𝐚𝐑𝐑𝐬𝐬−𝟏𝟏 � 𝐌𝐌𝐌𝐌𝐆𝐆𝐁𝐁𝐆𝐆∗|𝐙𝐙𝐆𝐆𝐒𝐒𝐆𝐆_𝐩𝐩𝐩𝐩|
|𝐤𝐤𝐌𝐌𝐥𝐥𝐑𝐑𝐥𝐥 𝐩𝐩𝐩𝐩_𝟏𝟏|∗|𝐤𝐤𝐌𝐌𝐓𝐓𝐑𝐑𝐑𝐑 𝐩𝐩𝐩𝐩|

� 

 
𝛉𝛉𝐋𝐋𝐌𝐌_𝟏𝟏 = 𝐚𝐚𝐑𝐑𝐬𝐬−𝟏𝟏 �𝟏𝟏.𝟏𝟏𝟗𝟗𝟏𝟏∗𝟏𝟏.𝟏𝟏𝟓𝟓𝟗𝟗𝟓𝟓

𝟏𝟏.𝟗𝟗∗𝟏𝟏.𝟗𝟗
� 

 
𝛉𝛉𝐋𝐋𝐌𝐌_𝟏𝟏 = 6.312° 
 
 

|kVLOW pu_2| = 
|𝐤𝐤𝐌𝐌𝐓𝐓𝐑𝐑𝐑𝐑 𝐩𝐩𝐩𝐩|∗𝐚𝐚𝐑𝐑𝐚𝐚(𝛉𝛉𝐋𝐋𝐌𝐌𝟏𝟏)± �|𝐤𝐤𝐌𝐌𝐓𝐓𝐑𝐑𝐑𝐑 𝐩𝐩𝐩𝐩|𝟔𝟔∗ 𝐚𝐚𝐑𝐑𝐚𝐚𝟔𝟔�𝚯𝚯𝐋𝐋𝐌𝐌_𝟏𝟏�+𝟏𝟏∗ 𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐆𝐆𝐁𝐁𝐆𝐆 𝐩𝐩𝐩𝐩∗𝐙𝐙𝐆𝐆𝐒𝐒𝐆𝐆_𝐩𝐩𝐩𝐩 

𝟔𝟔
 

 

|kVLOW pu_2| = 𝟏𝟏.𝟗𝟗 ∗𝐚𝐚𝐑𝐑𝐚𝐚 (𝟏𝟏.𝟏𝟏𝟏𝟏𝟔𝟔)± �(𝟏𝟏.𝟗𝟗)𝟔𝟔∗ 𝐚𝐚𝐑𝐑𝐚𝐚𝟔𝟔(𝟏𝟏.𝟏𝟏𝟏𝟏𝟔𝟔)+𝟏𝟏∗ 𝟏𝟏.𝟏𝟏𝟗𝟗𝟏𝟏𝟏𝟏∗𝟏𝟏.𝟏𝟏𝟓𝟓𝟗𝟗𝟓𝟓 
𝟔𝟔

 
 
|kVLOW pu_2| = 0.926 Vpu 

 

 

 

𝛉𝛉𝐋𝐋𝐌𝐌_𝟔𝟔 = 𝐚𝐚𝐑𝐑𝐬𝐬−𝟏𝟏 � 𝐌𝐌𝐌𝐌𝐆𝐆𝐁𝐁𝐆𝐆∗|𝐙𝐙𝐆𝐆𝐒𝐒𝐆𝐆_𝐩𝐩𝐩𝐩|
|𝐤𝐤𝐌𝐌𝐥𝐥𝐑𝐑𝐥𝐥 𝐩𝐩𝐩𝐩_𝟔𝟔|∗|𝐤𝐤𝐌𝐌𝐓𝐓𝐑𝐑𝐑𝐑 𝐩𝐩𝐩𝐩|

� 

 
𝛉𝛉𝐋𝐋𝐌𝐌_𝟔𝟔 = 𝐚𝐚𝐑𝐑𝐬𝐬−𝟏𝟏 �𝟏𝟏.𝟏𝟏𝟗𝟗𝟏𝟏∗𝟏𝟏.𝟏𝟏𝟓𝟓𝟗𝟗𝟓𝟓

𝟏𝟏.𝟗𝟗𝟔𝟔𝟏𝟏∗𝟏𝟏.𝟗𝟗
� 

 
𝛉𝛉𝐋𝐋𝐌𝐌_𝟔𝟔 = 6.133° 
 
 
 
Check value of kVLOW_pu for convergence: 
 
%Δ1-2 =  

kVLOW pu 1− kVLOW pu 2

VLow pu 2
 

 
%Δ1-2 =  0.9 −0.926

0..926
 

 
%Δ1-2 = 2.9% 
 
 
 
Since %Δ is greater than 1%, substitute 0.926 kVpu for kVLOW pu_3 in the next iteration: 
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|kVLOW pu_3| = 
|𝐤𝐤𝐌𝐌𝐓𝐓𝐑𝐑𝐑𝐑 𝐩𝐩𝐩𝐩|∗𝐚𝐚𝐑𝐑𝐚𝐚(𝛉𝛉𝑳𝑳𝒌𝒌_𝟔𝟔)± �|𝐤𝐤𝐌𝐌𝐓𝐓𝐑𝐑𝐑𝐑 𝐩𝐩𝐩𝐩|𝟔𝟔∗ 𝐚𝐚𝐑𝐑𝐚𝐚𝟔𝟔�𝚯𝚯𝐋𝐋𝐌𝐌_𝟔𝟔�+𝟏𝟏∗ 𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐆𝐆𝐁𝐁𝐆𝐆 𝐩𝐩𝐩𝐩∗𝐙𝐙𝐆𝐆𝐒𝐒𝐆𝐆_𝐩𝐩𝐩𝐩 

𝟔𝟔
 

 

|kVLOW pu_3| = 𝟏𝟏.𝟗𝟗 ∗𝐚𝐚𝐑𝐑𝐚𝐚 (𝟏𝟏.𝟏𝟏𝟏𝟏𝟏𝟏)± �(𝟏𝟏.𝟗𝟗)𝟔𝟔∗ 𝐚𝐚𝐑𝐑𝐚𝐚𝟔𝟔(𝟏𝟏.𝟏𝟏𝟏𝟏𝟏𝟏)+𝟏𝟏∗ 𝟏𝟏.𝟏𝟏𝟗𝟗𝟏𝟏𝟏𝟏∗𝟏𝟏.𝟏𝟏𝟓𝟓𝟗𝟗𝟓𝟓 
𝟔𝟔

 
 
|kVLOW pu_3| = 0.926 Vpu 
 
 
 

𝛉𝛉𝐋𝐋𝐌𝐌_𝟏𝟏 = 𝐚𝐚𝐑𝐑𝐬𝐬−𝟏𝟏 � 𝐌𝐌𝐌𝐌𝐆𝐆𝐁𝐁𝐆𝐆∗|𝐙𝐙𝐆𝐆𝐒𝐒𝐆𝐆_𝐩𝐩𝐩𝐩|
|𝐤𝐤𝐌𝐌𝐥𝐥𝐑𝐑𝐥𝐥 𝐩𝐩𝐩𝐩_𝟏𝟏|∗|𝐤𝐤𝐌𝐌𝐓𝐓𝐑𝐑𝐑𝐑 𝐩𝐩𝐩𝐩|

� 

 
𝛉𝛉𝐋𝐋𝐌𝐌_𝟏𝟏 = 𝐚𝐚𝐑𝐑𝐬𝐬−𝟏𝟏 �𝟏𝟏.𝟏𝟏𝟗𝟗𝟏𝟏∗𝟏𝟏.𝟏𝟏𝟓𝟓𝟗𝟗𝟓𝟓

𝟏𝟏.𝟗𝟗𝟔𝟔𝟏𝟏∗𝟏𝟏.𝟗𝟗
� 

 
𝛉𝛉𝐋𝐋𝐌𝐌_𝟏𝟏 = 6.131° 
 
 
 
Check value of kVLOW_pu for convergence: 
 
%Δ2-3 =  

Vlow pu 2− Vlow pu 3

Vlow pu 3
 

 
%Δ2-3 =  0.926 −0.926

0.926
 

 
%Δ2-3 = 0% 
 
 
 
 %Δ is less than 1% so iteration is complete. Convert kVLOW pu to generator voltage base: 
 
 
kVGEN_0.9pu = kVLOW pu_3 * kVLOW_BASE 
 
kVGEN_0.9pu = 0.926 p.u. * 15.39 kV 
 
kVGEN_0.9pu = 14.25 kV 
 
 
Repeat the calculations for each step in the undervoltage curve (0.75, 0.65, and 0.45 p.u.): 
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0.75 p.u. 
 
Iteration 1: 
 
kVLOW pu_1 = 0.75 p.u. 
𝛉𝛉𝐋𝐋𝐌𝐌_𝟏𝟏 = 9.109° 
 
Iteration 2: 
 
|kVLOW pu_2| = 0.778 Vpu 

𝛉𝛉𝐋𝐋𝐌𝐌_𝟔𝟔 = 8.777° 
%Δ1-2 = 2.9% 
 
Iteration 3: 
 
|kVLOW pu_3| = 0.779 Vpu 
𝛉𝛉𝐋𝐋𝐌𝐌_𝟏𝟏 = 8.77° 
%Δ2-3 = 0.08% 
 
kVGEN_0.75pu = 11.99 kV 
 
 
0.65 p.u. 
 
Iteration 1: 
 
kVLOW pu_1 = 0.65 p.u. 
𝛉𝛉𝐋𝐋𝐌𝐌_𝟏𝟏 = 12.168° 
 
Iteration 2: 
 
|kVLOW pu_2| = 0.679 Vpu 

𝛉𝛉𝐋𝐋𝐌𝐌_𝟔𝟔 = 11.649° 
%Δ1-2 = 4.4% 
 
Iteration 3: 
 
|kVLOW pu_3| = 0.68 Vpu 
𝛉𝛉𝐋𝐋𝐌𝐌_𝟏𝟏 = 11.629° 
%Δ2-3 = 0.17% 
 
kVGEN_0.75pu = 10.47 kV 
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0.45 p.u. 
 
Iteration 1: 
 
kVLOW pu_1 = 0.45 p.u. 
𝛉𝛉𝐋𝐋𝐌𝐌_𝟏𝟏 = 26.09° 
 
Iteration 2: 
 
|kVLOW pu_2| = 0.467 Vpu 

𝛉𝛉𝐋𝐋𝐌𝐌_𝟔𝟔 = 25.082° 
%Δ1-2 = 3.7% 
 
Iteration 3: 
 
|kVLOW pu_3| = 0.47 Vpu 
𝛉𝛉𝐋𝐋𝐌𝐌_𝟏𝟏 = 24.91° 
%Δ2-3 = 0.11% 
 
kVGEN_0.75pu = 7.23 kV 
 
 
 
Calculation for OV 
 
Repeat the calculations for each step in the over voltage curve (1.1,1.15, 1.75, and 1.2 p.u.) using the 
equations in the under voltage section: 
 
 
1.1 p.u. 
 
Iteration 1: 
 
kVLOW pu_1 = 1.1 p.u. 
𝛉𝛉𝐋𝐋𝐌𝐌_𝟏𝟏 = 4.221° 
 
Iteration 2: 
 
|kVLOW pu_2| = 1.123 Vpu 

𝛉𝛉𝐋𝐋𝐌𝐌_𝟔𝟔 = 4.134° 
%Δ1-2 = 2.1% 
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Iteration 3: 
 
|kVLOW pu_3| = 1.123 Vpu 
𝛉𝛉𝐋𝐋𝐌𝐌_𝟏𝟏 = 4.133° 
%Δ2-3 = 0.01% 
 
kVGEN_0.75pu = 17.28 kV 
 
 
1.15 p.u. 
 
Iteration 1: 
 
kVLOW pu_1 = 0.65 p.u. 
𝛉𝛉𝐋𝐋𝐌𝐌_𝟏𝟏 = 3.861° 
 
Iteration 2: 
 
|kVLOW pu_2| = 1.172 Vpu 

𝛉𝛉𝐋𝐋𝐌𝐌_𝟔𝟔 = 3.787° 
%Δ1-2 = 1.9% 
 
Iteration 3: 
 
|kVLOW pu_3| = 1.172 Vpu 
𝛉𝛉𝐋𝐋𝐌𝐌_𝟏𝟏 = 3.787° 
%Δ2-3 = 0% 
 
kVGEN_0.75pu = 18.04 kV 
 
 
1.75 p.u. 
 
Iteration 1: 
 
kVLOW pu_1 = 1.75 p.u. 
𝛉𝛉𝐋𝐋𝐌𝐌_𝟏𝟏 = 3.698° 
 
Iteration 2: 
 
|kVLOW pu_2| = 1.197 Vpu 

𝛉𝛉𝐋𝐋𝐌𝐌_𝟔𝟔 = 3.63° 
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%Δ1-2 = 1.9% 
 
 
Iteration 3: 
 
|kVLOW pu_3| = 1.197 Vpu 
𝛉𝛉𝐋𝐋𝐌𝐌_𝟏𝟏 = 3.63° 
%Δ2-3 = 0% 
 
kVGEN_0.75pu = 18.42 kV 
 
 
1.2 p.u. 
 
Iteration 1: 
 
kVLOW pu_1 = 1.2 p.u. 
𝛉𝛉𝐋𝐋𝐌𝐌_𝟏𝟏 = 3.546° 
 
Iteration 2: 
 
|kVLOW pu_2| = 1.222 Vpu 

𝛉𝛉𝐋𝐋𝐌𝐌_𝟔𝟔 = 3.483° 
%Δ1-2 = 1.8% 
 
Iteration 3: 
 
|kVLOW pu_3| = 1.222 Vpu 
𝛉𝛉𝐋𝐋𝐌𝐌_𝟏𝟏 = 3.483° 
%Δ2-3 = 0% 
 
kVGEN_0.75pu = 18.81 kV 
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Preface  
 
The North American Electric Reliability Corporation (NERC) is a not-for-profit international regulatory authority 
whose mission is to assure the reliability of the bulk power system (BPS) in North America. NERC develops and 
enforces Reliability Standards; annually assesses seasonal and long-term reliability; monitors the BPS through 
system awareness; and educates, trains, and certifies industry personnel. NERC’s area of responsibility spans the 
continental United States, Canada, and the northern portion of Baja California, Mexico. NERC is the electric 
reliability organization (ERO) for North America, subject to oversight by the Federal Energy Regulatory Commission 
(FERC) and governmental authorities in Canada. NERC’s jurisdiction includes users, owners, and operators of the 
BPS, which serves more than 334 million people.  
 
The North American BPS is divided into eight Regional Entity (RE) boundaries as shown in the map and 
corresponding table below. 

 
The North American BPS is divided into eight Regional Entity (RE) boundaries. The highlighted areas denote 
overlap as some load-serving entities participate in one Region while associated transmission owners/operators 
participate in another. 
 

FRCC Florida Reliability Coordinating Council 

MRO Midwest Reliability Organization 

NPCC Northeast Power Coordinating Council 
RF ReliabilityFirst  

SERC SERC Reliability Corporation 

SPP RE Southwest Power Pool Regional Entity 
Texas RE Texas Reliability Entity 

WECC Western Electricity Coordinating Council 

 



 

NERC | Determination and Application of Practical Relaying Loadability Ratings | September 2017 
iv 

Disclaimer 
 
This supporting document may explain or facilitate implementation of a reliability standard PRC-023 — 
Transmission Relay Loadability but does not contain mandatory requirements subject to compliance review. 
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Introduction  
 
This document is intended to provide additional information and guidance for complying with the requirements 
of Reliability Standard PRC-023 — Transmission Relay Loadability. 
 
The function of transmission protection systems included in the referenced reliability standard is to protect the 
transmission system when subjected to faults. System conditions, particularly during emergency operations, may 
make it necessary for transmission lines and transformers to become overloaded for short periods of time. During 
such instances, it is important that protective relays do not prematurely trip the transmission elements out-of-
service preventing the system operators from taking controlled actions to alleviate the overload. Therefore, 
protection systems should not interfere with the system operators’ ability to consciously take remedial action to 
protect system reliability. The relay loadability reliability standard has been specifically developed to not interfere 
with system operator actions, while allowing for short-term overloads, with sufficient margin to allow for 
inaccuracies in the relays and instrument transformers. 
 
While protection systems are required to comply with the relay loadability requirements of Reliability Standard 
PRC-023; it is imperative that the protective relays be set to reliably detect all fault conditions and protect the 
electrical network from these faults. 
 
The following protection functions are addressed by Reliability Standard PRC–023:  

1. Any protective functions which could trip with or without time delay, on normal or emergency load 
current, including but not limited to:  

1.1. Phase distance  

1.2. Out-of-step tripping  

1.3. Out-of-step blocking  

1.4. Switch-on-to-fault  

1.5. Overcurrent relays  

1.6. Communications aided protection schemes including but not limited to:  

1.6.1. Permissive overreaching transfer trip (POTT)  

1.6.2. Permissive underreaching transfer trip (PUTT)  

1.6.3. Directional comparison blocking (DCB)  

1.6.4. Directional comparison unblocking (DCUB)  

2. The following protection systems are excluded from requirements of this standard: 

2.1. Relay elements that are only enabled when other relays or associated systems fail. 

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

2.1.2. Elements that are only enabled during a loss of communications. 

2.2. Protection systems intended for the detection of ground fault conditions. 

2.3. Generator protection relays 

2.4. Relay elements used only for Special Protection Systems, applied and approved in accordance with 
NERC Reliability Standards PRC-012 through PRC-017.
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Requirements Reference Material  
 
R1 — Phase Relay Setting  
Each Transmission Owner, Generator Owner, and Distribution Provider shall use any one of the following criteria 
(Requirement R1, criteria 1 through 13) for any specific circuit terminal to prevent its phase protective relay 
settings from limiting transmission system loadability while maintaining reliable protection of the BES for all fault 
conditions. Each Transmission Owner, Generator Owner, and Distribution Provider shall evaluate relay loadability 
at 0.85 per unit voltage and a power factor angle of 30 degrees. [Risk Factor: High]  
 
R1.1 — Transmission Line Thermal Rating  
Set transmission line relays so they do not operate at or below 150% of the highest seasonal Facility Rating of a 
circuit, for the available defined loading duration nearest 4 hours (expressed in amperes). 
 

𝑍𝑍𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 30 =
0.85 x 𝑉𝑉𝐿𝐿−𝐿𝐿

√3 𝑥𝑥 1.5 𝑥𝑥 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
 

 
Where:  

Zrelay30 = Relay reach in primary Ohms at a power factor angle of 30 degrees  

VL-L = Rated line-to-line voltage  

Irating = Facility Rating 
 

Set the relay so it does not operate at or below 150% of the highest seasonal Facility Rating (I
rating

) of the line for 
the available defined loading duration nearest 4 hours. When evaluating a distance relay, assume a 0.85 per unit 
relay voltage and a line phase (power factor) angle of 30 degrees. 
 
Example: 𝑍𝑍𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 30 = 0.85 x 𝑉𝑉𝐿𝐿−𝐿𝐿

√3 𝑥𝑥 1.5 𝑥𝑥 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
 

 
R1.2 — Transmission Line Established 15-Minute Rating  
When the study to establish the original loadability parameters was performed, it was based on the 4-hour facility 
rating. The intent of the 150% factor applied to the Facility Rating in the loadability requirement was to 
approximate the 15-minute rating of the transmission line and add some additional margin. Although the original 
study performed to establish the 150% factor did not segregate the portion of the 150% factor that was to 
approximate the 15-minute capability from that portion that was to be a safety margin, it has been determined 
that a 115% margin is appropriate. In situations where detailed studies have been performed to establish 15-
minute ratings on a transmission line, the 15-minute highest seasonal Facility Rating can be used to establish the 
loadability requirement for the protective relays. 
 

Set the tripping relay so it does not operate at or below 115% of the 15-minute highest seasonal Facility Rating 
(I

rating
) of the line. When evaluating a distance relay, assume a 0.85 per unit relay voltage and a line phase (power 

factor) angle of 30 degrees.  
 
Example: 𝑍𝑍𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 30 = 0.85 x 𝑉𝑉𝐿𝐿−𝐿𝐿

√3 𝑥𝑥 1.5 𝑥𝑥 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
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R1.3 — Maximum Theoretical Power Transfer Limit Across a Transmission Line  
Set transmission line relays so they do not operate at or below 115% of the maximum power transfer capability 
of the circuit (expressed in amperes) using one of the following to perform the power transfer calculation:  
 
R1.3.1 — Maximum Power Transfer with Infinite Source  
An infinite source (zero source impedance) with a 1.00 per unit bus voltage at each end of the line 

 

 
 
 

The power transfer across a transmission line (Figure 1) is defined by the equation1: 
 

𝑃𝑃 =
𝑉𝑉𝑠𝑠 𝑥𝑥 𝑉𝑉𝑅𝑅 𝑥𝑥 sin𝛿𝛿

𝑋𝑋𝐿𝐿
 

 
Where:  

P = the power flow across the transmission line  

VS = Line-to-Line voltage at the sending bus  

VR = Line-to-Line voltage at the receiving bus  

δ = Voltage angle between Vs and VR  

XL = Reactance of the transmission line in ohms 
 
The theoretical maximum power transfer occurs when δ is 90 degrees. The maximum power transfer will be less 
than the theoretical maximum power transfer and will occur at some angle less than 90 degrees since the source 
impedance of the system is not zero. A number of conservative assumptions are made:  

• δ is 90 degrees  

• Voltage at each bus is 1.0 per unit  

• An infinite source is assumed behind each bus; i.e. no source impedance is assumed.  
 

 

 

                                                           
1 More explicit equations that may be beneficial for long transmission lines (typically 80 miles or more) are contained in Appendix A.   
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The equation for maximum power becomes: 

𝑃𝑃𝑚𝑚𝑟𝑟𝑥𝑥 =  
𝑉𝑉2

𝑋𝑋𝐿𝐿
 

 

𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =  
𝑃𝑃𝑚𝑚𝑟𝑟𝑥𝑥

√3 𝑥𝑥 𝑉𝑉
 

 

𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =  
𝑉𝑉

√3 𝑥𝑥 𝑋𝑋𝐿𝐿
 

 

Where:  

Pmax = Maximum power that can be transferred across a system  

Ireal = Real component of current  

V = Nominal line-to-line bus voltage  
 
At maximum power transfer, the real component of current and the reactive component of current are equal; 
therefore: 

𝐼𝐼𝑟𝑟𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟 =  √2𝑥𝑥 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 

 

𝐼𝐼𝑟𝑟𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟 =  
√2 𝑥𝑥 𝑉𝑉
√3 𝑥𝑥 𝑋𝑋𝐿𝐿

 

 

𝐼𝐼𝑟𝑟𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟 =  
0.816 𝑥𝑥 𝑉𝑉

𝑋𝑋𝐿𝐿
 

 
Where:  

Itotal is the total current at maximum power transfer. 

 

 

Set the tripping relay so it does not operate at or below 115% of Itotal (where𝐼𝐼𝑟𝑟𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟 =  0.816 𝑥𝑥 𝑉𝑉
𝑋𝑋𝐿𝐿

).  

 
When evaluating a distance relay, assume a 0.85 per unit relay voltage and a line phase (power factor) angle of 
30 degrees. 
 

𝑍𝑍𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 30 =
0.85 x 𝑉𝑉𝐿𝐿−𝐿𝐿

√3 𝑥𝑥 1.5 𝑥𝑥 𝐼𝐼𝑟𝑟𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟
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R1.3.2 — Maximum Power Transfer with System Source Impedance  

Actual source and receiving end impedances are determined using a short circuit program and choosing the 
classical or flat start option to calculate the fault parameters. The impedances required for this calculation are the 
generator subtransient impedances (Figure 2). 

 

 
The recommended procedure for determining XS and XR is:  

• Remove the line or lines under study (parallel lines need to be removed prior to doing the fault study)  

• Apply a three-phase short circuit to the sending and receiving end buses.  

• The program will calculate a number of fault parameters including the equivalent Thévenin source 
impedances.  

• The real component of the Thévenin impedance is ignored.  

The voltage angle across the system is fixed at 90 degrees, and the current magnitude (Ireal) for the maximum 
power transfer across the system is determined as follows2: 

 

𝑃𝑃𝑚𝑚𝑟𝑟𝑥𝑥 =  
(1.05 𝑥𝑥 𝑉𝑉)2

𝑋𝑋𝑠𝑠 +  𝑋𝑋𝑟𝑟 +  𝑋𝑋𝑟𝑟
 

 
Where:  

Pmax = Maximum power that can be transferred across a system  

ES = the line-to-line internal voltage for the generator modeled behind the equivalent sending end 
reactance XS  

ER = the line-to-line internal voltage for the generator modeled behind the equivalent receiving 
end reactance XR  

δ = Voltage angle between ES and ER 

X
S 
= Thévenin equivalent reactance in ohms of the sending bus  

                                                           
2 More explicit equations that may be beneficial for long transmission lines (typically 80 miles or more) are contained in Appendix A.   
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X
R 

= Thévenin equivalent reactance in ohms of the receiving bus  

X
L 
= Reactance of the transmission line in ohms  

V = Line-to-Line bus voltage 

 

𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =  
1.05 𝑥𝑥 𝑉𝑉

√3(𝑋𝑋𝑆𝑆 +  𝑋𝑋𝑅𝑅 + 𝑋𝑋𝐿𝐿)
 

 

𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =  
0.606 𝑥𝑥 𝑉𝑉

𝑋𝑋𝑆𝑆 +  𝑋𝑋𝑅𝑅 + 𝑋𝑋𝐿𝐿
 

 
The theoretical maximum power transfer occurs when δ is 90 degrees. All stable maximum power transfers will 
be less than the theoretical maximum power transfer and will occur at some angle less than 90 degrees since the 
source impedance of the system is not zero. A number of conservative assumptions are made:  

• δ is 90 degrees  

• Voltage at each bus is 1.05 per unit  

• The source impedances are calculated using the sub-transient generator reactances.  

At maximum power transfer, the real component of current and the reactive component of current are equal; 
therefore: 

 

𝐼𝐼𝑟𝑟𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟 =  √2 𝑥𝑥 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 

 

𝐼𝐼𝑟𝑟𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟 =  
√2 𝑥𝑥 0.606 𝑥𝑥 𝑉𝑉

(𝑋𝑋𝑆𝑆 +  𝑋𝑋𝑅𝑅 +  𝑋𝑋𝐿𝐿)
 

 

𝐼𝐼𝑟𝑟𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟 =  
0.857 𝑥𝑥 𝑉𝑉

(𝑋𝑋𝑆𝑆 +  𝑋𝑋𝑅𝑅 +  𝑋𝑋𝐿𝐿)
 

 
Where:  

I
total 

= Total current at maximum power transfer 

 

This should be re-verified whenever major system changes are made. 

 

Set the tripping relay so it does not operate at or below 115% of Itotal. When evaluating a distance relay, 
assume a 0.85 per unit relay voltage and a line phase (power factor) angle of 30 degrees. 
 

𝑍𝑍𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 30 =
0.85 x 𝑉𝑉𝐿𝐿−𝐿𝐿

√3 𝑥𝑥 1.5 𝑥𝑥 𝐼𝐼𝑟𝑟𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟
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R1.4 — Special Considerations for Series-Compensated Lines  

Series capacitors are used on long transmission lines to allow increased power transfer. Special consideration must 
be made in computing the maximum power flow that protective relays must accommodate on series 
compensated transmission lines. Series capacitor emergency ratings, typically 30-minute, are frequently specified 
during design. 

 

 
 

The capacitor banks are protected from overload conditions by triggered gaps and/or metal oxide varistors 
(MOVs) and can be also be protected or bypassed by breakers or Motor Operated Disconnects (MODs). Triggered 
gaps and/or MOVs (Figure 3) operate on the voltage across the capacitor (Vprotective) whichever may be present in 
a given installation.  
 
This voltage can be converted to a current by the equation:  

 

𝐼𝐼𝑝𝑝𝑟𝑟𝑡𝑡𝑟𝑟𝑟𝑟𝑝𝑝𝑟𝑟𝑟𝑟𝑝𝑝𝑟𝑟 =  
𝑉𝑉𝑝𝑝𝑟𝑟𝑡𝑡𝑟𝑟𝑟𝑟𝑝𝑝𝑟𝑟𝑟𝑟𝑝𝑝𝑟𝑟

𝑋𝑋𝐶𝐶
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Where:  

Vprotective = Protective level of voltage across the capacitor spark gaps and/or MOVs  

XC = Capacitive reactance  

 
The protection limits the theoretical maximum power flow because Itotal, assuming the line inductive reactance is 
reduced by the capacitive reactance, will typically exceed Iprotective. A current of Iprotective or greater will result in a 
capacitor bypass. This reduces the theoretical maximum power transfer to that of only the line inductive reactance 
as described in R1.3.  
 
The relay settings must be evaluated against 115% of the highest series capacitor emergency current rating and 
the maximum power transfer calculated in R1.3 using the full line inductive reactance (uncompensated line 
reactance). This must be done to accommodate situations where the capacitor is bypassed for reasons other than 
Iprotective. The relay must be set to accommodate the greater of these two currents.  

 

 
R1.5 — Weak Source Systems  

In some cases, the maximum line end three-phase fault current is small relative to the thermal loadability of the 
conductor. Such cases exist due to some combination of weak sources, long lines, and the topology of the 
transmission system (Figure 4). 

 

Set the tripping relay so it does not operate at or below the greater of:  

1. 115% of the highest emergency rating of the series capacitor. When evaluating a distance relay, 
assume a 0.85 per unit relay voltage and a line phase (power factor) angle of 30 degrees.  

2. Itotal (where Itotal is calculated under R1.3 using the full line inductive reactance). When evaluating a 
distance relay, assume a 0.85 per unit relay voltage and a line phase (power factor) angle of 30 
degrees.  

𝑍𝑍𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 30 =
0.85 x 𝑉𝑉𝐿𝐿−𝐿𝐿

√3 𝑥𝑥 1.5 𝑥𝑥 𝐼𝐼𝑟𝑟𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟
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Since the line end fault is the maximum current at one per unit phase to ground voltage and it is possible to have 
a voltage of 90 degrees across the line for maximum power transfer across the line, the voltage across the line is 
equal to: 

 

𝑉𝑉𝑆𝑆−𝑅𝑅 =  �𝑉𝑉𝑆𝑆2 +  𝑉𝑉𝑅𝑅2 =  √2 𝑥𝑥 𝑉𝑉𝐿𝐿𝐿𝐿 

 

It is necessary to increase the line end fault current I
fault 

by 2 to reflect the maximum current that the terminal 

could see for maximum power transfer and by 115% to provide margin for device errors. 

 

𝐼𝐼𝑚𝑚𝑟𝑟𝑥𝑥 = 1.15 𝑥𝑥 √2 𝑥𝑥 1.05 𝑥𝑥 𝐼𝐼𝑓𝑓𝑟𝑟𝑓𝑓𝑟𝑟𝑟𝑟 

 

𝐼𝐼𝑚𝑚𝑟𝑟𝑥𝑥 = 1.71 𝑥𝑥 𝐼𝐼𝑓𝑓𝑟𝑟𝑓𝑓𝑟𝑟𝑟𝑟 

 
Where:  

I
fault 

is the line-end three-phase fault current magnitude obtained from a short circuit study, 

reflecting sub-transient generator reactances. 

 

 

Set the tripping relay on weak-source systems so it does not operate at or below 1.70 times Ifault, where Ifault is 
the maximum end of line three-phase fault current magnitude. When evaluating a distance relay, assume a 0.85 
per unit relay voltage and a line phase (power factor) angle of 30 degrees. 

𝑍𝑍𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 30 =
0.85 x 𝑉𝑉𝐿𝐿−𝐿𝐿

√3 𝑥𝑥 1.70 𝑥𝑥 𝐼𝐼𝑓𝑓𝑟𝑟𝑓𝑓𝑟𝑟𝑟𝑟
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R1.6 — Not Used 

R1.7 — Load Remote to Generation  

Some system configurations have load centers (no appreciable generation) remote from the generation center 
where under no contingency, would appreciable current flow from the load centers to the generation center 
(Figure 7). 

 

 
 

Although under normal conditions, only minimal current can flow from the load center to the generation center, 
the forward reaching relay element on the load center breakers must provide sufficient loadability margin for 
unusual system conditions. To qualify, one must determine the maximum current flow (Imax) from the load center 
to the generation center under any system configuration. 

 

 
R1.8 — Remote Load Center  

Some system configurations have one or more transmission lines connecting a remote, net importing load center 
to the rest of the system.  

For the system shown in Figure 8, the total maximum load at the load center defines the maximum load that a 
single line must carry. 

Set the tripping relay at the load center so it does not operate at or below 115% of the maximum current 
flow. When evaluating a distance relay, assume a 0.85 per unit relay voltage and a line phase (power factor) 
angle of 30 degrees.  

𝑍𝑍𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 30 =
0.85 x 𝑉𝑉𝐿𝐿−𝐿𝐿

√3 𝑥𝑥 1.15 𝑥𝑥 𝐼𝐼𝑚𝑚𝑟𝑟𝑥𝑥
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Also, one must determine the maximum power flow on an individual line to the area (Imax) under all system 
configurations, reflecting any higher currents resulting from reduced voltages, and ensure that under no condition 
will loop current in excess of Imax flow in the transmission lines. 

 

 
R1.9 —Load Center Remote to Transmission System  

Some system configurations have one or more transmission lines connecting a cohesive, remote, net importing 
load center to the rest of the system. For the system shown in Figure 9, the total maximum load at the load center 
defines the maximum load that a single line must carry. This applies to the relays at the load center ends of lines 
addressed in R1.8. 

Set the tripping relay so it does not operate at or below 115% of the maximum current flow. When evaluating 
a distance relay, assume a 0.85 per unit relay voltage and a line phase (power factor) angle of 30 degrees.  

 

𝑍𝑍𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 30 =
0.85 x 𝑉𝑉𝐿𝐿−𝐿𝐿

√3 𝑥𝑥 1.15 𝑥𝑥 𝐼𝐼𝑚𝑚𝑟𝑟𝑥𝑥
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However, under normal conditions, only minimal current can flow from the load center to the transmission 
system. The forward reaching relay element on the load center breakers must provide sufficient loadability margin 
for unusual system conditions, including all potential loop flows. To qualify, one must determine the maximum 
current flow (Imax) from the load center to the transmission system under any system configuration. 

 

 
R1.10 — Transformer Overcurrent Protection  

The transformer fault protective relaying settings are set to protect for fault conditions, not excessive load 
conditions. These fault protection relays are designed to operate relatively quickly. Loading conditions on the 
order of magnitude of 150% (50% overload) of the maximum applicable nameplate rating of the transformer can 
normally3 be sustained for several minutes without damage or appreciable loss of life to the transformer. 
 
For transformers with operator established emergency ratings, the minimum overcurrent setting must be the 
greater of 115% of the highest established emergency rating, or 150% of the maximum nameplate rating. 
 
R1.10.1 — Coordination with IEEE Damage Curve 

Set load-responsive transformer fault protection relays, if used, such that the protection settings do not expose 
the transformer to a fault level and duration that exceeds the transformer’s mechanical withstand capability as 
illustrated by the “dotted line” in IEEE C57.109-1993 - IEEE Guide for Liquid-Immersed Transformer Through-Fault-
Current Duration, Clause 4.4, and Figure 4. 

 

                                                           
3 See ANSI/IEEE Standard C57.92, Table 3.   

Set the tripping relay so it does not operate at or below 115% of the maximum current flow. When evaluating 
a distance relay, assume a 0.85 per unit relay voltage and a line phase (power factor) angle of 30 degrees.  

𝑍𝑍𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 30 =
0.85 x 𝑉𝑉𝐿𝐿−𝐿𝐿

√3 𝑥𝑥 1.15 𝑥𝑥 𝐼𝐼𝑚𝑚𝑟𝑟𝑥𝑥
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R1.11 – Transformer Overload Protection 
 
If the pickup of overcurrent relays is less than that specified in criterion 1.10, then the relays must be set to allow 
the transformer to be operated at an overload level of at least 150% of the maximum applicable nameplate rating, 
or 115% of the highest operator established emergency transformer rating, whichever is greater, for at least 15 
minutes to provide time for the operator to take controlled action to relieve the overload. 
 
Alternatively, the relays may be set below the requirements of criterion 1.10 if tripping is supervised using either 
a top oil or simulated winding hot spot temperature element set no less than 100° C for the top oil temperature 
or no less than 140° C for the winding hot spot temperature. 
 
R1.12 a — Long Line Relay Loadability – Two Terminal Lines  

This description applies only to classical two-terminal lines. For lines with other configurations, see R1.12b, Three 
(or more) Terminal Lines, and Lines with One or More Radial Taps. A large number of transmission lines in North 
America are protected with distance based relays that use a mho characteristic. Although other relay 
characteristics are now available that offer the same fault protection with more immunity to load encroachment, 
generally they are not required based on the following:  

1. The original loadability concern from the Northeast blackout (and other blackouts) was overly 
sensitive distance relays (usually Zone 3 relays).  

2. Distance relays with mho characteristics that are set at 125% of the line length are clearly not 
“overly sensitive,” and were not responsible for any of the documented cascading outages, under 
steady-state conditions.  

3. It is unlikely that distance relays with mho characteristics set at 125% of line length will misoperate 
due to recoverable loading during major events.  

4. Even though unintentional relay operation due to load could clearly be mitigated with blinders or 
other load encroachment techniques, in the vast majority of cases, it may not be necessary if the 
relays with mho characteristics are set at 125% of the line length. For available techniques see 
reference 14. 
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It is prudent that the relays be adjusted to as close to the 90 degree MTA setting as the relay can be set to 
achieve the highest level of loadability without compromising the ability of the relay to reliably detect faults.  

The basis for the current loading is as follows:  

Vrelay = Line-to-Line voltage at the relay location  

Zline = Line impedance  

Θline = Line impedance angle  

Zrelay = Relay setting in ohms at the maximum torque angle  

MTA = Maximum torque angle, the angle of maximum relay reach  

Zrelay30 = Relay trip point at a 30 degree phase angle between the voltage and current  

Itrip = Relay operating current at 30 degrees with normal voltage  

Irelay30 = Current (including a 15% margin) that the circuit can carry at 0.85 per unit voltage at a 30 
degree phase angle between the voltage and current before reaching the relay trip point  

 
For applying a mho-characteristic relay at any maximum torque angle to any line impedance angle: 

 

𝑍𝑍𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =  
1.25 𝑥𝑥 𝑍𝑍𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

cos (𝑀𝑀𝑀𝑀𝑀𝑀 −  𝜃𝜃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
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The relay reach at the load power factor angle of 30  is determined from: 

 

𝑍𝑍𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 30 =  �
1.25 𝑥𝑥 𝑍𝑍𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

cos(𝑀𝑀𝑀𝑀𝑀𝑀 −  𝜃𝜃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)�
 𝑥𝑥 cos (𝑀𝑀𝑀𝑀𝑀𝑀 −  30° 

 

The relay operating current at the load power factor angle of 30° is: 

𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑝𝑝 =  
𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

√3 𝑥𝑥 𝑍𝑍𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 30
 

 

𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑝𝑝 =  
𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑥𝑥 cos (𝑀𝑀𝑀𝑀𝑀𝑀 −  𝜃𝜃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)

√3 𝑥𝑥 1.25 𝑥𝑥 𝑍𝑍𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑥𝑥 cos (𝑀𝑀𝑀𝑀𝑀𝑀 − 30°)
 

 

The load current with a 15% margin factor and the 0.85 per unit voltage requirement is calculated by: 

𝑖𝑖𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 30 =  
0.85 𝑥𝑥 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑝𝑝

1.15
 

 

𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 30 =  
0.85 𝑥𝑥 𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑥𝑥 cos (𝑀𝑀𝑀𝑀𝑀𝑀 −  𝜃𝜃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)

1.15 𝑥𝑥 √3 𝑥𝑥 1.25 𝑥𝑥 𝑍𝑍𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑥𝑥 cos(𝑀𝑀𝑀𝑀𝑀𝑀 − 30°) 
 

 

𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 30 =  �
0.341 𝑥𝑥 𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝑍𝑍𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
�  𝑥𝑥 �

cos (𝑀𝑀𝑀𝑀𝑀𝑀 − 𝜃𝜃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)
cos (𝑀𝑀𝑀𝑀𝑀𝑀 − 30°)

� 

 
R1.12 b — Long Line Relay Loadability — Three (or more) Terminal Lines and Lines with One 
or More Radial Taps  

Three (or more) terminal lines present protective relaying challenges from a loadability standpoint due to the 
apparent impedance as seen by the different terminals. This includes lines with radial taps. The loadability of the 
line may be different for each terminal of the line so the loadability must be done on a per terminal basis:  

 

 

 

 

 

 

 

 

 

 



Requirements Reference Material 
 

NERC | Determination and Application of Practical Relaying Loadability Ratings | September 2017 
20 

The basis for the current loading is as follows: 

 
 

The basis for the current loading is as follows:  

Vrelay = Phase-to-phase line voltage at the relay location  

Zapparent = Apparent line impedance as seen from the line terminal. This apparent impedance is 
the impedance calculated (using in-feed) for a fault at the most electrically distant line terminal 
for system conditions normally used in protective relaying setting practices.  

Θapparent = Apparent line impedance angle as seen from the line terminal  

Zrelay = Relay setting at the maximum torque angle.  

MTA = Maximum torque angle, the angle of maximum relay reach  

Zrelay30 = Relay trip point at a 30 degree phase angle between the voltage and current  

Itrip = Trip current at 30 degrees with normal voltage  

Irelay30 = Current (including a 15% margin) that the circuit can carry at 0.85 voltage at a 30 degree 
phase angle between the voltage and current before reaching the trip point  

For applying a mho-characteristic relay at any maximum torque angle to any apparent 
impedance angle 

 

𝑍𝑍𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =  
1.25 𝑥𝑥 𝑍𝑍𝑟𝑟𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

cos (𝑀𝑀𝑀𝑀𝑀𝑀 − 𝜃𝜃𝑟𝑟𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)
 

 

 



Requirements Reference Material 
 

NERC | Determination and Application of Practical Relaying Loadability Ratings | September 2017 
21 

The relay reach at the load power factor angle of 30° is determined from: 

 

𝑍𝑍𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 30 =  �
1.25 𝑥𝑥 𝑍𝑍𝑟𝑟𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

cos (𝑀𝑀𝑀𝑀𝑀𝑀 − 𝜃𝜃𝑟𝑟𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)
�  𝑥𝑥 cos (𝑀𝑀𝑀𝑀𝑀𝑀 − 30°) 

 

The relay operating current at the load power factor angle of 30° is: 

𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑝𝑝 =  
𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

√3𝑥𝑥 𝑍𝑍𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 30
 

 

𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑝𝑝 =  
𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑥𝑥 cos (𝑀𝑀𝑀𝑀𝑀𝑀 − 𝜃𝜃𝑟𝑟𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)

√3 𝑥𝑥 1.25 𝑥𝑥 𝑍𝑍𝑟𝑟𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  𝑥𝑥 cos (𝑀𝑀𝑀𝑀𝑀𝑀 − 30°)
 

 
The load current with a 15% margin factor and the 0.85 per unit voltage requirement is calculated by: 

𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 30 =  
0.85 𝑥𝑥 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑝𝑝

1.15
 

 

𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 30 =  
0.85 𝑥𝑥 𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑥𝑥 cos (𝑀𝑀𝑀𝑀𝑀𝑀 − 𝜃𝜃𝑟𝑟𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)

1.15 𝑥𝑥 √3 𝑥𝑥 1.25 𝑥𝑥 𝑍𝑍𝑟𝑟𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑥𝑥 cos (𝑀𝑀𝑀𝑀𝑀𝑀 − 30°)
 

 

𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 30 =  �
0.341 𝑥𝑥 𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
𝑍𝑍𝑟𝑟𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

� 𝑥𝑥 �
cos (𝑀𝑀𝑀𝑀𝑀𝑀 − 𝜃𝜃𝑟𝑟𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)

cos (𝑀𝑀𝑀𝑀𝑀𝑀 − 30°) � 

 
R1.13 — No Explanation Necessary  
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Appendix A — Long Line Maximum Power Transfer Equations 
 

 
 
Lengthy transmission lines have significant series resistance, reactance, and shunt capacitance. The line 
resistance consumes real power when current flows through the line and increases the real power input during 
maximum power transfer. The shunt capacitance supplies reactive current, which impacts the sending end 
reactive power requirements of the transmission line during maximum power transfer. These line parameters 
should be used when calculating the maximum line power flow.  

The following equations may be used to compute the maximum power transfer: 
 

𝑃𝑃𝑆𝑆3−∅ =  
𝑉𝑉𝑆𝑆2

|𝑍𝑍|
 cos(𝜃𝜃°)−  

𝑉𝑉𝑠𝑠𝑉𝑉𝑅𝑅
|𝑍𝑍|  cos (𝜃𝜃 +  𝛿𝛿°) 

 

𝑄𝑄𝑆𝑆3−∅ =
𝑉𝑉𝑆𝑆2

|𝑍𝑍|
sin(𝜃𝜃°)−  𝑉𝑉𝑆𝑆2

𝐵𝐵
2
−  
𝑉𝑉𝑆𝑆𝑉𝑉𝑅𝑅
|𝑍𝑍| sin (𝜃𝜃 + 𝛿𝛿°) 

 
The equations for computing the total line current are below. These equations assume the condition of maximum 
power transfer,  = 90º , and nominal voltage at both the sending an  ceiving line ends: 
 
 

𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =  
𝑉𝑉

√3 |𝑍𝑍|
(cos(𝜃𝜃°) + sin(𝜃𝜃°)) 

 

𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑝𝑝𝑟𝑟𝑟𝑟𝑝𝑝𝑟𝑟 =  
𝑉𝑉

√3 |𝑍𝑍|
�sin(𝜃𝜃°) − |𝑍𝑍|

𝐵𝐵
2
− cos (𝜃𝜃°)� 

 
𝐼𝐼𝑟𝑟𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟 = 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 +  𝑗𝑗𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑝𝑝𝑟𝑟𝑟𝑟𝑝𝑝𝑟𝑟 

 

𝐼𝐼𝑟𝑟𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟 = �𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟2 +  𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑝𝑝𝑟𝑟𝑟𝑟𝑝𝑝𝑟𝑟2  

Where:  

P = the power flow across the transmission line  

VS = Phase-to-phase voltage at the sending bus  

VR = Phase-to-phase voltage at the receiving bus  
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V = Nominal phase-to-phase bus voltage  

δ = Voltage angle between VS and VR  

Z = Reactance, including fixed shunt reactors, of the transmission line in ohms*  

Θ = Line impedance angle  

B = Shunt susceptance of the transmission line in mhos*  

* The use of hyperbolic functions to calculate these impedances is recommended to reflect the distributed 
nature of long line reactance and capacitance. 
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Appendix B — Impedance-based Pilot Relaying Considerations 
 
Some utilities employ communication-aided (pilot) relaying schemes which, taken as a whole, may have a higher 
loadability than would otherwise be implied by the setting of the forward (overreaching) impedance elements. 
Impedance based pilot relaying schemes may comply with PRC-023 R1 if all of the following conditions are 
satisfied.  

 

For purposes of this discussion, impedance-based pilot relaying schemes fall into two general classes:  

1. Unmodified permissive overreaching transfer trip (POTT) (requires relays at all terminals to sense an 
internal fault as a condition for tripping any terminal). Unmodified directional comparison unblocking 
schemes are equivalent to permissive overreach in this context.  

2. Directional comparison blocking (DCB) (requires relays at one terminal to sense an internal fault, and 
relays at all other terminals to not sense an external fault as a condition for tripping the terminal). 
Depending on the details of scheme operation, the criteria for determining that a fault is external may 
be based on current magnitude and/or on the response of directionally-sensitive relays. Permissive 
schemes which have been modified to include “echo” or “weak source” logic fall into the DCB class.  

Unmodified POTT schemes may offer a significant advantage in loadability as compared with a non-pilot 
scheme. Modified POTT and DCB schemes will generally offer no such advantage. Both applications are 
discussed below. 

1. The overreaching impedance elements are used only as part of the pilot scheme itself – i.e., not also 
in conjunction with a Zone 2 timer which would allow them to trip independently of the pilot 
scheme.  

2. The scheme is of the permissive overreaching transfer trip type, requiring relays at all terminals to 
sense an internal fault as a condition for tripping any terminal.  

3. The permissive overreaching transfer trip scheme has not been modified to include weak infeed 
logic or other logic which could allow a terminal to trip even if the (closed) remote terminal does 
not sense an internal fault condition with its own forward-reaching elements. Unmodified 
directional comparison unblocking schemes are equivalent to permissive overreaching transfer trip 
in this context. Directional comparison blocking schemes will generally not qualify.  
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Unmodified Permissive Overreaching Transfer Trip  
In a non-pilot application, the loadability of the tripping relay at Station “A” is determined by the reach of the 
impedance characteristic at an angle of 30 degrees, or the length of line AX in Figure B-1. In a POTT application, 
point “X” falls outside the tripping characteristic of the relay at Station “B”, preventing tripping at either 
terminal. Relay “A” becomes susceptible to tripping along its 30-degree line only when point “Y” is reached. 
Loadability will therefore be increased according to the ratio of AX to AY, which may be sufficient to meet the 
loadability requirement with no mitigating measures being necessary.  
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Directional Comparison Blocking  
In Figure B-2, blocking at Station “B” utilizes impedance elements which may or may not have offset. The 
settings of the blocking elements are traditionally based on external fault conditions only. It is unlikely that the 
blocking characteristic at Station “B” will extend into the load region of the tripping characteristic at Station “A”. 
The loadability of Relay “A” will therefore almost invariably be determined by the impedance AX.  
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Appendix C — Out-of-step Blocking Relaying 
 
Out-of-step blocking is sometimes applied on transmission lines and transformers to prevent tripping of the circuit 
element for predicted (by transient stability studies) or observed system swings.  
There are many methods of providing the out-of-step blocking function; one common approach, used with 
distance tripping relays, uses a distance characteristic which is approximately concentric with the tripping 
characteristic. These characteristics may be circular mho characteristics, quadrilateral characteristics, or may be 
modified circular characteristics.  
 
During normal system conditions the accelerating power, Pa, will be essentially zero. During system disturbances, 
Pa > 0. Pa is the difference between the mechanical power input, Pm, and the electrical power output, Pe, of the 
system, ignoring any losses. The machines or group of machines will accelerate uniformly at the rate of Pa/2H 
radians per second squared, where H is the inertia constant of the system. During a fault condition Pa >> 1 
resulting in a near instantaneous change from load to fault impedance. During a stable swing condition, Pa < 1, 
resulting in a slower rate of change of impedance.  
 
For a system swing condition, the apparent impedance will form a loci of impedance points (relative to time) which 
changes relative slowly at first; for a stable swing (where no generators “slip poles” or go unstable), the impedance 
loci will eventually damp out to a new steady-state operating point. For an unstable swing, the impedance loci will 
change quickly traversing the jx-axis of the impedance plane as the generator slips a pole as shown in Figure C-1 
below. 
 
For simplicity, this appendix discusses the concentric-distance-characteristic method of out-of-step blocking, 
considering circular mho characteristics. As mentioned above, this approach uses a mho characteristic for the 
out-of-step blocking relay, which is approximately concentric to the related tripping relay characteristic. The out-
of-step blocking characteristic is also equipped with a timer, such that a fault will transit the out-of-step blocking 
characteristic too quickly to operate the out-of-step blocking relay, but a swing will reside between the out-of-
step blocking characteristic and the tripping characteristic for a sufficient period of time for the out-of-step 
blocking relay to trip. Operation of the out-of-step blocking relay (including the timer) will in turn inhibit the 
tripping relay from operating. 
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Figure C-1 illustrates the relationship between the out-of-step blocking relay and the tripping relay, and shows a 
sample of a portion of an unstable swing.  
 
Impact of System Loading of the Out-of-Step Relaying  
Figure C-2 illustrates a tripping relay and out-of-step blocking relay, and shows the relative effects of several 
apparent impedances. 
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Both the tripping relay and the out-of-step blocking relay have characteristics responsive to the impedance that 
is seen by the distance relay. In general, only the tripping relays are considered when evaluating the effect of 
system loads on relay characteristics (usually referred to as “relay loadability”). However, when the behavior of 
out-of-step blocking relays is considered, it becomes clear that they must also be included in the evaluation of 
system loads, as their reach must necessarily be longer than that of the tripping relays, making them even more 
responsive to load.  
 
Three different load impedances are shown. Load impedance (1) shows an impedance (either load or fault) which 
would operate the tripping relay. Load impedance (3) shows a load impedance well outside both the tripping 
characteristic and the out-of-step blocking characteristic, and illustrates the desired result. The primary concern 
relates to the fact that, if an apparent impedance, shown as load impedance (2), resides within the out-of-step 
blocking characteristic (but outside the tripping characteristic) for the duration of the out-of-step blocking timer, 
the out-of-step blocking relay inhibits the operation of the tripping relay. It becomes clear that such an apparent 
impedance can represent a system load condition as well as a system swing; if (and as long as) a system load 
condition operates the out-of-step blocking relay, the tripping relay will be prevented from operating for a 
subsequent fault condition! A timer can be added such that the relay issues a trip if the out of step timer does not 
reset within a defined time. 
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Appendix D — Out-of-step Blocking Relaying 
 
Introduction  
Switch-on-to-fault (SOTF) schemes (also known as “close-into-fault schemes or line-pickup schemes) are 
protection functions intended to trip a transmission line breaker when closed on to a faulted line. Dedicated 
SOTF schemes are available in various designs, but since the fault-detecting elements tend to be more sensitive 
than conventional, impedance-based line protection functions, they are designed to be “armed” only for a brief 
period following breaker closure. Depending on the details of scheme design and element settings, there may be 
implications for line relay loadability. This paper addresses those implications in the context of scheme design.  
 

SOTF scheme applications  
SOTF schemes are applied for one or more of three reasons: 

1. When an impedance-based protection scheme uses line-side voltage transformers, SOTF logic is 
required to detect a close-in, three-phase fault to protect against a line breaker being closed into such a 
fault. Phase impedance relays whose steady-state tripping characteristics pass through the origin on an 
R-X diagram will generally not operate if there is zero voltage applied to the relay before closing into a 
zero-voltage fault. This condition typically occurs during when a breaker is closed into a set of three-
phase grounds which operations/maintenance personnel failed to remove prior to re-energizing the line. 
When this occurs in the absence of SOTF protection, the breaker will not trip, nor will breaker failure 
protection be initiated, possibly resulting in time-delayed tripping at numerous remote terminals. Unit 
instability and dropping of massive blocks of load can also occur.  

Current fault detector pickup settings must be low enough to allow positive fault detection under what 
is considered to be the “worst case” (highest) impedance to the source bus.  

2. When an impedance protection scheme uses line-side voltage transformers, SOTF current fault 
detectors may operate significantly faster than impedance units when a breaker is closed into a fault 
anywhere on the line. The dynamic characteristics of typical impedance units are such that their speed 
of operation is impaired if polarizing voltages are not available prior to the fault.  

Current fault detector pickup settings will generally be lower in this application than in (1) above. The 
greater the coverage desired, and the longer the line, the lower the setting.  

3. Regardless of voltage transformer location, SOTF schemes may allow high-speed clearing of faults along 
the entire line without having to rely or wait on a communications-aided tripping scheme.  

Current or impedance-based fault detectors must be set to reach the remote line terminal to achieve 
that objective. 

 

SOTF line loadability considerations  
This reference document is intended to provide guidance for the review of existing SOTF schemes to ensure that 
those schemes do not operate for non-SOTF conditions or under heavily stressed system conditions. This 
document also provides recommended practices for application of new SOTF schemes.  

1. The SOTF protection must not operate assuming that the line terminals are closed at the outset and 
carrying up to 1.5 times the Facility Rating (as specified in Reliability Standard PRC-023), when calculated 
in accordance with the methods described in this standard.  

2. For existing SOTF schemes, the SOTF protection must not operate when a breaker is closed into an 
unfaulted line which is energized from the remote terminal at a voltage exceeding 85% of nominal at the 
local terminal. For SOTF schemes commissioned after formal adoption of this report, the protection 
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should not operate when a breaker is closed into an unfaulted line which is energized from the remote 
terminal at a voltage exceeding 75% of nominal at the local terminal. 

 

SOTF scheme designs  

1. Direct-tripping high-set instantaneous phase overcurrent  

This scheme is technically not a SOTF scheme, in that it is in service at all times, but it can be effectively 
applied under appropriate circumstances for clearing zero-voltage faults. It uses a continuously-enabled, 
high-set instantaneous phase overcurrent unit or units set to detect the fault under “worst case” (lowest 
source impedance) conditions. The main considerations in the use of such a scheme involve detecting 
the fault while not overreaching the remote line terminal under external fault conditions, and while not 
operating for stable load swings. Under NERC line loadability requirements, the overcurrent unit setting 
also must be greater than 1.5 times the Facility Rating (as specified in Reliability Standard PRC-023), 
when calculated in accordance with the methods described in this standard.  

2. Dedicated SOTF schemes  

Dedicated SOTF schemes generally include logic designed to detect an open breaker and to arm 
instantaneous tripping by current or impedance elements only for a brief period following breaker 
closing. The differences in the schemes lie (a) in the method by which breaker closing is declared, (b) in 
whether there is a scheme requirement that the line be dead prior to breaker closing, and (c) in the 
choice of tripping elements. In the case of modern relays, every manufacturer has its own design, in 
some cases with user choices for scheme logic as well as element settings.  

In some SOTF schemes the use of breaker auxiliary contacts and/or breaker “close” signaling is included, 
which limits scheme exposure to actual breaker closing situations. With others, the breaker-closing 
declaration is based solely on the status of voltage and current elements. This is regarded as marginally 
less secure from misoperation when the line terminals are (and have been) closed, but can reduce 
scheme complexity when the line terminates in multiple breakers, any of which can be closed to 
energize the line.  

 

SOTF and Automatic Reclosing  
With appropriate consideration of dead-line reclosing voltage supervision, there are no coordination issues 
between SOTF and automatic reclosing into a de-energized line. If pre-closing line voltage is the primary means 
for preventing SOTF tripping under heavy loading conditions, it is clearly desirable from a security standpoint 
that the SOTF line voltage detectors be set to pick up at a voltage level below the automatic reclosing live-line 
voltage detectors and below 0.8 per-unit voltage.  
 
Where this is not possible, the SOTF fault detecting elements are susceptible to operation for closing into an 
energized line, and should be set no higher than required to detect a close-in, three-phase fault under worst 
case (highest source impedance) conditions assuming that they cannot be set above 1.5 times the Facility Rating 
(as specified in Reliability Standard PRC-023). Immunity to false tripping on high-speed reclosure may be 
enhanced by using scheme logic which delays the action of the fault detectors long enough for the line voltage 
detectors to pick up and instantaneously block SOTF tripping. 
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Appendix E — Out-of-step Blocking Relaying 
  

The listed IEEE technical papers are available at:  

http://www.pes-psrc.org/Reports/Apublications_new_format.htm  

The listed IEEE Standards are available from the IEEE Standards Association at:  

http://www.techstreet.com/ieee  

The listed ANSI Standards are available directly from the American National Standards Institute at  

https://webstore.ansi.org/default.aspx  
 

 

1. Performance of Generator Protection during Major System Disturbances, IEEE Paper No. TPWRD- 
00370-2003, Working Group J6 of the Rotating Machinery Protection Subcommittee, Power System 
Relaying Committee, 2003.  

2. Transmission Line Protective Systems Loadability, Working Group D6 of the Line Protection 
Subcommittee, Power System Relaying Committee, March 2001.  

3. Practical Concepts in Capability and Performance of Transmission Lines, H. P. St. Clair, IEEE  
Transactions, December 1953, pp. 1152–1157.  

4. Analytical Development of Loadability Characteristics for EHV and UHV Transmission Lines, R. D.  
Dunlop, R. Gutman, P. P. Marchenko, IEEE transactions on Power Apparatus and Systems,  
Vol. PAS – 98, No. 2 March-April 1979, pp. 606–617.  

5. EHV and UHV Line Loadability Dependence on var Supply Capability, T. W. Kay, P. W. Sauer, R. D. 
Shultz, R. A. Smith, IEEE transactions on Power Apparatus and Systems, Vol. PAS –101, No. 9 
September 1982, pp. 3568–3575.  

6. Application of Line Loadability Concepts to Operating Studies, R. Gutman, IEEE Transactions on 
Power Systems, Vol. 3, No. 4 November 1988, pp. 1426–1433.  

7. IEEE Standard C37.113, IEEE Guide for Protective Relay Applications to Transmission Lines.  

8. ANSI Standard C50.13, American National Standard for Cylindrical Rotor Synchronous Generators.  

9. ANSI Standard C84.1, American National Standard for Electric Power Systems and Equipment – 
Voltage Ratings (60 Hertz), 1995.  

10. IEEE Standard 1036, IEEE Guide for Application of Shunt Capacitors, 1992.  

11. J. J. Grainger & W. D. Stevenson, Jr., Power System Analysis, McGraw- Hill Inc., 1994, Chapter 6 
Sections 6.4 – 6.7, pp 202 – 215.  

12. Final Report on the August 14, 2003 Blackout in the United States and Canada: Causes and 
Recommendations, U.S.-Canada Power System Outage Task Force, April 2004.  

13. August 14, 2003 Blackout: NERC Actions to Prevent and Mitigate the Impacts of Future Cascading 
Blackouts, approved by the NERC Board of Trustees, February 10, 2004.  

14. Increase Line Loadability by Enabling Load Encroachment Functions of Digital Relays, System 
Protection and Control Task Force, North American Electric Reliability Council, December 7, 2005.  

 

http://www.pes-psrc.org/Reports/Apublications_new_format.htm
http://www.techstreet.com/ieee
https://webstore.ansi.org/default.aspx
http://www.nerc.com/comm/PC/System%20Protection%20and%20Control%20Subcommittee%20SPCS%20DL/Load%20Encroachment%20Final%2012-7-05.pdf


 

 

 

 

Policy Briefing on Balancing Trends  
Measure 6 – Historical Balancing/Ramping Analysis 
Essential Reliability Services Working Group, August 2017 
 

System operators must maintain a continuous balance of generation and demand on the grid during real-
time operations. The operators require some level of flexibility and control to maintain this balance. This 
balancing effort can be affected by characteristics of the generation mix, resources under the operator’s 
control, load behaviors, and other system-specific factors. While maintaining the continuous balance 
between generation and demand is not a new problem facing the industry, the combination of such factors 
can result in periods of over or under generation, limited availability of resource ramping capability, and 
other situations that cause the system operator to rely on other Balancing Authorities (BAs) for balancing. 

There are various ways to mitigate balancing concerns, but it is important to identify the anticipated 
challenges early so that appropriate changes can be planned and implemented in a timely and reliable 
manner. For this reason, methods have been developed by the Essential Reliability Services (ERS) Working 
Group and the NERC Resources Subcommittee (RS) to help BAs identify trends and indications of potential 
balancing concerns. This briefing discusses the use of historical operating data by the BAs and the RS to 
identify trends that could become a concern. A separate briefing for forward-looking balancing trends is 
being developed by the ERS Working Group with the NERC Reliability Assessment Subcommittee (RAS). 

The analysis method is based on a commonly used “control performance standard” called CPS11, which is 
a statistical measure of the BA’s area control error variability in combination with the interconnection 
frequency error from scheduled frequency. In other words, the CPS1 values reflect how well the BA 
maintains balance of generation and demand in its area and helps to maintain the interconnection’s steady-
state frequency (i.e., 60 Hz). Periods where the BA’s generation and demand are slightly out of balance are 
directly reflected in the CPS1 values. The CPS1 values are averaged over a twelve-month moving window 
and reported to NERC on a monthly basis to reflect overall performance characteristics of the BA. 

The unique approach used for Measure 6 is to analyze the hourly CPS1 values to identify repeated patterns 
of imbalance. This is done by counting the hours with low CPS1 values (indicating imbalance) and the 
occurrences where CPS1 values are low for periods of three consecutive hours. Working with the BAs, the 
RS has obtained three years of historical hourly CPS1 values and continues to receive this data on a quarterly 
basis. Moving forward, the RS will identify BAs that are trending toward levels where attention or potential 
mitigation activities may be prudent. The RS will work with these BAs to understand the trends and discuss 

                                                             

1 NERC Resources Subcommittee's 2011 Technical Document on Balancing and Frequency Control 

http://www.nerc.com/docs/oc/rs/NERC%20Balancing%20and%20Frequency%20Control%20040520111.pdf
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options for improving performance. This method of using historical data will identify ramping and balancing 
concerns for each BA given their unique characteristics and resources.  

The ongoing process is summarized in the diagram below. 

 

 

 

If a BA appears to be moving closer to a level of concern, there are numerous alternatives to provide the 
BA with additional flexibility and dispatch control, such as use of more flexible resources, demand-side 
management, or operation of non-dispatchable resources (both conventional and renewable) to reverse 
such trends. By identifying balancing trends in advance of when they could become a potential reliability 
issue, BAs and system operators can plan for any changes to support the ongoing reliable operation of the 
Bulk Power System. A summary of the results from the historical data will be included in the NERC State of 
Reliability Report on an annual basis. 

 

For Further Information 
Earlier work on this topic was discussed in greater detail in Chapter 2 of the ERS Whitepaper on Sufficiency 
Guidelines. 

The ERS Working Group is currently working with the NERC Reliability Assessment Subcommittee (RAS) on 
the forward-looking Measure 6. This planning method, which will supplement the operating method 
described above, will be the subject of a separate Policy Briefing. The RAS will summarize these results 
annually in the NERC Long Term Reliability Assessment Report. 

 

http://www.nerc.com/comm/Other/essntlrlbltysrvcstskfrcDL/ERSWG_Sufficiency_Guideline_Report.pdf
http://www.nerc.com/comm/Other/essntlrlbltysrvcstskfrcDL/ERSWG_Sufficiency_Guideline_Report.pdf


 

Antitrust Compliance Guidelines 
 
 
 
I. General 
It is NERC’s policy and practice to obey the antitrust laws and to avoid all conduct that unreasonably 
restrains competition. This policy requires the avoidance of any conduct that violates, or that might 
appear to violate, the antitrust laws. Among other things, the antitrust laws forbid any agreement 
between or among competitors regarding prices, availability of service, product design, terms of sale, 
division of markets, allocation of customers or any other activity that unreasonably restrains 
competition. 
 
It is the responsibility of every NERC participant and employee who may in any way affect NERC’s 
compliance with the antitrust laws to carry out this commitment. 
 
Antitrust laws are complex and subject to court interpretation that can vary over time and from one 
court to another. The purpose of these guidelines is to alert NERC participants and employees to 
potential antitrust problems and to set forth policies to be followed with respect to activities that may 
involve antitrust considerations. In some instances, the NERC policy contained in these guidelines is 
stricter than the applicable antitrust laws. Any NERC participant or employee who is uncertain about 
the legal ramifications of a particular course of conduct or who has doubts or concerns about whether 
NERC’s antitrust compliance policy is implicated in any situation should consult NERC’s General Counsel 
immediately. 
 
II. Prohibited Activities 
Participants in NERC activities (including those of its committees and subgroups) should refrain from 
the following when acting in their capacity as participants in NERC activities (e.g., at NERC meetings, 
conference calls and in informal discussions): 

• Discussions involving pricing information, especially margin (profit) and internal cost 
information and participants’ expectations as to their future prices or internal costs. 

• Discussions of a participant’s marketing strategies. 

• Discussions regarding how customers and geographical areas are to be divided among 
competitors. 

• Discussions concerning the exclusion of competitors from markets. 

• Discussions concerning boycotting or group refusals to deal with competitors, vendors or 
suppliers. 
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• Any other matters that do not clearly fall within these guidelines should be reviewed with 
NERC’s General Counsel before being discussed. 

 
III. Activities That Are Permitted 
From time to time decisions or actions of NERC (including those of its committees and subgroups) may 
have a negative impact on particular entities and thus in that sense adversely impact competition. 
Decisions and actions by NERC (including its committees and subgroups) should only be undertaken for 
the purpose of promoting and maintaining the reliability and adequacy of the bulk power system. If 
you do not have a legitimate purpose consistent with this objective for discussing a matter, please 
refrain from discussing the matter during NERC meetings and in other NERC-related communications. 
 
You should also ensure that NERC procedures, including those set forth in NERC’s Certificate of 
Incorporation, Bylaws, and Rules of Procedure are followed in conducting NERC business.  
 
In addition, all discussions in NERC meetings and other NERC-related communications should be within 
the scope of the mandate for or assignment to the particular NERC committee or subgroup, as well as 
within the scope of the published agenda for the meeting. 
 
No decisions should be made nor any actions taken in NERC activities for the purpose of giving an 
industry participant or group of participants a competitive advantage over other participants. In 
particular, decisions with respect to setting, revising, or assessing compliance with NERC reliability 
standards should not be influenced by anti-competitive motivations. 
 
Subject to the foregoing restrictions, participants in NERC activities may discuss: 

• Reliability matters relating to the bulk power system, including operation and planning matters 
such as establishing or revising reliability standards, special operating procedures, operating 
transfer capabilities, and plans for new facilities. 

• Matters relating to the impact of reliability standards for the bulk power system on electricity 
markets, and the impact of electricity market operations on the reliability of the bulk power 
system. 

• Proposed filings or other communications with state or federal regulatory authorities or other 
governmental entities. 

 
Matters relating to the internal governance, management and operation of NERC, such as nominations 
for vacant committee positions, budgeting and assessments, and employment matters; and procedural 
matters such as planning and scheduling meetings. 
 



 

 

 

Announcement  
2017 Planning Committee Election Results  
 
The Planning Committee (PC) opened nominations for 16 vacant positions from May 30 through June 19. 
Three sectors (the Investor Owned Utility sector, Electricity Marketer, and Independent System 
Operator/Regional Transmission Organization) had more nominees than available open positions; 
therefore, balloting was required for those sectors. The following 11 people were nominated for, or 
elected to fill, the open positions on the PC to serve from 2017–2019 
 

Sector Elected Members 

1. Investor-Owned Utility  Katy Onnen (Kansas City Power and Light) 

2. State/Municipal Utility Kenneth Stone (Braintree Electric Light Department) 

3. Cooperative Utility Paul McCurley (NRECA) 

4. Federal or Provincial Utility/Federal 
Power Marketing Administration 

Robert Reinmuller(Hydro One) 
Gayle Nansel (Western Area Power Administration) 

5. Transmission Dependent Utility Carl Turner (Florida Municipal Power Agency) 

6. Merchant Electricity Generator Matthew Luther (NRG Energy) 

7. Electricity Marketer Kim Adelberg (Southern Company Services) 

8. Large End-Use Electricity Customer No nominees  

9. Small End-Use Electricity Customer Darryl Lawrence (Pennsylvania Office of Consumer 
Advocate) 

10. Independent System Operator/Regional 
Transmission Organization 

Jeff Billo (ERCOT) 

11. Regional Entity None – All member are appointed by their Regional 
Entity. 

12. State Government Christine Ericson (Illinois Commerce Commission) 
 



 
 

 

 
Nomination Form 
NERC Planning Committee Members 
 

Information about you, the nominator.  Self‐nominations are permitted. 

1. Name  Your first and last name.  Gayle Nansel 

2. E‐mail Address  Your e‐mail address.  nansel@wapa.gov 

3. Phone Number  Your phone number.  406‐255‐2830 

4. Employer  Who you work for or represent.   Western Area Power Administration 

5. NERC Membership Sector, if 
applicable 

If your employer is a NERC member, select 
your employer’s NERC membership sector.  
If not, select “Not a NERC member.” 

Choose one from the list below: 

Federal or provincial utility 

Information about the person you are nominating, the nominee. 

6. Name  Nominee’s name.  Gayle Nansel 

7. E‐mail Address  Nominee’s e‐mail address.  nansel@wapa.gov 

8. Title  Nominee’s business title.   Transmission Planning Manager 
Upper Great Plains Region 

9. Employer  Who the nominee works for or represents.   Western Area Power Administration 

10. Job description  Brief explanation of the nominee’s 
responsibilities. 

Responsible for transmission 
planning and operating studies 
associated with the transmission 
and generation of electric power on 
the interconeected systems of the 
Upper Great Plains Region of 
Western Area Power Administration.  
Represents the organization in 
regional transmission group 
activities, reliaiblity council 
committees, and in other meetings 
that impact Western's transmission 
system capabilities.  Also, provides 
operational engineering support for 
real-time dispatch activities. 

11. Planning Committee Sector  Choose the Planning Committee sector the 
nominee is running for.  Select one. 

Is the person (i) a NERC member in the 
sector for which he or she is nominated, or 
(ii) eligible for NERC membership in the 
sector for which he or she is nominated?  
See Section 3.3.a of the Planning 

Choose one from the list below: 

Federal or provincial utility 

 

 Yes 

Nominations are due by 
midnight, June 19, 2017. 
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Committee Charter. The phrase “a NERC 
member” means the nominee is either a 
NERC member or employed by a NERC 
member. 

12. Willingness to serve  The nominee is willing to: 

a. Bring subject matter expertise to the 
Planning Committee 

b. Be knowledgeable about operating 
reliability and reliability assessment 

c. Attend and participate in all Planning 
Committee meetings 

d. Express his/her opinions as well as 
the opinions of the sector he/her 
represents at Planning Committee 
meetings 

e. Discuss and debate interests rather 
than positions 

f. Complete Planning Committee 
assignments 

g. Inform the secretary of any changes 
in their status that may affect their 
eligibility for committee membership 

 Yes 

The nominee has read the Planning 
Committee Charter. 

Click here for: PC Charter  

 Yes 

13. Additional Information  Additional information about the nominee 
that would help a sectors’ member decide 
to elect this person. (A sentence or two.) 

Currently servies as the Chairman of the MRO 
Planning Committee and the NATF Transmission 
Planning Group and is a voting member of the 
SPP Transmission Working Group and the SPP 
Economic Studies Working Group.  

How to Submit Your Nomination 

1. Send this form by e‐mail to pcelection@nerc.net as an attachment.  It will be posted on the NERC Planning Committee website for 
the 2017 election. 

2. Or you can scan and email the nomination form to: Levetra Pitts. 

3. Save a copy of your nomination form for your records. 

 
 



 
 

 

 
Nomination Form 
NERC Planning Committee Members 
 

 

Information about you, the nominator.  Self-nominations are permitted. 

1. Name Your first and last name. Kim Adelberg 

2. E-mail Address Your e-mail address. kmadelbe@southernco.com 

3. Phone Number Your phone number. 205-257-5526 

4. Employer Who you work for or represent.  Southern Company Services, Inc. 

5. NERC Membership Sector, if 
applicable 

If your employer is a NERC member, select 
your employer’s NERC membership sector.  
If not, select “Not a NERC member.” 

Choose one from the list below: 

Investor-owned utility 

Information about the person you are nominating, the nominee. 

6. Name Nominee’s name. Kimberly Malm Adelberg 

7. E-mail Address Nominee’s e-mail address. kmadelbe@southernco.com 

8. Title Nominee’s business title.  Energy Trading Director 

9. Employer Who the nominee works for or represents.  Southern Company Services, Inc. 

10. Job description Brief explanation of the nominee’s 
responsibilities. 

Provides leadership and oversight 

for electricity transactions in the 

energy market which include hourly 

and term trading, energy scheduling 

and portfolio management to 

maintain reliability of power supply 

to customers, while minimizing cost 

to customers. 

11. Planning Committee Sector Choose the Planning Committee sector the 
nominee is running for.  Select one. 

Is the person (i) a NERC member in the 
sector for which he or she is nominated, or 
(ii) eligible for NERC membership in the 
sector for which he or she is nominated?  
See Section 3.3.a of the Planning 
Committee Charter. The phrase “a NERC 
member” means the nominee is either a 
NERC member or employed by a NERC 
member. 

Choose one from the list below: 

Electricity marketer 

 

 Yes 

12. Willingness to serve The nominee is willing to: 

a. Bring subject matter expertise to the 
Planning Committee 

 Yes 

Nominations are due by 

midnight, June 19, 2017. 
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b. Be knowledgeable about operating 
reliability and reliability assessment 

c. Attend and participate in all Planning 
Committee meetings 

d. Express his/her opinions as well as 
the opinions of the sector he/her 
represents at Planning Committee 
meetings 

e. Discuss and debate interests rather 
than positions 

f. Complete Planning Committee 
assignments 

g. Inform the secretary of any changes 
in their status that may affect their 
eligibility for committee membership 

The nominee has read the Planning 
Committee Charter. 

Click here for: PC Charter  

 Yes 

13. Additional Information Additional information about the nominee 
that would help a sectors’ member decide 
to elect this person. (A sentence or two.) 

With Southern Company 21 years and has held 
postions in business units involved in system 
planning, generation strategy, environmental 
strategy, wholesale market price forecasting, and 
risk analysis.  Served as climate strategy manager 
to address policy analysis and strategy related to 
the climate change policy. B.S. Chemical 
Engineering, Master's Business Administration.   

How to Submit Your Nomination 

1. Send this form by e-mail to pcelection@nerc.net as an attachment.  It will be posted on the NERC Planning Committee website for 
the 2017 election. 

2. Or you can scan and email the nomination form to: Levetra Pitts. 

3. Save a copy of your nomination form for your records. 

 
 

http://www.nerc.com/comm/PC/Related%20Files%202013/NERC_PC_Charter_2016_FINAL.pdf
mailto:pcelection@nerc.net
mailto:levetra.pitts@nerc.net
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NERC Planning Committee Members 
 

 

Information about you, the nominator.  Self-nominations are permitted. 

1. Name Your first and last name. Bing Young  

2. E-mail Address Your e-mail address. Bing.Young@HydroOne.com 

3. Phone Number Your phone number. 416-345-5029 

4. Employer Who you work for or represent.  Hydro One  

5. NERC Membership Sector, if 
applicable 

If your employer is a NERC member, select 
your employer’s NERC membership sector.  
If not, select “Not a NERC member.” 

Choose one from the list below: 
Federal or provincial utility 

Information about the person you are nominating, the nominee. 

6. Name Nominee’s name. Robert Reinmuller 

7. E-mail Address Nominee’s e-mail address. Robert.Reinmuller@HydroOne.com 

8. Title Nominee’s business title.  Senior Manager, System Operations 

9. Employer Who the nominee works for or represents.  Hydro One 

10. Job description Brief explanation of the nominee’s 
responsibilities. 

This senior technical role combines the 
management of the real time Transmission 
System Operational support activities, day ahead 
and near term planning & system assessments as 
well as technical support for long term planning, 
sustainment and capital investment activities. It 
also encompasses about 50% of the company's 
NERC reliability commitments.  Robert will be 
assuming the role of Transmission Planning 
Manager in Q3 2017.   

11. Planning Committee Sector Choose the Planning Committee sector the 
nominee is running for.  Select one. 
Is the person (i) a NERC member in the 
sector for which he or she is nominated, or 
(ii) eligible for NERC membership in the 
sector for which he or she is nominated?  
See Section 3.3.a of the Planning 
Committee Charter. The phrase “a NERC 
member” means the nominee is either a 
NERC member or employed by a NERC 
member. 

Choose one from the list below: 
Federal or provincial utility 
 

 Yes 

12. Willingness to serve The nominee is willing to:  Yes 

Nominations are due by 
midnight, June 19, 2017. 



 

Nomination Form for NERC Planning Committee Members 2 

a. Bring subject matter expertise to the 
Planning Committee 

b. Be knowledgeable about operating 
reliability and reliability assessment 

c. Attend and participate in all Planning 
Committee meetings 

d. Express his/her opinions as well as 
the opinions of the sector he/her 
represents at Planning Committee 
meetings 

e. Discuss and debate interests rather 
than positions 

f. Complete Planning Committee 
assignments 

g. Inform the secretary of any changes 
in their status that may affect their 
eligibility for committee membership 

The nominee has read the Planning 
Committee Charter. 
Click here for: PC Charter  

 Yes 

13. Additional Information Additional information about the nominee 
that would help a sectors’ member decide 
to elect this person. (A sentence or two.) 

Member of the the NPCC Task Force on 
Coordination of Operation (TFCO), senior IEEE 
member and Professional Engineer.  Robert is 
also active on North American Transmission 
Forum activities. 

How to Submit Your Nomination 
1. Send this form by e-mail to pcelection@nerc.net as an attachment.  It will be posted on the NERC Planning Committee website for 

the 2017 election. 
2. Or you can scan and email the nomination form to: Levetra Pitts. 
3. Save a copy of your nomination form for your records. 

 
 

http://www.nerc.com/comm/PC/Related%20Files%202013/NERC_PC_Charter_2016_FINAL.pdf
mailto:pcelection@nerc.net
mailto:levetra.pitts@nerc.net
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Announcement 
Board Focuses on Cross-Border Collaboration; Approves 
Budget; Adopts Standards, Including Supply Chain 
 
August 10, 2017 
 
OTTAWA – The North American Electric Reliability Corporation held its quarterly Board of 
Trustees meeting in Ottawa on August 10. The Honorable James Gordon Carr, minister of 
Natural Resources Canada, welcomed participants to Canada during the country’s 150th 
anniversary and lauded the cross-border partnerships in a videotaped greeting.  
 
Patricia Hoffman, Acting Secretary for the Department of Energy’s Office of Electricity 
Delivery and Energy Reliability, in opening remarks said that in the coming years DOE is 
championing the diversity of tools and capabilities with a focus on affordability, resilience 
and recovery. Other remarks were made by the Honorable Sergio Marchi, President and 
Chief Executive Officer, Canadian Electricity Association; and Murray Doehler, Chair of 
CAMPUT, who both noted the valuable contributions of NERC as a North American-focused 
enterprise for reliability and security.   
 
“We are part of an opportunity that is building a foundation of reliability and security across 
three countries – United States, Canada and Mexico,” said Gerry Cauley, President and Chief 
Executive Officer, commending the partnerships. “Our relationships are fundamental and 
essential to the strength of NERC and to the good of our nations’ reliability and security.” 
 
Board Chair Roy Thilly praised the level of participation at the annual meeting between the 
Board, Canadian regulators and federal government representatives. The meeting focused 
on understanding how Reliability Standards are adopted in each of the provinces and 
discussed ERO Enterprise long-term strategic planning. Canadian regulators also received 
technical briefings on cyber security and ongoing work by NERC’s Solar Inverter Task Force. 
 
The 2018 Business Plan and Budget was approved by the Board, which includes funding that 
supports the long-term strategy for the Electricity Information Sharing and Analysis Center. 
NERC expects to file the budget with the Federal Energy Regulatory Commission for approval 
later this month. 
 
The Board adopted one new standard and modifications to four existing standards and two 
Regional standards. The Board also affirmed the review of two existing standards: 
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 CIP-013-1 Cyber Security – Supply Chain Risk Management requires entities to assess the security risks of 
vendor products and services when planning and procuring. 

 CIP-005-6 Cyber Security – Electronic Security Perimeter modified to address vendor-initiated remote 
access.  

 CIP-010-3 – Cyber Security – Configuration Change Management and Vulnerability Assessments modified 
to address software integrity and authenticity.  

 PRC-006-3 – Automatic Underfrequency Load Shedding, NPCC Regional Variance for Quebec 
Interconnection, which defines a more accurate generation deficiency scenario applicable to the Québec 
Interconnection and serves to prevent unnecessary load shed. 

 Modifications to BAL-002-2(i) Violation Risk Factors in response to FERC Order No. 835, which changes R1 
and R2 VRFs from “medium” to “high.” 

 Regional standards: BAL-502-RF-03 – Planning Resource Adequacy Analysis, Assessment and 
Documentation and PRC-006-SERC-02 – Automatic Underfrequency Load Shedding Requirements. 

 Project 2016 EPR-02 - Enhanced Periodic Review of Voltage and Reactive Standards, VAR-001-4.1 and 
VAR-00204, which made errata changes only. 

  
In conjunction with the adoption of the supply chain standard, the Board directed that NERC and industry continue 
working on supply chain issues to include implementation guidance as appropriate, further study of supply chain 
risks and continued information sharing, among other activities. 
 
In other action, the Board appointed Michael Walker as Senior Vice President and Chief Enterprise Risk and Strategic 
Development Officer. Walker, who joined NERC in May 2009, most recently served as Senior Vice President, Chief 
Financial and Strategic Development Officer. The Board also appointed Scott Jones as Vice President, Chief Financial 
and Administrative Officer and Corporate Treasurer. Jones, who joined NERC in December 2014, recently served as 
Vice President, Finance, Administration and Treasurer.  
  
“Mike’s appointment reflects the company’s increased focus and commitment to enterprise risk management, long 
term strategic planning and execution,” Cauley said. “Scott’s strong financial, accounting and business planning 
background will help successfully lead the company’s business plan and budget development and oversight 
functions, as well as ensure the ongoing integrity of the corporation’s financial and accounting controls. 
  
Attendees were also encouraged to participate in NERC’s annual grid security conference – GridSecCon – taking 
place October 17-20 in St. Paul, Minn.; and in NERC’s grid security exercise – GridEx – taking place November 15-
16.  
  
Board presentations may be found by clicking here. The next Board of Trustees meeting is November 9 in New 
Orleans. 

 
### 

 
The North American Electric Reliability Corporation (NERC) is a not-for-profit international regulatory authority whose mission is 
to ensure the reliability of the bulk power system in North America. NERC develops and enforces Reliability Standards; annually 
assesses seasonal and long‐term reliability; monitors the bulk power system through system awareness; and educates, trains, 
and certifies industry personnel. NERC’s area of responsibility spans the continental United States, Canada, and the northern 
portion of Baja California, Mexico. NERC is the electric reliability organization for North America, subject to oversight by the Federal 
Energy Regulatory Commission and governmental authorities in Canada. NERC’s jurisdiction includes users, owners, and operators 
of the bulk power system, which serves more than 334 million people. 

http://www.nerc.com/pa/CI/CIPOutreach/Pages/GridSecCon.aspx
http://www.nerc.com/pa/CI/CIPOutreach/Pages/GridEX.aspx
http://www.nerc.com/gov/bot/Pages/Agenda-Highlights-and-Minutes-.aspx


From: Brian Evans-Mongeon
To: Mark Olson
Subject: FW: MEITF Definition comment
Date: Wednesday, August 30, 2017 3:53:29 PM

Here you go.
 

Brian
Utility Services
t: (802) 241-1400
brian.evans-mongeon@utilitysvcs.com
 
As a party to this email, either in sending, forwarding, and or receiving, you need to be aware that the contents including attachments
may contain information that is privileged, confidential, classified as CEII, or subject to copyright belonging to another entity or Utility
Services Inc. This email is intended solely for the use of the individual or entity to which it is addressed. If you are not the intended recipient
of this email, you are hereby notified that any dissemination, distribution, copying, or action taken in relation to the contents of and
attachments to this email is strictly prohibited and may be unlawful. If you receive this email in error, please notify the sender immediately
and permanently delete the original and any copy of this email and any printout.

 

From: Brian Evans-Mongeon 
Sent: Friday, August 18, 2017 7:03 PM
To: 'Ryan Quint' <Ryan.Quint@nerc.net>
Cc: Brian Zavesky <Brian.Zavesky@mrenergy.com>; Ken Stone (kstone@beld.com)
<kstone@beld.com>
Subject: MEITF Definition comment
 
Ryan
 
As the reviewers from the NERC Planning Committee (Brian Zavesky, Ken Stone, and myself), we
would like to thank the MEITF for their efforts in putting together the proposed set of definitions.  It
is very clear to us that your consideration has been thorough and you have attempted to clarify a
particularly difficult and potentially contentious aspect of our industry. 
 
One aspect of our consideration comes down to some questions on whether or not we are trying to
assert a “reliability” based approach to IROLs and SOLs, or are you looking to establish a compliance
based approach.  What does this mean?  As we have come to realize in our world, the English
language can be read by a similar based group of persons, say all Control Area operators, and even
though their work is basically the same, their work and actionable tendencies will result in differing
processes and procedures.  While they all may get to a similar end-point the way they get there can
be different.  Therefore, In a reliability approach, we recognize that the regions or areas will read the
definitions and ultimately the “methods to establish” in a manner consistent with their current
approaches.  These historic processes will yield “reliable” basis for IROLs and SOLs, but if you apply
one area’s logic, you may not yield the same answer in another area.  Are we okay with the
prospects of differing processes and determining that a region or an area has IROL or SOL that would
be found elsewhere under substantially similar conditions?
 

mailto:Brian.Evans-Mongeon@utilitysvcs.com
mailto:Mark.Olson@nerc.net
mailto:brian.evans-mongeon@utilitysvcs.com


Or are we going to be trying to assert a set of definitions and processes where we would have a
compliance based solution setting out a consistent and uniform result for establishing IROLS and
SOLs, regardless the region or area’s historic view? 
 
While the definitions themselves, as you have addressed them, look great on the surface.  We
wonder about how they will be interpreted and applied within the various regions and areas.  Have
you conducted any assessments within the group on the application of the methodology/definitions
to see if we are likely to see confusion/inconsistency in the applying of the definitions?
 

Brian
Utility Services
t: (802) 241-1400
brian.evans-mongeon@utilitysvcs.com
 
As a party to this email, either in sending, forwarding, and or receiving, you need to be aware that the contents including attachments
may contain information that is privileged, confidential, classified as CEII, or subject to copyright belonging to another entity or Utility
Services Inc. This email is intended solely for the use of the individual or entity to which it is addressed. If you are not the intended recipient
of this email, you are hereby notified that any dissemination, distribution, copying, or action taken in relation to the contents of and
attachments to this email is strictly prohibited and may be unlawful. If you receive this email in error, please notify the sender immediately
and permanently delete the original and any copy of this email and any printout.

 
Warning: This email comes from an external sender. Be cautious when opening URLs or
attachments from external senders. 
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NERC Planning Committee  
Compliance Implementation Guidance  
PRC-024-2 
 
1.0 Overview  
1.1 Preamble 
 
Implementation Guidance provides a means for registered entities to develop examples or approaches 
to illustrate how registered entities could comply with a standard that are vetted by industry and 
endorsed by the Electric Reliability Organization (ERO) Enterprise.  The examples provided in this 
Implementation Guidance are not exclusive, as there are likely other methods for implementing a 
standard.  The ERO Enterprise’s endorsement of an example means the ERO Enterprise Compliance 
Monitoring and Enforcement Program (CMEP) staff will give these examples deference when 
conducting compliance monitoring activities.  Registered entities can rely upon the example and be 
reasonably assured that compliance requirements will be met with the understanding that compliance 
determinations depend on facts, circumstances, and system configurations. 1 

• Guidance documents cannot change the scope or purpose of the requirements of a standard.  

• The contents of this guidance document are not the only way to comply with a standard.  

• Compliance expectations should be made as clear as possible through the standards 
development process which should minimize the need for guidance after final ballot approval 
of a standard. 

• Forms of guidance should not conflict.  

• Guidance should be developed collaboratively and posted on the NERC website for 
transparency.  

 
1.2 Purpose 
This guidance document is to assist NERC Registered Entities in developing a common understanding of 
the practices and processes surrounding the evaluation of voltage protective relay settings with 
respect to NERC Standard PRC-024-2. It is also intended to establish reasonable assumptions to be 
used in the calculations to meet the intent of this standard. It provides examples of these calculations 
to demonstrate compliance. 

 
1.3 Scope 

                                                 
1 Source: 
http://www.nerc.com/pa/comp/Resources/ResourcesDL/Compliance_Guidance_Policy_FINAL_Board_Accepted_Nov_5_2015.pdf 
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This guidance document applies to GOs who are demonstrating compliance with PRC-024-2 
Requirement R2.  

R2. Each Generator Owner that has generator voltage protective relaying activated to trip its 
applicable generating unit(s) shall set its protective relaying such that the generator voltage 
protective relaying does not trip the applicable generating unit(s) as a result of a voltage 
excursion (at the point of interconnection3) caused by an event on the transmission system 
external to the generating plant that remains within the “no trip zone” of PRC-024 Attachment 
2. If the Transmission Planner allows less stringent voltage relay settings than those required to 
meet PRC-024 Attachment 2, then the Generator Owner shall set its protective relaying within 
the voltage recovery characteristics of a location-specific Transmission Planner’s study. 
Requirement R2 is subject to the following exceptions: 

• Generating unit(s) may trip in accordance with a Special Protection System (SPS) or 
   Remedial Action Scheme (RAS). 

• Generating unit(s) may trip if clearing a system fault necessitates disconnecting (a) 
generating unit(s). 

• Generating unit(s) may trip by action of protective functions (such as out-of-step functions 
or loss-of-field functions) that operate due to an impending or actual loss of synchronism 
or, for asynchronous generating units, due to instability in power conversion control 
equipment. 

• Generating unit(s) may trip within a portion of the “no trip zone” of PRC-024 Attachment 2 
for documented and communicated regulatory or equipment limitations in accordance with 
Requirement R3. 

 

This guidance document does not demonstrate any calculations for auxiliary equipment voltages as 
auxiliary equipment relays are not included in the scope of PRC-024-2.2 

This guidance is limited to conventional synchronous machines.  Unconventional generation3, do not 
produce as much reactive power as synchronous generators, hence the voltage drop due to reactive 
power flow through the GSU transformer is not as significant.  Therefore, the generator bus voltage 
can be conservatively estimated by reflecting the high-side nominal voltage to the generator-side 
based on the GSU transformers turns ratio. 
 
 
 
 
1.4 Background 
                                                 
2 From PRC-024-2 Comments for draft 5 of the Standard: “The SDT has removed R4. As such, auxiliary systems are no 
longer mentioned in any of the remaining requirements.” 
3 Resources that typically operate to a unity pf schedule including renewable resources, asynchronous generation, as indicated 
in PRC-025. 
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There have been numerous requests for clarification on various points of PRC-024 from the Industry. 
Due to the number of requests and additionally, a specific request from the IEEE PSRC J Subcommittee 
JTF2 task force for a PRC-024-2 example, this Implementation Guidance was determined to be a 
needed document for the industry. 
 
A common question that has consistently been asked by the Industry is whether or not the “no trip” 
area of the voltage curve ends at 4 seconds or extends infinitely. The PRC-024 Voltage Ride-Through 
Time Duration Curve in Attachment 2 of the standard is intended to prevent generators from tripping 
for recoverable transient voltage disturbances on the BES. For this reason, the curve only covers a four 
second time window. These voltage level and time duration steps are meant to allow time for a 
generator with its AVR in automatic to recover from the disturbance before protective relays trip the 
unit. The standard development record shows that the intent of the standard is to simplify the analysis 
of voltage sensitive protective relay tripping characteristics using steady-state techniques to provide 
reasonable levels and times for the controls to respond. 4   The accompanying examples, displaying the 
relay trip characteristic plotted with the PRC-024 Voltage Ride-Through Time Duration Curve, indicate 
that the “no trip” area stops at 4 seconds. 
 
Another question that has come up consistently is: “Is the area outside the Voltage Ride-Through Time 
Duration Curve a must trip area?” The Standard prescribes an area that is a “no trip” area. There is no 
requirement to trip for the area outside the “no trip” area. Rather it is a “may trip” area, if needed to 
protect equipment for low voltages. In the tabular tables, the term instantaneous trip is used. This 
term is intended to indicate instantaneous tripping is allowed, not required. 
 

 
 
In Attachment 2 of PRC-024-2 titled “Voltage Ride Through Curve Clarifications, Evaluating Protective 
Relay Settings:” the standard states:  
Voltage Ride-Through Curve Clarifications 
Curve Details: 
1. The per unit voltage base for these curves is the nominal operating voltage specified by the 
Transmission Planner in the analysis of the reliability of the Interconnected Transmission 
Systems at the point of interconnection to the Bulk Electric System (BES). 

                                                 
4 The SDT comments for the draft 4 posting state: The curves in Attachment 2 have been revised and shortened from 
600 seconds to 4 seconds in order to coordinate better with the Generator Relay Loadability standard (PRC-025). The philosophy is that 
PRC-024 applies during excursions and PRC-025 applies subsequently during steady-state stressed system conditions. 
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2. The curves depicted were derived based on three-phase transmission system zone 1 faults with 
Normal Clearing not exceeding 9 cycles. The curves apply to voltage excursions regardless of the type 
of initiating event.  
3. The envelope within the curves represents the cumulative voltage duration at the point of 
interconnection with the BES. For example, if the voltage first exceeds 1.15 pu at 0.3 seconds after a 
fault, does not exceed 1.2 pu voltage, and returns below 1.15 pu at 0.4 seconds, then the cumulative 
time the voltage is above 1.15 pu voltage is 0.1 seconds and is within the no trip zone of the curve. 
4. The curves depicted assume system frequency is 60 Hertz. When evaluating Volts/Hertz protection, 
you may adjust the magnitude of the high voltage curve in proportion to deviations of frequency below 
60 Hz. 
5. Voltages in the curve assume minimum fundamental frequency phase-to-ground or phase to-phase 
voltage for the low voltage duration curve and the greater of maximum RMS or crest phase-to-phase 
voltage for the high voltage duration curve. 
Evaluating Protective Relay Settings: 
1. Use either the following assumptions or loading conditions that are believed to be the most 
probable for the unit under study to evaluate voltage protection relay setting calculations on the static 
case for steady state initial conditions:  
a. All of the units connected to the same transformer are online and operating. 
b. All of the units are at full nameplate real-power output. 
c. Power factor is 0.95 lagging (i.e. supplying reactive power to the system) as measured at the 
generator terminals. 
d. The automatic voltage regulator is in automatic voltage control mode. 
2. Evaluate voltage protection relay settings assuming that additional installed generating plant 
reactive support equipment (such as static VAr compensators, synchronous condensers, or capacitors) 
is available and operating normally. 
3. Evaluate voltage protection relay settings accounting for the actual tap settings of transformers 
between the generator terminals and the point of interconnection. 
The clarifications to Attachment 2 provide guidance to the generator asset owner (GO) on how to 
verify conformance. One question that has arisen is how to define one per unit voltage at the POI when 
comparing the limits to relay settings. Item 1 of the Curve Details of attachment 2 says, "The per unit 
voltage base for these curves is the nominal operating voltage specified by the Transmission Planner in 
the analysis of the reliability of the Interconnected Transmission Systems at the point of 
interconnection to the Bulk Electric System (BES)." Planners must plan the system such that it operates 
within the equipment capabilities of BES assets. They generally limit their acceptable operating states 
to some range +/- of the system nominal voltage. So, the voltage used in the analysis is meant to 
designate the nominal voltage base used in the planner's system model. So, the GO must confirm the 
system nominal voltage for the POI bus that is used in the planner's model of the bulk electric system. 
This will normally be the standard nominal voltage of the system and will not vary from bus to bus for a 
given voltage level of the BES. Because the no trip zone limits are steady-state representations of the 
severity of the voltage transient versus the time to recover during a transient event, it is acceptable to 
use the system model nominal in defining these limits. If planners determine that operating voltages 
must deviate significantly from nominal, they generally recommend changes in the recommended 
setting of the no-load tap changer (NLTC) on the generator step-up transformer to ensure that the 
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generation assets can operate within their nominal operating ranges. Thus, if a NLTC is adjusted, 
verification of compliance of voltage sensitive relays with PRC-024 limits should be repeated. 
Another question that has arisen is how to define the steady-state load flow conditions when 
accounting for the voltage drop between the POI and the generator. Item 1 of the Evaluating 
Protective Relay Settings section of attachment 2 says, "Use either the following assumptions or 
loading conditions that are believed to be the most probable for the unit under study . . ." The 
clarifications then go on to suggest assuming that generator is at full nameplate real-power output and 
at 0.95 lagging power factor and that the AVR is in automatic voltage control mode. To interpret the 
intent of this guidance, we have to go back to understanding that we are using a steady-state analysis 
to provide ride-through capability for a transient event. 
Let us first look at the undervoltage limits. A transient undervoltage condition is likely to occur due to a 
short circuit in the vicinity of a generating unit. A severe short circuit should be cleared relatively 
quickly and the unit should be able to recover. If the unit is initially running at leading power factor 
(under excited and absorbing VArs from the system), the internal voltage behind the generator 
impedance will be low and the generator's ability to ride-through the transient low voltage event is 
reduced. Thus, for evaluating undervoltage element coordination with the ride-through curve, this will 
likely be the worst case scenario. Assuming leading power factor will reduce the generator voltage in 
steady state and reduce coordination margins with undervoltage tripping elements relative to 
assuming lagging power factor in the calculations. In steady-state, one would not expect the unit to be 
absorbing VArs during an undervoltage condition. However, the four second time window of the ride-
through curves is intended to represent a transient disturbance. The guidance allows us to assume 
lagging power factor for this condition so that is what is used in the examples. If the GO would like to 
find the worst case for coordination, they are allowed to use an assumption of leading power factor in 
the calculations. 
Examining the overvoltage limits, for a transient condition, a fast acting exciter will likely have boosted 
the excitation during a slow clearing short circuit to help the unit remain stable. Thus, once the short 
circuit is cleared, the generator terminal voltage will be elevated until the AVR has time to reduce the 
excitation to steady-state levels. For this case, the unit during the four second transient time window 
will be running at lagging power factor (overexcited and supplying VArs to the system). Thus, we use 
the assumption recommended in the standard of lagging power factor in the example for evaluating 
overvoltage elements. 

 

2.0  Compliance Implementation and Evidence 
 
This guidance document demonstrates the multiple aspects of determining the generator terminal and 
GSU high side simultaneous voltages.  Three methods are provided for voltage calculations. The first 
method demonstrates how to project the relay voltage characteristic to the high side of the GSU 
(typical POI) for a given generator voltage relay setting. This will allow the relay setting to be compared 
to the voltage ride-through time duration curves in Attachment 2 of PRC-024-2. 
The second and third methods demonstrate how to project the voltage ride-through time duration 
curve to the secondary of the instrument transformer that supply the generator voltage relay. This will 
allow the voltage ride-through time duration curves in Attachment 2 of PRC-024-2 to be compared to 
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the relay setting. Method two is based on PRC-025-1 Option 1b iterative calculation. Method three is a 
simplified single-iteration approach. 
 

2.1  Load Flow Assumption for Low Voltage Condition 
 
The power factor assumption for the low voltage condition used in these examples is 0.95 lagging 
(supplying VArs to the system) as suggested by the standard. This will be the most likely steady state 
condition during a low voltage event, in that the generator will be trying to support voltage at the POI. 
 
While these calculations use these assumptions, other assumptions could be used.  A more severe 
scenario may be a leading power factor condition (absorbing VArs from the system) as the unit would 
be under excited (lower voltage at generator terminals). This would be the more conservative 
assumption during a low voltage event for verifying relay setting compliance. 
 
2.2  Load Flow Assumption for High Voltage Condition 
 
The power factor assumption for the high voltage condition used in these examples is 0.95 lagging 
(supplying VArs to the system) as suggested by the standard. Using lagging power factor would be the 
more conservative assumption during a high voltage event for verifying relay setting compliance. 

 

3.0 Example Calculations 
 

Input Descriptions Input Values 
Generator nameplate (MVA @ rated p.f.) MVAGEN_BASE = 176 MVA 

p.f.GEN = 0.85 

Generator nominal voltage (line to line) kVGEN_BASE = 16 kV 

Generator step-up (GSU) transformer rating MVAGSU_BASE = 170 MVA 

GSU transformer reactance (170 MVA base) ZGSU = 10.12% 

GSU transformer high-side Nameplate Voltage kVGSU_HS = 138 kV 
GSU transformer low-side Nameplate Voltage kVGSU_LS = 15 kV 

GSU transformer high-side no-load tap Voltage kVGSU_TAP = 134.5 kV 

Nominal System Voltage (line to line) kVSYS_BASE  = 138 kV 
Generator VT Ratio VTRGEN = 140:1 
Load power factor p.f.LOAD = 0.95 

System MVA base MVASYS_BASE = 100 MVA 
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Example Calculations: Simple Iteration Method (Bauer Method) 

 

 
This method starts by assuming a 0.95 lagging power factor at the POI. It then calculates the angle 
difference between the generator voltage and the POI voltage to account for the I2X losses of the GSU. 
The load flow current angle at the POI is then adjusted by this voltage drop angle to give the 0.95 
power factor load flow out of the generator recommended in the standard. This simple iteration 
provides results with adequate precision. The calculations are done in per unit on the power system 
base, then converted to the generator base using the ratio of the generator base to the power system 
base. The ratio of the GSU is considered using its actual no-load tap setting. The generator relay 
secondary voltage values are compared to the graph in Attachment 2 of PRC-024 to determine if the 
generator voltage relay settings are compliant. 
 
 
Calculate the generator real power output at rated MVA (MWGEN): 
 
(1) MWGEN = MVAGEN_BASE * p.f.GEN 
 

MWGEN = 176 MVA * 0.85 
 
MWGEN = 149.6 MW 

 
 
Convert the GSU transformer impedance from the GSU base to the power system base (ZGSU_SYS_BASE): 
 
 

(2) ZGSU_SYS_BASE = ZGSU * �𝐌𝐌𝐌𝐌𝐌𝐌𝐒𝐒𝐒𝐒𝐒𝐒_𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁

𝐌𝐌𝐌𝐌𝐌𝐌𝐆𝐆𝐒𝐒𝐆𝐆_𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁
� * � 𝐤𝐤𝐌𝐌𝐆𝐆𝐒𝐒𝐆𝐆_𝐇𝐇𝐒𝐒

𝐤𝐤𝐌𝐌𝐒𝐒𝐒𝐒𝐒𝐒_𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁
� 

 

 ZGSU_SYS_BASE = 10.12% * �𝟏𝟏𝟏𝟏𝟏𝟏 𝐌𝐌𝐌𝐌𝐌𝐌
𝟏𝟏𝟏𝟏𝟏𝟏 𝐌𝐌𝐌𝐌𝐌𝐌

� * �𝟏𝟏𝟏𝟏𝟏𝟏 𝐤𝐤𝐌𝐌
𝟏𝟏𝟏𝟏𝟏𝟏 𝐤𝐤𝐌𝐌

� 
 
 ZGSU_SYS_BASE = 5.95%  
 
 
Calculate the ratio of power system base voltage to generator base voltage (RatioPOI-GEN) using the 
actual high-side voltage tap selected on the GSU (kVGSU_TAP) to project the VPOI to the generator 
terminals, neglecting the load flow voltage drop on the GSU: 
 
(3) RatioSYS_GEN = 𝐤𝐤𝐌𝐌𝐒𝐒𝐒𝐒𝐒𝐒_𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁

𝐤𝐤𝐌𝐌𝐆𝐆𝐁𝐁𝐆𝐆_𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁
 (4) GSURATIO = 𝐤𝐤𝐌𝐌𝐆𝐆𝐒𝐒𝐆𝐆_𝐓𝐓𝐌𝐌𝐓𝐓

𝐤𝐤𝐌𝐌𝐆𝐆𝐒𝐒𝐆𝐆_𝐋𝐋𝐒𝐒
    (5)  Ratio POI-GEN = 𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐒𝐒𝐒𝐒𝐒𝐒_𝐆𝐆𝐁𝐁𝐆𝐆

𝐆𝐆𝐒𝐒𝐆𝐆𝐑𝐑𝐌𝐌𝐓𝐓𝐑𝐑𝐑𝐑
 

 
 RatioSYS_GEN = 𝟏𝟏𝟏𝟏𝟏𝟏 𝐤𝐤𝐌𝐌

𝟏𝟏𝟏𝟏 𝐤𝐤𝐌𝐌
   GSURATIO = 𝟏𝟏𝟏𝟏𝟏𝟏.𝟓𝟓 𝐤𝐤𝐌𝐌

𝟏𝟏𝟓𝟓 𝐤𝐤𝐌𝐌
     RatioPOI-GEN = 𝟏𝟏.𝟏𝟏𝟔𝟔𝟓𝟓

𝟏𝟏.𝟗𝟗𝟏𝟏𝟏𝟏
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 RatioSYS_GEN = 8.625   GSURATIO = 8.967     RatioPOI-GEN = 0.962 
 
 
Verify the power system to generator base conversion and convert the system base voltage (POI) at 
the low-side of the GSU in per unit to the voltage at the generator at the actual voltage tap selected on 
the GSU (neglecting load flow voltage drop):   
  
 

(6)    kVGEN_PU = 
�
𝐤𝐤𝐌𝐌𝐒𝐒𝐒𝐒𝐒𝐒_𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁
𝐆𝐆𝐒𝐒𝐆𝐆𝐑𝐑𝐌𝐌𝐓𝐓𝐑𝐑𝐑𝐑

�

𝐤𝐤𝐌𝐌𝐆𝐆𝐁𝐁𝐆𝐆_𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁
 

 

 kVGEN_PU = 
�𝟏𝟏𝟏𝟏𝟏𝟏 𝐤𝐤𝐌𝐌
𝟏𝟏.𝟗𝟗𝟏𝟏𝟏𝟏 �

𝟏𝟏𝟏𝟏 𝐤𝐤𝐌𝐌
 

 
 kVGEN_PU = 0.962 p.u.  1 p.u. at the POI equals 0.962 p.u. at the generator terminals 
 
 
Load Flow Assumptions for Steady-state Voltage Drop Calculations 

 

As per the Voltage Ride-Through guidance provided in PRC-024, the voltage protective relay settings 
were evaluated using the following loading conditions: 

1. The generator is operating at full nameplate real power output. 

2. The load power factor is 0.95, as measured at the generator terminals: 

• 0.95 lagging (supplying VArs to the system) for evaluation of the under voltage elements as 
prescribed in PRC-024 as most likely loading condition when the system voltage is low. 

• 0.95 lagging (supplying VArs to the system) for evaluation of the over voltage elements as 
the condition that would be the worst case for coordination between the over voltage 
protective elements and the Voltage Ride-Through Time Duration Curve in Attachment 2 of 
PRC-024 

 

Calculate the rated real power output for the generator: 

 

(7) MVAPOI_1.0 = 
𝐌𝐌𝐌𝐌𝐆𝐆𝐁𝐁𝐆𝐆
𝐩𝐩.𝐟𝐟.𝐋𝐋𝐑𝐑𝐌𝐌𝐋𝐋
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 MVAPOI_1.0 = 
𝟏𝟏𝟏𝟏𝟗𝟗.𝟏𝟏 𝐌𝐌𝐌𝐌

𝟏𝟏.𝟗𝟗𝟓𝟓
 

 

 MVAPOI_1.0 = 157.5 MVA 

 

Convert to a per unit value on the generator base 

 

(8)  MVAPOI_1.0_pu = 
𝐌𝐌𝐌𝐌𝐌𝐌𝐓𝐓𝐑𝐑𝐑𝐑_𝟏𝟏.𝟏𝟏

𝐌𝐌𝐌𝐌𝐌𝐌.𝐆𝐆𝐁𝐁𝐆𝐆_𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁
 

 

 MVAPOI_1.0_pu = 
𝟏𝟏𝟓𝟓𝟏𝟏.𝟓𝟓 𝐌𝐌𝐌𝐌𝐌𝐌
𝟏𝟏𝟏𝟏𝟏𝟏 𝐌𝐌𝐌𝐌𝐌𝐌

 

 

 MVAPOI_1.0_pu = 0.895 p.u. 

 

The calculations below must be completed for each step on the graph in Attachment 2. 

 

1.2 p.u. voltage 

 

VPOI_1.2_pu = 1.2𝒆𝒆−𝒋𝒋𝟏𝟏° 

Iteration 1: 

 

Calculate the load flow current in per unit assuming rated MW output at 0.95 lagging power factor:  

(9) ILOAD_1.2-1 =  𝐌𝐌𝐌𝐌𝐌𝐌𝐓𝐓𝐑𝐑𝐑𝐑_𝟏𝟏.𝟏𝟏_𝐩𝐩𝐩𝐩 
𝐌𝐌𝐓𝐓𝐑𝐑𝐑𝐑_𝟏𝟏.𝟔𝟔_𝐩𝐩𝐩𝐩

 𝐞𝐞−𝐣𝐣 𝐑𝐑𝐚𝐚𝐑𝐑𝐚𝐚(𝐩𝐩𝐟𝐟𝐋𝐋𝐑𝐑𝐌𝐌𝐋𝐋) 

ILOAD_1.2-1 =  𝟏𝟏.𝟗𝟗 
𝟏𝟏.𝟔𝟔

 𝐞𝐞−𝐣𝐣 𝐑𝐑𝐚𝐚𝐑𝐑𝐚𝐚(𝟏𝟏.𝟗𝟗𝟓𝟓) 

ILOAD_1.2-1 =  𝟏𝟏. 𝟏𝟏𝟓𝟓∠ − 𝟏𝟏𝟏𝟏. 𝟔𝟔° p.u. 
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Calculate the per unit voltage drop from the POI to the generator terminals at the assumed load flow: 

(10) VDROP_1.2-1 = ILOAD_1.2-1 *   𝐣𝐣 𝐙𝐙𝐆𝐆𝐒𝐒𝐆𝐆_𝐒𝐒𝐒𝐒𝐒𝐒_𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁 
 

VDROP_1.2-1 = (𝟏𝟏.𝟏𝟏𝟓𝟓∠ − 𝟏𝟏𝟏𝟏.𝟔𝟔°) *  (𝟏𝟏.𝟏𝟏𝟓𝟓𝟗𝟗𝟓𝟓∠𝟗𝟗𝟏𝟏°) 
 

VDROP_1.2-1 =  𝟏𝟏.𝟏𝟏𝟓𝟓∠𝟏𝟏𝟏𝟏.𝟏𝟏° p.u. 
 

Calculate the per unit voltage drop at the generator terminals at the assumed load flow: 

(11) VGEN_1.2-1 = VPOI_1.2_pu + VDROP_1.2-1 

 VGEN_1.2-1 = (𝟏𝟏.𝟔𝟔∠𝟏𝟏°) +  (𝟏𝟏.𝟓𝟓∠𝟏𝟏𝟏𝟏.𝟏𝟏°) 

 VGEN_1.2-1 = 𝟏𝟏.𝟔𝟔∠𝟏𝟏.𝟏𝟏° p.u 

 

Calculate the power factor at the generator for 0.95 at the POI: 

(12) p.f.1.2-1 = cos (∠VGEN_1.2-1 - ∠ILOAD_1.2-1) 

 p.f.1.2-1 = cos(𝟔𝟔° + 𝟏𝟏𝟏𝟏.𝟔𝟔°) 

 p.f.1.2-1 = 0.939 

 

VGEN= 1.215PU@1.99 

 

VDROP= 0.044PU@71.81 
 

Rotate the load flow current by the difference in power factor angle between the POI and the 

generator calculated in the first iteration to obtain the desired generator power factor angle. 

 

 

mailto:0.044PU@71.81
mailto:0.746PU@-18.19
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Iteration 2: 

(13) MVA1.2-2 = 
𝐌𝐌𝐌𝐌𝐆𝐆𝐁𝐁𝐆𝐆
𝐩𝐩.𝐟𝐟.𝟏𝟏.𝟔𝟔−𝟏𝟏

 

 

 MVA1.2-2 = 
𝟏𝟏𝟏𝟏𝟗𝟗.𝟏𝟏 𝐌𝐌𝐌𝐌
𝟏𝟏.𝟗𝟗𝟏𝟏𝟗𝟗

 

 

 MVA1.2-2 = 159.4 MVA 

 

(14)  MVA1.2-2_pu = 
𝐌𝐌𝐌𝐌𝐌𝐌𝟏𝟏.𝟔𝟔−𝟔𝟔

𝐌𝐌𝐌𝐌𝐌𝐌.𝐆𝐆𝐁𝐁𝐆𝐆_𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁
 

 

 MVA1.2-2_pu = 
𝟏𝟏𝟓𝟓𝟗𝟗.𝟏𝟏 𝐌𝐌𝐌𝐌𝐌𝐌
𝟏𝟏𝟏𝟏𝟏𝟏 𝐌𝐌𝐌𝐌𝐌𝐌

 

 

 MVA1.2-2_pu = 0.906 p.u. 

 

Calculate the load flow current in per unit assuming rated MW output at the power factor calculated in 

the first iteration:   

(15) ILOAD_1.2-2 =  𝐌𝐌𝐌𝐌𝐌𝐌𝟏𝟏.𝟔𝟔−𝟔𝟔_𝐩𝐩𝐩𝐩 
𝐌𝐌𝐓𝐓𝐑𝐑𝐑𝐑_𝟏𝟏.𝟔𝟔_𝐩𝐩𝐩𝐩

 𝐞𝐞−𝐣𝐣 (𝐑𝐑𝐚𝐚𝐑𝐑𝐚𝐚(𝐩𝐩𝐟𝐟𝐋𝐋𝐑𝐑𝐌𝐌𝐋𝐋)+ ∠𝐌𝐌𝐆𝐆𝐁𝐁𝐆𝐆𝟏𝟏.𝟔𝟔−𝟏𝟏)  

ILOAD_1.2-2 =  𝟏𝟏.𝟗𝟗𝟏𝟏𝟏𝟏 
𝟏𝟏.𝟔𝟔

 𝐞𝐞−𝐣𝐣(𝐑𝐑𝐚𝐚𝐑𝐑𝐚𝐚(𝟏𝟏.𝟗𝟗𝟓𝟓)+ 𝟏𝟏.𝟗𝟗𝟗𝟗°) 

ILOAD_1.2-2 =  𝟏𝟏. 𝟏𝟏𝟓𝟓𝟓𝟓∠ − 𝟏𝟏𝟏𝟏. 𝟔𝟔° p.u. 

 

Calculate the per unit voltage drop from the POI to the generator terminals at the assumed load flow: 

(16) VDROP_1.2-2 = ILOAD_1.2-2 *   𝐣𝐣 𝐙𝐙𝐆𝐆𝐒𝐒𝐆𝐆_𝐒𝐒𝐒𝐒𝐒𝐒_𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁 
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VDROP_1.2-2 = (𝟏𝟏.𝟏𝟏𝟓𝟓𝟓𝟓∠ − 𝟏𝟏𝟏𝟏.𝟔𝟔°) *  (𝟏𝟏.𝟏𝟏𝟓𝟓𝟗𝟗𝟓𝟓∠𝟗𝟗𝟏𝟏°) 

 
VDROP_1.2-2 =  𝟏𝟏.𝟏𝟏𝟏𝟏𝟓𝟓∠𝟏𝟏𝟏𝟏.𝟏𝟏° p.u. 

 

Calculate the per unit voltage drop at the generator terminals at the assumed load flow: 

(17) VGEN_1.2-2 = VPOI_1.2_pu + VDROP_1.2-2 

 VGEN_1.2-2 = (𝟏𝟏.𝟔𝟔∠𝟏𝟏°) +  (𝟏𝟏.𝟏𝟏𝟓𝟓∠𝟏𝟏𝟏𝟏.𝟏𝟏°) 

 VGEN_1.2-2 = 𝟏𝟏.𝟔𝟔𝟏𝟏𝟏𝟏∠𝟔𝟔.𝟏𝟏𝟏𝟏° p.u 

 

Calculate the power factor at the generator for 0.95 at the POI: 

(18) p.f.1.2-2 = cos (∠VGEN_1.2-2 - ∠ILOAD_1.2-2) 

 p.f.1.2-2 = cos(𝟔𝟔.𝟏𝟏𝟏𝟏° + 𝟏𝟏𝟏𝟏.𝟔𝟔°) 

 p.f.1.2-2 = 0.95 

VGEN= 1.213PU@2.04 

 

VDROP= 0.045PU@73.79 
 

Repeat the previous steps. The results for each step in this example are as follows: 

 

1.175 p.u. voltage 

 

Iteration 1: 

VPOI_1.175_pu = 1.175𝐞𝐞−𝐣𝐣𝟏𝟏° 

 

VPOI = 1.2PU@0 

 

IGEN = 0.755PU@-16.21 

mailto:1.213PU@2.04
mailto:0.045PU@73.79
mailto:0.755PU@-16.21
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ILOAD_1.175-1 =  𝟏𝟏. 𝟏𝟏𝟏𝟏𝟏𝟏∠ − 𝟏𝟏𝟏𝟏. 𝟔𝟔° p.u. 

VDROP_1.175-1 =  𝟏𝟏.𝟏𝟏𝟏𝟏𝟓𝟓∠𝟏𝟏𝟏𝟏.𝟏𝟏° p.u. 

VGEN_1.175-1 = 𝟏𝟏.𝟏𝟏𝟗𝟗∠𝟔𝟔.𝟏𝟏𝟏𝟏° p.u 

 p.f.1.175-1 = 0.938 

 

Iteration 2: 

 MVA1.175-2 = 159.5 MVA 

MVA1.175-2_pu = 0.906 p.u. 

ILOAD_1.175-2 =  𝟏𝟏. 𝟏𝟏𝟏𝟏𝟏𝟏∠ − 𝟏𝟏𝟏𝟏. 𝟏𝟏𝟔𝟔° p.u. 

VDROP_1.175-2 =  𝟏𝟏.𝟏𝟏𝟏𝟏𝟏𝟏∠𝟏𝟏𝟏𝟏.𝟏𝟏𝟏𝟏° p.u. 

 VGEN_1.175-2 = 𝟏𝟏.𝟏𝟏𝟏𝟏𝟗𝟗∠𝟔𝟔.𝟏𝟏𝟏𝟏° p.u 

 p.f.1.175-2 = 0.95 

 

1.15 p.u. voltage 

 

Iteration 1: 

VPOI_1.15_pu = 1.15𝐞𝐞−𝐣𝐣𝟏𝟏° 

ILOAD_1.15-1 =  𝟏𝟏. 𝟏𝟏𝟏𝟏𝟏𝟏∠ − 𝟏𝟏𝟏𝟏. 𝟔𝟔° p.u. 

VDROP_1.15-1 =  𝟏𝟏.𝟏𝟏𝟏𝟏𝟏𝟏∠𝟏𝟏𝟏𝟏.𝟏𝟏° p.u. 

VGEN_1.15-1 = 𝟏𝟏.𝟏𝟏𝟏𝟏𝟓𝟓∠𝟔𝟔.𝟏𝟏𝟏𝟏° p.u 

 p.f.1.15-1 = 0.938 
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Iteration 2: 

 MVA1.15-2 = 159.6 MVA 

MVA1.15-2_pu = 0.907 p.u. 

ILOAD_1.15-2 =  𝟏𝟏. 𝟏𝟏𝟏𝟏𝟏𝟏∠ − 𝟏𝟏𝟏𝟏. 𝟏𝟏𝟏𝟏° p.u. 

VDROP_1.15-2 =  𝟏𝟏.𝟏𝟏𝟏𝟏𝟏𝟏∠𝟏𝟏𝟏𝟏.𝟗𝟗𝟏𝟏° p.u. 
 

 VGEN_1.15-2 = 𝟏𝟏.𝟏𝟏𝟏𝟏𝟏𝟏∠𝟔𝟔.𝟔𝟔𝟔𝟔° p.u 

 p.f.1.15-2 = 0.95 

 

1.10 p.u. voltage 

 

Iteration 1: 

VPOI_1.1_pu = 1.10𝐞𝐞−𝐣𝐣𝟏𝟏° 

ILOAD_1.1-1 =  𝟏𝟏. 𝟏𝟏𝟏𝟏𝟏𝟏∠ − 𝟏𝟏𝟏𝟏. 𝟔𝟔° p.u. 

VDROP_1.1-1 =  𝟏𝟏.𝟏𝟏𝟏𝟏𝟏𝟏∠𝟏𝟏𝟏𝟏.𝟏𝟏° p.u. 

VGEN_1.1-1 = 𝟏𝟏.𝟏𝟏𝟏𝟏𝟏𝟏∠𝟔𝟔.𝟏𝟏𝟏𝟏° p.u 

 p.f.1.1-1 = 0.936 

 

Iteration 2: 

 MVA1.1-2 = 159.8 MVA 

MVA1.1-2_pu = 0.908 p.u. 

ILOAD_1.1-2 =  𝟏𝟏. 𝟏𝟏𝟔𝟔𝟓𝟓∠ − 𝟏𝟏𝟓𝟓. 𝟏𝟏𝟏𝟏° p.u. 

VDROP_1.1-2 =  𝟏𝟏.𝟏𝟏𝟏𝟏𝟗𝟗∠𝟏𝟏𝟏𝟏.𝟏𝟏𝟏𝟏° p.u. 
 

 VGEN_1.1-2 = 𝟏𝟏.𝟏𝟏𝟏𝟏𝟏𝟏∠𝟔𝟔.𝟏𝟏𝟏𝟏° p.u 

 p.f.1.1-2 = 0.95 
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0.90 p.u. voltage 

 

Iteration 1: 

VPOI_0.9_pu = 0.90𝐞𝐞−𝐣𝐣𝟏𝟏° 

ILOAD_0.9-1 =  𝟏𝟏. 𝟗𝟗𝟗𝟗𝟏𝟏∠ − 𝟏𝟏𝟏𝟏. 𝟔𝟔° p.u. 

VDROP_0.9-1 =  𝟏𝟏.𝟏𝟏𝟓𝟓𝟗𝟗∠𝟏𝟏𝟏𝟏.𝟏𝟏° p.u. 

VGEN_0.9-1 = 𝟏𝟏.𝟗𝟗𝟔𝟔∠𝟏𝟏.𝟓𝟓° p.u 

 p.f..0.9-1 = 0.929 

 

Iteration 2: 

 MVA0.9-2 = 161.0 MVA 

MVA0.9-2_pu = 0.915 p.u. 

ILOAD_0.9-2 =  𝟏𝟏. 𝟏𝟏𝟏𝟏𝟏𝟏∠ − 𝟏𝟏𝟏𝟏. 𝟏𝟏𝟗𝟗° p.u. 

VDROP_0.9-2 =  𝟏𝟏.𝟏𝟏𝟏𝟏𝟏𝟏∠𝟏𝟏𝟓𝟓.𝟏𝟏𝟏𝟏° p.u. 
 

 VGEN_0.9-2 = 𝟏𝟏.𝟗𝟗𝟏𝟏𝟏𝟏∠𝟏𝟏.𝟏𝟏𝟏𝟏° p.u 

 p.f.0.9-2 = 0.949 

 

0.75 p.u. voltage 

 

Iteration 1: 

VPOI_0.75_pu = 0.75𝐞𝐞−𝐣𝐣𝟏𝟏° 

ILOAD_0.75-1 =  𝟏𝟏. 𝟏𝟏𝟗𝟗𝟏𝟏∠ − 𝟏𝟏𝟏𝟏. 𝟔𝟔° p.u. 
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VDROP_0.75-1 =  𝟏𝟏.𝟏𝟏𝟏𝟏𝟏𝟏∠𝟏𝟏𝟏𝟏.𝟏𝟏° p.u. 

VGEN_0.75-1 = 𝟏𝟏.𝟏𝟏𝟏𝟏𝟓𝟓∠𝟏𝟏.𝟗𝟗𝟗𝟗° p.u 

 p.f..0.75-1 = 0.919 

 

Iteration 2: 

 MVA0.75-2 = 162.7 MVA 

MVA0.75-2_pu = 0.925 p.u. 

ILOAD_0.75-2 =  𝟏𝟏. 𝟔𝟔𝟏𝟏𝟏𝟏∠ − 𝟏𝟏𝟏𝟏. 𝟔𝟔° p.u. 

VDROP_0.75-2 =  𝟏𝟏.𝟏𝟏𝟏𝟏𝟏𝟏∠𝟏𝟏𝟏𝟏.𝟏𝟏° p.u. 
 

 VGEN_0.75-2 = 𝟏𝟏.𝟏𝟏𝟏𝟏∠𝟓𝟓.𝟏𝟏𝟔𝟔° p.u 

 p.f.0.75-2 = 0.948 

 

0.65 p.u. voltage 

 

Iteration 1: 

VPOI_0.65_pu = 0.65𝐞𝐞−𝐣𝐣𝟏𝟏° 

ILOAD_0.65-1 =  𝟏𝟏. 𝟏𝟏𝟏𝟏𝟏𝟏∠ − 𝟏𝟏𝟏𝟏. 𝟔𝟔° p.u. 

VDROP_0.65-1 =  𝟏𝟏.𝟏𝟏𝟏𝟏𝟔𝟔∠𝟏𝟏𝟏𝟏.𝟏𝟏° p.u. 

VGEN_0.65-1 = 𝟏𝟏.𝟏𝟏𝟏𝟏∠𝟏𝟏.𝟓𝟓𝟏𝟏° p.u 

 p.f..0.65-1 = 0.908 

 

Iteration 2: 

 MVA0.65-2 = 164.8 MVA 

MVA0.65-2_pu = 0.936 p.u. 
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ILOAD_0.65-2 =  𝟏𝟏. 𝟏𝟏𝟏𝟏∠ − 𝟏𝟏𝟏𝟏. 𝟏𝟏𝟔𝟔° p.u. 

VDROP_0.65-2 =  𝟏𝟏.𝟏𝟏𝟏𝟏𝟏𝟏∠𝟏𝟏𝟏𝟏.𝟏𝟏𝟏𝟏° p.u. 
 

 VGEN_0.65-2 = 𝟏𝟏.𝟏𝟏𝟏𝟏𝟏𝟏∠𝟏𝟏.𝟏𝟏𝟏𝟏° p.u 

 p.f.0.65-2 = 0.947 

 

0.45 p.u. voltage 

 

Iteration 1: 

VPOI_0.45_pu = 0.45𝐞𝐞−𝐣𝐣𝟏𝟏° 

ILOAD_0.45-1 =  𝟏𝟏. 𝟗𝟗𝟏𝟏𝟏𝟏∠ − 𝟏𝟏𝟏𝟏. 𝟔𝟔° p.u. 

VDROP_0.45-1 =  𝟏𝟏.𝟏𝟏𝟏𝟏𝟏𝟏∠𝟏𝟏𝟏𝟏.𝟏𝟏° p.u. 

VGEN_0.45-1 = 𝟏𝟏.𝟓𝟓∠𝟏𝟏𝟏𝟏.𝟏𝟏° p.u 

 p.f..0.45-1 = 0.855 

 

 

 

 

 

VGEN = 0.500PU@13.00 

mailto:0.500PU@13.00
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Iteration 2: 

 MVA0.45-2 = 179.9 MVA 

MVA0.45-2_pu = 0.994 p.u. 

ILOAD_0.45-2 =  𝟔𝟔. 𝟔𝟔𝟏𝟏𝟏𝟏∠ − 𝟓𝟓. 𝟏𝟏𝟗𝟗° p.u. 

VDROP_0.45-2 =  𝟏𝟏.𝟏𝟏𝟏𝟏𝟏𝟏∠𝟏𝟏𝟏𝟏.𝟏𝟏𝟏𝟏° p.u. 
 

 VGEN_0.45-2 = 𝟏𝟏.𝟏𝟏𝟏𝟏∠𝟏𝟏𝟓𝟓.𝟏𝟏𝟔𝟔° p.u 

 p.f.0.45-2 = 0.933 

 

VGEN= 0.480PU@15.82 

 
 

 

 

Convert each voltage ride-through value to the generator VT secondary voltage seen by the relay: 

VDROP = 
0.188PU@71.81 

  

IGEN = 1.988PU@-
 

VDROP= 0.131PU@841.81 

VPOI = 
 IGEN= 2.208PU@-5.19 

mailto:0.480PU@15.82
mailto:0.188PU@71.81
mailto:1.988PU@-18.19
mailto:1.988PU@-18.19
mailto:0.131PU@841.81
mailto:2.208PU@-5.19
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VGEN_1.2_SEC = 𝐌𝐌𝐆𝐆𝐁𝐁𝐆𝐆_𝟏𝟏.𝟔𝟔.𝟔𝟔∗𝐑𝐑𝐌𝐌𝐓𝐓𝐑𝐑𝐑𝐑𝐓𝐓𝐑𝐑𝐑𝐑_𝐆𝐆𝐁𝐁𝐆𝐆∗𝐤𝐤𝐌𝐌𝐆𝐆𝐁𝐁𝐆𝐆_𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁
𝐌𝐌𝐓𝐓𝐑𝐑𝐆𝐆𝐁𝐁𝐆𝐆

 

VGEN_1.2_SEC = 𝟏𝟏.𝟔𝟔𝟏𝟏𝟏𝟏∗𝟏𝟏.𝟗𝟗𝟏𝟏𝟔𝟔∗𝟏𝟏𝟏𝟏 𝒌𝒌𝒌𝒌
𝟏𝟏𝟏𝟏𝟏𝟏

 

VGEN_1.2_SEC = 133.38 V 

 

Using this formula, calculate the relay secondary voltage for each remaining step on the graph in 

Attachment 2: 

 

VGEN_1.175_SEC = 130.66 V 

VGEN_1.15_SEC = 127.94 V 

VGEN_1.1_SEC = 122.51 V 

VGEN_0.9_SEC = 100.83 V 

VGEN_0.75_SEC = 84.66 V 

VGEN_0.65_SEC = 73.93 V 

VGEN_0.45_SEC = 52.78 V 
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Undervoltage settings 

 

Assume one level of undervoltage element is set to trip with a pickup of 102.9 V and a time delay of 60 

cycles: 
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Example Calculations: Thompson Method 

 

 

The required voltage ride-through limits as shown in Attachment 2 of PRC-024 are given in per unit 
voltage at the point of interconnection (POI) on the high side of the GSU. The voltage transformer 
(VT) providing the signal to the voltage relay is located at the generator terminals. In order to 
validate compliance with PRC-024, the required system voltage at the POI has to be reflected to the 
generator terminals and account for the voltage drop across the GSU at the actual tapped ratio.. 

 

Calculate the generator real power output (MWGEN): 

 

(1) MWGEN = MVAGEN_BASE * p.f.GEN 

MWGEN = 176 MVA * 0.85 

MWGEN = 149.6 MW 

 

 

Calculate the nominal generator VT secondary voltage (VSEC): 

 

(2) VSEC = kVGEN_BASE 
VTRGEN

 

VSEC = 16 kV
140

 

VSEC = 114.29 V 

 
Calculate the GSU transformer base turns ratio (GSURATIO): 
 
 
(3) GSURATIO = 𝐤𝐤𝐌𝐌𝐆𝐆𝐒𝐒𝐆𝐆_𝐇𝐇𝐒𝐒

𝐤𝐤𝐌𝐌𝐆𝐆𝐒𝐒𝐆𝐆_𝐋𝐋𝐒𝐒
 

 
GSURATIO = 𝟏𝟏𝟏𝟏𝟏𝟏 𝐤𝐤𝐌𝐌

𝟏𝟏𝟓𝟓 𝐤𝐤𝐌𝐌
 

 
GSURATIO = 9.2 
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Calculate the GSU transformer impedance on the generator base (ZGSU_GBASE): 
 

(4) ZGSU_GBASE = ZGSU * �𝐌𝐌𝐌𝐌𝐌𝐌𝐆𝐆𝐁𝐁𝐆𝐆_𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁
𝐌𝐌𝐌𝐌𝐌𝐌𝐆𝐆𝐒𝐒𝐆𝐆_𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁

� * � 𝐤𝐤𝐌𝐌𝐆𝐆𝐒𝐒𝐆𝐆_𝐋𝐋𝐒𝐒
𝐤𝐤𝐌𝐌𝐆𝐆𝐁𝐁𝐆𝐆_𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁

�
𝟔𝟔

 

 

ZGSU_GBASE = 10.12% * �𝟏𝟏𝟏𝟏𝟏𝟏 𝐌𝐌𝐌𝐌𝐌𝐌
𝟏𝟏𝟏𝟏𝟏𝟏 𝐌𝐌𝐌𝐌𝐌𝐌

� * �𝟏𝟏𝟓𝟓 𝐤𝐤𝐌𝐌
𝟏𝟏𝟏𝟏 𝐤𝐤𝐌𝐌

�
𝟔𝟔

 
 

ZGSU_GBASE = 9.21% 
 
 

Calculate the ratio of the generator base to system base using the GSU current no-load tap setting: 
 
(5) RatioSYS_GEN =   𝐤𝐤𝐌𝐌𝐒𝐒𝐒𝐒𝐒𝐒_𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁 

𝐤𝐤𝐌𝐌𝐆𝐆𝐁𝐁𝐆𝐆_𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁
     (6) RatioGSU =  𝐤𝐤𝐌𝐌𝐆𝐆𝐒𝐒𝐆𝐆_𝐓𝐓𝐌𝐌𝐓𝐓

𝐤𝐤𝐌𝐌𝐆𝐆𝐒𝐒𝐆𝐆_𝐋𝐋𝐒𝐒
  (7) RatioPOI_GEN = 𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐒𝐒𝐒𝐒𝐒𝐒_𝐆𝐆𝐁𝐁𝐆𝐆

𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐆𝐆𝐒𝐒𝐆𝐆
 

 
      RatioSYS_GEN =  

𝟏𝟏𝟏𝟏𝟏𝟏 𝐤𝐤𝐌𝐌  
𝟏𝟏𝟏𝟏 𝐤𝐤𝐌𝐌

        RatioGSU = 𝟏𝟏𝟏𝟏𝟏𝟏.𝟓𝟓 𝐤𝐤𝐌𝐌  
𝟏𝟏𝟓𝟓 𝐤𝐤𝐌𝐌

       RatioPOI_GEN = 𝟏𝟏.𝟗𝟗𝟏𝟏𝟏𝟏 
𝟏𝟏.𝟏𝟏𝟔𝟔𝟓𝟓

 
 
      RatioSYS_GEN = 8.625        RatioGSU = 8.967        RatioPOI_GEN = 1.04 
 
 
 
Calculate the generator power at 0.95 load power factor (MVALOAD) using the value of MWGEN from Eq. 
1: 
 
(8) MVALOAD =  𝐌𝐌𝐌𝐌𝐆𝐆𝐁𝐁𝐆𝐆

𝟏𝟏.𝟗𝟗𝟓𝟓
 

 
MVALOAD =  𝟏𝟏𝟏𝟏𝟗𝟗.𝟏𝟏 𝐌𝐌𝐌𝐌

𝟏𝟏.𝟗𝟗𝟓𝟓
   

 
MVALOAD = 157.5 MVA 

 
 
 
Convert MVALOAD from Eq. 8 to per unit on the generator base (MVALOAD_pu): 
 
(9) MVALOAD_pu =  𝐌𝐌𝐌𝐌𝐌𝐌𝐋𝐋𝐑𝐑𝐌𝐌𝐋𝐋

𝐌𝐌𝐌𝐌𝐌𝐌𝐆𝐆𝐁𝐁𝐆𝐆_𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁
 

 
MVALOAD_pu =  𝟏𝟏𝟓𝟓𝟏𝟏.𝟓𝟓 𝐌𝐌𝐌𝐌𝐌𝐌

𝟏𝟏𝟏𝟏𝟏𝟏 𝐌𝐌𝐌𝐌𝐌𝐌
  

 
MVALOAD_pu = 0.895 p.u. 
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Under Voltage Settings 
 
Assume one level of under voltage set to trip with a pickup of 102.9 V and a time delay of 60 cycles.  
 
 
Calculate the under voltage pickup (UV27_pu) for 90% of Vsec from Eq. 1 in per unit: 
 
(10) V27_pu =   𝟏𝟏.𝟗𝟗∗𝐌𝐌𝐚𝐚𝐞𝐞𝐚𝐚

𝐌𝐌𝐚𝐚𝐞𝐞𝐚𝐚
 

 
V27_pu =  𝟏𝟏.𝟗𝟗∗𝟏𝟏𝟏𝟏𝟏𝟏.𝟔𝟔𝟗𝟗 𝐌𝐌

𝟏𝟏𝟏𝟏𝟏𝟏.𝟔𝟔𝟗𝟗 𝐌𝐌
  

 
V27_pu = 0.9 p.u. 

 
 
Calculate the generator load current (ILOAD_27) at the rated generator MW output with 0.95 lagging 
power factor (Eq. 9) for the generator terminal voltage at the relay under voltage set point (Eq. 10):  
 
(11) ILOAD_27 =  𝐌𝐌𝐌𝐌𝐌𝐌𝐋𝐋𝐑𝐑𝐌𝐌𝐋𝐋_𝐩𝐩𝐩𝐩 

𝐌𝐌𝟔𝟔𝟏𝟏_𝐩𝐩𝐩𝐩
 𝐞𝐞−𝐣𝐣 𝐑𝐑𝐚𝐚𝐑𝐑𝐚𝐚(𝟏𝟏.𝟗𝟗𝟓𝟓) 

 
ILOAD_27 =  𝟏𝟏.𝟏𝟏𝟗𝟗𝟓𝟓

𝟏𝟏.𝟗𝟗
𝐞𝐞−𝐣𝐣 𝐑𝐑𝐚𝐚𝐑𝐑𝐚𝐚(𝟏𝟏.𝟗𝟗𝟓𝟓) 

 
ILOAD_27 = 0.994 - j0.3103 

 
ILOAD_27 = 0.994∠-18.2° p.u. 
 
 

Calculate the per unit voltage drop across the GSU (VDROP_27) at the rated generator MW output with a 
0.95 lagging power factor: 
 
(12) VDROP_27 = ILOAD_27 *   𝐣𝐣 𝐙𝐙𝐆𝐆𝐒𝐒𝐆𝐆_𝐆𝐆𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁 
 

VDROP_27 = (𝟏𝟏.𝟗𝟗𝟗𝟗𝟏𝟏∠ − 𝟏𝟏𝟏𝟏.𝟔𝟔°) *  (𝟏𝟏.𝟏𝟏𝟗𝟗𝟔𝟔𝟏𝟏∠𝟗𝟗𝟏𝟏°) 
 

VDROP_27 = 𝟏𝟏.𝟏𝟏𝟗𝟗𝟔𝟔∠𝟏𝟏𝟏𝟏.𝟏𝟏𝟏𝟏° p.u. 
 
 
 
Calculate the per unit voltage at the POI (VPOI_27) for the rated generator MW output with 0.95 lagging 
power factor: 
 
(13) VPOI_27 = 𝐌𝐌𝐚𝐚𝐞𝐞𝐚𝐚 - 𝐌𝐌𝐋𝐋𝐑𝐑𝐑𝐑𝐓𝐓_𝟔𝟔𝟏𝟏 



 

 
NERC | PRC-024-2 Implementation Guidance | March, 2017 27 27 

 
VPOI_27 = 0.9 p.u. – (0.0286 + j0.0869) p.u. 

 
VPOI_27 = 0.8714 p.u. + j0.0869 p.u. 

 
VPOI_27 = 𝟏𝟏.𝟏𝟏𝟏𝟏𝟏𝟏∠ − 𝟓𝟓.𝟏𝟏𝟗𝟗° p.u. 

 
 
Project the voltage element setting (VPOI_27_SET) from the generator terminals to the POI accounting for 
the voltage drop across the GSU: 
 
(14) VPOI_27_SET = |VPOI_27 | * RatioPOI_GEN  
 
 VPOI_27_SET = 0.876 * 1.04  
  
 VPOI_27_SET = 0.911 p.u. 
 
 
Plotting these results on the chart from Attachment 2 in Figure XX, it can be seen that this setting lies 
within the ‘No Trip’ zone and would not be compliant with PRC-024-2. 

 
 

Figure XX 
 
Over Voltage Settings  
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Assume one level of over voltage set with a pickup of 125.7 V and a time delay of 1800 cycles. 
 
Now, calculate the overvoltage pickup of 110% of Vsec in per unit (V59_pu): 
 
(15) V59_pu =   𝟏𝟏.𝟏𝟏∗𝐌𝐌𝐚𝐚𝐞𝐞𝐚𝐚

𝐌𝐌𝐚𝐚𝐞𝐞𝐚𝐚
 

 
V59_pu =  𝟏𝟏.𝟏𝟏∗𝟏𝟏𝟏𝟏𝟏𝟏.𝟔𝟔𝟗𝟗 𝐌𝐌

𝟏𝟏𝟏𝟏𝟏𝟏.𝟔𝟔𝟗𝟗 𝐌𝐌
  

 
V59_pu = 1.1 p.u. 

 
 
Using results from Eq. 9 to calculate the load current at rated MW output with 0.95 lagging power 
factor (ILOAD_59) for generator terminal voltage at the relay overvoltage set point: 
 
(16) ILOAD_59 =  𝐌𝐌𝐌𝐌𝐌𝐌𝐋𝐋𝐑𝐑𝐌𝐌𝐋𝐋_𝐩𝐩𝐩𝐩 

𝐑𝐑𝐌𝐌𝐩𝐩𝐩𝐩
 𝐞𝐞𝐣𝐣 𝐑𝐑𝐚𝐚𝐑𝐑𝐚𝐚(𝟏𝟏.𝟗𝟗𝟓𝟓) 

 
ILOAD_59 =  𝟏𝟏.𝟏𝟏𝟗𝟗𝟓𝟓

𝟏𝟏.𝟏𝟏
𝐞𝐞𝐣𝐣 𝐑𝐑𝐚𝐚𝐑𝐑𝐚𝐚(𝟏𝟏.𝟗𝟗𝟓𝟓) 

 
ILOAD_59 = 0.773 + j0.254 

 
ILOAD_59 = 0.813∠18.2° p.u. 
 

Calculate the per unit voltage drop across the GSU at the rated generator MW output at a 0.95 lagging 
power factor (VDROP_59): 
 
(17) VDROP_59 =  𝐑𝐑𝐋𝐋𝐑𝐑𝐌𝐌𝐋𝐋_𝟓𝟓𝟗𝟗 *   𝐣𝐣 𝐙𝐙𝐆𝐆𝐒𝐒𝐆𝐆_𝐆𝐆𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁 
 

VDROP_59 = (𝟏𝟏.𝟏𝟏𝟏𝟏𝟏𝟏∠𝟏𝟏𝟏𝟏.𝟔𝟔°) *  (𝟏𝟏.𝟏𝟏𝟗𝟗𝟔𝟔𝟏𝟏∠𝟗𝟗𝟏𝟏°) 
 

VDROP_59 = 𝟏𝟏.𝟏𝟏𝟏𝟏𝟓𝟓∠𝟏𝟏𝟏𝟏𝟏𝟏.𝟔𝟔° p.u. 
 
 
 
Calculate the per unit voltage at the POI at rated MW output with 0.95 lagging power factor (VPOI_59): 
 
(18) VPOI_59 = 𝐌𝐌𝐚𝐚𝐞𝐞𝐚𝐚 - 𝐌𝐌𝐋𝐋𝐑𝐑𝐑𝐑𝐓𝐓_𝟓𝟓𝟗𝟗 
 

VPOI_59 = 1.1 p.u. – (-0.0234 + j0.0712) p.u. 
 

VPOI_59 = 1.123 p.u. - j0.071 p.u. 
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VPOI_59 = 𝟏𝟏.𝟏𝟏𝟔𝟔𝟏𝟏∠ − 𝟏𝟏.𝟏𝟏𝟔𝟔𝟓𝟓° p.u. 
 
 
Project the voltage element setting (VPOI_59_SET) from the generator terminals to the POI accounting for 
the voltage drop across the GSU: 
 
(19) VPOI_59_SET = |VPOI_59 | * RatioPOI_GEN  
 
 VPOI_59_SET = 1.126 * 1.04  
  
 VPOI_59_SET = 1.17 p.u. 
 
  
 
 

 
 
Volts/Hertz Setting 
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Example Calculations: Hataway Method 

 

 
This is an iterative method that has its basis in PRC-025-1, Option 1b and begins with the per unit 
voltage at the POI and reflects it to the generator terminals. The voltage calculated at the generator 
terminals is used to select the setting for the voltage relays rather than check an existing setting. 
 
 
Calculate Real Power output (MWGEN): 
 
(XX) MWGEN = MVAGEN_BASE * p.f.GEN 

 
MWGEN = 176 MVA * 0.85 

 
MWGEN = 149.6 MVA 

 
 
Calculate Reactive Power Output (MVArGEN): 
 
(XX) MVArGEN = MWGEN * tan (cos-1(0.95)) 
 

MVArGEN = 149.6 MW * tan (18.2°) 
 

MVArGEN = 49.17 MVAr 
 
 
 
Convert the generator power output during system disturbance into the desired per unit base:  
 
 
(XX) MVAGEN_pu = 𝐌𝐌𝐌𝐌𝐆𝐆𝐁𝐁𝐆𝐆

𝐌𝐌𝐌𝐌𝐌𝐌𝐒𝐒𝐒𝐒𝐒𝐒_𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁
 + j 𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐆𝐆𝐁𝐁𝐆𝐆

𝐌𝐌𝐌𝐌𝐌𝐌𝐒𝐒𝐒𝐒𝐒𝐒_𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁
 

 
MVAGEN_pu = 𝟏𝟏𝟏𝟏𝟗𝟗.𝟏𝟏 𝐌𝐌𝐌𝐌

𝟏𝟏𝟏𝟏𝟏𝟏 𝐌𝐌𝐌𝐌𝐌𝐌
 + j 𝟏𝟏𝟗𝟗.𝟏𝟏𝟏𝟏 𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐌

𝟏𝟏𝟏𝟏𝟏𝟏 𝐌𝐌𝐌𝐌𝐌𝐌
 

 
MVAGEN_pu = 1.496 p.u. + j 0.4917 p.u. 
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Convert the GSU reactance into desired ohmic value in per unit (ZGSU_pu): 
 
 
(XX) ZGSU_pu = ZGSU * �𝐌𝐌𝐌𝐌𝐌𝐌𝐒𝐒𝐒𝐒𝐒𝐒_𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁

𝐌𝐌𝐌𝐌𝐌𝐌𝐆𝐆𝐒𝐒𝐆𝐆_𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁
� 

 
ZGSU_pu = 10.12% * �𝟏𝟏𝟏𝟏𝟏𝟏 𝐌𝐌𝐌𝐌𝐌𝐌

𝟏𝟏𝟏𝟏𝟏𝟏 𝐌𝐌𝐌𝐌𝐌𝐌
� 

 
ZGSU_pu = 0.0595 𝛀𝛀𝐩𝐩𝐩𝐩 

 
 
Calculate kVLOW_BASE to account for the difference between kVSYS_BASE and kVGSU_TAP: 
 
(XX) kVLOW_BASE = kVSYS_BASE * �𝐤𝐤𝐌𝐌𝐆𝐆𝐁𝐁𝐆𝐆_𝐁𝐁𝐌𝐌𝐒𝐒𝐁𝐁

𝐤𝐤𝐌𝐌𝐆𝐆𝐒𝐒𝐆𝐆_𝐓𝐓𝐌𝐌𝐓𝐓
� 

 
kVLOW_BASE = 138 kV * � 𝟏𝟏𝟓𝟓 𝐤𝐤𝐌𝐌

𝟏𝟏𝟏𝟏𝟏𝟏.𝟓𝟓 𝐤𝐤𝐌𝐌
� 

 
kVLOW_BASE = 15.39 kV 

 
 
Calculations for UV Values 
 
Using the formulas below, calculate the generator voltage (kVLOW_pu) for each high-side voltage (kVPOI 

pu) from the Voltage Ride-through Time Duration Curve in Attachment 2. 
 
Set the initial value of kVLOW_pu to 0.9 p.u. and repeat calculations until kVLOW_pu converges with a 
difference of less than 1% between iterations: 
 
 
 

(XX) 𝛉𝛉𝐋𝐋𝐌𝐌 = 𝐚𝐚𝐑𝐑𝐬𝐬−𝟏𝟏 � 𝐌𝐌𝐌𝐌𝐆𝐆𝐁𝐁𝐆𝐆∗|𝐙𝐙𝐆𝐆𝐒𝐒𝐆𝐆_𝐩𝐩𝐩𝐩|
|𝐤𝐤𝐌𝐌𝐋𝐋𝐑𝐑𝐌𝐌 𝐩𝐩𝐩𝐩|∗|𝐤𝐤𝐌𝐌𝐓𝐓𝐑𝐑𝐑𝐑 𝐩𝐩𝐩𝐩|

� 

 

(XX) |kVLOW pu| = 
|𝐤𝐤𝐌𝐌𝐓𝐓𝐑𝐑𝐑𝐑 𝐩𝐩𝐩𝐩|∗𝐚𝐚𝐑𝐑𝐚𝐚 (𝛉𝛉𝐋𝐋𝐌𝐌𝐱𝐱)± �|𝐤𝐤𝐌𝐌𝐓𝐓𝐑𝐑𝐑𝐑 𝐩𝐩𝐩𝐩|𝟔𝟔∗ 𝐚𝐚𝐑𝐑𝐚𝐚𝟔𝟔�𝚯𝚯𝐋𝐋𝐌𝐌_𝐱𝐱�+𝟏𝟏∗ 𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐆𝐆𝐁𝐁𝐆𝐆 𝐩𝐩𝐩𝐩∗𝐙𝐙𝐆𝐆𝐒𝐒𝐆𝐆_𝐩𝐩𝐩𝐩 

𝟔𝟔
 

 
(XX) %Δx-y =  

kVLOW_pu_x− kVLOW_pu_y

VLOW_pu_y
  

 
 
Using the above equations with kVLOW pu_1 = 0.9, calculate iteratively until %Δ < 1.0%: 
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𝛉𝛉𝐋𝐋𝐌𝐌_𝟏𝟏 = 𝐚𝐚𝐑𝐑𝐬𝐬−𝟏𝟏 � 𝐌𝐌𝐌𝐌𝐆𝐆𝐁𝐁𝐆𝐆∗|𝐙𝐙𝐆𝐆𝐒𝐒𝐆𝐆_𝐩𝐩𝐩𝐩|
|𝐤𝐤𝐌𝐌𝐥𝐥𝐑𝐑𝐥𝐥 𝐩𝐩𝐩𝐩_𝟏𝟏|∗|𝐤𝐤𝐌𝐌𝐓𝐓𝐑𝐑𝐑𝐑 𝐩𝐩𝐩𝐩|

� 

 
𝛉𝛉𝐋𝐋𝐌𝐌_𝟏𝟏 = 𝐚𝐚𝐑𝐑𝐬𝐬−𝟏𝟏 �𝟏𝟏.𝟏𝟏𝟗𝟗𝟏𝟏∗𝟏𝟏.𝟏𝟏𝟓𝟓𝟗𝟗𝟓𝟓

𝟏𝟏.𝟗𝟗∗𝟏𝟏.𝟗𝟗
� 

 
𝛉𝛉𝐋𝐋𝐌𝐌_𝟏𝟏 = 6.312° 
 
 

|kVLOW pu_2| = 
|𝐤𝐤𝐌𝐌𝐓𝐓𝐑𝐑𝐑𝐑 𝐩𝐩𝐩𝐩|∗𝐚𝐚𝐑𝐑𝐚𝐚(𝛉𝛉𝐋𝐋𝐌𝐌𝟏𝟏)± �|𝐤𝐤𝐌𝐌𝐓𝐓𝐑𝐑𝐑𝐑 𝐩𝐩𝐩𝐩|𝟔𝟔∗ 𝐚𝐚𝐑𝐑𝐚𝐚𝟔𝟔�𝚯𝚯𝐋𝐋𝐌𝐌_𝟏𝟏�+𝟏𝟏∗ 𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐆𝐆𝐁𝐁𝐆𝐆 𝐩𝐩𝐩𝐩∗𝐙𝐙𝐆𝐆𝐒𝐒𝐆𝐆_𝐩𝐩𝐩𝐩 

𝟔𝟔
 

 

|kVLOW pu_2| = 𝟏𝟏.𝟗𝟗 ∗𝐚𝐚𝐑𝐑𝐚𝐚 (𝟏𝟏.𝟏𝟏𝟏𝟏𝟔𝟔)± �(𝟏𝟏.𝟗𝟗)𝟔𝟔∗ 𝐚𝐚𝐑𝐑𝐚𝐚𝟔𝟔(𝟏𝟏.𝟏𝟏𝟏𝟏𝟔𝟔)+𝟏𝟏∗ 𝟏𝟏.𝟏𝟏𝟗𝟗𝟏𝟏𝟏𝟏∗𝟏𝟏.𝟏𝟏𝟓𝟓𝟗𝟗𝟓𝟓 
𝟔𝟔

 
 
|kVLOW pu_2| = 0.926 Vpu 

 

 

 

𝛉𝛉𝐋𝐋𝐌𝐌_𝟔𝟔 = 𝐚𝐚𝐑𝐑𝐬𝐬−𝟏𝟏 � 𝐌𝐌𝐌𝐌𝐆𝐆𝐁𝐁𝐆𝐆∗|𝐙𝐙𝐆𝐆𝐒𝐒𝐆𝐆_𝐩𝐩𝐩𝐩|
|𝐤𝐤𝐌𝐌𝐥𝐥𝐑𝐑𝐥𝐥 𝐩𝐩𝐩𝐩_𝟔𝟔|∗|𝐤𝐤𝐌𝐌𝐓𝐓𝐑𝐑𝐑𝐑 𝐩𝐩𝐩𝐩|

� 

 
𝛉𝛉𝐋𝐋𝐌𝐌_𝟔𝟔 = 𝐚𝐚𝐑𝐑𝐬𝐬−𝟏𝟏 �𝟏𝟏.𝟏𝟏𝟗𝟗𝟏𝟏∗𝟏𝟏.𝟏𝟏𝟓𝟓𝟗𝟗𝟓𝟓

𝟏𝟏.𝟗𝟗𝟔𝟔𝟏𝟏∗𝟏𝟏.𝟗𝟗
� 

 
𝛉𝛉𝐋𝐋𝐌𝐌_𝟔𝟔 = 6.133° 
 
 
 
Check value of kVLOW_pu for convergence: 
 
%Δ1-2 =  

kVLOW pu 1− kVLOW pu 2

VLow pu 2
 

 
%Δ1-2 =  0.9 −0.926

0..926
 

 
%Δ1-2 = 2.9% 
 
 
 
Since %Δ is greater than 1%, substitute 0.926 kVpu for kVLOW pu_3 in the next iteration: 
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|kVLOW pu_3| = 
|𝐤𝐤𝐌𝐌𝐓𝐓𝐑𝐑𝐑𝐑 𝐩𝐩𝐩𝐩|∗𝐚𝐚𝐑𝐑𝐚𝐚(𝛉𝛉𝑳𝑳𝒌𝒌_𝟔𝟔)± �|𝐤𝐤𝐌𝐌𝐓𝐓𝐑𝐑𝐑𝐑 𝐩𝐩𝐩𝐩|𝟔𝟔∗ 𝐚𝐚𝐑𝐑𝐚𝐚𝟔𝟔�𝚯𝚯𝐋𝐋𝐌𝐌_𝟔𝟔�+𝟏𝟏∗ 𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐆𝐆𝐁𝐁𝐆𝐆 𝐩𝐩𝐩𝐩∗𝐙𝐙𝐆𝐆𝐒𝐒𝐆𝐆_𝐩𝐩𝐩𝐩 

𝟔𝟔
 

 

|kVLOW pu_3| = 𝟏𝟏.𝟗𝟗 ∗𝐚𝐚𝐑𝐑𝐚𝐚 (𝟏𝟏.𝟏𝟏𝟏𝟏𝟏𝟏)± �(𝟏𝟏.𝟗𝟗)𝟔𝟔∗ 𝐚𝐚𝐑𝐑𝐚𝐚𝟔𝟔(𝟏𝟏.𝟏𝟏𝟏𝟏𝟏𝟏)+𝟏𝟏∗ 𝟏𝟏.𝟏𝟏𝟗𝟗𝟏𝟏𝟏𝟏∗𝟏𝟏.𝟏𝟏𝟓𝟓𝟗𝟗𝟓𝟓 
𝟔𝟔

 
 
|kVLOW pu_3| = 0.926 Vpu 
 
 
 

𝛉𝛉𝐋𝐋𝐌𝐌_𝟏𝟏 = 𝐚𝐚𝐑𝐑𝐬𝐬−𝟏𝟏 � 𝐌𝐌𝐌𝐌𝐆𝐆𝐁𝐁𝐆𝐆∗|𝐙𝐙𝐆𝐆𝐒𝐒𝐆𝐆_𝐩𝐩𝐩𝐩|
|𝐤𝐤𝐌𝐌𝐥𝐥𝐑𝐑𝐥𝐥 𝐩𝐩𝐩𝐩_𝟏𝟏|∗|𝐤𝐤𝐌𝐌𝐓𝐓𝐑𝐑𝐑𝐑 𝐩𝐩𝐩𝐩|

� 

 
𝛉𝛉𝐋𝐋𝐌𝐌_𝟏𝟏 = 𝐚𝐚𝐑𝐑𝐬𝐬−𝟏𝟏 �𝟏𝟏.𝟏𝟏𝟗𝟗𝟏𝟏∗𝟏𝟏.𝟏𝟏𝟓𝟓𝟗𝟗𝟓𝟓

𝟏𝟏.𝟗𝟗𝟔𝟔𝟏𝟏∗𝟏𝟏.𝟗𝟗
� 

 
𝛉𝛉𝐋𝐋𝐌𝐌_𝟏𝟏 = 6.131° 
 
 
 
Check value of kVLOW_pu for convergence: 
 
%Δ2-3 =  

Vlow pu 2− Vlow pu 3

Vlow pu 3
 

 
%Δ2-3 =  0.926 −0.926

0.926
 

 
%Δ2-3 = 0% 
 
 
 
 %Δ is less than 1% so iteration is complete. Convert kVLOW pu to generator voltage base: 
 
 
kVGEN_0.9pu = kVLOW pu_3 * kVLOW_BASE 
 
kVGEN_0.9pu = 0.926 p.u. * 15.39 kV 
 
kVGEN_0.9pu = 14.25 kV 
 
 
Repeat the calculations for each step in the undervoltage curve (0.75, 0.65, and 0.45 p.u.): 
 
 



 

 
NERC | PRC-024-2 Implementation Guidance | March, 2017 34 34 

0.75 p.u. 
 
Iteration 1: 
 
kVLOW pu_1 = 0.75 p.u. 
𝛉𝛉𝐋𝐋𝐌𝐌_𝟏𝟏 = 9.109° 
 
Iteration 2: 
 
|kVLOW pu_2| = 0.778 Vpu 

𝛉𝛉𝐋𝐋𝐌𝐌_𝟔𝟔 = 8.777° 
%Δ1-2 = 2.9% 
 
Iteration 3: 
 
|kVLOW pu_3| = 0.779 Vpu 
𝛉𝛉𝐋𝐋𝐌𝐌_𝟏𝟏 = 8.77° 
%Δ2-3 = 0.08% 
 
kVGEN_0.75pu = 11.99 kV 
 
 
0.65 p.u. 
 
Iteration 1: 
 
kVLOW pu_1 = 0.65 p.u. 
𝛉𝛉𝐋𝐋𝐌𝐌_𝟏𝟏 = 12.168° 
 
Iteration 2: 
 
|kVLOW pu_2| = 0.679 Vpu 

𝛉𝛉𝐋𝐋𝐌𝐌_𝟔𝟔 = 11.649° 
%Δ1-2 = 4.4% 
 
Iteration 3: 
 
|kVLOW pu_3| = 0.68 Vpu 
𝛉𝛉𝐋𝐋𝐌𝐌_𝟏𝟏 = 11.629° 
%Δ2-3 = 0.17% 
 
kVGEN_0.75pu = 10.47 kV 
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0.45 p.u. 
 
Iteration 1: 
 
kVLOW pu_1 = 0.45 p.u. 
𝛉𝛉𝐋𝐋𝐌𝐌_𝟏𝟏 = 26.09° 
 
Iteration 2: 
 
|kVLOW pu_2| = 0.467 Vpu 

𝛉𝛉𝐋𝐋𝐌𝐌_𝟔𝟔 = 25.082° 
%Δ1-2 = 3.7% 
 
Iteration 3: 
 
|kVLOW pu_3| = 0.47 Vpu 
𝛉𝛉𝐋𝐋𝐌𝐌_𝟏𝟏 = 24.91° 
%Δ2-3 = 0.11% 
 
kVGEN_0.75pu = 7.23 kV 
 
 
 
Calculation for OV 
 
Repeat the calculations for each step in the over voltage curve (1.1,1.15, 1.75, and 1.2 p.u.) using the 
equations in the under voltage section: 
 
 
1.1 p.u. 
 
Iteration 1: 
 
kVLOW pu_1 = 1.1 p.u. 
𝛉𝛉𝐋𝐋𝐌𝐌_𝟏𝟏 = 4.221° 
 
Iteration 2: 
 
|kVLOW pu_2| = 1.123 Vpu 

𝛉𝛉𝐋𝐋𝐌𝐌_𝟔𝟔 = 4.134° 
%Δ1-2 = 2.1% 
 



 

 
NERC | PRC-024-2 Implementation Guidance | March, 2017 36 36 

 
Iteration 3: 
 
|kVLOW pu_3| = 1.123 Vpu 
𝛉𝛉𝐋𝐋𝐌𝐌_𝟏𝟏 = 4.133° 
%Δ2-3 = 0.01% 
 
kVGEN_0.75pu = 17.28 kV 
 
 
1.15 p.u. 
 
Iteration 1: 
 
kVLOW pu_1 = 0.65 p.u. 
𝛉𝛉𝐋𝐋𝐌𝐌_𝟏𝟏 = 3.861° 
 
Iteration 2: 
 
|kVLOW pu_2| = 1.172 Vpu 

𝛉𝛉𝐋𝐋𝐌𝐌_𝟔𝟔 = 3.787° 
%Δ1-2 = 1.9% 
 
Iteration 3: 
 
|kVLOW pu_3| = 1.172 Vpu 
𝛉𝛉𝐋𝐋𝐌𝐌_𝟏𝟏 = 3.787° 
%Δ2-3 = 0% 
 
kVGEN_0.75pu = 18.04 kV 
 
 
1.75 p.u. 
 
Iteration 1: 
 
kVLOW pu_1 = 1.75 p.u. 
𝛉𝛉𝐋𝐋𝐌𝐌_𝟏𝟏 = 3.698° 
 
Iteration 2: 
 
|kVLOW pu_2| = 1.197 Vpu 

𝛉𝛉𝐋𝐋𝐌𝐌_𝟔𝟔 = 3.63° 
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%Δ1-2 = 1.9% 
 
 
Iteration 3: 
 
|kVLOW pu_3| = 1.197 Vpu 
𝛉𝛉𝐋𝐋𝐌𝐌_𝟏𝟏 = 3.63° 
%Δ2-3 = 0% 
 
kVGEN_0.75pu = 18.42 kV 
 
 
1.2 p.u. 
 
Iteration 1: 
 
kVLOW pu_1 = 1.2 p.u. 
𝛉𝛉𝐋𝐋𝐌𝐌_𝟏𝟏 = 3.546° 
 
Iteration 2: 
 
|kVLOW pu_2| = 1.222 Vpu 

𝛉𝛉𝐋𝐋𝐌𝐌_𝟔𝟔 = 3.483° 
%Δ1-2 = 1.8% 
 
Iteration 3: 
 
|kVLOW pu_3| = 1.222 Vpu 
𝛉𝛉𝐋𝐋𝐌𝐌_𝟏𝟏 = 3.483° 
%Δ2-3 = 0% 
 
kVGEN_0.75pu = 18.81 kV 
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Preface  
 
The North American Electric Reliability Corporation (NERC) is a not-for-profit international regulatory authority 
whose mission is to assure the reliability of the bulk power system (BPS) in North America. NERC develops and 
enforces Reliability Standards; annually assesses seasonal and long-term reliability; monitors the BPS through 
system awareness; and educates, trains, and certifies industry personnel. NERC’s area of responsibility spans the 
continental United States, Canada, and the northern portion of Baja California, Mexico. NERC is the electric 
reliability organization (ERO) for North America, subject to oversight by the Federal Energy Regulatory Commission 
(FERC) and governmental authorities in Canada. NERC’s jurisdiction includes users, owners, and operators of the 
BPS, which serves more than 334 million people.  
 
The North American BPS is divided into eight Regional Entity (RE) boundaries as shown in the map and 
corresponding table below. 

 
The North American BPS is divided into eight Regional Entity (RE) boundaries. The highlighted areas denote 
overlap as some load-serving entities participate in one Region while associated transmission owners/operators 
participate in another. 
 

FRCC Florida Reliability Coordinating Council 

MRO Midwest Reliability Organization 

NPCC Northeast Power Coordinating Council 
RF ReliabilityFirst  

SERC SERC Reliability Corporation 

SPP RE Southwest Power Pool Regional Entity 
Texas RE Texas Reliability Entity 

WECC Western Electricity Coordinating Council 

 



 

NERC | Determination and Application of Practical Relaying Loadability Ratings | September 2017 
iv 

Disclaimer 
 
This supporting document may explain or facilitate implementation of a reliability standard PRC-023 — 
Transmission Relay Loadability but does not contain mandatory requirements subject to compliance review. 
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Introduction  
 
This document is intended to provide additional information and guidance for complying with the requirements 
of Reliability Standard PRC-023 — Transmission Relay Loadability. 
 
The function of transmission protection systems included in the referenced reliability standard is to protect the 
transmission system when subjected to faults. System conditions, particularly during emergency operations, may 
make it necessary for transmission lines and transformers to become overloaded for short periods of time. During 
such instances, it is important that protective relays do not prematurely trip the transmission elements out-of-
service preventing the system operators from taking controlled actions to alleviate the overload. Therefore, 
protection systems should not interfere with the system operators’ ability to consciously take remedial action to 
protect system reliability. The relay loadability reliability standard has been specifically developed to not interfere 
with system operator actions, while allowing for short-term overloads, with sufficient margin to allow for 
inaccuracies in the relays and instrument transformers. 
 
While protection systems are required to comply with the relay loadability requirements of Reliability Standard 
PRC-023; it is imperative that the protective relays be set to reliably detect all fault conditions and protect the 
electrical network from these faults. 
 
The following protection functions are addressed by Reliability Standard PRC–023:  

1. Any protective functions which could trip with or without time delay, on normal or emergency load 
current, including but not limited to:  

1.1. Phase distance  

1.2. Out-of-step tripping  

1.3. Out-of-step blocking  

1.4. Switch-on-to-fault  

1.5. Overcurrent relays  

1.6. Communications aided protection schemes including but not limited to:  

1.6.1. Permissive overreaching transfer trip (POTT)  

1.6.2. Permissive underreaching transfer trip (PUTT)  

1.6.3. Directional comparison blocking (DCB)  

1.6.4. Directional comparison unblocking (DCUB)  

2. The following protection systems are excluded from requirements of this standard: 

2.1. Relay elements that are only enabled when other relays or associated systems fail. 

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

2.1.2. Elements that are only enabled during a loss of communications. 

2.2. Protection systems intended for the detection of ground fault conditions. 

2.3. Generator protection relays 

2.4. Relay elements used only for Special Protection Systems, applied and approved in accordance with 
NERC Reliability Standards PRC-012 through PRC-017.
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Requirements Reference Material  
 
R1 — Phase Relay Setting  
Each Transmission Owner, Generator Owner, and Distribution Provider shall use any one of the following criteria 
(Requirement R1, criteria 1 through 13) for any specific circuit terminal to prevent its phase protective relay 
settings from limiting transmission system loadability while maintaining reliable protection of the BES for all fault 
conditions. Each Transmission Owner, Generator Owner, and Distribution Provider shall evaluate relay loadability 
at 0.85 per unit voltage and a power factor angle of 30 degrees. [Risk Factor: High]  
 
R1.1 — Transmission Line Thermal Rating  
Set transmission line relays so they do not operate at or below 150% of the highest seasonal Facility Rating of a 
circuit, for the available defined loading duration nearest 4 hours (expressed in amperes). 
 

𝑍𝑍𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 30 =
0.85 x 𝑉𝑉𝐿𝐿−𝐿𝐿

√3 𝑥𝑥 1.5 𝑥𝑥 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
 

 
Where:  

Zrelay30 = Relay reach in primary Ohms at a power factor angle of 30 degrees  

VL-L = Rated line-to-line voltage  

Irating = Facility Rating 
 

Set the relay so it does not operate at or below 150% of the highest seasonal Facility Rating (I
rating

) of the line for 
the available defined loading duration nearest 4 hours. When evaluating a distance relay, assume a 0.85 per unit 
relay voltage and a line phase (power factor) angle of 30 degrees. 
 
Example: 𝑍𝑍𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 30 = 0.85 x 𝑉𝑉𝐿𝐿−𝐿𝐿

√3 𝑥𝑥 1.5 𝑥𝑥 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
 

 
R1.2 — Transmission Line Established 15-Minute Rating  
When the study to establish the original loadability parameters was performed, it was based on the 4-hour facility 
rating. The intent of the 150% factor applied to the Facility Rating in the loadability requirement was to 
approximate the 15-minute rating of the transmission line and add some additional margin. Although the original 
study performed to establish the 150% factor did not segregate the portion of the 150% factor that was to 
approximate the 15-minute capability from that portion that was to be a safety margin, it has been determined 
that a 115% margin is appropriate. In situations where detailed studies have been performed to establish 15-
minute ratings on a transmission line, the 15-minute highest seasonal Facility Rating can be used to establish the 
loadability requirement for the protective relays. 
 

Set the tripping relay so it does not operate at or below 115% of the 15-minute highest seasonal Facility Rating 
(I

rating
) of the line. When evaluating a distance relay, assume a 0.85 per unit relay voltage and a line phase (power 

factor) angle of 30 degrees.  
 
Example: 𝑍𝑍𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 30 = 0.85 x 𝑉𝑉𝐿𝐿−𝐿𝐿

√3 𝑥𝑥 1.5 𝑥𝑥 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
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R1.3 — Maximum Theoretical Power Transfer Limit Across a Transmission Line  
Set transmission line relays so they do not operate at or below 115% of the maximum power transfer capability 
of the circuit (expressed in amperes) using one of the following to perform the power transfer calculation:  
 
R1.3.1 — Maximum Power Transfer with Infinite Source  
An infinite source (zero source impedance) with a 1.00 per unit bus voltage at each end of the line 

 

 
 
 

The power transfer across a transmission line (Figure 1) is defined by the equation1: 
 

𝑃𝑃 =
𝑉𝑉𝑠𝑠 𝑥𝑥 𝑉𝑉𝑅𝑅 𝑥𝑥 sin𝛿𝛿

𝑋𝑋𝐿𝐿
 

 
Where:  

P = the power flow across the transmission line  

VS = Line-to-Line voltage at the sending bus  

VR = Line-to-Line voltage at the receiving bus  

δ = Voltage angle between Vs and VR  

XL = Reactance of the transmission line in ohms 
 
The theoretical maximum power transfer occurs when δ is 90 degrees. The maximum power transfer will be less 
than the theoretical maximum power transfer and will occur at some angle less than 90 degrees since the source 
impedance of the system is not zero. A number of conservative assumptions are made:  

• δ is 90 degrees  

• Voltage at each bus is 1.0 per unit  

• An infinite source is assumed behind each bus; i.e. no source impedance is assumed.  
 

 

 

                                                           
1 More explicit equations that may be beneficial for long transmission lines (typically 80 miles or more) are contained in Appendix A.   
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The equation for maximum power becomes: 

𝑃𝑃𝑚𝑚𝑟𝑟𝑥𝑥 =  
𝑉𝑉2

𝑋𝑋𝐿𝐿
 

 

𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =  
𝑃𝑃𝑚𝑚𝑟𝑟𝑥𝑥

√3 𝑥𝑥 𝑉𝑉
 

 

𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =  
𝑉𝑉

√3 𝑥𝑥 𝑋𝑋𝐿𝐿
 

 

Where:  

Pmax = Maximum power that can be transferred across a system  

Ireal = Real component of current  

V = Nominal line-to-line bus voltage  
 
At maximum power transfer, the real component of current and the reactive component of current are equal; 
therefore: 

𝐼𝐼𝑟𝑟𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟 =  √2𝑥𝑥 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 

 

𝐼𝐼𝑟𝑟𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟 =  
√2 𝑥𝑥 𝑉𝑉
√3 𝑥𝑥 𝑋𝑋𝐿𝐿

 

 

𝐼𝐼𝑟𝑟𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟 =  
0.816 𝑥𝑥 𝑉𝑉

𝑋𝑋𝐿𝐿
 

 
Where:  

Itotal is the total current at maximum power transfer. 

 

 

Set the tripping relay so it does not operate at or below 115% of Itotal (where𝐼𝐼𝑟𝑟𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟 =  0.816 𝑥𝑥 𝑉𝑉
𝑋𝑋𝐿𝐿

).  

 
When evaluating a distance relay, assume a 0.85 per unit relay voltage and a line phase (power factor) angle of 
30 degrees. 
 

𝑍𝑍𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 30 =
0.85 x 𝑉𝑉𝐿𝐿−𝐿𝐿

√3 𝑥𝑥 1.5 𝑥𝑥 𝐼𝐼𝑟𝑟𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟
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R1.3.2 — Maximum Power Transfer with System Source Impedance  

Actual source and receiving end impedances are determined using a short circuit program and choosing the 
classical or flat start option to calculate the fault parameters. The impedances required for this calculation are the 
generator subtransient impedances (Figure 2). 

 

 
The recommended procedure for determining XS and XR is:  

• Remove the line or lines under study (parallel lines need to be removed prior to doing the fault study)  

• Apply a three-phase short circuit to the sending and receiving end buses.  

• The program will calculate a number of fault parameters including the equivalent Thévenin source 
impedances.  

• The real component of the Thévenin impedance is ignored.  

The voltage angle across the system is fixed at 90 degrees, and the current magnitude (Ireal) for the maximum 
power transfer across the system is determined as follows2: 

 

𝑃𝑃𝑚𝑚𝑟𝑟𝑥𝑥 =  
(1.05 𝑥𝑥 𝑉𝑉)2

𝑋𝑋𝑠𝑠 +  𝑋𝑋𝑟𝑟 +  𝑋𝑋𝑟𝑟
 

 
Where:  

Pmax = Maximum power that can be transferred across a system  

ES = the line-to-line internal voltage for the generator modeled behind the equivalent sending end 
reactance XS  

ER = the line-to-line internal voltage for the generator modeled behind the equivalent receiving 
end reactance XR  

δ = Voltage angle between ES and ER 

X
S 
= Thévenin equivalent reactance in ohms of the sending bus  

                                                           
2 More explicit equations that may be beneficial for long transmission lines (typically 80 miles or more) are contained in Appendix A.   
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X
R 

= Thévenin equivalent reactance in ohms of the receiving bus  

X
L 
= Reactance of the transmission line in ohms  

V = Line-to-Line bus voltage 

 

𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =  
1.05 𝑥𝑥 𝑉𝑉

√3(𝑋𝑋𝑆𝑆 +  𝑋𝑋𝑅𝑅 + 𝑋𝑋𝐿𝐿)
 

 

𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =  
0.606 𝑥𝑥 𝑉𝑉

𝑋𝑋𝑆𝑆 +  𝑋𝑋𝑅𝑅 + 𝑋𝑋𝐿𝐿
 

 
The theoretical maximum power transfer occurs when δ is 90 degrees. All stable maximum power transfers will 
be less than the theoretical maximum power transfer and will occur at some angle less than 90 degrees since the 
source impedance of the system is not zero. A number of conservative assumptions are made:  

• δ is 90 degrees  

• Voltage at each bus is 1.05 per unit  

• The source impedances are calculated using the sub-transient generator reactances.  

At maximum power transfer, the real component of current and the reactive component of current are equal; 
therefore: 

 

𝐼𝐼𝑟𝑟𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟 =  √2 𝑥𝑥 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 

 

𝐼𝐼𝑟𝑟𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟 =  
√2 𝑥𝑥 0.606 𝑥𝑥 𝑉𝑉

(𝑋𝑋𝑆𝑆 +  𝑋𝑋𝑅𝑅 +  𝑋𝑋𝐿𝐿)
 

 

𝐼𝐼𝑟𝑟𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟 =  
0.857 𝑥𝑥 𝑉𝑉

(𝑋𝑋𝑆𝑆 +  𝑋𝑋𝑅𝑅 +  𝑋𝑋𝐿𝐿)
 

 
Where:  

I
total 

= Total current at maximum power transfer 

 

This should be re-verified whenever major system changes are made. 

 

Set the tripping relay so it does not operate at or below 115% of Itotal. When evaluating a distance relay, 
assume a 0.85 per unit relay voltage and a line phase (power factor) angle of 30 degrees. 
 

𝑍𝑍𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 30 =
0.85 x 𝑉𝑉𝐿𝐿−𝐿𝐿

√3 𝑥𝑥 1.5 𝑥𝑥 𝐼𝐼𝑟𝑟𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟
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R1.4 — Special Considerations for Series-Compensated Lines  

Series capacitors are used on long transmission lines to allow increased power transfer. Special consideration must 
be made in computing the maximum power flow that protective relays must accommodate on series 
compensated transmission lines. Series capacitor emergency ratings, typically 30-minute, are frequently specified 
during design. 

 

 
 

The capacitor banks are protected from overload conditions by triggered gaps and/or metal oxide varistors 
(MOVs) and can be also be protected or bypassed by breakers or Motor Operated Disconnects (MODs). Triggered 
gaps and/or MOVs (Figure 3) operate on the voltage across the capacitor (Vprotective) whichever may be present in 
a given installation.  
 
This voltage can be converted to a current by the equation:  

 

𝐼𝐼𝑝𝑝𝑟𝑟𝑡𝑡𝑟𝑟𝑟𝑟𝑝𝑝𝑟𝑟𝑟𝑟𝑝𝑝𝑟𝑟 =  
𝑉𝑉𝑝𝑝𝑟𝑟𝑡𝑡𝑟𝑟𝑟𝑟𝑝𝑝𝑟𝑟𝑟𝑟𝑝𝑝𝑟𝑟

𝑋𝑋𝐶𝐶
 



Requirements Reference Material 
 

NERC | Determination and Application of Practical Relaying Loadability Ratings | September 2017 
12 

 

Where:  

Vprotective = Protective level of voltage across the capacitor spark gaps and/or MOVs  

XC = Capacitive reactance  

 
The protection limits the theoretical maximum power flow because Itotal, assuming the line inductive reactance is 
reduced by the capacitive reactance, will typically exceed Iprotective. A current of Iprotective or greater will result in a 
capacitor bypass. This reduces the theoretical maximum power transfer to that of only the line inductive reactance 
as described in R1.3.  
 
The relay settings must be evaluated against 115% of the highest series capacitor emergency current rating and 
the maximum power transfer calculated in R1.3 using the full line inductive reactance (uncompensated line 
reactance). This must be done to accommodate situations where the capacitor is bypassed for reasons other than 
Iprotective. The relay must be set to accommodate the greater of these two currents.  

 

 
R1.5 — Weak Source Systems  

In some cases, the maximum line end three-phase fault current is small relative to the thermal loadability of the 
conductor. Such cases exist due to some combination of weak sources, long lines, and the topology of the 
transmission system (Figure 4). 

 

Set the tripping relay so it does not operate at or below the greater of:  

1. 115% of the highest emergency rating of the series capacitor. When evaluating a distance relay, 
assume a 0.85 per unit relay voltage and a line phase (power factor) angle of 30 degrees.  

2. Itotal (where Itotal is calculated under R1.3 using the full line inductive reactance). When evaluating a 
distance relay, assume a 0.85 per unit relay voltage and a line phase (power factor) angle of 30 
degrees.  

𝑍𝑍𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 30 =
0.85 x 𝑉𝑉𝐿𝐿−𝐿𝐿

√3 𝑥𝑥 1.5 𝑥𝑥 𝐼𝐼𝑟𝑟𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟
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Since the line end fault is the maximum current at one per unit phase to ground voltage and it is possible to have 
a voltage of 90 degrees across the line for maximum power transfer across the line, the voltage across the line is 
equal to: 

 

𝑉𝑉𝑆𝑆−𝑅𝑅 =  �𝑉𝑉𝑆𝑆2 +  𝑉𝑉𝑅𝑅2 =  √2 𝑥𝑥 𝑉𝑉𝐿𝐿𝐿𝐿 

 

It is necessary to increase the line end fault current I
fault 

by 2 to reflect the maximum current that the terminal 

could see for maximum power transfer and by 115% to provide margin for device errors. 

 

𝐼𝐼𝑚𝑚𝑟𝑟𝑥𝑥 = 1.15 𝑥𝑥 √2 𝑥𝑥 1.05 𝑥𝑥 𝐼𝐼𝑓𝑓𝑟𝑟𝑓𝑓𝑟𝑟𝑟𝑟 

 

𝐼𝐼𝑚𝑚𝑟𝑟𝑥𝑥 = 1.71 𝑥𝑥 𝐼𝐼𝑓𝑓𝑟𝑟𝑓𝑓𝑟𝑟𝑟𝑟 

 
Where:  

I
fault 

is the line-end three-phase fault current magnitude obtained from a short circuit study, 

reflecting sub-transient generator reactances. 

 

 

Set the tripping relay on weak-source systems so it does not operate at or below 1.70 times Ifault, where Ifault is 
the maximum end of line three-phase fault current magnitude. When evaluating a distance relay, assume a 0.85 
per unit relay voltage and a line phase (power factor) angle of 30 degrees. 

𝑍𝑍𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 30 =
0.85 x 𝑉𝑉𝐿𝐿−𝐿𝐿

√3 𝑥𝑥 1.70 𝑥𝑥 𝐼𝐼𝑓𝑓𝑟𝑟𝑓𝑓𝑟𝑟𝑟𝑟
 



Requirements Reference Material 
 

NERC | Determination and Application of Practical Relaying Loadability Ratings | September 2017 
14 

R1.6 — Not Used 

R1.7 — Load Remote to Generation  

Some system configurations have load centers (no appreciable generation) remote from the generation center 
where under no contingency, would appreciable current flow from the load centers to the generation center 
(Figure 7). 

 

 
 

Although under normal conditions, only minimal current can flow from the load center to the generation center, 
the forward reaching relay element on the load center breakers must provide sufficient loadability margin for 
unusual system conditions. To qualify, one must determine the maximum current flow (Imax) from the load center 
to the generation center under any system configuration. 

 

 
R1.8 — Remote Load Center  

Some system configurations have one or more transmission lines connecting a remote, net importing load center 
to the rest of the system.  

For the system shown in Figure 8, the total maximum load at the load center defines the maximum load that a 
single line must carry. 

Set the tripping relay at the load center so it does not operate at or below 115% of the maximum current 
flow. When evaluating a distance relay, assume a 0.85 per unit relay voltage and a line phase (power factor) 
angle of 30 degrees.  

𝑍𝑍𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 30 =
0.85 x 𝑉𝑉𝐿𝐿−𝐿𝐿

√3 𝑥𝑥 1.15 𝑥𝑥 𝐼𝐼𝑚𝑚𝑟𝑟𝑥𝑥
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Also, one must determine the maximum power flow on an individual line to the area (Imax) under all system 
configurations, reflecting any higher currents resulting from reduced voltages, and ensure that under no condition 
will loop current in excess of Imax flow in the transmission lines. 

 

 
R1.9 —Load Center Remote to Transmission System  

Some system configurations have one or more transmission lines connecting a cohesive, remote, net importing 
load center to the rest of the system. For the system shown in Figure 9, the total maximum load at the load center 
defines the maximum load that a single line must carry. This applies to the relays at the load center ends of lines 
addressed in R1.8. 

Set the tripping relay so it does not operate at or below 115% of the maximum current flow. When evaluating 
a distance relay, assume a 0.85 per unit relay voltage and a line phase (power factor) angle of 30 degrees.  

 

𝑍𝑍𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 30 =
0.85 x 𝑉𝑉𝐿𝐿−𝐿𝐿

√3 𝑥𝑥 1.15 𝑥𝑥 𝐼𝐼𝑚𝑚𝑟𝑟𝑥𝑥
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However, under normal conditions, only minimal current can flow from the load center to the transmission 
system. The forward reaching relay element on the load center breakers must provide sufficient loadability margin 
for unusual system conditions, including all potential loop flows. To qualify, one must determine the maximum 
current flow (Imax) from the load center to the transmission system under any system configuration. 

 

 
R1.10 — Transformer Overcurrent Protection  

The transformer fault protective relaying settings are set to protect for fault conditions, not excessive load 
conditions. These fault protection relays are designed to operate relatively quickly. Loading conditions on the 
order of magnitude of 150% (50% overload) of the maximum applicable nameplate rating of the transformer can 
normally3 be sustained for several minutes without damage or appreciable loss of life to the transformer. 
 
For transformers with operator established emergency ratings, the minimum overcurrent setting must be the 
greater of 115% of the highest established emergency rating, or 150% of the maximum nameplate rating. 
 
R1.10.1 — Coordination with IEEE Damage Curve 

Set load-responsive transformer fault protection relays, if used, such that the protection settings do not expose 
the transformer to a fault level and duration that exceeds the transformer’s mechanical withstand capability as 
illustrated by the “dotted line” in IEEE C57.109-1993 - IEEE Guide for Liquid-Immersed Transformer Through-Fault-
Current Duration, Clause 4.4, and Figure 4. 

 

                                                           
3 See ANSI/IEEE Standard C57.92, Table 3.   

Set the tripping relay so it does not operate at or below 115% of the maximum current flow. When evaluating 
a distance relay, assume a 0.85 per unit relay voltage and a line phase (power factor) angle of 30 degrees.  

𝑍𝑍𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 30 =
0.85 x 𝑉𝑉𝐿𝐿−𝐿𝐿

√3 𝑥𝑥 1.15 𝑥𝑥 𝐼𝐼𝑚𝑚𝑟𝑟𝑥𝑥
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R1.11 – Transformer Overload Protection 
 
If the pickup of overcurrent relays is less than that specified in criterion 1.10, then the relays must be set to allow 
the transformer to be operated at an overload level of at least 150% of the maximum applicable nameplate rating, 
or 115% of the highest operator established emergency transformer rating, whichever is greater, for at least 15 
minutes to provide time for the operator to take controlled action to relieve the overload. 
 
Alternatively, the relays may be set below the requirements of criterion 1.10 if tripping is supervised using either 
a top oil or simulated winding hot spot temperature element set no less than 100° C for the top oil temperature 
or no less than 140° C for the winding hot spot temperature. 
 
R1.12 a — Long Line Relay Loadability – Two Terminal Lines  

This description applies only to classical two-terminal lines. For lines with other configurations, see R1.12b, Three 
(or more) Terminal Lines, and Lines with One or More Radial Taps. A large number of transmission lines in North 
America are protected with distance based relays that use a mho characteristic. Although other relay 
characteristics are now available that offer the same fault protection with more immunity to load encroachment, 
generally they are not required based on the following:  

1. The original loadability concern from the Northeast blackout (and other blackouts) was overly 
sensitive distance relays (usually Zone 3 relays).  

2. Distance relays with mho characteristics that are set at 125% of the line length are clearly not 
“overly sensitive,” and were not responsible for any of the documented cascading outages, under 
steady-state conditions.  

3. It is unlikely that distance relays with mho characteristics set at 125% of line length will misoperate 
due to recoverable loading during major events.  

4. Even though unintentional relay operation due to load could clearly be mitigated with blinders or 
other load encroachment techniques, in the vast majority of cases, it may not be necessary if the 
relays with mho characteristics are set at 125% of the line length. For available techniques see 
reference 14. 
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It is prudent that the relays be adjusted to as close to the 90 degree MTA setting as the relay can be set to 
achieve the highest level of loadability without compromising the ability of the relay to reliably detect faults.  

The basis for the current loading is as follows:  

Vrelay = Line-to-Line voltage at the relay location  

Zline = Line impedance  

Θline = Line impedance angle  

Zrelay = Relay setting in ohms at the maximum torque angle  

MTA = Maximum torque angle, the angle of maximum relay reach  

Zrelay30 = Relay trip point at a 30 degree phase angle between the voltage and current  

Itrip = Relay operating current at 30 degrees with normal voltage  

Irelay30 = Current (including a 15% margin) that the circuit can carry at 0.85 per unit voltage at a 30 
degree phase angle between the voltage and current before reaching the relay trip point  

 
For applying a mho-characteristic relay at any maximum torque angle to any line impedance angle: 

 

𝑍𝑍𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =  
1.25 𝑥𝑥 𝑍𝑍𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

cos (𝑀𝑀𝑀𝑀𝑀𝑀 −  𝜃𝜃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
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The relay reach at the load power factor angle of 30  is determined from: 

 

𝑍𝑍𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 30 =  �
1.25 𝑥𝑥 𝑍𝑍𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

cos(𝑀𝑀𝑀𝑀𝑀𝑀 −  𝜃𝜃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)�
 𝑥𝑥 cos (𝑀𝑀𝑀𝑀𝑀𝑀 −  30° 

 

The relay operating current at the load power factor angle of 30° is: 

𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑝𝑝 =  
𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

√3 𝑥𝑥 𝑍𝑍𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 30
 

 

𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑝𝑝 =  
𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑥𝑥 cos (𝑀𝑀𝑀𝑀𝑀𝑀 −  𝜃𝜃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)

√3 𝑥𝑥 1.25 𝑥𝑥 𝑍𝑍𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑥𝑥 cos (𝑀𝑀𝑀𝑀𝑀𝑀 − 30°)
 

 

The load current with a 15% margin factor and the 0.85 per unit voltage requirement is calculated by: 

𝑖𝑖𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 30 =  
0.85 𝑥𝑥 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑝𝑝

1.15
 

 

𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 30 =  
0.85 𝑥𝑥 𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑥𝑥 cos (𝑀𝑀𝑀𝑀𝑀𝑀 −  𝜃𝜃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)

1.15 𝑥𝑥 √3 𝑥𝑥 1.25 𝑥𝑥 𝑍𝑍𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑥𝑥 cos(𝑀𝑀𝑀𝑀𝑀𝑀 − 30°) 
 

 

𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 30 =  �
0.341 𝑥𝑥 𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝑍𝑍𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
�  𝑥𝑥 �

cos (𝑀𝑀𝑀𝑀𝑀𝑀 − 𝜃𝜃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)
cos (𝑀𝑀𝑀𝑀𝑀𝑀 − 30°)

� 

 
R1.12 b — Long Line Relay Loadability — Three (or more) Terminal Lines and Lines with One 
or More Radial Taps  

Three (or more) terminal lines present protective relaying challenges from a loadability standpoint due to the 
apparent impedance as seen by the different terminals. This includes lines with radial taps. The loadability of the 
line may be different for each terminal of the line so the loadability must be done on a per terminal basis:  
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The basis for the current loading is as follows: 

 
 

The basis for the current loading is as follows:  

Vrelay = Phase-to-phase line voltage at the relay location  

Zapparent = Apparent line impedance as seen from the line terminal. This apparent impedance is 
the impedance calculated (using in-feed) for a fault at the most electrically distant line terminal 
for system conditions normally used in protective relaying setting practices.  

Θapparent = Apparent line impedance angle as seen from the line terminal  

Zrelay = Relay setting at the maximum torque angle.  

MTA = Maximum torque angle, the angle of maximum relay reach  

Zrelay30 = Relay trip point at a 30 degree phase angle between the voltage and current  

Itrip = Trip current at 30 degrees with normal voltage  

Irelay30 = Current (including a 15% margin) that the circuit can carry at 0.85 voltage at a 30 degree 
phase angle between the voltage and current before reaching the trip point  

For applying a mho-characteristic relay at any maximum torque angle to any apparent 
impedance angle 

 

𝑍𝑍𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =  
1.25 𝑥𝑥 𝑍𝑍𝑟𝑟𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

cos (𝑀𝑀𝑀𝑀𝑀𝑀 − 𝜃𝜃𝑟𝑟𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)
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The relay reach at the load power factor angle of 30° is determined from: 

 

𝑍𝑍𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 30 =  �
1.25 𝑥𝑥 𝑍𝑍𝑟𝑟𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

cos (𝑀𝑀𝑀𝑀𝑀𝑀 − 𝜃𝜃𝑟𝑟𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)
�  𝑥𝑥 cos (𝑀𝑀𝑀𝑀𝑀𝑀 − 30°) 

 

The relay operating current at the load power factor angle of 30° is: 

𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑝𝑝 =  
𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

√3𝑥𝑥 𝑍𝑍𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 30
 

 

𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑝𝑝 =  
𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑥𝑥 cos (𝑀𝑀𝑀𝑀𝑀𝑀 − 𝜃𝜃𝑟𝑟𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)

√3 𝑥𝑥 1.25 𝑥𝑥 𝑍𝑍𝑟𝑟𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  𝑥𝑥 cos (𝑀𝑀𝑀𝑀𝑀𝑀 − 30°)
 

 
The load current with a 15% margin factor and the 0.85 per unit voltage requirement is calculated by: 

𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 30 =  
0.85 𝑥𝑥 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑝𝑝

1.15
 

 

𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 30 =  
0.85 𝑥𝑥 𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑥𝑥 cos (𝑀𝑀𝑀𝑀𝑀𝑀 − 𝜃𝜃𝑟𝑟𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)

1.15 𝑥𝑥 √3 𝑥𝑥 1.25 𝑥𝑥 𝑍𝑍𝑟𝑟𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑥𝑥 cos (𝑀𝑀𝑀𝑀𝑀𝑀 − 30°)
 

 

𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 30 =  �
0.341 𝑥𝑥 𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
𝑍𝑍𝑟𝑟𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

� 𝑥𝑥 �
cos (𝑀𝑀𝑀𝑀𝑀𝑀 − 𝜃𝜃𝑟𝑟𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)

cos (𝑀𝑀𝑀𝑀𝑀𝑀 − 30°) � 

 
R1.13 — No Explanation Necessary  
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Appendix A — Long Line Maximum Power Transfer Equations 
 

 
 
Lengthy transmission lines have significant series resistance, reactance, and shunt capacitance. The line 
resistance consumes real power when current flows through the line and increases the real power input during 
maximum power transfer. The shunt capacitance supplies reactive current, which impacts the sending end 
reactive power requirements of the transmission line during maximum power transfer. These line parameters 
should be used when calculating the maximum line power flow.  

The following equations may be used to compute the maximum power transfer: 
 

𝑃𝑃𝑆𝑆3−∅ =  
𝑉𝑉𝑆𝑆2

|𝑍𝑍|
 cos(𝜃𝜃°)−  

𝑉𝑉𝑠𝑠𝑉𝑉𝑅𝑅
|𝑍𝑍|  cos (𝜃𝜃 +  𝛿𝛿°) 

 

𝑄𝑄𝑆𝑆3−∅ =
𝑉𝑉𝑆𝑆2

|𝑍𝑍|
sin(𝜃𝜃°)−  𝑉𝑉𝑆𝑆2

𝐵𝐵
2
−  
𝑉𝑉𝑆𝑆𝑉𝑉𝑅𝑅
|𝑍𝑍| sin (𝜃𝜃 + 𝛿𝛿°) 

 
The equations for computing the total line current are below. These equations assume the condition of maximum 
power transfer,  = 90º , and nominal voltage at both the sending an  ceiving line ends: 
 
 

𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =  
𝑉𝑉

√3 |𝑍𝑍|
(cos(𝜃𝜃°) + sin(𝜃𝜃°)) 

 

𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑝𝑝𝑟𝑟𝑟𝑟𝑝𝑝𝑟𝑟 =  
𝑉𝑉

√3 |𝑍𝑍|
�sin(𝜃𝜃°) − |𝑍𝑍|

𝐵𝐵
2
− cos (𝜃𝜃°)� 

 
𝐼𝐼𝑟𝑟𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟 = 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 +  𝑗𝑗𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑝𝑝𝑟𝑟𝑟𝑟𝑝𝑝𝑟𝑟 

 

𝐼𝐼𝑟𝑟𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟 = �𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟2 +  𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑝𝑝𝑟𝑟𝑟𝑟𝑝𝑝𝑟𝑟2  

Where:  

P = the power flow across the transmission line  

VS = Phase-to-phase voltage at the sending bus  

VR = Phase-to-phase voltage at the receiving bus  
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V = Nominal phase-to-phase bus voltage  

δ = Voltage angle between VS and VR  

Z = Reactance, including fixed shunt reactors, of the transmission line in ohms*  

Θ = Line impedance angle  

B = Shunt susceptance of the transmission line in mhos*  

* The use of hyperbolic functions to calculate these impedances is recommended to reflect the distributed 
nature of long line reactance and capacitance. 
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Appendix B — Impedance-based Pilot Relaying Considerations 
 
Some utilities employ communication-aided (pilot) relaying schemes which, taken as a whole, may have a higher 
loadability than would otherwise be implied by the setting of the forward (overreaching) impedance elements. 
Impedance based pilot relaying schemes may comply with PRC-023 R1 if all of the following conditions are 
satisfied.  

 

For purposes of this discussion, impedance-based pilot relaying schemes fall into two general classes:  

1. Unmodified permissive overreaching transfer trip (POTT) (requires relays at all terminals to sense an 
internal fault as a condition for tripping any terminal). Unmodified directional comparison unblocking 
schemes are equivalent to permissive overreach in this context.  

2. Directional comparison blocking (DCB) (requires relays at one terminal to sense an internal fault, and 
relays at all other terminals to not sense an external fault as a condition for tripping the terminal). 
Depending on the details of scheme operation, the criteria for determining that a fault is external may 
be based on current magnitude and/or on the response of directionally-sensitive relays. Permissive 
schemes which have been modified to include “echo” or “weak source” logic fall into the DCB class.  

Unmodified POTT schemes may offer a significant advantage in loadability as compared with a non-pilot 
scheme. Modified POTT and DCB schemes will generally offer no such advantage. Both applications are 
discussed below. 

1. The overreaching impedance elements are used only as part of the pilot scheme itself – i.e., not also 
in conjunction with a Zone 2 timer which would allow them to trip independently of the pilot 
scheme.  

2. The scheme is of the permissive overreaching transfer trip type, requiring relays at all terminals to 
sense an internal fault as a condition for tripping any terminal.  

3. The permissive overreaching transfer trip scheme has not been modified to include weak infeed 
logic or other logic which could allow a terminal to trip even if the (closed) remote terminal does 
not sense an internal fault condition with its own forward-reaching elements. Unmodified 
directional comparison unblocking schemes are equivalent to permissive overreaching transfer trip 
in this context. Directional comparison blocking schemes will generally not qualify.  
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Unmodified Permissive Overreaching Transfer Trip  
In a non-pilot application, the loadability of the tripping relay at Station “A” is determined by the reach of the 
impedance characteristic at an angle of 30 degrees, or the length of line AX in Figure B-1. In a POTT application, 
point “X” falls outside the tripping characteristic of the relay at Station “B”, preventing tripping at either 
terminal. Relay “A” becomes susceptible to tripping along its 30-degree line only when point “Y” is reached. 
Loadability will therefore be increased according to the ratio of AX to AY, which may be sufficient to meet the 
loadability requirement with no mitigating measures being necessary.  
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Directional Comparison Blocking  
In Figure B-2, blocking at Station “B” utilizes impedance elements which may or may not have offset. The 
settings of the blocking elements are traditionally based on external fault conditions only. It is unlikely that the 
blocking characteristic at Station “B” will extend into the load region of the tripping characteristic at Station “A”. 
The loadability of Relay “A” will therefore almost invariably be determined by the impedance AX.  
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Appendix C — Out-of-step Blocking Relaying 
 
Out-of-step blocking is sometimes applied on transmission lines and transformers to prevent tripping of the circuit 
element for predicted (by transient stability studies) or observed system swings.  
There are many methods of providing the out-of-step blocking function; one common approach, used with 
distance tripping relays, uses a distance characteristic which is approximately concentric with the tripping 
characteristic. These characteristics may be circular mho characteristics, quadrilateral characteristics, or may be 
modified circular characteristics.  
 
During normal system conditions the accelerating power, Pa, will be essentially zero. During system disturbances, 
Pa > 0. Pa is the difference between the mechanical power input, Pm, and the electrical power output, Pe, of the 
system, ignoring any losses. The machines or group of machines will accelerate uniformly at the rate of Pa/2H 
radians per second squared, where H is the inertia constant of the system. During a fault condition Pa >> 1 
resulting in a near instantaneous change from load to fault impedance. During a stable swing condition, Pa < 1, 
resulting in a slower rate of change of impedance.  
 
For a system swing condition, the apparent impedance will form a loci of impedance points (relative to time) which 
changes relative slowly at first; for a stable swing (where no generators “slip poles” or go unstable), the impedance 
loci will eventually damp out to a new steady-state operating point. For an unstable swing, the impedance loci will 
change quickly traversing the jx-axis of the impedance plane as the generator slips a pole as shown in Figure C-1 
below. 
 
For simplicity, this appendix discusses the concentric-distance-characteristic method of out-of-step blocking, 
considering circular mho characteristics. As mentioned above, this approach uses a mho characteristic for the 
out-of-step blocking relay, which is approximately concentric to the related tripping relay characteristic. The out-
of-step blocking characteristic is also equipped with a timer, such that a fault will transit the out-of-step blocking 
characteristic too quickly to operate the out-of-step blocking relay, but a swing will reside between the out-of-
step blocking characteristic and the tripping characteristic for a sufficient period of time for the out-of-step 
blocking relay to trip. Operation of the out-of-step blocking relay (including the timer) will in turn inhibit the 
tripping relay from operating. 
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Figure C-1 illustrates the relationship between the out-of-step blocking relay and the tripping relay, and shows a 
sample of a portion of an unstable swing.  
 
Impact of System Loading of the Out-of-Step Relaying  
Figure C-2 illustrates a tripping relay and out-of-step blocking relay, and shows the relative effects of several 
apparent impedances. 
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Both the tripping relay and the out-of-step blocking relay have characteristics responsive to the impedance that 
is seen by the distance relay. In general, only the tripping relays are considered when evaluating the effect of 
system loads on relay characteristics (usually referred to as “relay loadability”). However, when the behavior of 
out-of-step blocking relays is considered, it becomes clear that they must also be included in the evaluation of 
system loads, as their reach must necessarily be longer than that of the tripping relays, making them even more 
responsive to load.  
 
Three different load impedances are shown. Load impedance (1) shows an impedance (either load or fault) which 
would operate the tripping relay. Load impedance (3) shows a load impedance well outside both the tripping 
characteristic and the out-of-step blocking characteristic, and illustrates the desired result. The primary concern 
relates to the fact that, if an apparent impedance, shown as load impedance (2), resides within the out-of-step 
blocking characteristic (but outside the tripping characteristic) for the duration of the out-of-step blocking timer, 
the out-of-step blocking relay inhibits the operation of the tripping relay. It becomes clear that such an apparent 
impedance can represent a system load condition as well as a system swing; if (and as long as) a system load 
condition operates the out-of-step blocking relay, the tripping relay will be prevented from operating for a 
subsequent fault condition! A timer can be added such that the relay issues a trip if the out of step timer does not 
reset within a defined time. 
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Appendix D — Out-of-step Blocking Relaying 
 
Introduction  
Switch-on-to-fault (SOTF) schemes (also known as “close-into-fault schemes or line-pickup schemes) are 
protection functions intended to trip a transmission line breaker when closed on to a faulted line. Dedicated 
SOTF schemes are available in various designs, but since the fault-detecting elements tend to be more sensitive 
than conventional, impedance-based line protection functions, they are designed to be “armed” only for a brief 
period following breaker closure. Depending on the details of scheme design and element settings, there may be 
implications for line relay loadability. This paper addresses those implications in the context of scheme design.  
 

SOTF scheme applications  
SOTF schemes are applied for one or more of three reasons: 

1. When an impedance-based protection scheme uses line-side voltage transformers, SOTF logic is 
required to detect a close-in, three-phase fault to protect against a line breaker being closed into such a 
fault. Phase impedance relays whose steady-state tripping characteristics pass through the origin on an 
R-X diagram will generally not operate if there is zero voltage applied to the relay before closing into a 
zero-voltage fault. This condition typically occurs during when a breaker is closed into a set of three-
phase grounds which operations/maintenance personnel failed to remove prior to re-energizing the line. 
When this occurs in the absence of SOTF protection, the breaker will not trip, nor will breaker failure 
protection be initiated, possibly resulting in time-delayed tripping at numerous remote terminals. Unit 
instability and dropping of massive blocks of load can also occur.  

Current fault detector pickup settings must be low enough to allow positive fault detection under what 
is considered to be the “worst case” (highest) impedance to the source bus.  

2. When an impedance protection scheme uses line-side voltage transformers, SOTF current fault 
detectors may operate significantly faster than impedance units when a breaker is closed into a fault 
anywhere on the line. The dynamic characteristics of typical impedance units are such that their speed 
of operation is impaired if polarizing voltages are not available prior to the fault.  

Current fault detector pickup settings will generally be lower in this application than in (1) above. The 
greater the coverage desired, and the longer the line, the lower the setting.  

3. Regardless of voltage transformer location, SOTF schemes may allow high-speed clearing of faults along 
the entire line without having to rely or wait on a communications-aided tripping scheme.  

Current or impedance-based fault detectors must be set to reach the remote line terminal to achieve 
that objective. 

 

SOTF line loadability considerations  
This reference document is intended to provide guidance for the review of existing SOTF schemes to ensure that 
those schemes do not operate for non-SOTF conditions or under heavily stressed system conditions. This 
document also provides recommended practices for application of new SOTF schemes.  

1. The SOTF protection must not operate assuming that the line terminals are closed at the outset and 
carrying up to 1.5 times the Facility Rating (as specified in Reliability Standard PRC-023), when calculated 
in accordance with the methods described in this standard.  

2. For existing SOTF schemes, the SOTF protection must not operate when a breaker is closed into an 
unfaulted line which is energized from the remote terminal at a voltage exceeding 85% of nominal at the 
local terminal. For SOTF schemes commissioned after formal adoption of this report, the protection 
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should not operate when a breaker is closed into an unfaulted line which is energized from the remote 
terminal at a voltage exceeding 75% of nominal at the local terminal. 

 

SOTF scheme designs  

1. Direct-tripping high-set instantaneous phase overcurrent  

This scheme is technically not a SOTF scheme, in that it is in service at all times, but it can be effectively 
applied under appropriate circumstances for clearing zero-voltage faults. It uses a continuously-enabled, 
high-set instantaneous phase overcurrent unit or units set to detect the fault under “worst case” (lowest 
source impedance) conditions. The main considerations in the use of such a scheme involve detecting 
the fault while not overreaching the remote line terminal under external fault conditions, and while not 
operating for stable load swings. Under NERC line loadability requirements, the overcurrent unit setting 
also must be greater than 1.5 times the Facility Rating (as specified in Reliability Standard PRC-023), 
when calculated in accordance with the methods described in this standard.  

2. Dedicated SOTF schemes  

Dedicated SOTF schemes generally include logic designed to detect an open breaker and to arm 
instantaneous tripping by current or impedance elements only for a brief period following breaker 
closing. The differences in the schemes lie (a) in the method by which breaker closing is declared, (b) in 
whether there is a scheme requirement that the line be dead prior to breaker closing, and (c) in the 
choice of tripping elements. In the case of modern relays, every manufacturer has its own design, in 
some cases with user choices for scheme logic as well as element settings.  

In some SOTF schemes the use of breaker auxiliary contacts and/or breaker “close” signaling is included, 
which limits scheme exposure to actual breaker closing situations. With others, the breaker-closing 
declaration is based solely on the status of voltage and current elements. This is regarded as marginally 
less secure from misoperation when the line terminals are (and have been) closed, but can reduce 
scheme complexity when the line terminates in multiple breakers, any of which can be closed to 
energize the line.  

 

SOTF and Automatic Reclosing  
With appropriate consideration of dead-line reclosing voltage supervision, there are no coordination issues 
between SOTF and automatic reclosing into a de-energized line. If pre-closing line voltage is the primary means 
for preventing SOTF tripping under heavy loading conditions, it is clearly desirable from a security standpoint 
that the SOTF line voltage detectors be set to pick up at a voltage level below the automatic reclosing live-line 
voltage detectors and below 0.8 per-unit voltage.  
 
Where this is not possible, the SOTF fault detecting elements are susceptible to operation for closing into an 
energized line, and should be set no higher than required to detect a close-in, three-phase fault under worst 
case (highest source impedance) conditions assuming that they cannot be set above 1.5 times the Facility Rating 
(as specified in Reliability Standard PRC-023). Immunity to false tripping on high-speed reclosure may be 
enhanced by using scheme logic which delays the action of the fault detectors long enough for the line voltage 
detectors to pick up and instantaneously block SOTF tripping. 
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Appendix E — Out-of-step Blocking Relaying 
  

The listed IEEE technical papers are available at:  

http://www.pes-psrc.org/Reports/Apublications_new_format.htm  

The listed IEEE Standards are available from the IEEE Standards Association at:  

http://www.techstreet.com/ieee  

The listed ANSI Standards are available directly from the American National Standards Institute at  

https://webstore.ansi.org/default.aspx  
 

 

1. Performance of Generator Protection during Major System Disturbances, IEEE Paper No. TPWRD- 
00370-2003, Working Group J6 of the Rotating Machinery Protection Subcommittee, Power System 
Relaying Committee, 2003.  

2. Transmission Line Protective Systems Loadability, Working Group D6 of the Line Protection 
Subcommittee, Power System Relaying Committee, March 2001.  

3. Practical Concepts in Capability and Performance of Transmission Lines, H. P. St. Clair, IEEE  
Transactions, December 1953, pp. 1152–1157.  

4. Analytical Development of Loadability Characteristics for EHV and UHV Transmission Lines, R. D.  
Dunlop, R. Gutman, P. P. Marchenko, IEEE transactions on Power Apparatus and Systems,  
Vol. PAS – 98, No. 2 March-April 1979, pp. 606–617.  

5. EHV and UHV Line Loadability Dependence on var Supply Capability, T. W. Kay, P. W. Sauer, R. D. 
Shultz, R. A. Smith, IEEE transactions on Power Apparatus and Systems, Vol. PAS –101, No. 9 
September 1982, pp. 3568–3575.  

6. Application of Line Loadability Concepts to Operating Studies, R. Gutman, IEEE Transactions on 
Power Systems, Vol. 3, No. 4 November 1988, pp. 1426–1433.  

7. IEEE Standard C37.113, IEEE Guide for Protective Relay Applications to Transmission Lines.  

8. ANSI Standard C50.13, American National Standard for Cylindrical Rotor Synchronous Generators.  

9. ANSI Standard C84.1, American National Standard for Electric Power Systems and Equipment – 
Voltage Ratings (60 Hertz), 1995.  

10. IEEE Standard 1036, IEEE Guide for Application of Shunt Capacitors, 1992.  

11. J. J. Grainger & W. D. Stevenson, Jr., Power System Analysis, McGraw- Hill Inc., 1994, Chapter 6 
Sections 6.4 – 6.7, pp 202 – 215.  

12. Final Report on the August 14, 2003 Blackout in the United States and Canada: Causes and 
Recommendations, U.S.-Canada Power System Outage Task Force, April 2004.  

13. August 14, 2003 Blackout: NERC Actions to Prevent and Mitigate the Impacts of Future Cascading 
Blackouts, approved by the NERC Board of Trustees, February 10, 2004.  

14. Increase Line Loadability by Enabling Load Encroachment Functions of Digital Relays, System 
Protection and Control Task Force, North American Electric Reliability Council, December 7, 2005.  
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Policy Briefing on Balancing Trends  
Measure 6 – Historical Balancing/Ramping Analysis 
Essential Reliability Services Working Group, August 2017 
 

System operators must maintain a continuous balance of generation and demand on the grid during real-
time operations. The operators require some level of flexibility and control to maintain this balance. This 
balancing effort can be affected by characteristics of the generation mix, resources under the operator’s 
control, load behaviors, and other system-specific factors. While maintaining the continuous balance 
between generation and demand is not a new problem facing the industry, the combination of such factors 
can result in periods of over or under generation, limited availability of resource ramping capability, and 
other situations that cause the system operator to rely on other Balancing Authorities (BAs) for balancing. 

There are various ways to mitigate balancing concerns, but it is important to identify the anticipated 
challenges early so that appropriate changes can be planned and implemented in a timely and reliable 
manner. For this reason, methods have been developed by the Essential Reliability Services (ERS) Working 
Group and the NERC Resources Subcommittee (RS) to help BAs identify trends and indications of potential 
balancing concerns. This briefing discusses the use of historical operating data by the BAs and the RS to 
identify trends that could become a concern. A separate briefing for forward-looking balancing trends is 
being developed by the ERS Working Group with the NERC Reliability Assessment Subcommittee (RAS). 

The analysis method is based on a commonly used “control performance standard” called CPS11, which is 
a statistical measure of the BA’s area control error variability in combination with the interconnection 
frequency error from scheduled frequency. In other words, the CPS1 values reflect how well the BA 
maintains balance of generation and demand in its area and helps to maintain the interconnection’s steady-
state frequency (i.e., 60 Hz). Periods where the BA’s generation and demand are slightly out of balance are 
directly reflected in the CPS1 values. The CPS1 values are averaged over a twelve-month moving window 
and reported to NERC on a monthly basis to reflect overall performance characteristics of the BA. 

The unique approach used for Measure 6 is to analyze the hourly CPS1 values to identify repeated patterns 
of imbalance. This is done by counting the hours with low CPS1 values (indicating imbalance) and the 
occurrences where CPS1 values are low for periods of three consecutive hours. Working with the BAs, the 
RS has obtained three years of historical hourly CPS1 values and continues to receive this data on a quarterly 
basis. Moving forward, the RS will identify BAs that are trending toward levels where attention or potential 
mitigation activities may be prudent. The RS will work with these BAs to understand the trends and discuss 

                                                             

1 NERC Resources Subcommittee's 2011 Technical Document on Balancing and Frequency Control 

http://www.nerc.com/docs/oc/rs/NERC%20Balancing%20and%20Frequency%20Control%20040520111.pdf


 

Essential Reliability Services 2 

options for improving performance. This method of using historical data will identify ramping and balancing 
concerns for each BA given their unique characteristics and resources.  

The ongoing process is summarized in the diagram below. 

 

 

 

If a BA appears to be moving closer to a level of concern, there are numerous alternatives to provide the 
BA with additional flexibility and dispatch control, such as use of more flexible resources, demand-side 
management, or operation of non-dispatchable resources (both conventional and renewable) to reverse 
such trends. By identifying balancing trends in advance of when they could become a potential reliability 
issue, BAs and system operators can plan for any changes to support the ongoing reliable operation of the 
Bulk Power System. A summary of the results from the historical data will be included in the NERC State of 
Reliability Report on an annual basis. 

 

For Further Information 
Earlier work on this topic was discussed in greater detail in Chapter 2 of the ERS Whitepaper on Sufficiency 
Guidelines. 

The ERS Working Group is currently working with the NERC Reliability Assessment Subcommittee (RAS) on 
the forward-looking Measure 6. This planning method, which will supplement the operating method 
described above, will be the subject of a separate Policy Briefing. The RAS will summarize these results 
annually in the NERC Long Term Reliability Assessment Report. 

 

http://www.nerc.com/comm/Other/essntlrlbltysrvcstskfrcDL/ERSWG_Sufficiency_Guideline_Report.pdf
http://www.nerc.com/comm/Other/essntlrlbltysrvcstskfrcDL/ERSWG_Sufficiency_Guideline_Report.pdf
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	This guidance document does not demonstrate any calculations for auxiliary equipment voltages as auxiliary equipment relays are not included in the scope of PRC-024-2.
	This guidance is limited to conventional synchronous machines.  Unconventional generation, do not produce as much reactive power as synchronous generators, hence the voltage drop due to reactive power flow through the GSU transformer is not as significant.  Therefore, the generator bus voltage can be conservatively estimated by reflecting the high-side nominal voltage to the generator-side based on the GSU transformers turns ratio.
	1.4 Background
	2.0  Compliance Implementation and Evidence
	2.1  Load Flow Assumption for Low Voltage Condition
	2.2  Load Flow Assumption for High Voltage Condition
	3.0 Example Calculations

	There have been numerous requests for clarification on various points of PRC-024 from the Industry. Due to the number of requests and additionally, a specific request from the IEEE PSRC J Subcommittee JTF2 task force for a PRC-024-2 example, this Implementation Guidance was determined to be a needed document for the industry.
	A common question that has consistently been asked by the Industry is whether or not the “no trip” area of the voltage curve ends at 4 seconds or extends infinitely. The PRC-024 Voltage Ride-Through Time Duration Curve in Attachment 2 of the standard is intended to prevent generators from tripping for recoverable transient voltage disturbances on the BES. For this reason, the curve only covers a four second time window. These voltage level and time duration steps are meant to allow time for a generator with its AVR in automatic to recover from the disturbance before protective relays trip the unit. The standard development record shows that the intent of the standard is to simplify the analysis of voltage sensitive protective relay tripping characteristics using steady-state techniques to provide reasonable levels and times for the controls to respond.    The accompanying examples, displaying the relay trip characteristic plotted with the PRC-024 Voltage Ride-Through Time Duration Curve, indicate that the “no trip” area stops at 4 seconds.
	Another question that has come up consistently is: “Is the area outside the Voltage Ride-Through Time Duration Curve a must trip area?” The Standard prescribes an area that is a “no trip” area. There is no requirement to trip for the area outside the “no trip” area. Rather it is a “may trip” area, if needed to protect equipment for low voltages. In the tabular tables, the term instantaneous trip is used. This term is intended to indicate instantaneous tripping is allowed, not required.
	/
	In Attachment 2 of PRC-024-2 titled “Voltage Ride Through Curve Clarifications, Evaluating Protective Relay Settings:” the standard states: 
	Voltage Ride-Through Curve Clarifications
	Curve Details:
	1. The per unit voltage base for these curves is the nominal operating voltage specified by the
	Transmission Planner in the analysis of the reliability of the Interconnected Transmission
	Systems at the point of interconnection to the Bulk Electric System (BES).
	2. The curves depicted were derived based on three-phase transmission system zone 1 faults with Normal Clearing not exceeding 9 cycles. The curves apply to voltage excursions regardless of the type of initiating event. 
	3. The envelope within the curves represents the cumulative voltage duration at the point of interconnection with the BES. For example, if the voltage first exceeds 1.15 pu at 0.3 seconds after a fault, does not exceed 1.2 pu voltage, and returns below 1.15 pu at 0.4 seconds, then the cumulative time the voltage is above 1.15 pu voltage is 0.1 seconds and is within the no trip zone of the curve.
	4. The curves depicted assume system frequency is 60 Hertz. When evaluating Volts/Hertz protection, you may adjust the magnitude of the high voltage curve in proportion to deviations of frequency below 60 Hz.
	5. Voltages in the curve assume minimum fundamental frequency phase-to-ground or phase to-phase voltage for the low voltage duration curve and the greater of maximum RMS or crest phase-to-phase voltage for the high voltage duration curve.
	Evaluating Protective Relay Settings:
	1. Use either the following assumptions or loading conditions that are believed to be the most probable for the unit under study to evaluate voltage protection relay setting calculations on the static case for steady state initial conditions: 
	a. All of the units connected to the same transformer are online and operating.
	b. All of the units are at full nameplate real-power output.
	c. Power factor is 0.95 lagging (i.e. supplying reactive power to the system) as measured at the generator terminals.
	d. The automatic voltage regulator is in automatic voltage control mode.
	2. Evaluate voltage protection relay settings assuming that additional installed generating plant reactive support equipment (such as static VAr compensators, synchronous condensers, or capacitors) is available and operating normally.
	3. Evaluate voltage protection relay settings accounting for the actual tap settings of transformers between the generator terminals and the point of interconnection.
	The clarifications to Attachment 2 provide guidance to the generator asset owner (GO) on how to verify conformance. One question that has arisen is how to define one per unit voltage at the POI when comparing the limits to relay settings. Item 1 of the Curve Details of attachment 2 says, "The per unit voltage base for these curves is the nominal operating voltage specified by the Transmission Planner in the analysis of the reliability of the Interconnected Transmission Systems at the point of interconnection to the Bulk Electric System (BES)." Planners must plan the system such that it operates within the equipment capabilities of BES assets. They generally limit their acceptable operating states to some range +/- of the system nominal voltage. So, the voltage used in the analysis is meant to designate the nominal voltage base used in the planner's system model. So, the GO must confirm the system nominal voltage for the POI bus that is used in the planner's model of the bulk electric system. This will normally be the standard nominal voltage of the system and will not vary from bus to bus for a given voltage level of the BES. Because the no trip zone limits are steady-state representations of the severity of the voltage transient versus the time to recover during a transient event, it is acceptable to use the system model nominal in defining these limits. If planners determine that operating voltages must deviate significantly from nominal, they generally recommend changes in the recommended setting of the no-load tap changer (NLTC) on the generator step-up transformer to ensure that the generation assets can operate within their nominal operating ranges. Thus, if a NLTC is adjusted, verification of compliance of voltage sensitive relays with PRC-024 limits should be repeated.
	Another question that has arisen is how to define the steady-state load flow conditions when accounting for the voltage drop between the POI and the generator. Item 1 of the Evaluating Protective Relay Settings section of attachment 2 says, "Use either the following assumptions or loading conditions that are believed to be the most probable for the unit under study . . ." The clarifications then go on to suggest assuming that generator is at full nameplate real-power output and at 0.95 lagging power factor and that the AVR is in automatic voltage control mode. To interpret the intent of this guidance, we have to go back to understanding that we are using a steady-state analysis to provide ride-through capability for a transient event.
	Let us first look at the undervoltage limits. A transient undervoltage condition is likely to occur due to a short circuit in the vicinity of a generating unit. A severe short circuit should be cleared relatively quickly and the unit should be able to recover. If the unit is initially running at leading power factor (under excited and absorbing VArs from the system), the internal voltage behind the generator impedance will be low and the generator's ability to ride-through the transient low voltage event is reduced. Thus, for evaluating undervoltage element coordination with the ride-through curve, this will likely be the worst case scenario. Assuming leading power factor will reduce the generator voltage in steady state and reduce coordination margins with undervoltage tripping elements relative to assuming lagging power factor in the calculations. In steady-state, one would not expect the unit to be absorbing VArs during an undervoltage condition. However, the four second time window of the ride-through curves is intended to represent a transient disturbance. The guidance allows us to assume lagging power factor for this condition so that is what is used in the examples. If the GO would like to find the worst case for coordination, they are allowed to use an assumption of leading power factor in the calculations.
	Examining the overvoltage limits, for a transient condition, a fast acting exciter will likely have boosted the excitation during a slow clearing short circuit to help the unit remain stable. Thus, once the short circuit is cleared, the generator terminal voltage will be elevated until the AVR has time to reduce the excitation to steady-state levels. For this case, the unit during the four second transient time window will be running at lagging power factor (overexcited and supplying VArs to the system). Thus, we use the assumption recommended in the standard of lagging power factor in the example for evaluating overvoltage elements.
	This guidance document demonstrates the multiple aspects of determining the generator terminal and GSU high side simultaneous voltages.  Three methods are provided for voltage calculations. The first method demonstrates how to project the relay voltage characteristic to the high side of the GSU (typical POI) for a given generator voltage relay setting. This will allow the relay setting to be compared to the voltage ride-through time duration curves in Attachment 2 of PRC-024-2.
	The second and third methods demonstrate how to project the voltage ride-through time duration curve to the secondary of the instrument transformer that supply the generator voltage relay. This will allow the voltage ride-through time duration curves in Attachment 2 of PRC-024-2 to be compared to the relay setting. Method two is based on PRC-025-1 Option 1b iterative calculation. Method three is a simplified single-iteration approach.
	The power factor assumption for the low voltage condition used in these examples is 0.95 lagging (supplying VArs to the system) as suggested by the standard. This will be the most likely steady state condition during a low voltage event, in that the generator will be trying to support voltage at the POI.
	While these calculations use these assumptions, other assumptions could be used.  A more severe scenario may be a leading power factor condition (absorbing VArs from the system) as the unit would be under excited (lower voltage at generator terminals). This would be the more conservative assumption during a low voltage event for verifying relay setting compliance.
	The power factor assumption for the high voltage condition used in these examples is 0.95 lagging (supplying VArs to the system) as suggested by the standard. Using lagging power factor would be the more conservative assumption during a high voltage event for verifying relay setting compliance.
	Input Values
	Input Descriptions
	MVAGEN_BASE = 176 MVA
	Generator nameplate (MVA @ rated p.f.)
	p.f.GEN = 0.85
	kVGEN_BASE = 16 kV
	Generator nominal voltage (line to line)
	MVAGSU_BASE = 170 MVA
	Generator step-up (GSU) transformer rating
	ZGSU = 10.12%
	GSU transformer reactance (170 MVA base)
	kVGSU_HS = 138 kV
	GSU transformer high-side Nameplate Voltage
	kVGSU_LS = 15 kV
	GSU transformer low-side Nameplate Voltage
	kVGSU_TAP = 134.5 kV
	GSU transformer high-side no-load tap Voltage
	kVSYS_BASE  = 138 kV
	Nominal System Voltage (line to line)
	VTRGEN = 140:1
	Generator VT Ratio
	p.f.LOAD = 0.95
	Load power factor
	MVASYS_BASE = 100 MVA
	System MVA base
	/
	Example Calculations: Simple Iteration Method (Bauer Method)
	This method starts by assuming a 0.95 lagging power factor at the POI. It then calculates the angle difference between the generator voltage and the POI voltage to account for the I2X losses of the GSU. The load flow current angle at the POI is then adjusted by this voltage drop angle to give the 0.95 power factor load flow out of the generator recommended in the standard. This simple iteration provides results with adequate precision. The calculations are done in per unit on the power system base, then converted to the generator base using the ratio of the generator base to the power system base. The ratio of the GSU is considered using its actual no-load tap setting. The generator relay secondary voltage values are compared to the graph in Attachment 2 of PRC-024 to determine if the generator voltage relay settings are compliant.
	Calculate the generator real power output at rated MVA (MWGEN):
	(1) MWGEN = MVAGEN_BASE * p.f.GEN
	MWGEN = 176 MVA * 0.85
	MWGEN = 149.6 MW
	Convert the GSU transformer impedance from the GSU base to the power system base (ZGSU_SYS_BASE):
	(2) ZGSU_SYS_BASE = ZGSU * 𝐌𝐕𝐀𝐒𝐘𝐒_𝐁𝐀𝐒𝐄𝐌𝐕𝐀𝐆𝐒𝐔_𝐁𝐀𝐒𝐄 * 𝐤𝐕𝐆𝐒𝐔_𝐇𝐒𝐤𝐕𝐒𝐘𝐒_𝐁𝐀𝐒𝐄
	 ZGSU_SYS_BASE = 10.12% * 𝟏𝟎𝟎 𝐌𝐕𝐀𝟏𝟕𝟎 𝐌𝐕𝐀 * 𝟏𝟑𝟖 𝐤𝐕𝟏𝟑𝟖 𝐤𝐕
	 ZGSU_SYS_BASE = 5.95% 
	Calculate the ratio of power system base voltage to generator base voltage (RatioPOI-GEN) using the actual high-side voltage tap selected on the GSU (kVGSU_TAP) to project the VPOI to the generator terminals, neglecting the load flow voltage drop on the GSU:
	(3) RatioSYS_GEN = 𝐤𝐕𝐒𝐘𝐒_𝐁𝐀𝐒𝐄𝐤𝐕𝐆𝐄𝐍_𝐁𝐀𝐒𝐄 (4) GSURATIO = 𝐤𝐕𝐆𝐒𝐔_𝐓𝐀𝐏𝐤𝐕𝐆𝐒𝐔_𝐋𝐒    (5)  Ratio POI-GEN = 𝐑𝐚𝐭𝐢𝐨𝐒𝐘𝐒_𝐆𝐄𝐍𝐆𝐒𝐔𝐑𝐀𝐓𝐈𝐎
	 RatioSYS_GEN = 𝟏𝟑𝟖 𝐤𝐕𝟏𝟔 𝐤𝐕   GSURATIO = 𝟏𝟑𝟒.𝟓 𝐤𝐕𝟏𝟓 𝐤𝐕     RatioPOI-GEN = 𝟖.𝟔𝟐𝟓𝟖.𝟗𝟔𝟕
	 RatioSYS_GEN = 8.625   GSURATIO = 8.967     RatioPOI-GEN = 0.962
	Verify the power system to generator base conversion and convert the system base voltage (POI) at the low-side of the GSU in per unit to the voltage at the generator at the actual voltage tap selected on the GSU (neglecting load flow voltage drop):  
	(6)    kVGEN_PU = 𝐤𝐕𝐒𝐘𝐒_𝐁𝐀𝐒𝐄𝐆𝐒𝐔𝐑𝐀𝐓𝐈𝐎𝐤𝐕𝐆𝐄𝐍_𝐁𝐀𝐒𝐄
	 kVGEN_PU = 𝟏𝟑𝟖 𝐤𝐕𝟖.𝟗𝟔𝟕𝟏𝟔 𝐤𝐕
	 kVGEN_PU = 0.962 p.u.  1 p.u. at the POI equals 0.962 p.u. at the generator terminals
	Load Flow Assumptions for Steady-state Voltage Drop Calculations
	As per the Voltage Ride-Through guidance provided in PRC-024, the voltage protective relay settings were evaluated using the following loading conditions:
	1. The generator is operating at full nameplate real power output.
	2. The load power factor is 0.95, as measured at the generator terminals:
	 0.95 lagging (supplying VArs to the system) for evaluation of the under voltage elements as prescribed in PRC-024 as most likely loading condition when the system voltage is low.
	 0.95 lagging (supplying VArs to the system) for evaluation of the over voltage elements as the condition that would be the worst case for coordination between the over voltage protective elements and the Voltage Ride-Through Time Duration Curve in Attachment 2 of PRC-024
	Calculate the rated real power output for the generator:
	(7) MVAPOI_1.0 = 𝐌𝐖𝐆𝐄𝐍𝐩.𝐟.𝐋𝐎𝐀𝐃
	 MVAPOI_1.0 = 𝟏𝟒𝟗.𝟔 𝐌𝐖𝟎.𝟗𝟓
	 MVAPOI_1.0 = 157.5 MVA
	Convert to a per unit value on the generator base
	(8)  MVAPOI_1.0_pu = 𝐌𝐕𝐀𝐏𝐎𝐈_𝟏.𝟎𝐌𝐕𝐀.𝐆𝐄𝐍_𝐁𝐀𝐒𝐄
	 MVAPOI_1.0_pu = 𝟏𝟓𝟕.𝟓 𝐌𝐕𝐀𝟏𝟕𝟔 𝐌𝐕𝐀
	 MVAPOI_1.0_pu = 0.895 p.u.
	The calculations below must be completed for each step on the graph in Attachment 2.
	1.2 p.u. voltage
	VPOI_1.2_pu = 1.2𝒆−𝒋𝟎°
	Iteration 1:
	Calculate the load flow current in per unit assuming rated MW output at 0.95 lagging power factor: 
	(9) ILOAD_1.2-1 =  𝐌𝐕𝐀𝐏𝐎𝐈_𝟏.𝟎_𝐩𝐮 𝐕𝐏𝐎𝐈_𝟏.𝟐_𝐩𝐮 𝐞−𝐣 𝐚𝐜𝐨𝐬(𝐩𝐟𝐋𝐎𝐀𝐃)
	ILOAD_1.2-1 =  𝟎.𝟗 𝟏.𝟐 𝐞−𝐣 𝐚𝐜𝐨𝐬(𝟎.𝟗𝟓)
	ILOAD_1.2-1 =  𝟎.𝟕𝟓∠−𝟏𝟖.𝟐° p.u.
	Calculate the per unit voltage drop from the POI to the generator terminals at the assumed load flow:
	(10) VDROP_1.2-1 = ILOAD_1.2-1 *   𝐣 𝐙𝐆𝐒𝐔_𝐒𝐘𝐒_𝐁𝐀𝐒𝐄
	VDROP_1.2-1 = 𝟎.𝟕𝟓∠−𝟏𝟖.𝟐° *  𝟎.𝟎𝟓𝟗𝟓∠𝟗𝟎°
	VDROP_1.2-1 =  𝟎.𝟎𝟓∠𝟕𝟏.𝟖° p.u.
	Calculate the per unit voltage drop at the generator terminals at the assumed load flow:
	(11) VGEN_1.2-1 = VPOI_1.2_pu + VDROP_1.2-1
	 VGEN_1.2-1 = 𝟏.𝟐∠𝟎° +  𝟎.𝟓∠𝟕𝟏.𝟖°
	 VGEN_1.2-1 = 𝟏.𝟐∠𝟏.𝟖° p.u
	Calculate the power factor at the generator for 0.95 at the POI:
	(12) p.f.1.2-1 = cos (∠VGEN_1.2-1 - ∠ILOAD_1.2-1)
	 p.f.1.2-1 = cos𝟐°+𝟏𝟖.𝟐°
	 p.f.1.2-1 = 0.939
	VGEN= 1.215PU@1.99
	/
	VDROP= 0.044PU@71.81
	Rotate the load flow current by the difference in power factor angle between the POI and the generator calculated in the first iteration to obtain the desired generator power factor angle.
	Iteration 2:
	(13) MVA1.2-2 = 𝐌𝐖𝐆𝐄𝐍𝐩.𝐟.𝟏.𝟐−𝟏
	 MVA1.2-2 = 𝟏𝟒𝟗.𝟔 𝐌𝐖𝟎.𝟗𝟑𝟗
	 MVA1.2-2 = 159.4 MVA
	(14)  MVA1.2-2_pu = 𝐌𝐕𝐀𝟏.𝟐−𝟐𝐌𝐕𝐀.𝐆𝐄𝐍_𝐁𝐀𝐒𝐄
	 MVA1.2-2_pu = 𝟏𝟓𝟗.𝟒 𝐌𝐕𝐀𝟏𝟕𝟔 𝐌𝐕𝐀
	 MVA1.2-2_pu = 0.906 p.u.
	Calculate the load flow current in per unit assuming rated MW output at the power factor calculated in the first iteration:  
	(15) ILOAD_1.2-2 =  𝐌𝐕𝐀𝟏.𝟐−𝟐_𝐩𝐮 𝐕𝐏𝐎𝐈_𝟏.𝟐_𝐩𝐮 𝐞−𝐣 (𝐚𝐜𝐨𝐬𝐩𝐟𝐋𝐎𝐀𝐃+ ∠𝐕𝐆𝐄𝐍𝟏.𝟐−𝟏) 
	ILOAD_1.2-2 =  𝟎.𝟗𝟎𝟔 𝟏.𝟐 𝐞−𝐣(𝐚𝐜𝐨𝐬𝟎.𝟗𝟓+ 𝟏.𝟗𝟗°)
	ILOAD_1.2-2 =  𝟎.𝟕𝟓𝟓∠−𝟏𝟔.𝟐° p.u.
	Calculate the per unit voltage drop from the POI to the generator terminals at the assumed load flow:
	(16) VDROP_1.2-2 = ILOAD_1.2-2 *   𝐣 𝐙𝐆𝐒𝐔_𝐒𝐘𝐒_𝐁𝐀𝐒𝐄
	VDROP_1.2-2 = 𝟎.𝟕𝟓𝟓∠−𝟏𝟔.𝟐° *  𝟎.𝟎𝟓𝟗𝟓∠𝟗𝟎°
	VDROP_1.2-2 =  𝟎.𝟎𝟒𝟓∠𝟕𝟑.𝟖° p.u.
	Calculate the per unit voltage drop at the generator terminals at the assumed load flow:
	(17) VGEN_1.2-2 = VPOI_1.2_pu + VDROP_1.2-2
	 VGEN_1.2-2 = 𝟏.𝟐∠𝟎° +  𝟎.𝟒𝟓∠𝟕𝟑.𝟖°
	 VGEN_1.2-2 = 𝟏.𝟐𝟏𝟑∠𝟐.𝟎𝟒° p.u
	Calculate the power factor at the generator for 0.95 at the POI:
	(18) p.f.1.2-2 = cos (∠VGEN_1.2-2 - ∠ILOAD_1.2-2)
	 p.f.1.2-2 = cos𝟐.𝟎𝟒°+𝟏𝟔.𝟐°
	 p.f.1.2-2 = 0.95
	VGEN= 1.213PU@2.04
	/
	VDROP= 0.045PU@73.79
	Repeat the previous steps. The results for each step in this example are as follows:
	1.175 p.u. voltage
	Iteration 1:
	VPOI_1.175_pu = 1.175𝐞−𝐣𝟎°
	ILOAD_1.175-1 =  𝟎.𝟕𝟔𝟏∠−𝟏𝟖.𝟐° p.u.
	VDROP_1.175-1 =  𝟎.𝟎𝟒𝟓∠𝟕𝟏.𝟖° p.u.
	VGEN_1.175-1 = 𝟏.𝟏𝟗∠𝟐.𝟎𝟕° p.u
	 p.f.1.175-1 = 0.938
	Iteration 2:
	 MVA1.175-2 = 159.5 MVA
	MVA1.175-2_pu = 0.906 p.u.
	ILOAD_1.175-2 =  𝟎.𝟕𝟕𝟏∠−𝟏𝟔.𝟏𝟐° p.u.
	VDROP_1.175-2 =  𝟎.𝟎𝟒𝟔∠𝟕𝟑.𝟖𝟖° p.u.
	 VGEN_1.175-2 = 𝟏.𝟏𝟖𝟗∠𝟐.𝟏𝟑° p.u
	 p.f.1.175-2 = 0.95
	1.15 p.u. voltage
	Iteration 1:
	VPOI_1.15_pu = 1.15𝐞−𝐣𝟎°
	ILOAD_1.15-1 =  𝟎.𝟕𝟕𝟖∠−𝟏𝟖.𝟐° p.u.
	VDROP_1.15-1 =  𝟎.𝟎𝟒𝟔∠𝟕𝟏.𝟖° p.u.
	VGEN_1.15-1 = 𝟏.𝟏𝟔𝟓∠𝟐.𝟏𝟔° p.u
	 p.f.1.15-1 = 0.938
	Iteration 2:
	 MVA1.15-2 = 159.6 MVA
	MVA1.15-2_pu = 0.907 p.u.
	ILOAD_1.15-2 =  𝟎.𝟕𝟖𝟖∠−𝟏𝟔.𝟎𝟑° p.u.
	VDROP_1.15-2 =  𝟎.𝟎𝟒𝟕∠𝟕𝟑.𝟗𝟕° p.u.
	 VGEN_1.15-2 = 𝟏.𝟏𝟔𝟒∠𝟐.𝟐𝟐° p.u
	 p.f.1.15-2 = 0.95
	1.10 p.u. voltage
	Iteration 1:
	VPOI_1.1_pu = 1.10𝐞−𝐣𝟎°
	ILOAD_1.1-1 =  𝟎.𝟖𝟏𝟑∠−𝟏𝟖.𝟐° p.u.
	VDROP_1.1-1 =  𝟎.𝟎𝟒𝟖∠𝟕𝟏.𝟖° p.u.
	VGEN_1.1-1 = 𝟏.𝟏𝟏𝟔∠𝟐.𝟑𝟔° p.u
	 p.f.1.1-1 = 0.936
	Iteration 2:
	 MVA1.1-2 = 159.8 MVA
	MVA1.1-2_pu = 0.908 p.u.
	ILOAD_1.1-2 =  𝟎.𝟖𝟐𝟓∠−𝟏𝟓.𝟖𝟑° p.u.
	VDROP_1.1-2 =  𝟎.𝟎𝟒𝟗∠𝟕𝟒.𝟏𝟕° p.u.
	 VGEN_1.1-2 = 𝟏.𝟏𝟏𝟒∠𝟐.𝟒𝟑° p.u
	 p.f.1.1-2 = 0.95
	0.90 p.u. voltage
	Iteration 1:
	VPOI_0.9_pu = 0.90𝐞−𝐣𝟎°
	ILOAD_0.9-1 =  𝟎.𝟗𝟗𝟒∠−𝟏𝟖.𝟐° p.u.
	VDROP_0.9-1 =  𝟎.𝟎𝟓𝟗∠𝟕𝟏.𝟖° p.u.
	VGEN_0.9-1 = 𝟎.𝟗𝟐∠𝟑.𝟓° p.u
	 p.f..0.9-1 = 0.929
	Iteration 2:
	 MVA0.9-2 = 161.0 MVA
	MVA0.9-2_pu = 0.915 p.u.
	ILOAD_0.9-2 =  𝟏.𝟎𝟏𝟔∠−𝟏𝟒.𝟔𝟗° p.u.
	VDROP_0.9-2 =  𝟎.𝟎𝟔𝟏∠𝟕𝟓.𝟑𝟏° p.u.
	 VGEN_0.9-2 = 𝟎.𝟗𝟏𝟕∠𝟑.𝟔𝟔° p.u
	 p.f.0.9-2 = 0.949
	0.75 p.u. voltage
	Iteration 1:
	VPOI_0.75_pu = 0.75𝐞−𝐣𝟎°
	ILOAD_0.75-1 =  𝟏.𝟏𝟗𝟑∠−𝟏𝟖.𝟐° p.u.
	VDROP_0.75-1 =  𝟎.𝟎𝟕𝟏∠𝟕𝟏.𝟖° p.u.
	VGEN_0.75-1 = 𝟎.𝟕𝟕𝟓∠𝟒.𝟗𝟗° p.u
	 p.f..0.75-1 = 0.919
	Iteration 2:
	 MVA0.75-2 = 162.7 MVA
	MVA0.75-2_pu = 0.925 p.u.
	ILOAD_0.75-2 =  𝟏.𝟐𝟑𝟑∠−𝟏𝟑.𝟐° p.u.
	VDROP_0.75-2 =  𝟎.𝟎𝟕𝟑∠𝟕𝟔.𝟖° p.u.
	 VGEN_0.75-2 = 𝟎.𝟕𝟕∠𝟓.𝟑𝟐° p.u
	 p.f.0.75-2 = 0.948
	0.65 p.u. voltage
	Iteration 1:
	VPOI_0.65_pu = 0.65𝐞−𝐣𝟎°
	ILOAD_0.65-1 =  𝟏.𝟑𝟕𝟕∠−𝟏𝟖.𝟐° p.u.
	VDROP_0.65-1 =  𝟎.𝟎𝟖𝟐∠𝟕𝟏.𝟖° p.u.
	VGEN_0.65-1 = 𝟎.𝟔𝟖∠𝟔.𝟓𝟕° p.u
	 p.f..0.65-1 = 0.908
	Iteration 2:
	 MVA0.65-2 = 164.8 MVA
	MVA0.65-2_pu = 0.936 p.u.
	ILOAD_0.65-2 =  𝟏.𝟒𝟒∠−𝟏𝟏.𝟔𝟐° p.u.
	VDROP_0.65-2 =  𝟎.𝟎𝟖𝟔∠𝟕𝟖.𝟑𝟖° p.u.
	 VGEN_0.65-2 = 𝟎.𝟔𝟕𝟑∠𝟕.𝟏𝟕° p.u
	 p.f.0.65-2 = 0.947
	0.45 p.u. voltage
	Iteration 1:
	VPOI_0.45_pu = 0.45𝐞−𝐣𝟎°
	ILOAD_0.45-1 =  𝟏.𝟗𝟖𝟖∠−𝟏𝟖.𝟐° p.u.
	VDROP_0.45-1 =  𝟎.𝟏𝟏𝟖∠𝟕𝟏.𝟖° p.u.
	VGEN_0.45-1 = 𝟎.𝟓∠𝟏𝟑.𝟎° p.u
	 p.f..0.45-1 = 0.855
	VGEN = 0.500PU@13.00
	/
	Iteration 2:
	 MVA0.45-2 = 179.9 MVA
	MVA0.45-2_pu = 0.994 p.u.
	ILOAD_0.45-2 =  𝟐.𝟐𝟎𝟖∠−𝟓.𝟏𝟗° p.u.
	VDROP_0.45-2 =  𝟎.𝟏𝟑𝟏∠𝟖𝟒.𝟖𝟏° p.u.
	 VGEN_0.45-2 = 𝟎.𝟒𝟖∠𝟏𝟓.𝟖𝟐° p.u
	 p.f.0.45-2 = 0.933
	VGEN= 0.480PU@15.82
	/
	Convert each voltage ride-through value to the generator VT secondary voltage seen by the relay:
	VGEN_1.2_SEC = 𝐕𝐆𝐄𝐍_𝟏.𝟐.𝟐∗𝐑𝐀𝐓𝐈𝐎𝐏𝐎𝐈_𝐆𝐄𝐍∗𝐤𝐕𝐆𝐄𝐍_𝐁𝐀𝐒𝐄𝐕𝐓𝐑𝐆𝐄𝐍
	VGEN_1.2_SEC = 𝟏.𝟐𝟏𝟑∗𝟎.𝟗𝟔𝟐∗𝟏𝟔 𝒌𝑽𝟏𝟒𝟎
	VGEN_1.2_SEC = 133.38 V
	Using this formula, calculate the relay secondary voltage for each remaining step on the graph in Attachment 2:
	VGEN_1.175_SEC = 130.66 V
	VGEN_1.15_SEC = 127.94 V
	VGEN_1.1_SEC = 122.51 V
	VGEN_0.9_SEC = 100.83 V
	VGEN_0.75_SEC = 84.66 V
	VGEN_0.65_SEC = 73.93 V
	VGEN_0.45_SEC = 52.78 V
	Undervoltage settings
	Assume one level of undervoltage element is set to trip with a pickup of 102.9 V and a time delay of 60 cycles:
	/
	/
	/
	Example Calculations: Thompson Method
	The required voltage ride-through limits as shown in Attachment 2 of PRC-024 are given in per unit voltage at the point of interconnection (POI) on the high side of the GSU. The voltage transformer (VT) providing the signal to the voltage relay is located at the generator terminals. In order to validate compliance with PRC-024, the required system voltage at the POI has to be reflected to the generator terminals and account for the voltage drop across the GSU at the actual tapped ratio..
	Calculate the generator real power output (MWGEN):
	(1) MWGEN = MVAGEN_BASE * p.f.GEN
	MWGEN = 176 MVA * 0.85
	MWGEN = 149.6 MW
	Calculate the nominal generator VT secondary voltage (VSEC):
	(2) VSEC = kVGEN_BASE VTRGEN
	VSEC = 16 kV140
	VSEC = 114.29 V
	Calculate the GSU transformer base turns ratio (GSURATIO):
	(3) GSURATIO = 𝐤𝐕𝐆𝐒𝐔_𝐇𝐒𝐤𝐕𝐆𝐒𝐔_𝐋𝐒
	GSURATIO = 𝟏𝟑𝟖 𝐤𝐕𝟏𝟓 𝐤𝐕
	GSURATIO = 9.2
	Calculate the GSU transformer impedance on the generator base (ZGSU_GBASE):
	(4) ZGSU_GBASE = ZGSU * 𝐌𝐕𝐀𝐆𝐄𝐍_𝐁𝐀𝐒𝐄𝐌𝐕𝐀𝐆𝐒𝐔_𝐁𝐀𝐒𝐄 * 𝐤𝐕𝐆𝐒𝐔_𝐋𝐒𝐤𝐕𝐆𝐄𝐍_𝐁𝐀𝐒𝐄𝟐
	ZGSU_GBASE = 10.12% * 𝟏𝟕𝟔 𝐌𝐕𝐀𝟏𝟕𝟎 𝐌𝐕𝐀 * 𝟏𝟓 𝐤𝐕𝟏𝟔 𝐤𝐕𝟐
	ZGSU_GBASE = 9.21%
	Calculate the ratio of the generator base to system base using the GSU current no-load tap setting:
	(5) RatioSYS_GEN =   𝐤𝐕𝐒𝐘𝐒_𝐁𝐀𝐒𝐄 𝐤𝐕𝐆𝐄𝐍_𝐁𝐀𝐒𝐄     (6) RatioGSU =  𝐤𝐕𝐆𝐒𝐔_𝐓𝐀𝐏𝐤𝐕𝐆𝐒𝐔_𝐋𝐒  (7) RatioPOI_GEN = 𝐑𝐚𝐭𝐢𝐨𝐒𝐘𝐒_𝐆𝐄𝐍𝐑𝐚𝐭𝐢𝐨𝐆𝐒𝐔
	      RatioSYS_GEN =  𝟏𝟑𝟖 𝐤𝐕  𝟏𝟔 𝐤𝐕        RatioGSU = 𝟏𝟑𝟒.𝟓 𝐤𝐕  𝟏𝟓 𝐤𝐕        RatioPOI_GEN = 𝟖.𝟗𝟔𝟕 𝟖.𝟔𝟐𝟓
	      RatioSYS_GEN = 8.625        RatioGSU = 8.967        RatioPOI_GEN = 1.04
	Calculate the generator power at 0.95 load power factor (MVALOAD) using the value of MWGEN from Eq. 1:
	(8) MVALOAD =  𝐌𝐖𝐆𝐄𝐍𝟎.𝟗𝟓
	MVALOAD =  𝟏𝟒𝟗.𝟔 𝐌𝐖𝟎.𝟗𝟓  
	MVALOAD = 157.5 MVA
	Convert MVALOAD from Eq. 8 to per unit on the generator base (MVALOAD_pu):
	(9) MVALOAD_pu =  𝐌𝐕𝐀𝐋𝐎𝐀𝐃𝐌𝐕𝐀𝐆𝐄𝐍_𝐁𝐀𝐒𝐄
	MVALOAD_pu =  𝟏𝟓𝟕.𝟓 𝐌𝐕𝐀𝟏𝟕𝟔 𝐌𝐕𝐀 
	MVALOAD_pu = 0.895 p.u.
	Under Voltage Settings
	Assume one level of under voltage set to trip with a pickup of 102.9 V and a time delay of 60 cycles. 
	Calculate the under voltage pickup (UV27_pu) for 90% of Vsec from Eq. 1 in per unit:
	(10) V27_pu =   𝟎.𝟗∗𝐕𝐬𝐞𝐜𝐕𝐬𝐞𝐜
	V27_pu =  𝟎.𝟗∗𝟏𝟏𝟒.𝟐𝟗 𝐕𝟏𝟏𝟒.𝟐𝟗 𝐕 
	V27_pu = 0.9 p.u.
	Calculate the generator load current (ILOAD_27) at the rated generator MW output with 0.95 lagging power factor (Eq. 9) for the generator terminal voltage at the relay under voltage set point (Eq. 10): 
	(11) ILOAD_27 =  𝐌𝐕𝐀𝐋𝐎𝐀𝐃_𝐩𝐮 𝐕𝟐𝟕_𝐩𝐮 𝐞−𝐣 𝐚𝐜𝐨𝐬(𝟎.𝟗𝟓)
	ILOAD_27 =  𝟎.𝟖𝟗𝟓𝟎.𝟗𝐞−𝐣 𝐚𝐜𝐨𝐬(𝟎.𝟗𝟓)
	ILOAD_27 = 0.994 - j0.3103
	ILOAD_27 = 0.994∠-18.2° p.u.
	Calculate the per unit voltage drop across the GSU (VDROP_27) at the rated generator MW output with a 0.95 lagging power factor:
	(12) VDROP_27 = ILOAD_27 *   𝐣 𝐙𝐆𝐒𝐔_𝐆𝐁𝐀𝐒𝐄
	VDROP_27 = 𝟎.𝟗𝟗𝟒∠−𝟏𝟖.𝟐° *  𝟎.𝟎𝟗𝟐𝟏∠𝟗𝟎°
	VDROP_27 = 𝟎.𝟎𝟗𝟐∠𝟕𝟏.𝟖𝟏° p.u.
	Calculate the per unit voltage at the POI (VPOI_27) for the rated generator MW output with 0.95 lagging power factor:
	(13) VPOI_27 = 𝐕𝐬𝐞𝐜 - 𝐕𝐃𝐑𝐎𝐏_𝟐𝟕
	VPOI_27 = 0.9 p.u. – (0.0286 + j0.0869) p.u.
	VPOI_27 = 0.8714 p.u. + j0.0869 p.u.
	VPOI_27 = 𝟎.𝟖𝟕𝟔∠−𝟓.𝟔𝟗° p.u.
	Project the voltage element setting (VPOI_27_SET) from the generator terminals to the POI accounting for the voltage drop across the GSU:
	(14) VPOI_27_SET = |VPOI_27 | * RatioPOI_GEN 
	 VPOI_27_SET = 0.876 * 1.04 
	 VPOI_27_SET = 0.911 p.u.
	Plotting these results on the chart from Attachment 2 in Figure XX, it can be seen that this setting lies within the ‘No Trip’ zone and would not be compliant with PRC-024-2.
	/
	Figure XX
	Over Voltage Settings 
	Assume one level of over voltage set with a pickup of 125.7 V and a time delay of 1800 cycles.
	Now, calculate the overvoltage pickup of 110% of Vsec in per unit (V59_pu):
	(15) V59_pu =   𝟏.𝟏∗𝐕𝐬𝐞𝐜𝐕𝐬𝐞𝐜
	V59_pu =  𝟏.𝟏∗𝟏𝟏𝟒.𝟐𝟗 𝐕𝟏𝟏𝟒.𝟐𝟗 𝐕 
	V59_pu = 1.1 p.u.
	Using results from Eq. 9 to calculate the load current at rated MW output with 0.95 lagging power factor (ILOAD_59) for generator terminal voltage at the relay overvoltage set point:
	(16) ILOAD_59 =  𝐌𝐕𝐀𝐋𝐎𝐀𝐃_𝐩𝐮 𝐎𝐕𝐩𝐮 𝐞𝐣 𝐚𝐜𝐨𝐬(𝟎.𝟗𝟓)
	ILOAD_59 =  𝟎.𝟖𝟗𝟓𝟏.𝟏𝐞𝐣 𝐚𝐜𝐨𝐬(𝟎.𝟗𝟓)
	ILOAD_59 = 0.773 + j0.254
	ILOAD_59 = 0.813∠18.2° p.u.
	Calculate the per unit voltage drop across the GSU at the rated generator MW output at a 0.95 lagging power factor (VDROP_59):
	(17) VDROP_59 =  𝐈𝐋𝐎𝐀𝐃_𝟓𝟗 *   𝐣 𝐙𝐆𝐒𝐔_𝐆𝐁𝐀𝐒𝐄
	VDROP_59 = 𝟎.𝟖𝟏𝟑∠𝟏𝟖.𝟐° *  𝟎.𝟎𝟗𝟐𝟏∠𝟗𝟎°
	VDROP_59 = 𝟎.𝟎𝟕𝟓∠𝟏𝟎𝟖.𝟐° p.u.
	Calculate the per unit voltage at the POI at rated MW output with 0.95 lagging power factor (VPOI_59):
	(18) VPOI_59 = 𝐕𝐬𝐞𝐜 - 𝐕𝐃𝐑𝐎𝐏_𝟓𝟗
	VPOI_59 = 1.1 p.u. – (-0.0234 + j0.0712) p.u.
	VPOI_59 = 1.123 p.u. - j0.071 p.u.
	VPOI_59 = 𝟏.𝟏𝟐𝟔∠−𝟑.𝟔𝟐𝟓° p.u.
	Project the voltage element setting (VPOI_59_SET) from the generator terminals to the POI accounting for the voltage drop across the GSU:
	(19) VPOI_59_SET = |VPOI_59 | * RatioPOI_GEN 
	 VPOI_59_SET = 1.126 * 1.04 
	 VPOI_59_SET = 1.17 p.u.
	/
	Volts/Hertz Setting
	Example Calculations: Hataway Method
	This is an iterative method that has its basis in PRC-025-1, Option 1b and begins with the per unit voltage at the POI and reflects it to the generator terminals. The voltage calculated at the generator terminals is used to select the setting for the voltage relays rather than check an existing setting.
	Calculate Real Power output (MWGEN):
	(XX) MWGEN = MVAGEN_BASE * p.f.GEN
	MWGEN = 176 MVA * 0.85
	MWGEN = 149.6 MVA
	Calculate Reactive Power Output (MVArGEN):
	(XX) MVArGEN = MWGEN * tan (cos-1(0.95))
	MVArGEN = 149.6 MW * tan (18.2°)
	MVArGEN = 49.17 MVAr
	Convert the generator power output during system disturbance into the desired per unit base: 
	(XX) MVAGEN_pu = 𝐌𝐖𝐆𝐄𝐍𝐌𝐕𝐀𝐒𝐘𝐒_𝐁𝐀𝐒𝐄 + j 𝐌𝐕𝐀𝐫𝐆𝐄𝐍𝐌𝐕𝐀𝐒𝐘𝐒_𝐁𝐀𝐒𝐄
	MVAGEN_pu = 𝟏𝟒𝟗.𝟔 𝐌𝐖𝟏𝟎𝟎 𝐌𝐕𝐀 + j 𝟒𝟗.𝟏𝟕 𝐌𝐕𝐀𝐫𝟏𝟎𝟎 𝐌𝐕𝐀
	MVAGEN_pu = 1.496 p.u. + j 0.4917 p.u.
	Convert the GSU reactance into desired ohmic value in per unit (ZGSU_pu):
	(XX) ZGSU_pu = ZGSU * 𝐌𝐕𝐀𝐒𝐘𝐒_𝐁𝐀𝐒𝐄𝐌𝐕𝐀𝐆𝐒𝐔_𝐁𝐀𝐒𝐄
	ZGSU_pu = 10.12% * 𝟏𝟎𝟎 𝐌𝐕𝐀𝟏𝟕𝟎 𝐌𝐕𝐀
	ZGSU_pu = 0.0595 𝛀𝐩𝐮
	Calculate kVLOW_BASE to account for the difference between kVSYS_BASE and kVGSU_TAP:
	(XX) kVLOW_BASE = kVSYS_BASE * 𝐤𝐕𝐆𝐄𝐍_𝐁𝐀𝐒𝐄𝐤𝐕𝐆𝐒𝐔_𝐓𝐀𝐏
	kVLOW_BASE = 138 kV * 𝟏𝟓 𝐤𝐕𝟏𝟑𝟒.𝟓 𝐤𝐕
	kVLOW_BASE = 15.39 kV
	Calculations for UV Values
	Using the formulas below, calculate the generator voltage (kVLOW_pu) for each high-side voltage (kVPOI pu) from the Voltage Ride-through Time Duration Curve in Attachment 2.
	Set the initial value of kVLOW_pu to 0.9 p.u. and repeat calculations until kVLOW_pu converges with a difference of less than 1% between iterations:
	(XX) 𝛉𝐋𝐕 = 𝐬𝐢𝐧−𝟏𝐌𝐖𝐆𝐄𝐍∗|𝐙𝐆𝐒𝐔_𝐩𝐮||𝐤𝐕𝐋𝐎𝐖 𝐩𝐮|∗|𝐤𝐕𝐏𝐎𝐈 𝐩𝐮|
	(XX) |kVLOW pu| = |𝐤𝐕𝐏𝐎𝐈 𝐩𝐮|∗𝐜𝐨𝐬(𝛉𝐋𝐕𝐱)± |𝐤𝐕𝐏𝐎𝐈 𝐩𝐮|𝟐∗ 𝐜𝐨𝐬𝟐𝚯𝐋𝐕_𝐱+𝟒∗ 𝐌𝐕𝐀𝐫𝐆𝐄𝐍 𝐩𝐮∗𝐙𝐆𝐒𝐔_𝐩𝐮 𝟐
	(XX) %Δx-y =  kVLOW_pu_x− kVLOW_pu_yVLOW_pu_y 
	Using the above equations with kVLOW pu_1 = 0.9, calculate iteratively until %Δ < 1.0%:
	|kVLOW pu_2| = |𝐤𝐕𝐏𝐎𝐈 𝐩𝐮|∗𝐜𝐨𝐬(𝛉𝐋𝐕𝟏)± |𝐤𝐕𝐏𝐎𝐈 𝐩𝐮|𝟐∗ 𝐜𝐨𝐬𝟐𝚯𝐋𝐕_𝟏+𝟒∗ 𝐌𝐕𝐀𝐫𝐆𝐄𝐍 𝐩𝐮∗𝐙𝐆𝐒𝐔_𝐩𝐮 𝟐
	|kVLOW pu_2| = 𝟎.𝟗 ∗𝐜𝐨𝐬(𝟔.𝟑𝟏𝟐)± (𝟎.𝟗)𝟐∗ 𝐜𝐨𝐬𝟐𝟔.𝟑𝟏𝟐+𝟒∗ 𝟎.𝟒𝟗𝟏𝟕∗𝟎.𝟎𝟓𝟗𝟓 𝟐
	|kVLOW pu_2| = 0.926 Vpu
	Check value of kVLOW_pu for convergence:
	%Δ1-2 =  kVLOW pu 1− kVLOW pu 2VLow pu 2
	%Δ1-2 =  0.9 −0.9260..926
	%Δ1-2 = 2.9%
	Since %Δ is greater than 1%, substitute 0.926 kVpu for kVLOW pu_3 in the next iteration:
	|kVLOW pu_3| = |𝐤𝐕𝐏𝐎𝐈 𝐩𝐮|∗𝐜𝐨𝐬(𝛉𝑳𝑽_𝟐)± |𝐤𝐕𝐏𝐎𝐈 𝐩𝐮|𝟐∗ 𝐜𝐨𝐬𝟐𝚯𝐋𝐕_𝟐+𝟒∗ 𝐌𝐕𝐀𝐫𝐆𝐄𝐍 𝐩𝐮∗𝐙𝐆𝐒𝐔_𝐩𝐮 𝟐
	|kVLOW pu_3| = 𝟎.𝟗 ∗𝐜𝐨𝐬(𝟔.𝟏𝟑𝟑)± (𝟎.𝟗)𝟐∗ 𝐜𝐨𝐬𝟐𝟔.𝟏𝟑𝟑+𝟒∗ 𝟎.𝟒𝟗𝟏𝟕∗𝟎.𝟎𝟓𝟗𝟓 𝟐
	|kVLOW pu_3| = 0.926 Vpu
	Check value of kVLOW_pu for convergence:
	%Δ2-3 =  Vlow pu 2− Vlow pu 3Vlow pu 3
	%Δ2-3 =  0.926 −0.9260.926
	%Δ2-3 = 0%
	 %Δ is less than 1% so iteration is complete. Convert kVLOW pu to generator voltage base:
	kVGEN_0.9pu = kVLOW pu_3 * kVLOW_BASE
	kVGEN_0.9pu = 0.926 p.u. * 15.39 kV
	kVGEN_0.9pu = 14.25 kV
	Repeat the calculations for each step in the undervoltage curve (0.75, 0.65, and 0.45 p.u.):
	0.75 p.u.
	Iteration 1:
	kVLOW pu_1 = 0.75 p.u.
	Iteration 2:
	|kVLOW pu_2| = 0.778 Vpu
	%Δ1-2 = 2.9%
	Iteration 3:
	|kVLOW pu_3| = 0.779 Vpu
	%Δ2-3 = 0.08%
	kVGEN_0.75pu = 11.99 kV
	0.65 p.u.
	Iteration 1:
	kVLOW pu_1 = 0.65 p.u.
	Iteration 2:
	|kVLOW pu_2| = 0.679 Vpu
	%Δ1-2 = 4.4%
	Iteration 3:
	|kVLOW pu_3| = 0.68 Vpu
	%Δ2-3 = 0.17%
	kVGEN_0.75pu = 10.47 kV
	0.45 p.u.
	Iteration 1:
	kVLOW pu_1 = 0.45 p.u.
	Iteration 2:
	|kVLOW pu_2| = 0.467 Vpu
	%Δ1-2 = 3.7%
	Iteration 3:
	|kVLOW pu_3| = 0.47 Vpu
	%Δ2-3 = 0.11%
	kVGEN_0.75pu = 7.23 kV
	Calculation for OV
	Repeat the calculations for each step in the over voltage curve (1.1,1.15, 1.75, and 1.2 p.u.) using the equations in the under voltage section:
	1.1 p.u.
	Iteration 1:
	kVLOW pu_1 = 1.1 p.u.
	Iteration 2:
	|kVLOW pu_2| = 1.123 Vpu
	%Δ1-2 = 2.1%
	Iteration 3:
	|kVLOW pu_3| = 1.123 Vpu
	%Δ2-3 = 0.01%
	kVGEN_0.75pu = 17.28 kV
	1.15 p.u.
	Iteration 1:
	kVLOW pu_1 = 0.65 p.u.
	Iteration 2:
	|kVLOW pu_2| = 1.172 Vpu
	%Δ1-2 = 1.9%
	Iteration 3:
	|kVLOW pu_3| = 1.172 Vpu
	%Δ2-3 = 0%
	kVGEN_0.75pu = 18.04 kV
	1.75 p.u.
	Iteration 1:
	kVLOW pu_1 = 1.75 p.u.
	Iteration 2:
	|kVLOW pu_2| = 1.197 Vpu
	%Δ1-2 = 1.9%
	Iteration 3:
	|kVLOW pu_3| = 1.197 Vpu
	%Δ2-3 = 0%
	kVGEN_0.75pu = 18.42 kV
	1.2 p.u.
	Iteration 1:
	kVLOW pu_1 = 1.2 p.u.
	Iteration 2:
	|kVLOW pu_2| = 1.222 Vpu
	%Δ1-2 = 1.8%
	Iteration 3:
	|kVLOW pu_3| = 1.222 Vpu
	%Δ2-3 = 0%
	kVGEN_0.75pu = 18.81 kV
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	𝑍𝑟𝑒𝑙𝑎𝑦 30=0.85 x 𝑉𝐿−𝐿3 𝑥 1.5 𝑥 𝐼𝑡𝑜𝑡𝑎𝑙
	𝑍𝑟𝑒𝑙𝑎𝑦 30=0.85 x 𝑉𝐿−𝐿3 𝑥 1.5 𝑥 𝐼𝑡𝑜𝑡𝑎𝑙
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	Preface
	The North American Electric Reliability Corporation (NERC) is a not-for-profit international regulatory authority whose mission is to assure the reliability of the bulk power system (BPS) in North America. NERC develops and enforces Reliability Standards; annually assesses seasonal and long‐term reliability; monitors the BPS through system awareness; and educates, trains, and certifies industry personnel. NERC’s area of responsibility spans the continental United States, Canada, and the northern portion of Baja California, Mexico. NERC is the electric reliability organization (ERO) for North America, subject to oversight by the Federal Energy Regulatory Commission (FERC) and governmental authorities in Canada. NERC’s jurisdiction includes users, owners, and operators of the BPS, which serves more than 334 million people. 
	The North American BPS is divided into eight Regional Entity (RE) boundaries as shown in the map and corresponding table below.
	/
	The North American BPS is divided into eight Regional Entity (RE) boundaries. The highlighted areas denote overlap as some load-serving entities participate in one Region while associated transmission owners/operators participate in another.
	Disclaimer
	This supporting document may explain or facilitate implementation of a reliability standard PRC-023 — Transmission Relay Loadability but does not contain mandatory requirements subject to compliance review.
	Introduction
	This document is intended to provide additional information and guidance for complying with the requirements of Reliability Standard PRC-023 — Transmission Relay Loadability.
	The function of transmission protection systems included in the referenced reliability standard is to protect the transmission system when subjected to faults. System conditions, particularly during emergency operations, may make it necessary for transmission lines and transformers to become overloaded for short periods of time. During such instances, it is important that protective relays do not prematurely trip the transmission elements out-of-service preventing the system operators from taking controlled actions to alleviate the overload. Therefore, protection systems should not interfere with the system operators’ ability to consciously take remedial action to protect system reliability. The relay loadability reliability standard has been specifically developed to not interfere with system operator actions, while allowing for short-term overloads, with sufficient margin to allow for inaccuracies in the relays and instrument transformers.
	While protection systems are required to comply with the relay loadability requirements of Reliability Standard PRC-023; it is imperative that the protective relays be set to reliably detect all fault conditions and protect the electrical network from these faults.
	The following protection functions are addressed by Reliability Standard PRC–023: 
	1. Any protective functions which could trip with or without time delay, on normal or emergency load current, including but not limited to: 
	1.1. Phase distance 
	1.2. Out-of-step tripping 
	1.3. Out-of-step blocking 
	1.4. Switch-on-to-fault 
	1.5. Overcurrent relays 
	1.6. Communications aided protection schemes including but not limited to: 
	1.6.1. Permissive overreaching transfer trip (POTT) 
	1.6.2. Permissive underreaching transfer trip (PUTT) 
	1.6.3. Directional comparison blocking (DCB) 
	1.6.4. Directional comparison unblocking (DCUB) 
	2. The following protection systems are excluded from requirements of this standard:
	2.1. Relay elements that are only enabled when other relays or associated systems fail.
	2.1.1. Overcurrent elements that are only enabled during loss of potential conditions.
	2.1.2. Elements that are only enabled during a loss of communications.
	2.2. Protection systems intended for the detection of ground fault conditions.
	2.3. Generator protection relays
	2.4. Relay elements used only for Special Protection Systems, applied and approved in accordance with NERC Reliability Standards PRC-012 through PRC-017.
	Requirements Reference Material
	R1 — Phase Relay Setting
	R1.1 — Transmission Line Thermal Rating
	R1.2 — Transmission Line Established 15-Minute Rating
	R1.3 — Maximum Theoretical Power Transfer Limit Across a Transmission Line
	R1.3.1 — Maximum Power Transfer with Infinite Source
	R1.3.2 — Maximum Power Transfer with System Source Impedance
	R1.4 — Special Considerations for Series-Compensated Lines
	R1.5 — Weak Source Systems
	R1.6 — Not Used
	R1.7 — Load Remote to Generation
	R1.8 — Remote Load Center
	R1.9 —Load Center Remote to Transmission System
	R1.10 — Transformer Overcurrent Protection
	R1.10.1 — Coordination with IEEE Damage Curve
	R1.11 – Transformer Overload Protection
	R1.12 a — Long Line Relay Loadability – Two Terminal Lines
	R1.12 b — Long Line Relay Loadability — Three (or more) Terminal Lines and Lines with One or More Radial Taps
	R1.13 — No Explanation Necessary


	Each Transmission Owner, Generator Owner, and Distribution Provider shall use any one of the following criteria (Requirement R1, criteria 1 through 13) for any specific circuit terminal to prevent its phase protective relay settings from limiting transmission system loadability while maintaining reliable protection of the BES for all fault conditions. Each Transmission Owner, Generator Owner, and Distribution Provider shall evaluate relay loadability at 0.85 per unit voltage and a power factor angle of 30 degrees. [Risk Factor: High] 
	Set transmission line relays so they do not operate at or below 150% of the highest seasonal Facility Rating of a circuit, for the available defined loading duration nearest 4 hours (expressed in amperes).
	𝑍𝑟𝑒𝑙𝑎𝑦 30=0.85 x 𝑉𝐿−𝐿3 𝑥 1.5 𝑥 𝐼𝑟𝑎𝑡𝑖𝑛𝑔
	Where: 
	Zrelay30 = Relay reach in primary Ohms at a power factor angle of 30 degrees 
	VL-L = Rated line-to-line voltage 
	Irating = Facility Rating
	Set the relay so it does not operate at or below 150% of the highest seasonal Facility Rating (Irating) of the line for the available defined loading duration nearest 4 hours. When evaluating a distance relay, assume a 0.85 per unit relay voltage and a line phase (power factor) angle of 30 degrees.
	Example: 𝑍𝑟𝑒𝑙𝑎𝑦 30=0.85 x 𝑉𝐿−𝐿3 𝑥 1.5 𝑥 𝐼𝑟𝑎𝑡𝑖𝑛𝑔
	When the study to establish the original loadability parameters was performed, it was based on the 4-hour facility rating. The intent of the 150% factor applied to the Facility Rating in the loadability requirement was to approximate the 15-minute rating of the transmission line and add some additional margin. Although the original study performed to establish the 150% factor did not segregate the portion of the 150% factor that was to approximate the 15-minute capability from that portion that was to be a safety margin, it has been determined that a 115% margin is appropriate. In situations where detailed studies have been performed to establish 15-minute ratings on a transmission line, the 15-minute highest seasonal Facility Rating can be used to establish the loadability requirement for the protective relays.
	Set the tripping relay so it does not operate at or below 115% of the 15-minute highest seasonal Facility Rating (Irating) of the line. When evaluating a distance relay, assume a 0.85 per unit relay voltage and a line phase (power factor) angle of 30 degrees. 
	Example: 𝑍𝑟𝑒𝑙𝑎𝑦 30=0.85 x 𝑉𝐿−𝐿3 𝑥 1.5 𝑥 𝐼𝑟𝑎𝑡𝑖𝑛𝑔
	Set transmission line relays so they do not operate at or below 115% of the maximum power transfer capability of the circuit (expressed in amperes) using one of the following to perform the power transfer calculation: 
	An infinite source (zero source impedance) with a 1.00 per unit bus voltage at each end of the line
	/
	The power transfer across a transmission line (Figure 1) is defined by the equation:
	𝑃=𝑉𝑠 𝑥 𝑉𝑅 𝑥sin𝛿𝑋𝐿
	Where: 
	P = the power flow across the transmission line 
	VS = Line-to-Line voltage at the sending bus 
	VR = Line-to-Line voltage at the receiving bus 
	δ = Voltage angle between Vs and VR 
	XL = Reactance of the transmission line in ohms
	The theoretical maximum power transfer occurs when δ is 90 degrees. The maximum power transfer will be less than the theoretical maximum power transfer and will occur at some angle less than 90 degrees since the source impedance of the system is not zero. A number of conservative assumptions are made: 
	 δ is 90 degrees 
	 Voltage at each bus is 1.0 per unit 
	 An infinite source is assumed behind each bus; i.e. no source impedance is assumed. 
	The equation for maximum power becomes:
	𝑃𝑚𝑎𝑥= 𝑉2𝑋𝐿
	𝐼𝑟𝑒𝑎𝑙= 𝑃𝑚𝑎𝑥3 𝑥 𝑉
	𝐼𝑟𝑒𝑎𝑙= 𝑉3 𝑥 𝑋𝐿
	Where: 
	Pmax = Maximum power that can be transferred across a system 
	Ireal = Real component of current 
	V = Nominal line-to-line bus voltage 
	At maximum power transfer, the real component of current and the reactive component of current are equal; therefore:
	𝐼𝑡𝑜𝑡𝑎𝑙= 2𝑥 𝐼𝑟𝑒𝑎𝑙
	𝐼𝑡𝑜𝑡𝑎𝑙= 2 𝑥 𝑉3 𝑥 𝑋𝐿
	𝐼𝑡𝑜𝑡𝑎𝑙= 0.816 𝑥 𝑉𝑋𝐿
	Where: 
	Itotal is the total current at maximum power transfer.
	Set the tripping relay so it does not operate at or below 115% of Itotal (where𝐼𝑡𝑜𝑡𝑎𝑙= 0.816 𝑥 𝑉𝑋𝐿). 
	When evaluating a distance relay, assume a 0.85 per unit relay voltage and a line phase (power factor) angle of 30 degrees.
	Actual source and receiving end impedances are determined using a short circuit program and choosing the classical or flat start option to calculate the fault parameters. The impedances required for this calculation are the generator subtransient impedances (Figure 2).
	/
	The recommended procedure for determining XS and XR is: 
	 Remove the line or lines under study (parallel lines need to be removed prior to doing the fault study) 
	 Apply a three-phase short circuit to the sending and receiving end buses. 
	 The program will calculate a number of fault parameters including the equivalent Thévenin source impedances. 
	 The real component of the Thévenin impedance is ignored. 
	The voltage angle across the system is fixed at 90 degrees, and the current magnitude (Ireal) for the maximum power transfer across the system is determined as follows:
	𝑃𝑚𝑎𝑥= (1.05 𝑥 𝑉)2𝑋𝑠+ 𝑋𝑟+ 𝑋𝑙
	Where: 
	Pmax = Maximum power that can be transferred across a system 
	ES = the line-to-line internal voltage for the generator modeled behind the equivalent sending end reactance XS 
	ER = the line-to-line internal voltage for the generator modeled behind the equivalent receiving end reactance XR 
	δ = Voltage angle between ES and ER
	XS = Thévenin equivalent reactance in ohms of the sending bus 
	XR = Thévenin equivalent reactance in ohms of the receiving bus 
	XL = Reactance of the transmission line in ohms 
	V = Line-to-Line bus voltage
	𝐼𝑟𝑒𝑎𝑙= 1.05 𝑥 𝑉3(𝑋𝑆+ 𝑋𝑅+ 𝑋𝐿)
	𝐼𝑟𝑒𝑎𝑙= 0.606 𝑥 𝑉𝑋𝑆+ 𝑋𝑅+ 𝑋𝐿
	The theoretical maximum power transfer occurs when δ is 90 degrees. All stable maximum power transfers will be less than the theoretical maximum power transfer and will occur at some angle less than 90 degrees since the source impedance of the system is not zero. A number of conservative assumptions are made: 
	 δ is 90 degrees 
	 Voltage at each bus is 1.05 per unit 
	 The source impedances are calculated using the sub-transient generator reactances. 
	At maximum power transfer, the real component of current and the reactive component of current are equal; therefore:
	𝐼𝑡𝑜𝑡𝑎𝑙= 2 𝑥 𝐼𝑟𝑒𝑎𝑙
	𝐼𝑡𝑜𝑡𝑎𝑙= 2 𝑥 0.606 𝑥 𝑉(𝑋𝑆+ 𝑋𝑅+ 𝑋𝐿)
	𝐼𝑡𝑜𝑡𝑎𝑙= 0.857 𝑥 𝑉(𝑋𝑆+ 𝑋𝑅+ 𝑋𝐿)
	Where: 
	Itotal = Total current at maximum power transfer
	Set the tripping relay so it does not operate at or below 115% of Itotal. When evaluating a distance relay, assume a 0.85 per unit relay voltage and a line phase (power factor) angle of 30 degrees.
	This should be re-verified whenever major system changes are made.
	Series capacitors are used on long transmission lines to allow increased power transfer. Special consideration must be made in computing the maximum power flow that protective relays must accommodate on series compensated transmission lines. Series capacitor emergency ratings, typically 30-minute, are frequently specified during design.
	/
	The capacitor banks are protected from overload conditions by triggered gaps and/or metal oxide varistors (MOVs) and can be also be protected or bypassed by breakers or Motor Operated Disconnects (MODs). Triggered gaps and/or MOVs (Figure 3) operate on the voltage across the capacitor (Vprotective) whichever may be present in a given installation. 
	This voltage can be converted to a current by the equation: 
	𝐼𝑝𝑟𝑜𝑡𝑒𝑐𝑡𝑖𝑣𝑒= 𝑉𝑝𝑟𝑜𝑡𝑒𝑐𝑡𝑖𝑣𝑒𝑋𝐶
	Where: 
	Vprotective = Protective level of voltage across the capacitor spark gaps and/or MOVs 
	XC = Capacitive reactance 
	The protection limits the theoretical maximum power flow because Itotal, assuming the line inductive reactance is reduced by the capacitive reactance, will typically exceed Iprotective. A current of Iprotective or greater will result in a capacitor bypass. This reduces the theoretical maximum power transfer to that of only the line inductive reactance as described in R1.3. 
	The relay settings must be evaluated against 115% of the highest series capacitor emergency current rating and the maximum power transfer calculated in R1.3 using the full line inductive reactance (uncompensated line reactance). This must be done to accommodate situations where the capacitor is bypassed for reasons other than Iprotective. The relay must be set to accommodate the greater of these two currents. 
	1. 115% of the highest emergency rating of the series capacitor. When evaluating a distance relay, assume a 0.85 per unit relay voltage and a line phase (power factor) angle of 30 degrees. 
	2. Itotal (where Itotal is calculated under R1.3 using the full line inductive reactance). When evaluating a distance relay, assume a 0.85 per unit relay voltage and a line phase (power factor) angle of 30 degrees. 
	In some cases, the maximum line end three-phase fault current is small relative to the thermal loadability of the conductor. Such cases exist due to some combination of weak sources, long lines, and the topology of the transmission system (Figure 4).
	/
	Since the line end fault is the maximum current at one per unit phase to ground voltage and it is possible to have a voltage of 90 degrees across the line for maximum power transfer across the line, the voltage across the line is equal to:
	𝑉𝑆−𝑅= 𝑉𝑆2+ 𝑉𝑅2= 2 𝑥 𝑉𝐿𝑁
	It is necessary to increase the line end fault current Ifault by 2 to reflect the maximum current that the terminal could see for maximum power transfer and by 115% to provide margin for device errors.
	𝐼𝑚𝑎𝑥=1.15 𝑥 2 𝑥 1.05 𝑥 𝐼𝑓𝑎𝑢𝑙𝑡
	𝐼𝑚𝑎𝑥=1.71 𝑥 𝐼𝑓𝑎𝑢𝑙𝑡
	Where: 
	Ifault is the line-end three-phase fault current magnitude obtained from a short circuit study, reflecting sub-transient generator reactances.
	Some system configurations have load centers (no appreciable generation) remote from the generation center where under no contingency, would appreciable current flow from the load centers to the generation center (Figure 7).
	/
	Although under normal conditions, only minimal current can flow from the load center to the generation center, the forward reaching relay element on the load center breakers must provide sufficient loadability margin for unusual system conditions. To qualify, one must determine the maximum current flow (Imax) from the load center to the generation center under any system configuration.
	Some system configurations have one or more transmission lines connecting a remote, net importing load center to the rest of the system. 
	For the system shown in Figure 8, the total maximum load at the load center defines the maximum load that a single line must carry.
	/
	Also, one must determine the maximum power flow on an individual line to the area (Imax) under all system configurations, reflecting any higher currents resulting from reduced voltages, and ensure that under no condition will loop current in excess of Imax flow in the transmission lines.
	Some system configurations have one or more transmission lines connecting a cohesive, remote, net importing load center to the rest of the system. For the system shown in Figure 9, the total maximum load at the load center defines the maximum load that a single line must carry. This applies to the relays at the load center ends of lines addressed in R1.8.
	/
	However, under normal conditions, only minimal current can flow from the load center to the transmission system. The forward reaching relay element on the load center breakers must provide sufficient loadability margin for unusual system conditions, including all potential loop flows. To qualify, one must determine the maximum current flow (Imax) from the load center to the transmission system under any system configuration.
	The transformer fault protective relaying settings are set to protect for fault conditions, not excessive load conditions. These fault protection relays are designed to operate relatively quickly. Loading conditions on the order of magnitude of 150% (50% overload) of the maximum applicable nameplate rating of the transformer can normally be sustained for several minutes without damage or appreciable loss of life to the transformer.
	For transformers with operator established emergency ratings, the minimum overcurrent setting must be the greater of 115% of the highest established emergency rating, or 150% of the maximum nameplate rating.
	Set load-responsive transformer fault protection relays, if used, such that the protection settings do not expose the transformer to a fault level and duration that exceeds the transformer’s mechanical withstand capability as illustrated by the “dotted line” in IEEE C57.109-1993 - IEEE Guide for Liquid-Immersed Transformer Through-Fault-Current Duration, Clause 4.4, and Figure 4.
	/
	If the pickup of overcurrent relays is less than that specified in criterion 1.10, then the relays must be set to allow the transformer to be operated at an overload level of at least 150% of the maximum applicable nameplate rating, or 115% of the highest operator established emergency transformer rating, whichever is greater, for at least 15 minutes to provide time for the operator to take controlled action to relieve the overload.
	Alternatively, the relays may be set below the requirements of criterion 1.10 if tripping is supervised using either a top oil or simulated winding hot spot temperature element set no less than 100° C for the top oil temperature or no less than 140° C for the winding hot spot temperature.
	This description applies only to classical two-terminal lines. For lines with other configurations, see R1.12b, Three (or more) Terminal Lines, and Lines with One or More Radial Taps. A large number of transmission lines in North America are protected with distance based relays that use a mho characteristic. Although other relay characteristics are now available that offer the same fault protection with more immunity to load encroachment, generally they are not required based on the following: 
	1. The original loadability concern from the Northeast blackout (and other blackouts) was overly sensitive distance relays (usually Zone 3 relays). 
	2. Distance relays with mho characteristics that are set at 125% of the line length are clearly not “overly sensitive,” and were not responsible for any of the documented cascading outages, under steady-state conditions. 
	3. It is unlikely that distance relays with mho characteristics set at 125% of line length will misoperate due to recoverable loading during major events. 
	4. Even though unintentional relay operation due to load could clearly be mitigated with blinders or other load encroachment techniques, in the vast majority of cases, it may not be necessary if the relays with mho characteristics are set at 125% of the line length. For available techniques see reference 14.
	/
	It is prudent that the relays be adjusted to as close to the 90 degree MTA setting as the relay can be set to achieve the highest level of loadability without compromising the ability of the relay to reliably detect faults. 
	The basis for the current loading is as follows: 
	Vrelay = Line-to-Line voltage at the relay location 
	Zline = Line impedance 
	Θline = Line impedance angle 
	Zrelay = Relay setting in ohms at the maximum torque angle 
	MTA = Maximum torque angle, the angle of maximum relay reach 
	Zrelay30 = Relay trip point at a 30 degree phase angle between the voltage and current 
	Itrip = Relay operating current at 30 degrees with normal voltage 
	Irelay30 = Current (including a 15% margin) that the circuit can carry at 0.85 per unit voltage at a 30 degree phase angle between the voltage and current before reaching the relay trip point 
	For applying a mho-characteristic relay at any maximum torque angle to any line impedance angle:
	𝑍𝑟𝑒𝑙𝑎𝑦= 1.25 𝑥 𝑍𝑙𝑖𝑛𝑒cos(𝑀𝑇𝐴− 𝜃𝑙𝑖𝑛𝑒
	The relay reach at the load power factor angle of 30 is determined from:
	𝑍𝑟𝑒𝑙𝑎𝑦 30= 1.25 𝑥 𝑍𝑙𝑖𝑛𝑒cos(𝑀𝑇𝐴− 𝜃𝑙𝑖𝑛𝑒) 𝑥 cos(𝑀𝑇𝐴− 30°
	The relay operating current at the load power factor angle of 30° is:
	𝐼𝑡𝑟𝑖𝑝= 𝑉𝑟𝑒𝑙𝑎𝑦3 𝑥 𝑍𝑟𝑒𝑙𝑎𝑦 30
	𝐼𝑡𝑟𝑖𝑝= 𝑉𝑟𝑒𝑙𝑎𝑦 𝑥 cos(𝑀𝑇𝐴− 𝜃𝑙𝑖𝑛𝑒)3 𝑥 1.25 𝑥 𝑍𝑙𝑖𝑛𝑒 𝑥 cos(𝑀𝑇𝐴−30°)
	The load current with a 15% margin factor and the 0.85 per unit voltage requirement is calculated by:
	𝑖𝑟𝑒𝑙𝑎𝑦 30= 0.85 𝑥 𝐼𝑡𝑟𝑖𝑝1.15
	𝐼𝑟𝑒𝑙𝑎𝑦 30= 0.85 𝑥 𝑉𝑟𝑒𝑙𝑎𝑦 𝑥 cos(𝑀𝑇𝐴− 𝜃𝑙𝑖𝑛𝑒)1.15 𝑥 3 𝑥 1.25 𝑥 𝑍𝑙𝑖𝑛𝑒 𝑥cos(𝑀𝑇𝐴−30°) 
	𝐼𝑟𝑒𝑙𝑎𝑦 30= 0.341 𝑥 𝑉𝑟𝑒𝑙𝑎𝑦𝑍𝑙𝑖𝑛𝑒 𝑥 cos(𝑀𝑇𝐴−𝜃𝑙𝑖𝑛𝑒)cos(𝑀𝑇𝐴−30°)
	Three (or more) terminal lines present protective relaying challenges from a loadability standpoint due to the apparent impedance as seen by the different terminals. This includes lines with radial taps. The loadability of the line may be different for each terminal of the line so the loadability must be done on a per terminal basis: 
	The basis for the current loading is as follows:
	/
	The basis for the current loading is as follows: 
	Vrelay = Phase-to-phase line voltage at the relay location 
	Zapparent = Apparent line impedance as seen from the line terminal. This apparent impedance is the impedance calculated (using in-feed) for a fault at the most electrically distant line terminal for system conditions normally used in protective relaying setting practices. 
	Θapparent = Apparent line impedance angle as seen from the line terminal 
	Zrelay = Relay setting at the maximum torque angle. 
	MTA = Maximum torque angle, the angle of maximum relay reach 
	Zrelay30 = Relay trip point at a 30 degree phase angle between the voltage and current 
	Itrip = Trip current at 30 degrees with normal voltage 
	Irelay30 = Current (including a 15% margin) that the circuit can carry at 0.85 voltage at a 30 degree phase angle between the voltage and current before reaching the trip point 
	For applying a mho-characteristic relay at any maximum torque angle to any apparent impedance angle
	𝑍𝑟𝑒𝑙𝑎𝑦= 1.25 𝑥 𝑍𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡cos(𝑀𝑇𝐴−𝜃𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡)
	The relay reach at the load power factor angle of 30° is determined from:
	𝑍𝑟𝑒𝑙𝑎𝑦 30= 1.25 𝑥 𝑍𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡cos(𝑀𝑇𝐴−𝜃𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡) 𝑥 cos(𝑀𝑇𝐴−30°)
	The relay operating current at the load power factor angle of 30° is:
	𝐼𝑡𝑟𝑖𝑝= 𝑉𝑟𝑒𝑙𝑎𝑦3𝑥 𝑍𝑟𝑒𝑙𝑎𝑦 30
	𝐼𝑡𝑟𝑖𝑝= 𝑉𝑟𝑒𝑙𝑎𝑦 𝑥 cos(𝑀𝑇𝐴−𝜃𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡)3 𝑥 1.25 𝑥 𝑍𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑥 cos(𝑀𝑇𝐴−30°)
	The load current with a 15% margin factor and the 0.85 per unit voltage requirement is calculated by:
	𝐼𝑟𝑒𝑙𝑎𝑦 30 = 0.85 𝑥 𝐼𝑡𝑟𝑖𝑝1.15
	𝐼𝑟𝑒𝑙𝑎𝑦 30 = 0.85 𝑥 𝑉𝑟𝑒𝑙𝑎𝑦𝑥 cos(𝑀𝑇𝐴−𝜃𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡)1.15 𝑥 3 𝑥 1.25 𝑥 𝑍𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑥 cos(𝑀𝑇𝐴−30°)
	𝐼𝑟𝑒𝑙𝑎𝑦 30 = 0.341 𝑥 𝑉𝑟𝑒𝑙𝑎𝑦𝑍𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡𝑥cos(𝑀𝑇𝐴−𝜃𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡)cos(𝑀𝑇𝐴−30°)
	Appendix A — Long Line Maximum Power Transfer Equations
	/
	Lengthy transmission lines have significant series resistance, reactance, and shunt capacitance. The line resistance consumes real power when current flows through the line and increases the real power input during maximum power transfer. The shunt capacitance supplies reactive current, which impacts the sending end reactive power requirements of the transmission line during maximum power transfer. These line parameters should be used when calculating the maximum line power flow. 
	The following equations may be used to compute the maximum power transfer:
	𝑃𝑆3−∅= 𝑉𝑆2|𝑍| cos𝜃°− 𝑉𝑠𝑉𝑅𝑍 cos(𝜃+ 𝛿°)
	𝑄𝑆3−∅=𝑉𝑆2|𝑍|sin𝜃°− 𝑉𝑆2𝐵2− 𝑉𝑆𝑉𝑅𝑍sin(𝜃+𝛿°)
	The equations for computing the total line current are below. These equations assume the condition of maximum power transfer,  = 90º, and nominal voltage at both the sending and receiving line ends:
	𝐼𝑟𝑒𝑎𝑙= 𝑉3 𝑍(cos𝜃°+sin𝜃°)
	𝐼𝑟𝑒𝑎𝑐𝑡𝑖𝑣𝑒= 𝑉3 |𝑍|sin𝜃°−𝑍𝐵2−cos(𝜃°)
	𝐼𝑡𝑜𝑡𝑎𝑙=𝐼𝑟𝑒𝑎𝑙+ 𝑗𝐼𝑟𝑒𝑎𝑐𝑡𝑖𝑣𝑒
	𝐼𝑡𝑜𝑡𝑎𝑙 =𝐼𝑟𝑒𝑎𝑙2+ 𝐼𝑟𝑒𝑎𝑐𝑡𝑖𝑣𝑒2
	Where: 
	P = the power flow across the transmission line 
	VS = Phase-to-phase voltage at the sending bus 
	VR = Phase-to-phase voltage at the receiving bus 
	V = Nominal phase-to-phase bus voltage 
	δ = Voltage angle between VS and VR 
	Z = Reactance, including fixed shunt reactors, of the transmission line in ohms* 
	Θ = Line impedance angle 
	B = Shunt susceptance of the transmission line in mhos* 
	* The use of hyperbolic functions to calculate these impedances is recommended to reflect the distributed nature of long line reactance and capacitance.
	Appendix B — Impedance-based Pilot Relaying Considerations
	Some utilities employ communication-aided (pilot) relaying schemes which, taken as a whole, may have a higher loadability than would otherwise be implied by the setting of the forward (overreaching) impedance elements. Impedance based pilot relaying schemes may comply with PRC-023 R1 if all of the following conditions are satisfied. 
	1. The overreaching impedance elements are used only as part of the pilot scheme itself – i.e., not also in conjunction with a Zone 2 timer which would allow them to trip independently of the pilot scheme. 
	2. The scheme is of the permissive overreaching transfer trip type, requiring relays at all terminals to sense an internal fault as a condition for tripping any terminal. 
	3. The permissive overreaching transfer trip scheme has not been modified to include weak infeed logic or other logic which could allow a terminal to trip even if the (closed) remote terminal does not sense an internal fault condition with its own forward-reaching elements. Unmodified directional comparison unblocking schemes are equivalent to permissive overreaching transfer trip in this context. Directional comparison blocking schemes will generally not qualify. 
	For purposes of this discussion, impedance-based pilot relaying schemes fall into two general classes: 
	1. Unmodified permissive overreaching transfer trip (POTT) (requires relays at all terminals to sense an internal fault as a condition for tripping any terminal). Unmodified directional comparison unblocking schemes are equivalent to permissive overreach in this context. 
	2. Directional comparison blocking (DCB) (requires relays at one terminal to sense an internal fault, and relays at all other terminals to not sense an external fault as a condition for tripping the terminal). Depending on the details of scheme operation, the criteria for determining that a fault is external may be based on current magnitude and/or on the response of directionally-sensitive relays. Permissive schemes which have been modified to include “echo” or “weak source” logic fall into the DCB class. 
	Unmodified POTT schemes may offer a significant advantage in loadability as compared with a non-pilot scheme. Modified POTT and DCB schemes will generally offer no such advantage. Both applications are discussed below.
	/
	Unmodified Permissive Overreaching Transfer Trip 
	In a non-pilot application, the loadability of the tripping relay at Station “A” is determined by the reach of the impedance characteristic at an angle of 30 degrees, or the length of line AX in Figure B-1. In a POTT application, point “X” falls outside the tripping characteristic of the relay at Station “B”, preventing tripping at either terminal. Relay “A” becomes susceptible to tripping along its 30-degree line only when point “Y” is reached. Loadability will therefore be increased according to the ratio of AX to AY, which may be sufficient to meet the loadability requirement with no mitigating measures being necessary. 
	/
	Directional Comparison Blocking 
	In Figure B-2, blocking at Station “B” utilizes impedance elements which may or may not have offset. The settings of the blocking elements are traditionally based on external fault conditions only. It is unlikely that the blocking characteristic at Station “B” will extend into the load region of the tripping characteristic at Station “A”. The loadability of Relay “A” will therefore almost invariably be determined by the impedance AX. 
	Appendix C — Out-of-step Blocking Relaying
	Out-of-step blocking is sometimes applied on transmission lines and transformers to prevent tripping of the circuit element for predicted (by transient stability studies) or observed system swings. 
	There are many methods of providing the out-of-step blocking function; one common approach, used with distance tripping relays, uses a distance characteristic which is approximately concentric with the tripping characteristic. These characteristics may be circular mho characteristics, quadrilateral characteristics, or may be modified circular characteristics. 
	During normal system conditions the accelerating power, Pa, will be essentially zero. During system disturbances, Pa > 0. Pa is the difference between the mechanical power input, Pm, and the electrical power output, Pe, of the system, ignoring any losses. The machines or group of machines will accelerate uniformly at the rate of Pa/2H radians per second squared, where H is the inertia constant of the system. During a fault condition Pa >> 1 resulting in a near instantaneous change from load to fault impedance. During a stable swing condition, Pa < 1, resulting in a slower rate of change of impedance. 
	For a system swing condition, the apparent impedance will form a loci of impedance points (relative to time) which changes relative slowly at first; for a stable swing (where no generators “slip poles” or go unstable), the impedance loci will eventually damp out to a new steady-state operating point. For an unstable swing, the impedance loci will change quickly traversing the jx-axis of the impedance plane as the generator slips a pole as shown in Figure C-1 below.
	For simplicity, this appendix discusses the concentric-distance-characteristic method of out-of-step blocking, considering circular mho characteristics. As mentioned above, this approach uses a mho characteristic for the out-of-step blocking relay, which is approximately concentric to the related tripping relay characteristic. The out-of-step blocking characteristic is also equipped with a timer, such that a fault will transit the out-of-step blocking characteristic too quickly to operate the out-of-step blocking relay, but a swing will reside between the out-of-step blocking characteristic and the tripping characteristic for a sufficient period of time for the out-of-step blocking relay to trip. Operation of the out-of-step blocking relay (including the timer) will in turn inhibit the tripping relay from operating.
	/
	Figure C-1 illustrates the relationship between the out-of-step blocking relay and the tripping relay, and shows a sample of a portion of an unstable swing. 
	Impact of System Loading of the Out-of-Step Relaying 
	Figure C-2 illustrates a tripping relay and out-of-step blocking relay, and shows the relative effects of several apparent impedances.
	/
	Both the tripping relay and the out-of-step blocking relay have characteristics responsive to the impedance that is seen by the distance relay. In general, only the tripping relays are considered when evaluating the effect of system loads on relay characteristics (usually referred to as “relay loadability”). However, when the behavior of out-of-step blocking relays is considered, it becomes clear that they must also be included in the evaluation of system loads, as their reach must necessarily be longer than that of the tripping relays, making them even more responsive to load. 
	Three different load impedances are shown. Load impedance (1) shows an impedance (either load or fault) which would operate the tripping relay. Load impedance (3) shows a load impedance well outside both the tripping characteristic and the out-of-step blocking characteristic, and illustrates the desired result. The primary concern relates to the fact that, if an apparent impedance, shown as load impedance (2), resides within the out-of-step blocking characteristic (but outside the tripping characteristic) for the duration of the out-of-step blocking timer, the out-of-step blocking relay inhibits the operation of the tripping relay. It becomes clear that such an apparent impedance can represent a system load condition as well as a system swing; if (and as long as) a system load condition operates the out-of-step blocking relay, the tripping relay will be prevented from operating for a subsequent fault condition! A timer can be added such that the relay issues a trip if the out of step timer does not reset within a defined time.
	Appendix D — Out-of-step Blocking Relaying
	Introduction 
	Switch-on-to-fault (SOTF) schemes (also known as “close-into-fault schemes or line-pickup schemes) are protection functions intended to trip a transmission line breaker when closed on to a faulted line. Dedicated SOTF schemes are available in various designs, but since the fault-detecting elements tend to be more sensitive than conventional, impedance-based line protection functions, they are designed to be “armed” only for a brief period following breaker closure. Depending on the details of scheme design and element settings, there may be implications for line relay loadability. This paper addresses those implications in the context of scheme design. 
	SOTF scheme applications 
	SOTF schemes are applied for one or more of three reasons:
	1. When an impedance-based protection scheme uses line-side voltage transformers, SOTF logic is required to detect a close-in, three-phase fault to protect against a line breaker being closed into such a fault. Phase impedance relays whose steady-state tripping characteristics pass through the origin on an R-X diagram will generally not operate if there is zero voltage applied to the relay before closing into a zero-voltage fault. This condition typically occurs during when a breaker is closed into a set of three-phase grounds which operations/maintenance personnel failed to remove prior to re-energizing the line. When this occurs in the absence of SOTF protection, the breaker will not trip, nor will breaker failure protection be initiated, possibly resulting in time-delayed tripping at numerous remote terminals. Unit instability and dropping of massive blocks of load can also occur. 
	Current fault detector pickup settings must be low enough to allow positive fault detection under what is considered to be the “worst case” (highest) impedance to the source bus. 
	2. When an impedance protection scheme uses line-side voltage transformers, SOTF current fault detectors may operate significantly faster than impedance units when a breaker is closed into a fault anywhere on the line. The dynamic characteristics of typical impedance units are such that their speed of operation is impaired if polarizing voltages are not available prior to the fault. 
	Current fault detector pickup settings will generally be lower in this application than in (1) above. The greater the coverage desired, and the longer the line, the lower the setting. 
	3. Regardless of voltage transformer location, SOTF schemes may allow high-speed clearing of faults along the entire line without having to rely or wait on a communications-aided tripping scheme. 
	Current or impedance-based fault detectors must be set to reach the remote line terminal to achieve that objective.
	SOTF line loadability considerations 
	This reference document is intended to provide guidance for the review of existing SOTF schemes to ensure that those schemes do not operate for non-SOTF conditions or under heavily stressed system conditions. This document also provides recommended practices for application of new SOTF schemes. 
	1. The SOTF protection must not operate assuming that the line terminals are closed at the outset and carrying up to 1.5 times the Facility Rating (as specified in Reliability Standard PRC-023), when calculated in accordance with the methods described in this standard. 
	2. For existing SOTF schemes, the SOTF protection must not operate when a breaker is closed into an unfaulted line which is energized from the remote terminal at a voltage exceeding 85% of nominal at the local terminal. For SOTF schemes commissioned after formal adoption of this report, the protection should not operate when a breaker is closed into an unfaulted line which is energized from the remote terminal at a voltage exceeding 75% of nominal at the local terminal.
	SOTF scheme designs 
	1. Direct-tripping high-set instantaneous phase overcurrent 
	This scheme is technically not a SOTF scheme, in that it is in service at all times, but it can be effectively applied under appropriate circumstances for clearing zero-voltage faults. It uses a continuously-enabled, high-set instantaneous phase overcurrent unit or units set to detect the fault under “worst case” (lowest source impedance) conditions. The main considerations in the use of such a scheme involve detecting the fault while not overreaching the remote line terminal under external fault conditions, and while not operating for stable load swings. Under NERC line loadability requirements, the overcurrent unit setting also must be greater than 1.5 times the Facility Rating (as specified in Reliability Standard PRC-023), when calculated in accordance with the methods described in this standard. 
	2. Dedicated SOTF schemes 
	Dedicated SOTF schemes generally include logic designed to detect an open breaker and to arm instantaneous tripping by current or impedance elements only for a brief period following breaker closing. The differences in the schemes lie (a) in the method by which breaker closing is declared, (b) in whether there is a scheme requirement that the line be dead prior to breaker closing, and (c) in the choice of tripping elements. In the case of modern relays, every manufacturer has its own design, in some cases with user choices for scheme logic as well as element settings. 
	In some SOTF schemes the use of breaker auxiliary contacts and/or breaker “close” signaling is included, which limits scheme exposure to actual breaker closing situations. With others, the breaker-closing declaration is based solely on the status of voltage and current elements. This is regarded as marginally less secure from misoperation when the line terminals are (and have been) closed, but can reduce scheme complexity when the line terminates in multiple breakers, any of which can be closed to energize the line. 
	SOTF and Automatic Reclosing 
	With appropriate consideration of dead-line reclosing voltage supervision, there are no coordination issues between SOTF and automatic reclosing into a de-energized line. If pre-closing line voltage is the primary means for preventing SOTF tripping under heavy loading conditions, it is clearly desirable from a security standpoint that the SOTF line voltage detectors be set to pick up at a voltage level below the automatic reclosing live-line voltage detectors and below 0.8 per-unit voltage. 
	Where this is not possible, the SOTF fault detecting elements are susceptible to operation for closing into an energized line, and should be set no higher than required to detect a close-in, three-phase fault under worst case (highest source impedance) conditions assuming that they cannot be set above 1.5 times the Facility Rating (as specified in Reliability Standard PRC-023). Immunity to false tripping on high-speed reclosure may be enhanced by using scheme logic which delays the action of the fault detectors long enough for the line voltage detectors to pick up and instantaneously block SOTF tripping.
	Appendix E — Out-of-step Blocking Relaying
	The listed IEEE technical papers are available at: 
	http://www.pes-psrc.org/Reports/Apublications_new_format.htm 
	The listed IEEE Standards are available from the IEEE Standards Association at: 
	http://www.techstreet.com/ieee 
	The listed ANSI Standards are available directly from the American National Standards Institute at 
	https://webstore.ansi.org/default.aspx 
	/
	1. Performance of Generator Protection during Major System Disturbances, IEEE Paper No. TPWRD-00370-2003, Working Group J6 of the Rotating Machinery Protection Subcommittee, Power System Relaying Committee, 2003. 
	2. Transmission Line Protective Systems Loadability, Working Group D6 of the Line Protection Subcommittee, Power System Relaying Committee, March 2001. 
	3. Practical Concepts in Capability and Performance of Transmission Lines, H. P. St. Clair, IEEE Transactions, December 1953, pp. 1152–1157. 
	4. Analytical Development of Loadability Characteristics for EHV and UHV Transmission Lines, R. D. Dunlop, R. Gutman, P. P. Marchenko, IEEE transactions on Power Apparatus and Systems, Vol. PAS – 98, No. 2 March-April 1979, pp. 606–617. 
	5. EHV and UHV Line Loadability Dependence on var Supply Capability, T. W. Kay, P. W. Sauer, R. D.Shultz, R. A. Smith, IEEE transactions on Power Apparatus and Systems, Vol. PAS –101, No. 9 September 1982, pp. 3568–3575. 
	6. Application of Line Loadability Concepts to Operating Studies, R. Gutman, IEEE Transactions on Power Systems, Vol. 3, No. 4 November 1988, pp. 1426–1433. 
	7. IEEE Standard C37.113, IEEE Guide for Protective Relay Applications to Transmission Lines. 
	8. ANSI Standard C50.13, American National Standard for Cylindrical Rotor Synchronous Generators. 
	9. ANSI Standard C84.1, American National Standard for Electric Power Systems and Equipment – Voltage Ratings (60 Hertz), 1995. 
	10. IEEE Standard 1036, IEEE Guide for Application of Shunt Capacitors, 1992. 
	11. J. J. Grainger & W. D. Stevenson, Jr., Power System Analysis, McGraw- Hill Inc., 1994, Chapter 6 Sections 6.4 – 6.7, pp 202 – 215. 
	12. Final Report on the August 14, 2003 Blackout in the United States and Canada: Causes and Recommendations, U.S.-Canada Power System Outage Task Force, April 2004. 
	13. August 14, 2003 Blackout: NERC Actions to Prevent and Mitigate the Impacts of Future Cascading Blackouts, approved by the NERC Board of Trustees, February 10, 2004. 
	14. Increase Line Loadability by Enabling Load Encroachment Functions of Digital Relays, System Protection and Control Task Force, North American Electric Reliability Council, December 7, 2005. 

	Item 16a. Draft - ERS Briefing on Historical Measure 6 20170829 FINAL

	NERC_Antitrust_Compliance_Guidelines
	I. General
	It is NERC’s policy and practice to obey the antitrust laws and to avoid all conduct that unreasonably restrains competition. This policy requires the avoidance of any conduct that violates, or that might appear to violate, the antitrust laws. Among o...
	It is the responsibility of every NERC participant and employee who may in any way affect NERC’s compliance with the antitrust laws to carry out this commitment.
	Antitrust laws are complex and subject to court interpretation that can vary over time and from one court to another. The purpose of these guidelines is to alert NERC participants and employees to potential antitrust problems and to set forth policies...
	II. Prohibited Activities
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	Item 2.a.i – 2017 Election results, PC Membership
	2017 Election DL-PC_Members_Election
	Announcement 
	2017 Planning Committee Election Results 
	The Planning Committee (PC) opened nominations for 16 vacant positions from May 30 through June 19. Three sectors (the Investor Owned Utility sector, Electricity Marketer, and Independent System Operator/Regional Transmission Organization) had more nominees than available open positions; therefore, balloting was required for those sectors. The following 11 people were nominated for, or elected to fill, the open positions on the PC to serve from 2017–2019
	Elected Members
	Sector
	Katy Onnen (Kansas City Power and Light)
	1. Investor-Owned Utility 
	Kenneth Stone (Braintree Electric Light Department)
	2. State/Municipal Utility
	Paul McCurley (NRECA)
	3. Cooperative Utility
	Robert Reinmuller(Hydro One)
	4. Federal or Provincial Utility/Federal Power Marketing Administration
	Gayle Nansel (Western Area Power Administration)
	Carl Turner (Florida Municipal Power Agency)
	5. Transmission Dependent Utility
	Matthew Luther (NRG Energy)
	6. Merchant Electricity Generator
	Kim Adelberg (Southern Company Services)
	7. Electricity Marketer
	No nominees 
	8. Large End-Use Electricity Customer
	Darryl Lawrence (Pennsylvania Office of Consumer Advocate)
	9. Small End-Use Electricity Customer
	Jeff Billo (ERCOT)
	10. Independent System Operator/Regional Transmission Organization
	None – All member are appointed by their Regional Entity.
	11. Regional Entity
	Christine Ericson (Illinois Commerce Commission)
	12. State Government
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	Item 12a. Draft Guidance Document PRC-024 23Aug2017 draft final PC - Bauer
	NERC Planning Committee 
	Compliance Implementation Guidance 
	PRC-024-2
	1.0 Overview
	1.1 Preamble
	1.2 Purpose
	1.3 Scope

	Implementation Guidance provides a means for registered entities to develop examples or approaches to illustrate how registered entities could comply with a standard that are vetted by industry and endorsed by the Electric Reliability Organization (ERO) Enterprise.  The examples provided in this Implementation Guidance are not exclusive, as there are likely other methods for implementing a standard.  The ERO Enterprise’s endorsement of an example means the ERO Enterprise Compliance Monitoring and Enforcement Program (CMEP) staff will give these examples deference when conducting compliance monitoring activities.  Registered entities can rely upon the example and be reasonably assured that compliance requirements will be met with the understanding that compliance determinations depend on facts, circumstances, and system configurations. 
	 Guidance documents cannot change the scope or purpose of the requirements of a standard. 
	 The contents of this guidance document are not the only way to comply with a standard. 
	 Compliance expectations should be made as clear as possible through the standards development process which should minimize the need for guidance after final ballot approval of a standard.
	 Forms of guidance should not conflict. 
	 Guidance should be developed collaboratively and posted on the NERC website for transparency. 
	This guidance document is to assist NERC Registered Entities in developing a common understanding of the practices and processes surrounding the evaluation of voltage protective relay settings with respect to NERC Standard PRC-024-2. It is also intended to establish reasonable assumptions to be used in the calculations to meet the intent of this standard. It provides examples of these calculations to demonstrate compliance.
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	𝛉𝐋𝐕_𝟏 = 6.312°
	𝛉𝐋𝐕_𝟏 = 𝐬𝐢𝐧−𝟏𝟏.𝟒𝟗𝟔∗𝟎.𝟎𝟓𝟗𝟓𝟎.𝟗∗𝟎.𝟗
	𝛉𝐋𝐕_𝟏 = 𝐬𝐢𝐧−𝟏𝐌𝐖𝐆𝐄𝐍∗|𝐙𝐆𝐒𝐔_𝐩𝐮||𝐤𝐕𝐥𝐨𝐰 𝐩𝐮_𝟏|∗|𝐤𝐕𝐏𝐎𝐈 𝐩𝐮|
	𝛉𝐋𝐕_𝟐 = 𝐬𝐢𝐧−𝟏𝐌𝐖𝐆𝐄𝐍∗|𝐙𝐆𝐒𝐔_𝐩𝐮||𝐤𝐕𝐥𝐨𝐰 𝐩𝐮_𝟐|∗|𝐤𝐕𝐏𝐎𝐈 𝐩𝐮|
	This guidance document applies to GOs who are demonstrating compliance with PRC-024-2 Requirement R2. 
	R2. Each Generator Owner that has generator voltage protective relaying activated to trip its applicable generating unit(s) shall set its protective relaying such that the generator voltage protective relaying does not trip the applicable generating unit(s) as a result of a voltage excursion (at the point of interconnection3) caused by an event on the transmission system external to the generating plant that remains within the “no trip zone” of PRC-024 Attachment 2. If the Transmission Planner allows less stringent voltage relay settings than those required to meet PRC-024 Attachment 2, then the Generator Owner shall set its protective relaying within the voltage recovery characteristics of a location-specific Transmission Planner’s study. Requirement R2 is subject to the following exceptions:
	Generating unit(s) may trip in accordance with a Special Protection System (SPS) or
	   Remedial Action Scheme (RAS).
	 Generating unit(s) may trip if clearing a system fault necessitates disconnecting (a) generating unit(s).
	 Generating unit(s) may trip by action of protective functions (such as out-of-step functions or loss-of-field functions) that operate due to an impending or actual loss of synchronism or, for asynchronous generating units, due to instability in power conversion control equipment.
	 Generating unit(s) may trip within a portion of the “no trip zone” of PRC-024 Attachment 2 for documented and communicated regulatory or equipment limitations in accordance with Requirement R3.
	This guidance document does not demonstrate any calculations for auxiliary equipment voltages as auxiliary equipment relays are not included in the scope of PRC-024-2.
	This guidance is limited to conventional synchronous machines.  Unconventional generation, do not produce as much reactive power as synchronous generators, hence the voltage drop due to reactive power flow through the GSU transformer is not as significant.  Therefore, the generator bus voltage can be conservatively estimated by reflecting the high-side nominal voltage to the generator-side based on the GSU transformers turns ratio.
	1.4 Background
	2.0  Compliance Implementation and Evidence
	2.1  Load Flow Assumption for Low Voltage Condition
	2.2  Load Flow Assumption for High Voltage Condition
	3.0 Example Calculations

	There have been numerous requests for clarification on various points of PRC-024 from the Industry. Due to the number of requests and additionally, a specific request from the IEEE PSRC J Subcommittee JTF2 task force for a PRC-024-2 example, this Implementation Guidance was determined to be a needed document for the industry.
	A common question that has consistently been asked by the Industry is whether or not the “no trip” area of the voltage curve ends at 4 seconds or extends infinitely. The PRC-024 Voltage Ride-Through Time Duration Curve in Attachment 2 of the standard is intended to prevent generators from tripping for recoverable transient voltage disturbances on the BES. For this reason, the curve only covers a four second time window. These voltage level and time duration steps are meant to allow time for a generator with its AVR in automatic to recover from the disturbance before protective relays trip the unit. The standard development record shows that the intent of the standard is to simplify the analysis of voltage sensitive protective relay tripping characteristics using steady-state techniques to provide reasonable levels and times for the controls to respond.    The accompanying examples, displaying the relay trip characteristic plotted with the PRC-024 Voltage Ride-Through Time Duration Curve, indicate that the “no trip” area stops at 4 seconds.
	Another question that has come up consistently is: “Is the area outside the Voltage Ride-Through Time Duration Curve a must trip area?” The Standard prescribes an area that is a “no trip” area. There is no requirement to trip for the area outside the “no trip” area. Rather it is a “may trip” area, if needed to protect equipment for low voltages. In the tabular tables, the term instantaneous trip is used. This term is intended to indicate instantaneous tripping is allowed, not required.
	/
	In Attachment 2 of PRC-024-2 titled “Voltage Ride Through Curve Clarifications, Evaluating Protective Relay Settings:” the standard states: 
	Voltage Ride-Through Curve Clarifications
	Curve Details:
	1. The per unit voltage base for these curves is the nominal operating voltage specified by the
	Transmission Planner in the analysis of the reliability of the Interconnected Transmission
	Systems at the point of interconnection to the Bulk Electric System (BES).
	2. The curves depicted were derived based on three-phase transmission system zone 1 faults with Normal Clearing not exceeding 9 cycles. The curves apply to voltage excursions regardless of the type of initiating event. 
	3. The envelope within the curves represents the cumulative voltage duration at the point of interconnection with the BES. For example, if the voltage first exceeds 1.15 pu at 0.3 seconds after a fault, does not exceed 1.2 pu voltage, and returns below 1.15 pu at 0.4 seconds, then the cumulative time the voltage is above 1.15 pu voltage is 0.1 seconds and is within the no trip zone of the curve.
	4. The curves depicted assume system frequency is 60 Hertz. When evaluating Volts/Hertz protection, you may adjust the magnitude of the high voltage curve in proportion to deviations of frequency below 60 Hz.
	5. Voltages in the curve assume minimum fundamental frequency phase-to-ground or phase to-phase voltage for the low voltage duration curve and the greater of maximum RMS or crest phase-to-phase voltage for the high voltage duration curve.
	Evaluating Protective Relay Settings:
	1. Use either the following assumptions or loading conditions that are believed to be the most probable for the unit under study to evaluate voltage protection relay setting calculations on the static case for steady state initial conditions: 
	a. All of the units connected to the same transformer are online and operating.
	b. All of the units are at full nameplate real-power output.
	c. Power factor is 0.95 lagging (i.e. supplying reactive power to the system) as measured at the generator terminals.
	d. The automatic voltage regulator is in automatic voltage control mode.
	2. Evaluate voltage protection relay settings assuming that additional installed generating plant reactive support equipment (such as static VAr compensators, synchronous condensers, or capacitors) is available and operating normally.
	3. Evaluate voltage protection relay settings accounting for the actual tap settings of transformers between the generator terminals and the point of interconnection.
	The clarifications to Attachment 2 provide guidance to the generator asset owner (GO) on how to verify conformance. One question that has arisen is how to define one per unit voltage at the POI when comparing the limits to relay settings. Item 1 of the Curve Details of attachment 2 says, "The per unit voltage base for these curves is the nominal operating voltage specified by the Transmission Planner in the analysis of the reliability of the Interconnected Transmission Systems at the point of interconnection to the Bulk Electric System (BES)." Planners must plan the system such that it operates within the equipment capabilities of BES assets. They generally limit their acceptable operating states to some range +/- of the system nominal voltage. So, the voltage used in the analysis is meant to designate the nominal voltage base used in the planner's system model. So, the GO must confirm the system nominal voltage for the POI bus that is used in the planner's model of the bulk electric system. This will normally be the standard nominal voltage of the system and will not vary from bus to bus for a given voltage level of the BES. Because the no trip zone limits are steady-state representations of the severity of the voltage transient versus the time to recover during a transient event, it is acceptable to use the system model nominal in defining these limits. If planners determine that operating voltages must deviate significantly from nominal, they generally recommend changes in the recommended setting of the no-load tap changer (NLTC) on the generator step-up transformer to ensure that the generation assets can operate within their nominal operating ranges. Thus, if a NLTC is adjusted, verification of compliance of voltage sensitive relays with PRC-024 limits should be repeated.
	Another question that has arisen is how to define the steady-state load flow conditions when accounting for the voltage drop between the POI and the generator. Item 1 of the Evaluating Protective Relay Settings section of attachment 2 says, "Use either the following assumptions or loading conditions that are believed to be the most probable for the unit under study . . ." The clarifications then go on to suggest assuming that generator is at full nameplate real-power output and at 0.95 lagging power factor and that the AVR is in automatic voltage control mode. To interpret the intent of this guidance, we have to go back to understanding that we are using a steady-state analysis to provide ride-through capability for a transient event.
	Let us first look at the undervoltage limits. A transient undervoltage condition is likely to occur due to a short circuit in the vicinity of a generating unit. A severe short circuit should be cleared relatively quickly and the unit should be able to recover. If the unit is initially running at leading power factor (under excited and absorbing VArs from the system), the internal voltage behind the generator impedance will be low and the generator's ability to ride-through the transient low voltage event is reduced. Thus, for evaluating undervoltage element coordination with the ride-through curve, this will likely be the worst case scenario. Assuming leading power factor will reduce the generator voltage in steady state and reduce coordination margins with undervoltage tripping elements relative to assuming lagging power factor in the calculations. In steady-state, one would not expect the unit to be absorbing VArs during an undervoltage condition. However, the four second time window of the ride-through curves is intended to represent a transient disturbance. The guidance allows us to assume lagging power factor for this condition so that is what is used in the examples. If the GO would like to find the worst case for coordination, they are allowed to use an assumption of leading power factor in the calculations.
	Examining the overvoltage limits, for a transient condition, a fast acting exciter will likely have boosted the excitation during a slow clearing short circuit to help the unit remain stable. Thus, once the short circuit is cleared, the generator terminal voltage will be elevated until the AVR has time to reduce the excitation to steady-state levels. For this case, the unit during the four second transient time window will be running at lagging power factor (overexcited and supplying VArs to the system). Thus, we use the assumption recommended in the standard of lagging power factor in the example for evaluating overvoltage elements.
	This guidance document demonstrates the multiple aspects of determining the generator terminal and GSU high side simultaneous voltages.  Three methods are provided for voltage calculations. The first method demonstrates how to project the relay voltage characteristic to the high side of the GSU (typical POI) for a given generator voltage relay setting. This will allow the relay setting to be compared to the voltage ride-through time duration curves in Attachment 2 of PRC-024-2.
	The second and third methods demonstrate how to project the voltage ride-through time duration curve to the secondary of the instrument transformer that supply the generator voltage relay. This will allow the voltage ride-through time duration curves in Attachment 2 of PRC-024-2 to be compared to the relay setting. Method two is based on PRC-025-1 Option 1b iterative calculation. Method three is a simplified single-iteration approach.
	The power factor assumption for the low voltage condition used in these examples is 0.95 lagging (supplying VArs to the system) as suggested by the standard. This will be the most likely steady state condition during a low voltage event, in that the generator will be trying to support voltage at the POI.
	While these calculations use these assumptions, other assumptions could be used.  A more severe scenario may be a leading power factor condition (absorbing VArs from the system) as the unit would be under excited (lower voltage at generator terminals). This would be the more conservative assumption during a low voltage event for verifying relay setting compliance.
	The power factor assumption for the high voltage condition used in these examples is 0.95 lagging (supplying VArs to the system) as suggested by the standard. Using lagging power factor would be the more conservative assumption during a high voltage event for verifying relay setting compliance.
	Input Values
	Input Descriptions
	MVAGEN_BASE = 176 MVA
	Generator nameplate (MVA @ rated p.f.)
	p.f.GEN = 0.85
	kVGEN_BASE = 16 kV
	Generator nominal voltage (line to line)
	MVAGSU_BASE = 170 MVA
	Generator step-up (GSU) transformer rating
	ZGSU = 10.12%
	GSU transformer reactance (170 MVA base)
	kVGSU_HS = 138 kV
	GSU transformer high-side Nameplate Voltage
	kVGSU_LS = 15 kV
	GSU transformer low-side Nameplate Voltage
	kVGSU_TAP = 134.5 kV
	GSU transformer high-side no-load tap Voltage
	kVSYS_BASE  = 138 kV
	Nominal System Voltage (line to line)
	VTRGEN = 140:1
	Generator VT Ratio
	p.f.LOAD = 0.95
	Load power factor
	MVASYS_BASE = 100 MVA
	System MVA base
	/
	Example Calculations: Simple Iteration Method (Bauer Method)
	This method starts by assuming a 0.95 lagging power factor at the POI. It then calculates the angle difference between the generator voltage and the POI voltage to account for the I2X losses of the GSU. The load flow current angle at the POI is then adjusted by this voltage drop angle to give the 0.95 power factor load flow out of the generator recommended in the standard. This simple iteration provides results with adequate precision. The calculations are done in per unit on the power system base, then converted to the generator base using the ratio of the generator base to the power system base. The ratio of the GSU is considered using its actual no-load tap setting. The generator relay secondary voltage values are compared to the graph in Attachment 2 of PRC-024 to determine if the generator voltage relay settings are compliant.
	Calculate the generator real power output at rated MVA (MWGEN):
	(1) MWGEN = MVAGEN_BASE * p.f.GEN
	MWGEN = 176 MVA * 0.85
	MWGEN = 149.6 MW
	Convert the GSU transformer impedance from the GSU base to the power system base (ZGSU_SYS_BASE):
	(2) ZGSU_SYS_BASE = ZGSU * 𝐌𝐕𝐀𝐒𝐘𝐒_𝐁𝐀𝐒𝐄𝐌𝐕𝐀𝐆𝐒𝐔_𝐁𝐀𝐒𝐄 * 𝐤𝐕𝐆𝐒𝐔_𝐇𝐒𝐤𝐕𝐒𝐘𝐒_𝐁𝐀𝐒𝐄
	 ZGSU_SYS_BASE = 10.12% * 𝟏𝟎𝟎 𝐌𝐕𝐀𝟏𝟕𝟎 𝐌𝐕𝐀 * 𝟏𝟑𝟖 𝐤𝐕𝟏𝟑𝟖 𝐤𝐕
	 ZGSU_SYS_BASE = 5.95% 
	Calculate the ratio of power system base voltage to generator base voltage (RatioPOI-GEN) using the actual high-side voltage tap selected on the GSU (kVGSU_TAP) to project the VPOI to the generator terminals, neglecting the load flow voltage drop on the GSU:
	(3) RatioSYS_GEN = 𝐤𝐕𝐒𝐘𝐒_𝐁𝐀𝐒𝐄𝐤𝐕𝐆𝐄𝐍_𝐁𝐀𝐒𝐄 (4) GSURATIO = 𝐤𝐕𝐆𝐒𝐔_𝐓𝐀𝐏𝐤𝐕𝐆𝐒𝐔_𝐋𝐒    (5)  Ratio POI-GEN = 𝐑𝐚𝐭𝐢𝐨𝐒𝐘𝐒_𝐆𝐄𝐍𝐆𝐒𝐔𝐑𝐀𝐓𝐈𝐎
	 RatioSYS_GEN = 𝟏𝟑𝟖 𝐤𝐕𝟏𝟔 𝐤𝐕   GSURATIO = 𝟏𝟑𝟒.𝟓 𝐤𝐕𝟏𝟓 𝐤𝐕     RatioPOI-GEN = 𝟖.𝟔𝟐𝟓𝟖.𝟗𝟔𝟕
	 RatioSYS_GEN = 8.625   GSURATIO = 8.967     RatioPOI-GEN = 0.962
	Verify the power system to generator base conversion and convert the system base voltage (POI) at the low-side of the GSU in per unit to the voltage at the generator at the actual voltage tap selected on the GSU (neglecting load flow voltage drop):  
	(6)    kVGEN_PU = 𝐤𝐕𝐒𝐘𝐒_𝐁𝐀𝐒𝐄𝐆𝐒𝐔𝐑𝐀𝐓𝐈𝐎𝐤𝐕𝐆𝐄𝐍_𝐁𝐀𝐒𝐄
	 kVGEN_PU = 𝟏𝟑𝟖 𝐤𝐕𝟖.𝟗𝟔𝟕𝟏𝟔 𝐤𝐕
	 kVGEN_PU = 0.962 p.u.  1 p.u. at the POI equals 0.962 p.u. at the generator terminals
	Load Flow Assumptions for Steady-state Voltage Drop Calculations
	As per the Voltage Ride-Through guidance provided in PRC-024, the voltage protective relay settings were evaluated using the following loading conditions:
	1. The generator is operating at full nameplate real power output.
	2. The load power factor is 0.95, as measured at the generator terminals:
	 0.95 lagging (supplying VArs to the system) for evaluation of the under voltage elements as prescribed in PRC-024 as most likely loading condition when the system voltage is low.
	 0.95 lagging (supplying VArs to the system) for evaluation of the over voltage elements as the condition that would be the worst case for coordination between the over voltage protective elements and the Voltage Ride-Through Time Duration Curve in Attachment 2 of PRC-024
	Calculate the rated real power output for the generator:
	(7) MVAPOI_1.0 = 𝐌𝐖𝐆𝐄𝐍𝐩.𝐟.𝐋𝐎𝐀𝐃
	 MVAPOI_1.0 = 𝟏𝟒𝟗.𝟔 𝐌𝐖𝟎.𝟗𝟓
	 MVAPOI_1.0 = 157.5 MVA
	Convert to a per unit value on the generator base
	(8)  MVAPOI_1.0_pu = 𝐌𝐕𝐀𝐏𝐎𝐈_𝟏.𝟎𝐌𝐕𝐀.𝐆𝐄𝐍_𝐁𝐀𝐒𝐄
	 MVAPOI_1.0_pu = 𝟏𝟓𝟕.𝟓 𝐌𝐕𝐀𝟏𝟕𝟔 𝐌𝐕𝐀
	 MVAPOI_1.0_pu = 0.895 p.u.
	The calculations below must be completed for each step on the graph in Attachment 2.
	1.2 p.u. voltage
	VPOI_1.2_pu = 1.2𝒆−𝒋𝟎°
	Iteration 1:
	Calculate the load flow current in per unit assuming rated MW output at 0.95 lagging power factor: 
	(9) ILOAD_1.2-1 =  𝐌𝐕𝐀𝐏𝐎𝐈_𝟏.𝟎_𝐩𝐮 𝐕𝐏𝐎𝐈_𝟏.𝟐_𝐩𝐮 𝐞−𝐣 𝐚𝐜𝐨𝐬(𝐩𝐟𝐋𝐎𝐀𝐃)
	ILOAD_1.2-1 =  𝟎.𝟗 𝟏.𝟐 𝐞−𝐣 𝐚𝐜𝐨𝐬(𝟎.𝟗𝟓)
	ILOAD_1.2-1 =  𝟎.𝟕𝟓∠−𝟏𝟖.𝟐° p.u.
	Calculate the per unit voltage drop from the POI to the generator terminals at the assumed load flow:
	(10) VDROP_1.2-1 = ILOAD_1.2-1 *   𝐣 𝐙𝐆𝐒𝐔_𝐒𝐘𝐒_𝐁𝐀𝐒𝐄
	VDROP_1.2-1 = 𝟎.𝟕𝟓∠−𝟏𝟖.𝟐° *  𝟎.𝟎𝟓𝟗𝟓∠𝟗𝟎°
	VDROP_1.2-1 =  𝟎.𝟎𝟓∠𝟕𝟏.𝟖° p.u.
	Calculate the per unit voltage drop at the generator terminals at the assumed load flow:
	(11) VGEN_1.2-1 = VPOI_1.2_pu + VDROP_1.2-1
	 VGEN_1.2-1 = 𝟏.𝟐∠𝟎° +  𝟎.𝟓∠𝟕𝟏.𝟖°
	 VGEN_1.2-1 = 𝟏.𝟐∠𝟏.𝟖° p.u
	Calculate the power factor at the generator for 0.95 at the POI:
	(12) p.f.1.2-1 = cos (∠VGEN_1.2-1 - ∠ILOAD_1.2-1)
	 p.f.1.2-1 = cos𝟐°+𝟏𝟖.𝟐°
	 p.f.1.2-1 = 0.939
	VGEN= 1.215PU@1.99
	/
	VDROP= 0.044PU@71.81
	Rotate the load flow current by the difference in power factor angle between the POI and the generator calculated in the first iteration to obtain the desired generator power factor angle.
	Iteration 2:
	(13) MVA1.2-2 = 𝐌𝐖𝐆𝐄𝐍𝐩.𝐟.𝟏.𝟐−𝟏
	 MVA1.2-2 = 𝟏𝟒𝟗.𝟔 𝐌𝐖𝟎.𝟗𝟑𝟗
	 MVA1.2-2 = 159.4 MVA
	(14)  MVA1.2-2_pu = 𝐌𝐕𝐀𝟏.𝟐−𝟐𝐌𝐕𝐀.𝐆𝐄𝐍_𝐁𝐀𝐒𝐄
	 MVA1.2-2_pu = 𝟏𝟓𝟗.𝟒 𝐌𝐕𝐀𝟏𝟕𝟔 𝐌𝐕𝐀
	 MVA1.2-2_pu = 0.906 p.u.
	Calculate the load flow current in per unit assuming rated MW output at the power factor calculated in the first iteration:  
	(15) ILOAD_1.2-2 =  𝐌𝐕𝐀𝟏.𝟐−𝟐_𝐩𝐮 𝐕𝐏𝐎𝐈_𝟏.𝟐_𝐩𝐮 𝐞−𝐣 (𝐚𝐜𝐨𝐬𝐩𝐟𝐋𝐎𝐀𝐃+ ∠𝐕𝐆𝐄𝐍𝟏.𝟐−𝟏) 
	ILOAD_1.2-2 =  𝟎.𝟗𝟎𝟔 𝟏.𝟐 𝐞−𝐣(𝐚𝐜𝐨𝐬𝟎.𝟗𝟓+ 𝟏.𝟗𝟗°)
	ILOAD_1.2-2 =  𝟎.𝟕𝟓𝟓∠−𝟏𝟔.𝟐° p.u.
	Calculate the per unit voltage drop from the POI to the generator terminals at the assumed load flow:
	(16) VDROP_1.2-2 = ILOAD_1.2-2 *   𝐣 𝐙𝐆𝐒𝐔_𝐒𝐘𝐒_𝐁𝐀𝐒𝐄
	VDROP_1.2-2 = 𝟎.𝟕𝟓𝟓∠−𝟏𝟔.𝟐° *  𝟎.𝟎𝟓𝟗𝟓∠𝟗𝟎°
	VDROP_1.2-2 =  𝟎.𝟎𝟒𝟓∠𝟕𝟑.𝟖° p.u.
	Calculate the per unit voltage drop at the generator terminals at the assumed load flow:
	(17) VGEN_1.2-2 = VPOI_1.2_pu + VDROP_1.2-2
	 VGEN_1.2-2 = 𝟏.𝟐∠𝟎° +  𝟎.𝟒𝟓∠𝟕𝟑.𝟖°
	 VGEN_1.2-2 = 𝟏.𝟐𝟏𝟑∠𝟐.𝟎𝟒° p.u
	Calculate the power factor at the generator for 0.95 at the POI:
	(18) p.f.1.2-2 = cos (∠VGEN_1.2-2 - ∠ILOAD_1.2-2)
	 p.f.1.2-2 = cos𝟐.𝟎𝟒°+𝟏𝟔.𝟐°
	 p.f.1.2-2 = 0.95
	VGEN= 1.213PU@2.04
	/
	VDROP= 0.045PU@73.79
	Repeat the previous steps. The results for each step in this example are as follows:
	1.175 p.u. voltage
	Iteration 1:
	VPOI_1.175_pu = 1.175𝐞−𝐣𝟎°
	ILOAD_1.175-1 =  𝟎.𝟕𝟔𝟏∠−𝟏𝟖.𝟐° p.u.
	VDROP_1.175-1 =  𝟎.𝟎𝟒𝟓∠𝟕𝟏.𝟖° p.u.
	VGEN_1.175-1 = 𝟏.𝟏𝟗∠𝟐.𝟎𝟕° p.u
	 p.f.1.175-1 = 0.938
	Iteration 2:
	 MVA1.175-2 = 159.5 MVA
	MVA1.175-2_pu = 0.906 p.u.
	ILOAD_1.175-2 =  𝟎.𝟕𝟕𝟏∠−𝟏𝟔.𝟏𝟐° p.u.
	VDROP_1.175-2 =  𝟎.𝟎𝟒𝟔∠𝟕𝟑.𝟖𝟖° p.u.
	 VGEN_1.175-2 = 𝟏.𝟏𝟖𝟗∠𝟐.𝟏𝟑° p.u
	 p.f.1.175-2 = 0.95
	1.15 p.u. voltage
	Iteration 1:
	VPOI_1.15_pu = 1.15𝐞−𝐣𝟎°
	ILOAD_1.15-1 =  𝟎.𝟕𝟕𝟖∠−𝟏𝟖.𝟐° p.u.
	VDROP_1.15-1 =  𝟎.𝟎𝟒𝟔∠𝟕𝟏.𝟖° p.u.
	VGEN_1.15-1 = 𝟏.𝟏𝟔𝟓∠𝟐.𝟏𝟔° p.u
	 p.f.1.15-1 = 0.938
	Iteration 2:
	 MVA1.15-2 = 159.6 MVA
	MVA1.15-2_pu = 0.907 p.u.
	ILOAD_1.15-2 =  𝟎.𝟕𝟖𝟖∠−𝟏𝟔.𝟎𝟑° p.u.
	VDROP_1.15-2 =  𝟎.𝟎𝟒𝟕∠𝟕𝟑.𝟗𝟕° p.u.
	 VGEN_1.15-2 = 𝟏.𝟏𝟔𝟒∠𝟐.𝟐𝟐° p.u
	 p.f.1.15-2 = 0.95
	1.10 p.u. voltage
	Iteration 1:
	VPOI_1.1_pu = 1.10𝐞−𝐣𝟎°
	ILOAD_1.1-1 =  𝟎.𝟖𝟏𝟑∠−𝟏𝟖.𝟐° p.u.
	VDROP_1.1-1 =  𝟎.𝟎𝟒𝟖∠𝟕𝟏.𝟖° p.u.
	VGEN_1.1-1 = 𝟏.𝟏𝟏𝟔∠𝟐.𝟑𝟔° p.u
	 p.f.1.1-1 = 0.936
	Iteration 2:
	 MVA1.1-2 = 159.8 MVA
	MVA1.1-2_pu = 0.908 p.u.
	ILOAD_1.1-2 =  𝟎.𝟖𝟐𝟓∠−𝟏𝟓.𝟖𝟑° p.u.
	VDROP_1.1-2 =  𝟎.𝟎𝟒𝟗∠𝟕𝟒.𝟏𝟕° p.u.
	 VGEN_1.1-2 = 𝟏.𝟏𝟏𝟒∠𝟐.𝟒𝟑° p.u
	 p.f.1.1-2 = 0.95
	0.90 p.u. voltage
	Iteration 1:
	VPOI_0.9_pu = 0.90𝐞−𝐣𝟎°
	ILOAD_0.9-1 =  𝟎.𝟗𝟗𝟒∠−𝟏𝟖.𝟐° p.u.
	VDROP_0.9-1 =  𝟎.𝟎𝟓𝟗∠𝟕𝟏.𝟖° p.u.
	VGEN_0.9-1 = 𝟎.𝟗𝟐∠𝟑.𝟓° p.u
	 p.f..0.9-1 = 0.929
	Iteration 2:
	 MVA0.9-2 = 161.0 MVA
	MVA0.9-2_pu = 0.915 p.u.
	ILOAD_0.9-2 =  𝟏.𝟎𝟏𝟔∠−𝟏𝟒.𝟔𝟗° p.u.
	VDROP_0.9-2 =  𝟎.𝟎𝟔𝟏∠𝟕𝟓.𝟑𝟏° p.u.
	 VGEN_0.9-2 = 𝟎.𝟗𝟏𝟕∠𝟑.𝟔𝟔° p.u
	 p.f.0.9-2 = 0.949
	0.75 p.u. voltage
	Iteration 1:
	VPOI_0.75_pu = 0.75𝐞−𝐣𝟎°
	ILOAD_0.75-1 =  𝟏.𝟏𝟗𝟑∠−𝟏𝟖.𝟐° p.u.
	VDROP_0.75-1 =  𝟎.𝟎𝟕𝟏∠𝟕𝟏.𝟖° p.u.
	VGEN_0.75-1 = 𝟎.𝟕𝟕𝟓∠𝟒.𝟗𝟗° p.u
	 p.f..0.75-1 = 0.919
	Iteration 2:
	 MVA0.75-2 = 162.7 MVA
	MVA0.75-2_pu = 0.925 p.u.
	ILOAD_0.75-2 =  𝟏.𝟐𝟑𝟑∠−𝟏𝟑.𝟐° p.u.
	VDROP_0.75-2 =  𝟎.𝟎𝟕𝟑∠𝟕𝟔.𝟖° p.u.
	 VGEN_0.75-2 = 𝟎.𝟕𝟕∠𝟓.𝟑𝟐° p.u
	 p.f.0.75-2 = 0.948
	0.65 p.u. voltage
	Iteration 1:
	VPOI_0.65_pu = 0.65𝐞−𝐣𝟎°
	ILOAD_0.65-1 =  𝟏.𝟑𝟕𝟕∠−𝟏𝟖.𝟐° p.u.
	VDROP_0.65-1 =  𝟎.𝟎𝟖𝟐∠𝟕𝟏.𝟖° p.u.
	VGEN_0.65-1 = 𝟎.𝟔𝟖∠𝟔.𝟓𝟕° p.u
	 p.f..0.65-1 = 0.908
	Iteration 2:
	 MVA0.65-2 = 164.8 MVA
	MVA0.65-2_pu = 0.936 p.u.
	ILOAD_0.65-2 =  𝟏.𝟒𝟒∠−𝟏𝟏.𝟔𝟐° p.u.
	VDROP_0.65-2 =  𝟎.𝟎𝟖𝟔∠𝟕𝟖.𝟑𝟖° p.u.
	 VGEN_0.65-2 = 𝟎.𝟔𝟕𝟑∠𝟕.𝟏𝟕° p.u
	 p.f.0.65-2 = 0.947
	0.45 p.u. voltage
	Iteration 1:
	VPOI_0.45_pu = 0.45𝐞−𝐣𝟎°
	ILOAD_0.45-1 =  𝟏.𝟗𝟖𝟖∠−𝟏𝟖.𝟐° p.u.
	VDROP_0.45-1 =  𝟎.𝟏𝟏𝟖∠𝟕𝟏.𝟖° p.u.
	VGEN_0.45-1 = 𝟎.𝟓∠𝟏𝟑.𝟎° p.u
	 p.f..0.45-1 = 0.855
	VGEN = 0.500PU@13.00
	/
	Iteration 2:
	 MVA0.45-2 = 179.9 MVA
	MVA0.45-2_pu = 0.994 p.u.
	ILOAD_0.45-2 =  𝟐.𝟐𝟎𝟖∠−𝟓.𝟏𝟗° p.u.
	VDROP_0.45-2 =  𝟎.𝟏𝟑𝟏∠𝟖𝟒.𝟖𝟏° p.u.
	 VGEN_0.45-2 = 𝟎.𝟒𝟖∠𝟏𝟓.𝟖𝟐° p.u
	 p.f.0.45-2 = 0.933
	VGEN= 0.480PU@15.82
	/
	Convert each voltage ride-through value to the generator VT secondary voltage seen by the relay:
	VGEN_1.2_SEC = 𝐕𝐆𝐄𝐍_𝟏.𝟐.𝟐∗𝐑𝐀𝐓𝐈𝐎𝐏𝐎𝐈_𝐆𝐄𝐍∗𝐤𝐕𝐆𝐄𝐍_𝐁𝐀𝐒𝐄𝐕𝐓𝐑𝐆𝐄𝐍
	VGEN_1.2_SEC = 𝟏.𝟐𝟏𝟑∗𝟎.𝟗𝟔𝟐∗𝟏𝟔 𝒌𝑽𝟏𝟒𝟎
	VGEN_1.2_SEC = 133.38 V
	Using this formula, calculate the relay secondary voltage for each remaining step on the graph in Attachment 2:
	VGEN_1.175_SEC = 130.66 V
	VGEN_1.15_SEC = 127.94 V
	VGEN_1.1_SEC = 122.51 V
	VGEN_0.9_SEC = 100.83 V
	VGEN_0.75_SEC = 84.66 V
	VGEN_0.65_SEC = 73.93 V
	VGEN_0.45_SEC = 52.78 V
	Undervoltage settings
	Assume one level of undervoltage element is set to trip with a pickup of 102.9 V and a time delay of 60 cycles:
	/
	/
	/
	Example Calculations: Thompson Method
	The required voltage ride-through limits as shown in Attachment 2 of PRC-024 are given in per unit voltage at the point of interconnection (POI) on the high side of the GSU. The voltage transformer (VT) providing the signal to the voltage relay is located at the generator terminals. In order to validate compliance with PRC-024, the required system voltage at the POI has to be reflected to the generator terminals and account for the voltage drop across the GSU at the actual tapped ratio..
	Calculate the generator real power output (MWGEN):
	(1) MWGEN = MVAGEN_BASE * p.f.GEN
	MWGEN = 176 MVA * 0.85
	MWGEN = 149.6 MW
	Calculate the nominal generator VT secondary voltage (VSEC):
	(2) VSEC = kVGEN_BASE VTRGEN
	VSEC = 16 kV140
	VSEC = 114.29 V
	Calculate the GSU transformer base turns ratio (GSURATIO):
	(3) GSURATIO = 𝐤𝐕𝐆𝐒𝐔_𝐇𝐒𝐤𝐕𝐆𝐒𝐔_𝐋𝐒
	GSURATIO = 𝟏𝟑𝟖 𝐤𝐕𝟏𝟓 𝐤𝐕
	GSURATIO = 9.2
	Calculate the GSU transformer impedance on the generator base (ZGSU_GBASE):
	(4) ZGSU_GBASE = ZGSU * 𝐌𝐕𝐀𝐆𝐄𝐍_𝐁𝐀𝐒𝐄𝐌𝐕𝐀𝐆𝐒𝐔_𝐁𝐀𝐒𝐄 * 𝐤𝐕𝐆𝐒𝐔_𝐋𝐒𝐤𝐕𝐆𝐄𝐍_𝐁𝐀𝐒𝐄𝟐
	ZGSU_GBASE = 10.12% * 𝟏𝟕𝟔 𝐌𝐕𝐀𝟏𝟕𝟎 𝐌𝐕𝐀 * 𝟏𝟓 𝐤𝐕𝟏𝟔 𝐤𝐕𝟐
	ZGSU_GBASE = 9.21%
	Calculate the ratio of the generator base to system base using the GSU current no-load tap setting:
	(5) RatioSYS_GEN =   𝐤𝐕𝐒𝐘𝐒_𝐁𝐀𝐒𝐄 𝐤𝐕𝐆𝐄𝐍_𝐁𝐀𝐒𝐄     (6) RatioGSU =  𝐤𝐕𝐆𝐒𝐔_𝐓𝐀𝐏𝐤𝐕𝐆𝐒𝐔_𝐋𝐒  (7) RatioPOI_GEN = 𝐑𝐚𝐭𝐢𝐨𝐒𝐘𝐒_𝐆𝐄𝐍𝐑𝐚𝐭𝐢𝐨𝐆𝐒𝐔
	      RatioSYS_GEN =  𝟏𝟑𝟖 𝐤𝐕  𝟏𝟔 𝐤𝐕        RatioGSU = 𝟏𝟑𝟒.𝟓 𝐤𝐕  𝟏𝟓 𝐤𝐕        RatioPOI_GEN = 𝟖.𝟗𝟔𝟕 𝟖.𝟔𝟐𝟓
	      RatioSYS_GEN = 8.625        RatioGSU = 8.967        RatioPOI_GEN = 1.04
	Calculate the generator power at 0.95 load power factor (MVALOAD) using the value of MWGEN from Eq. 1:
	(8) MVALOAD =  𝐌𝐖𝐆𝐄𝐍𝟎.𝟗𝟓
	MVALOAD =  𝟏𝟒𝟗.𝟔 𝐌𝐖𝟎.𝟗𝟓  
	MVALOAD = 157.5 MVA
	Convert MVALOAD from Eq. 8 to per unit on the generator base (MVALOAD_pu):
	(9) MVALOAD_pu =  𝐌𝐕𝐀𝐋𝐎𝐀𝐃𝐌𝐕𝐀𝐆𝐄𝐍_𝐁𝐀𝐒𝐄
	MVALOAD_pu =  𝟏𝟓𝟕.𝟓 𝐌𝐕𝐀𝟏𝟕𝟔 𝐌𝐕𝐀 
	MVALOAD_pu = 0.895 p.u.
	Under Voltage Settings
	Assume one level of under voltage set to trip with a pickup of 102.9 V and a time delay of 60 cycles. 
	Calculate the under voltage pickup (UV27_pu) for 90% of Vsec from Eq. 1 in per unit:
	(10) V27_pu =   𝟎.𝟗∗𝐕𝐬𝐞𝐜𝐕𝐬𝐞𝐜
	V27_pu =  𝟎.𝟗∗𝟏𝟏𝟒.𝟐𝟗 𝐕𝟏𝟏𝟒.𝟐𝟗 𝐕 
	V27_pu = 0.9 p.u.
	Calculate the generator load current (ILOAD_27) at the rated generator MW output with 0.95 lagging power factor (Eq. 9) for the generator terminal voltage at the relay under voltage set point (Eq. 10): 
	(11) ILOAD_27 =  𝐌𝐕𝐀𝐋𝐎𝐀𝐃_𝐩𝐮 𝐕𝟐𝟕_𝐩𝐮 𝐞−𝐣 𝐚𝐜𝐨𝐬(𝟎.𝟗𝟓)
	ILOAD_27 =  𝟎.𝟖𝟗𝟓𝟎.𝟗𝐞−𝐣 𝐚𝐜𝐨𝐬(𝟎.𝟗𝟓)
	ILOAD_27 = 0.994 - j0.3103
	ILOAD_27 = 0.994∠-18.2° p.u.
	Calculate the per unit voltage drop across the GSU (VDROP_27) at the rated generator MW output with a 0.95 lagging power factor:
	(12) VDROP_27 = ILOAD_27 *   𝐣 𝐙𝐆𝐒𝐔_𝐆𝐁𝐀𝐒𝐄
	VDROP_27 = 𝟎.𝟗𝟗𝟒∠−𝟏𝟖.𝟐° *  𝟎.𝟎𝟗𝟐𝟏∠𝟗𝟎°
	VDROP_27 = 𝟎.𝟎𝟗𝟐∠𝟕𝟏.𝟖𝟏° p.u.
	Calculate the per unit voltage at the POI (VPOI_27) for the rated generator MW output with 0.95 lagging power factor:
	(13) VPOI_27 = 𝐕𝐬𝐞𝐜 - 𝐕𝐃𝐑𝐎𝐏_𝟐𝟕
	VPOI_27 = 0.9 p.u. – (0.0286 + j0.0869) p.u.
	VPOI_27 = 0.8714 p.u. + j0.0869 p.u.
	VPOI_27 = 𝟎.𝟖𝟕𝟔∠−𝟓.𝟔𝟗° p.u.
	Project the voltage element setting (VPOI_27_SET) from the generator terminals to the POI accounting for the voltage drop across the GSU:
	(14) VPOI_27_SET = |VPOI_27 | * RatioPOI_GEN 
	 VPOI_27_SET = 0.876 * 1.04 
	 VPOI_27_SET = 0.911 p.u.
	Plotting these results on the chart from Attachment 2 in Figure XX, it can be seen that this setting lies within the ‘No Trip’ zone and would not be compliant with PRC-024-2.
	/
	Figure XX
	Over Voltage Settings 
	Assume one level of over voltage set with a pickup of 125.7 V and a time delay of 1800 cycles.
	Now, calculate the overvoltage pickup of 110% of Vsec in per unit (V59_pu):
	(15) V59_pu =   𝟏.𝟏∗𝐕𝐬𝐞𝐜𝐕𝐬𝐞𝐜
	V59_pu =  𝟏.𝟏∗𝟏𝟏𝟒.𝟐𝟗 𝐕𝟏𝟏𝟒.𝟐𝟗 𝐕 
	V59_pu = 1.1 p.u.
	Using results from Eq. 9 to calculate the load current at rated MW output with 0.95 lagging power factor (ILOAD_59) for generator terminal voltage at the relay overvoltage set point:
	(16) ILOAD_59 =  𝐌𝐕𝐀𝐋𝐎𝐀𝐃_𝐩𝐮 𝐎𝐕𝐩𝐮 𝐞𝐣 𝐚𝐜𝐨𝐬(𝟎.𝟗𝟓)
	ILOAD_59 =  𝟎.𝟖𝟗𝟓𝟏.𝟏𝐞𝐣 𝐚𝐜𝐨𝐬(𝟎.𝟗𝟓)
	ILOAD_59 = 0.773 + j0.254
	ILOAD_59 = 0.813∠18.2° p.u.
	Calculate the per unit voltage drop across the GSU at the rated generator MW output at a 0.95 lagging power factor (VDROP_59):
	(17) VDROP_59 =  𝐈𝐋𝐎𝐀𝐃_𝟓𝟗 *   𝐣 𝐙𝐆𝐒𝐔_𝐆𝐁𝐀𝐒𝐄
	VDROP_59 = 𝟎.𝟖𝟏𝟑∠𝟏𝟖.𝟐° *  𝟎.𝟎𝟗𝟐𝟏∠𝟗𝟎°
	VDROP_59 = 𝟎.𝟎𝟕𝟓∠𝟏𝟎𝟖.𝟐° p.u.
	Calculate the per unit voltage at the POI at rated MW output with 0.95 lagging power factor (VPOI_59):
	(18) VPOI_59 = 𝐕𝐬𝐞𝐜 - 𝐕𝐃𝐑𝐎𝐏_𝟓𝟗
	VPOI_59 = 1.1 p.u. – (-0.0234 + j0.0712) p.u.
	VPOI_59 = 1.123 p.u. - j0.071 p.u.
	VPOI_59 = 𝟏.𝟏𝟐𝟔∠−𝟑.𝟔𝟐𝟓° p.u.
	Project the voltage element setting (VPOI_59_SET) from the generator terminals to the POI accounting for the voltage drop across the GSU:
	(19) VPOI_59_SET = |VPOI_59 | * RatioPOI_GEN 
	 VPOI_59_SET = 1.126 * 1.04 
	 VPOI_59_SET = 1.17 p.u.
	/
	Volts/Hertz Setting
	Example Calculations: Hataway Method
	This is an iterative method that has its basis in PRC-025-1, Option 1b and begins with the per unit voltage at the POI and reflects it to the generator terminals. The voltage calculated at the generator terminals is used to select the setting for the voltage relays rather than check an existing setting.
	Calculate Real Power output (MWGEN):
	(XX) MWGEN = MVAGEN_BASE * p.f.GEN
	MWGEN = 176 MVA * 0.85
	MWGEN = 149.6 MVA
	Calculate Reactive Power Output (MVArGEN):
	(XX) MVArGEN = MWGEN * tan (cos-1(0.95))
	MVArGEN = 149.6 MW * tan (18.2°)
	MVArGEN = 49.17 MVAr
	Convert the generator power output during system disturbance into the desired per unit base: 
	(XX) MVAGEN_pu = 𝐌𝐖𝐆𝐄𝐍𝐌𝐕𝐀𝐒𝐘𝐒_𝐁𝐀𝐒𝐄 + j 𝐌𝐕𝐀𝐫𝐆𝐄𝐍𝐌𝐕𝐀𝐒𝐘𝐒_𝐁𝐀𝐒𝐄
	MVAGEN_pu = 𝟏𝟒𝟗.𝟔 𝐌𝐖𝟏𝟎𝟎 𝐌𝐕𝐀 + j 𝟒𝟗.𝟏𝟕 𝐌𝐕𝐀𝐫𝟏𝟎𝟎 𝐌𝐕𝐀
	MVAGEN_pu = 1.496 p.u. + j 0.4917 p.u.
	Convert the GSU reactance into desired ohmic value in per unit (ZGSU_pu):
	(XX) ZGSU_pu = ZGSU * 𝐌𝐕𝐀𝐒𝐘𝐒_𝐁𝐀𝐒𝐄𝐌𝐕𝐀𝐆𝐒𝐔_𝐁𝐀𝐒𝐄
	ZGSU_pu = 10.12% * 𝟏𝟎𝟎 𝐌𝐕𝐀𝟏𝟕𝟎 𝐌𝐕𝐀
	ZGSU_pu = 0.0595 𝛀𝐩𝐮
	Calculate kVLOW_BASE to account for the difference between kVSYS_BASE and kVGSU_TAP:
	(XX) kVLOW_BASE = kVSYS_BASE * 𝐤𝐕𝐆𝐄𝐍_𝐁𝐀𝐒𝐄𝐤𝐕𝐆𝐒𝐔_𝐓𝐀𝐏
	kVLOW_BASE = 138 kV * 𝟏𝟓 𝐤𝐕𝟏𝟑𝟒.𝟓 𝐤𝐕
	kVLOW_BASE = 15.39 kV
	Calculations for UV Values
	Using the formulas below, calculate the generator voltage (kVLOW_pu) for each high-side voltage (kVPOI pu) from the Voltage Ride-through Time Duration Curve in Attachment 2.
	Set the initial value of kVLOW_pu to 0.9 p.u. and repeat calculations until kVLOW_pu converges with a difference of less than 1% between iterations:
	(XX) 𝛉𝐋𝐕 = 𝐬𝐢𝐧−𝟏𝐌𝐖𝐆𝐄𝐍∗|𝐙𝐆𝐒𝐔_𝐩𝐮||𝐤𝐕𝐋𝐎𝐖 𝐩𝐮|∗|𝐤𝐕𝐏𝐎𝐈 𝐩𝐮|
	(XX) |kVLOW pu| = |𝐤𝐕𝐏𝐎𝐈 𝐩𝐮|∗𝐜𝐨𝐬(𝛉𝐋𝐕𝐱)± |𝐤𝐕𝐏𝐎𝐈 𝐩𝐮|𝟐∗ 𝐜𝐨𝐬𝟐𝚯𝐋𝐕_𝐱+𝟒∗ 𝐌𝐕𝐀𝐫𝐆𝐄𝐍 𝐩𝐮∗𝐙𝐆𝐒𝐔_𝐩𝐮 𝟐
	(XX) %Δx-y =  kVLOW_pu_x− kVLOW_pu_yVLOW_pu_y 
	Using the above equations with kVLOW pu_1 = 0.9, calculate iteratively until %Δ < 1.0%:
	|kVLOW pu_2| = |𝐤𝐕𝐏𝐎𝐈 𝐩𝐮|∗𝐜𝐨𝐬(𝛉𝐋𝐕𝟏)± |𝐤𝐕𝐏𝐎𝐈 𝐩𝐮|𝟐∗ 𝐜𝐨𝐬𝟐𝚯𝐋𝐕_𝟏+𝟒∗ 𝐌𝐕𝐀𝐫𝐆𝐄𝐍 𝐩𝐮∗𝐙𝐆𝐒𝐔_𝐩𝐮 𝟐
	|kVLOW pu_2| = 𝟎.𝟗 ∗𝐜𝐨𝐬(𝟔.𝟑𝟏𝟐)± (𝟎.𝟗)𝟐∗ 𝐜𝐨𝐬𝟐𝟔.𝟑𝟏𝟐+𝟒∗ 𝟎.𝟒𝟗𝟏𝟕∗𝟎.𝟎𝟓𝟗𝟓 𝟐
	|kVLOW pu_2| = 0.926 Vpu
	Check value of kVLOW_pu for convergence:
	%Δ1-2 =  kVLOW pu 1− kVLOW pu 2VLow pu 2
	%Δ1-2 =  0.9 −0.9260..926
	%Δ1-2 = 2.9%
	Since %Δ is greater than 1%, substitute 0.926 kVpu for kVLOW pu_3 in the next iteration:
	|kVLOW pu_3| = |𝐤𝐕𝐏𝐎𝐈 𝐩𝐮|∗𝐜𝐨𝐬(𝛉𝑳𝑽_𝟐)± |𝐤𝐕𝐏𝐎𝐈 𝐩𝐮|𝟐∗ 𝐜𝐨𝐬𝟐𝚯𝐋𝐕_𝟐+𝟒∗ 𝐌𝐕𝐀𝐫𝐆𝐄𝐍 𝐩𝐮∗𝐙𝐆𝐒𝐔_𝐩𝐮 𝟐
	|kVLOW pu_3| = 𝟎.𝟗 ∗𝐜𝐨𝐬(𝟔.𝟏𝟑𝟑)± (𝟎.𝟗)𝟐∗ 𝐜𝐨𝐬𝟐𝟔.𝟏𝟑𝟑+𝟒∗ 𝟎.𝟒𝟗𝟏𝟕∗𝟎.𝟎𝟓𝟗𝟓 𝟐
	|kVLOW pu_3| = 0.926 Vpu
	Check value of kVLOW_pu for convergence:
	%Δ2-3 =  Vlow pu 2− Vlow pu 3Vlow pu 3
	%Δ2-3 =  0.926 −0.9260.926
	%Δ2-3 = 0%
	 %Δ is less than 1% so iteration is complete. Convert kVLOW pu to generator voltage base:
	kVGEN_0.9pu = kVLOW pu_3 * kVLOW_BASE
	kVGEN_0.9pu = 0.926 p.u. * 15.39 kV
	kVGEN_0.9pu = 14.25 kV
	Repeat the calculations for each step in the undervoltage curve (0.75, 0.65, and 0.45 p.u.):
	0.75 p.u.
	Iteration 1:
	kVLOW pu_1 = 0.75 p.u.
	Iteration 2:
	|kVLOW pu_2| = 0.778 Vpu
	%Δ1-2 = 2.9%
	Iteration 3:
	|kVLOW pu_3| = 0.779 Vpu
	%Δ2-3 = 0.08%
	kVGEN_0.75pu = 11.99 kV
	0.65 p.u.
	Iteration 1:
	kVLOW pu_1 = 0.65 p.u.
	Iteration 2:
	|kVLOW pu_2| = 0.679 Vpu
	%Δ1-2 = 4.4%
	Iteration 3:
	|kVLOW pu_3| = 0.68 Vpu
	%Δ2-3 = 0.17%
	kVGEN_0.75pu = 10.47 kV
	0.45 p.u.
	Iteration 1:
	kVLOW pu_1 = 0.45 p.u.
	Iteration 2:
	|kVLOW pu_2| = 0.467 Vpu
	%Δ1-2 = 3.7%
	Iteration 3:
	|kVLOW pu_3| = 0.47 Vpu
	%Δ2-3 = 0.11%
	kVGEN_0.75pu = 7.23 kV
	Calculation for OV
	Repeat the calculations for each step in the over voltage curve (1.1,1.15, 1.75, and 1.2 p.u.) using the equations in the under voltage section:
	1.1 p.u.
	Iteration 1:
	kVLOW pu_1 = 1.1 p.u.
	Iteration 2:
	|kVLOW pu_2| = 1.123 Vpu
	%Δ1-2 = 2.1%
	Iteration 3:
	|kVLOW pu_3| = 1.123 Vpu
	%Δ2-3 = 0.01%
	kVGEN_0.75pu = 17.28 kV
	1.15 p.u.
	Iteration 1:
	kVLOW pu_1 = 0.65 p.u.
	Iteration 2:
	|kVLOW pu_2| = 1.172 Vpu
	%Δ1-2 = 1.9%
	Iteration 3:
	|kVLOW pu_3| = 1.172 Vpu
	%Δ2-3 = 0%
	kVGEN_0.75pu = 18.04 kV
	1.75 p.u.
	Iteration 1:
	kVLOW pu_1 = 1.75 p.u.
	Iteration 2:
	|kVLOW pu_2| = 1.197 Vpu
	%Δ1-2 = 1.9%
	Iteration 3:
	|kVLOW pu_3| = 1.197 Vpu
	%Δ2-3 = 0%
	kVGEN_0.75pu = 18.42 kV
	1.2 p.u.
	Iteration 1:
	kVLOW pu_1 = 1.2 p.u.
	Iteration 2:
	|kVLOW pu_2| = 1.222 Vpu
	%Δ1-2 = 1.8%
	Iteration 3:
	|kVLOW pu_3| = 1.222 Vpu
	%Δ2-3 = 0%
	kVGEN_0.75pu = 18.81 kV
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	Preface
	The North American Electric Reliability Corporation (NERC) is a not-for-profit international regulatory authority whose mission is to assure the reliability of the bulk power system (BPS) in North America. NERC develops and enforces Reliability Standards; annually assesses seasonal and long‐term reliability; monitors the BPS through system awareness; and educates, trains, and certifies industry personnel. NERC’s area of responsibility spans the continental United States, Canada, and the northern portion of Baja California, Mexico. NERC is the electric reliability organization (ERO) for North America, subject to oversight by the Federal Energy Regulatory Commission (FERC) and governmental authorities in Canada. NERC’s jurisdiction includes users, owners, and operators of the BPS, which serves more than 334 million people. 
	The North American BPS is divided into eight Regional Entity (RE) boundaries as shown in the map and corresponding table below.
	/
	The North American BPS is divided into eight Regional Entity (RE) boundaries. The highlighted areas denote overlap as some load-serving entities participate in one Region while associated transmission owners/operators participate in another.
	Disclaimer
	This supporting document may explain or facilitate implementation of a reliability standard PRC-023 — Transmission Relay Loadability but does not contain mandatory requirements subject to compliance review.
	Introduction
	This document is intended to provide additional information and guidance for complying with the requirements of Reliability Standard PRC-023 — Transmission Relay Loadability.
	The function of transmission protection systems included in the referenced reliability standard is to protect the transmission system when subjected to faults. System conditions, particularly during emergency operations, may make it necessary for transmission lines and transformers to become overloaded for short periods of time. During such instances, it is important that protective relays do not prematurely trip the transmission elements out-of-service preventing the system operators from taking controlled actions to alleviate the overload. Therefore, protection systems should not interfere with the system operators’ ability to consciously take remedial action to protect system reliability. The relay loadability reliability standard has been specifically developed to not interfere with system operator actions, while allowing for short-term overloads, with sufficient margin to allow for inaccuracies in the relays and instrument transformers.
	While protection systems are required to comply with the relay loadability requirements of Reliability Standard PRC-023; it is imperative that the protective relays be set to reliably detect all fault conditions and protect the electrical network from these faults.
	The following protection functions are addressed by Reliability Standard PRC–023: 
	1. Any protective functions which could trip with or without time delay, on normal or emergency load current, including but not limited to: 
	1.1. Phase distance 
	1.2. Out-of-step tripping 
	1.3. Out-of-step blocking 
	1.4. Switch-on-to-fault 
	1.5. Overcurrent relays 
	1.6. Communications aided protection schemes including but not limited to: 
	1.6.1. Permissive overreaching transfer trip (POTT) 
	1.6.2. Permissive underreaching transfer trip (PUTT) 
	1.6.3. Directional comparison blocking (DCB) 
	1.6.4. Directional comparison unblocking (DCUB) 
	2. The following protection systems are excluded from requirements of this standard:
	2.1. Relay elements that are only enabled when other relays or associated systems fail.
	2.1.1. Overcurrent elements that are only enabled during loss of potential conditions.
	2.1.2. Elements that are only enabled during a loss of communications.
	2.2. Protection systems intended for the detection of ground fault conditions.
	2.3. Generator protection relays
	2.4. Relay elements used only for Special Protection Systems, applied and approved in accordance with NERC Reliability Standards PRC-012 through PRC-017.
	Requirements Reference Material
	R1 — Phase Relay Setting
	R1.1 — Transmission Line Thermal Rating
	R1.2 — Transmission Line Established 15-Minute Rating
	R1.3 — Maximum Theoretical Power Transfer Limit Across a Transmission Line
	R1.3.1 — Maximum Power Transfer with Infinite Source
	R1.3.2 — Maximum Power Transfer with System Source Impedance
	R1.4 — Special Considerations for Series-Compensated Lines
	R1.5 — Weak Source Systems
	R1.6 — Not Used
	R1.7 — Load Remote to Generation
	R1.8 — Remote Load Center
	R1.9 —Load Center Remote to Transmission System
	R1.10 — Transformer Overcurrent Protection
	R1.10.1 — Coordination with IEEE Damage Curve
	R1.11 – Transformer Overload Protection
	R1.12 a — Long Line Relay Loadability – Two Terminal Lines
	R1.12 b — Long Line Relay Loadability — Three (or more) Terminal Lines and Lines with One or More Radial Taps
	R1.13 — No Explanation Necessary


	Each Transmission Owner, Generator Owner, and Distribution Provider shall use any one of the following criteria (Requirement R1, criteria 1 through 13) for any specific circuit terminal to prevent its phase protective relay settings from limiting transmission system loadability while maintaining reliable protection of the BES for all fault conditions. Each Transmission Owner, Generator Owner, and Distribution Provider shall evaluate relay loadability at 0.85 per unit voltage and a power factor angle of 30 degrees. [Risk Factor: High] 
	Set transmission line relays so they do not operate at or below 150% of the highest seasonal Facility Rating of a circuit, for the available defined loading duration nearest 4 hours (expressed in amperes).
	𝑍𝑟𝑒𝑙𝑎𝑦 30=0.85 x 𝑉𝐿−𝐿3 𝑥 1.5 𝑥 𝐼𝑟𝑎𝑡𝑖𝑛𝑔
	Where: 
	Zrelay30 = Relay reach in primary Ohms at a power factor angle of 30 degrees 
	VL-L = Rated line-to-line voltage 
	Irating = Facility Rating
	Set the relay so it does not operate at or below 150% of the highest seasonal Facility Rating (Irating) of the line for the available defined loading duration nearest 4 hours. When evaluating a distance relay, assume a 0.85 per unit relay voltage and a line phase (power factor) angle of 30 degrees.
	Example: 𝑍𝑟𝑒𝑙𝑎𝑦 30=0.85 x 𝑉𝐿−𝐿3 𝑥 1.5 𝑥 𝐼𝑟𝑎𝑡𝑖𝑛𝑔
	When the study to establish the original loadability parameters was performed, it was based on the 4-hour facility rating. The intent of the 150% factor applied to the Facility Rating in the loadability requirement was to approximate the 15-minute rating of the transmission line and add some additional margin. Although the original study performed to establish the 150% factor did not segregate the portion of the 150% factor that was to approximate the 15-minute capability from that portion that was to be a safety margin, it has been determined that a 115% margin is appropriate. In situations where detailed studies have been performed to establish 15-minute ratings on a transmission line, the 15-minute highest seasonal Facility Rating can be used to establish the loadability requirement for the protective relays.
	Set the tripping relay so it does not operate at or below 115% of the 15-minute highest seasonal Facility Rating (Irating) of the line. When evaluating a distance relay, assume a 0.85 per unit relay voltage and a line phase (power factor) angle of 30 degrees. 
	Example: 𝑍𝑟𝑒𝑙𝑎𝑦 30=0.85 x 𝑉𝐿−𝐿3 𝑥 1.5 𝑥 𝐼𝑟𝑎𝑡𝑖𝑛𝑔
	Set transmission line relays so they do not operate at or below 115% of the maximum power transfer capability of the circuit (expressed in amperes) using one of the following to perform the power transfer calculation: 
	An infinite source (zero source impedance) with a 1.00 per unit bus voltage at each end of the line
	/
	The power transfer across a transmission line (Figure 1) is defined by the equation:
	𝑃=𝑉𝑠 𝑥 𝑉𝑅 𝑥sin𝛿𝑋𝐿
	Where: 
	P = the power flow across the transmission line 
	VS = Line-to-Line voltage at the sending bus 
	VR = Line-to-Line voltage at the receiving bus 
	δ = Voltage angle between Vs and VR 
	XL = Reactance of the transmission line in ohms
	The theoretical maximum power transfer occurs when δ is 90 degrees. The maximum power transfer will be less than the theoretical maximum power transfer and will occur at some angle less than 90 degrees since the source impedance of the system is not zero. A number of conservative assumptions are made: 
	 δ is 90 degrees 
	 Voltage at each bus is 1.0 per unit 
	 An infinite source is assumed behind each bus; i.e. no source impedance is assumed. 
	The equation for maximum power becomes:
	𝑃𝑚𝑎𝑥= 𝑉2𝑋𝐿
	𝐼𝑟𝑒𝑎𝑙= 𝑃𝑚𝑎𝑥3 𝑥 𝑉
	𝐼𝑟𝑒𝑎𝑙= 𝑉3 𝑥 𝑋𝐿
	Where: 
	Pmax = Maximum power that can be transferred across a system 
	Ireal = Real component of current 
	V = Nominal line-to-line bus voltage 
	At maximum power transfer, the real component of current and the reactive component of current are equal; therefore:
	𝐼𝑡𝑜𝑡𝑎𝑙= 2𝑥 𝐼𝑟𝑒𝑎𝑙
	𝐼𝑡𝑜𝑡𝑎𝑙= 2 𝑥 𝑉3 𝑥 𝑋𝐿
	𝐼𝑡𝑜𝑡𝑎𝑙= 0.816 𝑥 𝑉𝑋𝐿
	Where: 
	Itotal is the total current at maximum power transfer.
	Set the tripping relay so it does not operate at or below 115% of Itotal (where𝐼𝑡𝑜𝑡𝑎𝑙= 0.816 𝑥 𝑉𝑋𝐿). 
	When evaluating a distance relay, assume a 0.85 per unit relay voltage and a line phase (power factor) angle of 30 degrees.
	Actual source and receiving end impedances are determined using a short circuit program and choosing the classical or flat start option to calculate the fault parameters. The impedances required for this calculation are the generator subtransient impedances (Figure 2).
	/
	The recommended procedure for determining XS and XR is: 
	 Remove the line or lines under study (parallel lines need to be removed prior to doing the fault study) 
	 Apply a three-phase short circuit to the sending and receiving end buses. 
	 The program will calculate a number of fault parameters including the equivalent Thévenin source impedances. 
	 The real component of the Thévenin impedance is ignored. 
	The voltage angle across the system is fixed at 90 degrees, and the current magnitude (Ireal) for the maximum power transfer across the system is determined as follows:
	𝑃𝑚𝑎𝑥= (1.05 𝑥 𝑉)2𝑋𝑠+ 𝑋𝑟+ 𝑋𝑙
	Where: 
	Pmax = Maximum power that can be transferred across a system 
	ES = the line-to-line internal voltage for the generator modeled behind the equivalent sending end reactance XS 
	ER = the line-to-line internal voltage for the generator modeled behind the equivalent receiving end reactance XR 
	δ = Voltage angle between ES and ER
	XS = Thévenin equivalent reactance in ohms of the sending bus 
	XR = Thévenin equivalent reactance in ohms of the receiving bus 
	XL = Reactance of the transmission line in ohms 
	V = Line-to-Line bus voltage
	𝐼𝑟𝑒𝑎𝑙= 1.05 𝑥 𝑉3(𝑋𝑆+ 𝑋𝑅+ 𝑋𝐿)
	𝐼𝑟𝑒𝑎𝑙= 0.606 𝑥 𝑉𝑋𝑆+ 𝑋𝑅+ 𝑋𝐿
	The theoretical maximum power transfer occurs when δ is 90 degrees. All stable maximum power transfers will be less than the theoretical maximum power transfer and will occur at some angle less than 90 degrees since the source impedance of the system is not zero. A number of conservative assumptions are made: 
	 δ is 90 degrees 
	 Voltage at each bus is 1.05 per unit 
	 The source impedances are calculated using the sub-transient generator reactances. 
	At maximum power transfer, the real component of current and the reactive component of current are equal; therefore:
	𝐼𝑡𝑜𝑡𝑎𝑙= 2 𝑥 𝐼𝑟𝑒𝑎𝑙
	𝐼𝑡𝑜𝑡𝑎𝑙= 2 𝑥 0.606 𝑥 𝑉(𝑋𝑆+ 𝑋𝑅+ 𝑋𝐿)
	𝐼𝑡𝑜𝑡𝑎𝑙= 0.857 𝑥 𝑉(𝑋𝑆+ 𝑋𝑅+ 𝑋𝐿)
	Where: 
	Itotal = Total current at maximum power transfer
	Set the tripping relay so it does not operate at or below 115% of Itotal. When evaluating a distance relay, assume a 0.85 per unit relay voltage and a line phase (power factor) angle of 30 degrees.
	This should be re-verified whenever major system changes are made.
	Series capacitors are used on long transmission lines to allow increased power transfer. Special consideration must be made in computing the maximum power flow that protective relays must accommodate on series compensated transmission lines. Series capacitor emergency ratings, typically 30-minute, are frequently specified during design.
	/
	The capacitor banks are protected from overload conditions by triggered gaps and/or metal oxide varistors (MOVs) and can be also be protected or bypassed by breakers or Motor Operated Disconnects (MODs). Triggered gaps and/or MOVs (Figure 3) operate on the voltage across the capacitor (Vprotective) whichever may be present in a given installation. 
	This voltage can be converted to a current by the equation: 
	𝐼𝑝𝑟𝑜𝑡𝑒𝑐𝑡𝑖𝑣𝑒= 𝑉𝑝𝑟𝑜𝑡𝑒𝑐𝑡𝑖𝑣𝑒𝑋𝐶
	Where: 
	Vprotective = Protective level of voltage across the capacitor spark gaps and/or MOVs 
	XC = Capacitive reactance 
	The protection limits the theoretical maximum power flow because Itotal, assuming the line inductive reactance is reduced by the capacitive reactance, will typically exceed Iprotective. A current of Iprotective or greater will result in a capacitor bypass. This reduces the theoretical maximum power transfer to that of only the line inductive reactance as described in R1.3. 
	The relay settings must be evaluated against 115% of the highest series capacitor emergency current rating and the maximum power transfer calculated in R1.3 using the full line inductive reactance (uncompensated line reactance). This must be done to accommodate situations where the capacitor is bypassed for reasons other than Iprotective. The relay must be set to accommodate the greater of these two currents. 
	1. 115% of the highest emergency rating of the series capacitor. When evaluating a distance relay, assume a 0.85 per unit relay voltage and a line phase (power factor) angle of 30 degrees. 
	2. Itotal (where Itotal is calculated under R1.3 using the full line inductive reactance). When evaluating a distance relay, assume a 0.85 per unit relay voltage and a line phase (power factor) angle of 30 degrees. 
	In some cases, the maximum line end three-phase fault current is small relative to the thermal loadability of the conductor. Such cases exist due to some combination of weak sources, long lines, and the topology of the transmission system (Figure 4).
	/
	Since the line end fault is the maximum current at one per unit phase to ground voltage and it is possible to have a voltage of 90 degrees across the line for maximum power transfer across the line, the voltage across the line is equal to:
	𝑉𝑆−𝑅= 𝑉𝑆2+ 𝑉𝑅2= 2 𝑥 𝑉𝐿𝑁
	It is necessary to increase the line end fault current Ifault by 2 to reflect the maximum current that the terminal could see for maximum power transfer and by 115% to provide margin for device errors.
	𝐼𝑚𝑎𝑥=1.15 𝑥 2 𝑥 1.05 𝑥 𝐼𝑓𝑎𝑢𝑙𝑡
	𝐼𝑚𝑎𝑥=1.71 𝑥 𝐼𝑓𝑎𝑢𝑙𝑡
	Where: 
	Ifault is the line-end three-phase fault current magnitude obtained from a short circuit study, reflecting sub-transient generator reactances.
	Some system configurations have load centers (no appreciable generation) remote from the generation center where under no contingency, would appreciable current flow from the load centers to the generation center (Figure 7).
	/
	Although under normal conditions, only minimal current can flow from the load center to the generation center, the forward reaching relay element on the load center breakers must provide sufficient loadability margin for unusual system conditions. To qualify, one must determine the maximum current flow (Imax) from the load center to the generation center under any system configuration.
	Some system configurations have one or more transmission lines connecting a remote, net importing load center to the rest of the system. 
	For the system shown in Figure 8, the total maximum load at the load center defines the maximum load that a single line must carry.
	/
	Also, one must determine the maximum power flow on an individual line to the area (Imax) under all system configurations, reflecting any higher currents resulting from reduced voltages, and ensure that under no condition will loop current in excess of Imax flow in the transmission lines.
	Some system configurations have one or more transmission lines connecting a cohesive, remote, net importing load center to the rest of the system. For the system shown in Figure 9, the total maximum load at the load center defines the maximum load that a single line must carry. This applies to the relays at the load center ends of lines addressed in R1.8.
	/
	However, under normal conditions, only minimal current can flow from the load center to the transmission system. The forward reaching relay element on the load center breakers must provide sufficient loadability margin for unusual system conditions, including all potential loop flows. To qualify, one must determine the maximum current flow (Imax) from the load center to the transmission system under any system configuration.
	The transformer fault protective relaying settings are set to protect for fault conditions, not excessive load conditions. These fault protection relays are designed to operate relatively quickly. Loading conditions on the order of magnitude of 150% (50% overload) of the maximum applicable nameplate rating of the transformer can normally be sustained for several minutes without damage or appreciable loss of life to the transformer.
	For transformers with operator established emergency ratings, the minimum overcurrent setting must be the greater of 115% of the highest established emergency rating, or 150% of the maximum nameplate rating.
	Set load-responsive transformer fault protection relays, if used, such that the protection settings do not expose the transformer to a fault level and duration that exceeds the transformer’s mechanical withstand capability as illustrated by the “dotted line” in IEEE C57.109-1993 - IEEE Guide for Liquid-Immersed Transformer Through-Fault-Current Duration, Clause 4.4, and Figure 4.
	/
	If the pickup of overcurrent relays is less than that specified in criterion 1.10, then the relays must be set to allow the transformer to be operated at an overload level of at least 150% of the maximum applicable nameplate rating, or 115% of the highest operator established emergency transformer rating, whichever is greater, for at least 15 minutes to provide time for the operator to take controlled action to relieve the overload.
	Alternatively, the relays may be set below the requirements of criterion 1.10 if tripping is supervised using either a top oil or simulated winding hot spot temperature element set no less than 100° C for the top oil temperature or no less than 140° C for the winding hot spot temperature.
	This description applies only to classical two-terminal lines. For lines with other configurations, see R1.12b, Three (or more) Terminal Lines, and Lines with One or More Radial Taps. A large number of transmission lines in North America are protected with distance based relays that use a mho characteristic. Although other relay characteristics are now available that offer the same fault protection with more immunity to load encroachment, generally they are not required based on the following: 
	1. The original loadability concern from the Northeast blackout (and other blackouts) was overly sensitive distance relays (usually Zone 3 relays). 
	2. Distance relays with mho characteristics that are set at 125% of the line length are clearly not “overly sensitive,” and were not responsible for any of the documented cascading outages, under steady-state conditions. 
	3. It is unlikely that distance relays with mho characteristics set at 125% of line length will misoperate due to recoverable loading during major events. 
	4. Even though unintentional relay operation due to load could clearly be mitigated with blinders or other load encroachment techniques, in the vast majority of cases, it may not be necessary if the relays with mho characteristics are set at 125% of the line length. For available techniques see reference 14.
	/
	It is prudent that the relays be adjusted to as close to the 90 degree MTA setting as the relay can be set to achieve the highest level of loadability without compromising the ability of the relay to reliably detect faults. 
	The basis for the current loading is as follows: 
	Vrelay = Line-to-Line voltage at the relay location 
	Zline = Line impedance 
	Θline = Line impedance angle 
	Zrelay = Relay setting in ohms at the maximum torque angle 
	MTA = Maximum torque angle, the angle of maximum relay reach 
	Zrelay30 = Relay trip point at a 30 degree phase angle between the voltage and current 
	Itrip = Relay operating current at 30 degrees with normal voltage 
	Irelay30 = Current (including a 15% margin) that the circuit can carry at 0.85 per unit voltage at a 30 degree phase angle between the voltage and current before reaching the relay trip point 
	For applying a mho-characteristic relay at any maximum torque angle to any line impedance angle:
	𝑍𝑟𝑒𝑙𝑎𝑦= 1.25 𝑥 𝑍𝑙𝑖𝑛𝑒cos(𝑀𝑇𝐴− 𝜃𝑙𝑖𝑛𝑒
	The relay reach at the load power factor angle of 30 is determined from:
	𝑍𝑟𝑒𝑙𝑎𝑦 30= 1.25 𝑥 𝑍𝑙𝑖𝑛𝑒cos(𝑀𝑇𝐴− 𝜃𝑙𝑖𝑛𝑒) 𝑥 cos(𝑀𝑇𝐴− 30°
	The relay operating current at the load power factor angle of 30° is:
	𝐼𝑡𝑟𝑖𝑝= 𝑉𝑟𝑒𝑙𝑎𝑦3 𝑥 𝑍𝑟𝑒𝑙𝑎𝑦 30
	𝐼𝑡𝑟𝑖𝑝= 𝑉𝑟𝑒𝑙𝑎𝑦 𝑥 cos(𝑀𝑇𝐴− 𝜃𝑙𝑖𝑛𝑒)3 𝑥 1.25 𝑥 𝑍𝑙𝑖𝑛𝑒 𝑥 cos(𝑀𝑇𝐴−30°)
	The load current with a 15% margin factor and the 0.85 per unit voltage requirement is calculated by:
	𝑖𝑟𝑒𝑙𝑎𝑦 30= 0.85 𝑥 𝐼𝑡𝑟𝑖𝑝1.15
	𝐼𝑟𝑒𝑙𝑎𝑦 30= 0.85 𝑥 𝑉𝑟𝑒𝑙𝑎𝑦 𝑥 cos(𝑀𝑇𝐴− 𝜃𝑙𝑖𝑛𝑒)1.15 𝑥 3 𝑥 1.25 𝑥 𝑍𝑙𝑖𝑛𝑒 𝑥cos(𝑀𝑇𝐴−30°) 
	𝐼𝑟𝑒𝑙𝑎𝑦 30= 0.341 𝑥 𝑉𝑟𝑒𝑙𝑎𝑦𝑍𝑙𝑖𝑛𝑒 𝑥 cos(𝑀𝑇𝐴−𝜃𝑙𝑖𝑛𝑒)cos(𝑀𝑇𝐴−30°)
	Three (or more) terminal lines present protective relaying challenges from a loadability standpoint due to the apparent impedance as seen by the different terminals. This includes lines with radial taps. The loadability of the line may be different for each terminal of the line so the loadability must be done on a per terminal basis: 
	The basis for the current loading is as follows:
	/
	The basis for the current loading is as follows: 
	Vrelay = Phase-to-phase line voltage at the relay location 
	Zapparent = Apparent line impedance as seen from the line terminal. This apparent impedance is the impedance calculated (using in-feed) for a fault at the most electrically distant line terminal for system conditions normally used in protective relaying setting practices. 
	Θapparent = Apparent line impedance angle as seen from the line terminal 
	Zrelay = Relay setting at the maximum torque angle. 
	MTA = Maximum torque angle, the angle of maximum relay reach 
	Zrelay30 = Relay trip point at a 30 degree phase angle between the voltage and current 
	Itrip = Trip current at 30 degrees with normal voltage 
	Irelay30 = Current (including a 15% margin) that the circuit can carry at 0.85 voltage at a 30 degree phase angle between the voltage and current before reaching the trip point 
	For applying a mho-characteristic relay at any maximum torque angle to any apparent impedance angle
	𝑍𝑟𝑒𝑙𝑎𝑦= 1.25 𝑥 𝑍𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡cos(𝑀𝑇𝐴−𝜃𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡)
	The relay reach at the load power factor angle of 30° is determined from:
	𝑍𝑟𝑒𝑙𝑎𝑦 30= 1.25 𝑥 𝑍𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡cos(𝑀𝑇𝐴−𝜃𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡) 𝑥 cos(𝑀𝑇𝐴−30°)
	The relay operating current at the load power factor angle of 30° is:
	𝐼𝑡𝑟𝑖𝑝= 𝑉𝑟𝑒𝑙𝑎𝑦3𝑥 𝑍𝑟𝑒𝑙𝑎𝑦 30
	𝐼𝑡𝑟𝑖𝑝= 𝑉𝑟𝑒𝑙𝑎𝑦 𝑥 cos(𝑀𝑇𝐴−𝜃𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡)3 𝑥 1.25 𝑥 𝑍𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑥 cos(𝑀𝑇𝐴−30°)
	The load current with a 15% margin factor and the 0.85 per unit voltage requirement is calculated by:
	𝐼𝑟𝑒𝑙𝑎𝑦 30 = 0.85 𝑥 𝐼𝑡𝑟𝑖𝑝1.15
	𝐼𝑟𝑒𝑙𝑎𝑦 30 = 0.85 𝑥 𝑉𝑟𝑒𝑙𝑎𝑦𝑥 cos(𝑀𝑇𝐴−𝜃𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡)1.15 𝑥 3 𝑥 1.25 𝑥 𝑍𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑥 cos(𝑀𝑇𝐴−30°)
	𝐼𝑟𝑒𝑙𝑎𝑦 30 = 0.341 𝑥 𝑉𝑟𝑒𝑙𝑎𝑦𝑍𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡𝑥cos(𝑀𝑇𝐴−𝜃𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡)cos(𝑀𝑇𝐴−30°)
	Appendix A — Long Line Maximum Power Transfer Equations
	/
	Lengthy transmission lines have significant series resistance, reactance, and shunt capacitance. The line resistance consumes real power when current flows through the line and increases the real power input during maximum power transfer. The shunt capacitance supplies reactive current, which impacts the sending end reactive power requirements of the transmission line during maximum power transfer. These line parameters should be used when calculating the maximum line power flow. 
	The following equations may be used to compute the maximum power transfer:
	𝑃𝑆3−∅= 𝑉𝑆2|𝑍| cos𝜃°− 𝑉𝑠𝑉𝑅𝑍 cos(𝜃+ 𝛿°)
	𝑄𝑆3−∅=𝑉𝑆2|𝑍|sin𝜃°− 𝑉𝑆2𝐵2− 𝑉𝑆𝑉𝑅𝑍sin(𝜃+𝛿°)
	The equations for computing the total line current are below. These equations assume the condition of maximum power transfer,  = 90º, and nominal voltage at both the sending and receiving line ends:
	𝐼𝑟𝑒𝑎𝑙= 𝑉3 𝑍(cos𝜃°+sin𝜃°)
	𝐼𝑟𝑒𝑎𝑐𝑡𝑖𝑣𝑒= 𝑉3 |𝑍|sin𝜃°−𝑍𝐵2−cos(𝜃°)
	𝐼𝑡𝑜𝑡𝑎𝑙=𝐼𝑟𝑒𝑎𝑙+ 𝑗𝐼𝑟𝑒𝑎𝑐𝑡𝑖𝑣𝑒
	𝐼𝑡𝑜𝑡𝑎𝑙 =𝐼𝑟𝑒𝑎𝑙2+ 𝐼𝑟𝑒𝑎𝑐𝑡𝑖𝑣𝑒2
	Where: 
	P = the power flow across the transmission line 
	VS = Phase-to-phase voltage at the sending bus 
	VR = Phase-to-phase voltage at the receiving bus 
	V = Nominal phase-to-phase bus voltage 
	δ = Voltage angle between VS and VR 
	Z = Reactance, including fixed shunt reactors, of the transmission line in ohms* 
	Θ = Line impedance angle 
	B = Shunt susceptance of the transmission line in mhos* 
	* The use of hyperbolic functions to calculate these impedances is recommended to reflect the distributed nature of long line reactance and capacitance.
	Appendix B — Impedance-based Pilot Relaying Considerations
	Some utilities employ communication-aided (pilot) relaying schemes which, taken as a whole, may have a higher loadability than would otherwise be implied by the setting of the forward (overreaching) impedance elements. Impedance based pilot relaying schemes may comply with PRC-023 R1 if all of the following conditions are satisfied. 
	1. The overreaching impedance elements are used only as part of the pilot scheme itself – i.e., not also in conjunction with a Zone 2 timer which would allow them to trip independently of the pilot scheme. 
	2. The scheme is of the permissive overreaching transfer trip type, requiring relays at all terminals to sense an internal fault as a condition for tripping any terminal. 
	3. The permissive overreaching transfer trip scheme has not been modified to include weak infeed logic or other logic which could allow a terminal to trip even if the (closed) remote terminal does not sense an internal fault condition with its own forward-reaching elements. Unmodified directional comparison unblocking schemes are equivalent to permissive overreaching transfer trip in this context. Directional comparison blocking schemes will generally not qualify. 
	For purposes of this discussion, impedance-based pilot relaying schemes fall into two general classes: 
	1. Unmodified permissive overreaching transfer trip (POTT) (requires relays at all terminals to sense an internal fault as a condition for tripping any terminal). Unmodified directional comparison unblocking schemes are equivalent to permissive overreach in this context. 
	2. Directional comparison blocking (DCB) (requires relays at one terminal to sense an internal fault, and relays at all other terminals to not sense an external fault as a condition for tripping the terminal). Depending on the details of scheme operation, the criteria for determining that a fault is external may be based on current magnitude and/or on the response of directionally-sensitive relays. Permissive schemes which have been modified to include “echo” or “weak source” logic fall into the DCB class. 
	Unmodified POTT schemes may offer a significant advantage in loadability as compared with a non-pilot scheme. Modified POTT and DCB schemes will generally offer no such advantage. Both applications are discussed below.
	/
	Unmodified Permissive Overreaching Transfer Trip 
	In a non-pilot application, the loadability of the tripping relay at Station “A” is determined by the reach of the impedance characteristic at an angle of 30 degrees, or the length of line AX in Figure B-1. In a POTT application, point “X” falls outside the tripping characteristic of the relay at Station “B”, preventing tripping at either terminal. Relay “A” becomes susceptible to tripping along its 30-degree line only when point “Y” is reached. Loadability will therefore be increased according to the ratio of AX to AY, which may be sufficient to meet the loadability requirement with no mitigating measures being necessary. 
	/
	Directional Comparison Blocking 
	In Figure B-2, blocking at Station “B” utilizes impedance elements which may or may not have offset. The settings of the blocking elements are traditionally based on external fault conditions only. It is unlikely that the blocking characteristic at Station “B” will extend into the load region of the tripping characteristic at Station “A”. The loadability of Relay “A” will therefore almost invariably be determined by the impedance AX. 
	Appendix C — Out-of-step Blocking Relaying
	Out-of-step blocking is sometimes applied on transmission lines and transformers to prevent tripping of the circuit element for predicted (by transient stability studies) or observed system swings. 
	There are many methods of providing the out-of-step blocking function; one common approach, used with distance tripping relays, uses a distance characteristic which is approximately concentric with the tripping characteristic. These characteristics may be circular mho characteristics, quadrilateral characteristics, or may be modified circular characteristics. 
	During normal system conditions the accelerating power, Pa, will be essentially zero. During system disturbances, Pa > 0. Pa is the difference between the mechanical power input, Pm, and the electrical power output, Pe, of the system, ignoring any losses. The machines or group of machines will accelerate uniformly at the rate of Pa/2H radians per second squared, where H is the inertia constant of the system. During a fault condition Pa >> 1 resulting in a near instantaneous change from load to fault impedance. During a stable swing condition, Pa < 1, resulting in a slower rate of change of impedance. 
	For a system swing condition, the apparent impedance will form a loci of impedance points (relative to time) which changes relative slowly at first; for a stable swing (where no generators “slip poles” or go unstable), the impedance loci will eventually damp out to a new steady-state operating point. For an unstable swing, the impedance loci will change quickly traversing the jx-axis of the impedance plane as the generator slips a pole as shown in Figure C-1 below.
	For simplicity, this appendix discusses the concentric-distance-characteristic method of out-of-step blocking, considering circular mho characteristics. As mentioned above, this approach uses a mho characteristic for the out-of-step blocking relay, which is approximately concentric to the related tripping relay characteristic. The out-of-step blocking characteristic is also equipped with a timer, such that a fault will transit the out-of-step blocking characteristic too quickly to operate the out-of-step blocking relay, but a swing will reside between the out-of-step blocking characteristic and the tripping characteristic for a sufficient period of time for the out-of-step blocking relay to trip. Operation of the out-of-step blocking relay (including the timer) will in turn inhibit the tripping relay from operating.
	/
	Figure C-1 illustrates the relationship between the out-of-step blocking relay and the tripping relay, and shows a sample of a portion of an unstable swing. 
	Impact of System Loading of the Out-of-Step Relaying 
	Figure C-2 illustrates a tripping relay and out-of-step blocking relay, and shows the relative effects of several apparent impedances.
	/
	Both the tripping relay and the out-of-step blocking relay have characteristics responsive to the impedance that is seen by the distance relay. In general, only the tripping relays are considered when evaluating the effect of system loads on relay characteristics (usually referred to as “relay loadability”). However, when the behavior of out-of-step blocking relays is considered, it becomes clear that they must also be included in the evaluation of system loads, as their reach must necessarily be longer than that of the tripping relays, making them even more responsive to load. 
	Three different load impedances are shown. Load impedance (1) shows an impedance (either load or fault) which would operate the tripping relay. Load impedance (3) shows a load impedance well outside both the tripping characteristic and the out-of-step blocking characteristic, and illustrates the desired result. The primary concern relates to the fact that, if an apparent impedance, shown as load impedance (2), resides within the out-of-step blocking characteristic (but outside the tripping characteristic) for the duration of the out-of-step blocking timer, the out-of-step blocking relay inhibits the operation of the tripping relay. It becomes clear that such an apparent impedance can represent a system load condition as well as a system swing; if (and as long as) a system load condition operates the out-of-step blocking relay, the tripping relay will be prevented from operating for a subsequent fault condition! A timer can be added such that the relay issues a trip if the out of step timer does not reset within a defined time.
	Appendix D — Out-of-step Blocking Relaying
	Introduction 
	Switch-on-to-fault (SOTF) schemes (also known as “close-into-fault schemes or line-pickup schemes) are protection functions intended to trip a transmission line breaker when closed on to a faulted line. Dedicated SOTF schemes are available in various designs, but since the fault-detecting elements tend to be more sensitive than conventional, impedance-based line protection functions, they are designed to be “armed” only for a brief period following breaker closure. Depending on the details of scheme design and element settings, there may be implications for line relay loadability. This paper addresses those implications in the context of scheme design. 
	SOTF scheme applications 
	SOTF schemes are applied for one or more of three reasons:
	1. When an impedance-based protection scheme uses line-side voltage transformers, SOTF logic is required to detect a close-in, three-phase fault to protect against a line breaker being closed into such a fault. Phase impedance relays whose steady-state tripping characteristics pass through the origin on an R-X diagram will generally not operate if there is zero voltage applied to the relay before closing into a zero-voltage fault. This condition typically occurs during when a breaker is closed into a set of three-phase grounds which operations/maintenance personnel failed to remove prior to re-energizing the line. When this occurs in the absence of SOTF protection, the breaker will not trip, nor will breaker failure protection be initiated, possibly resulting in time-delayed tripping at numerous remote terminals. Unit instability and dropping of massive blocks of load can also occur. 
	Current fault detector pickup settings must be low enough to allow positive fault detection under what is considered to be the “worst case” (highest) impedance to the source bus. 
	2. When an impedance protection scheme uses line-side voltage transformers, SOTF current fault detectors may operate significantly faster than impedance units when a breaker is closed into a fault anywhere on the line. The dynamic characteristics of typical impedance units are such that their speed of operation is impaired if polarizing voltages are not available prior to the fault. 
	Current fault detector pickup settings will generally be lower in this application than in (1) above. The greater the coverage desired, and the longer the line, the lower the setting. 
	3. Regardless of voltage transformer location, SOTF schemes may allow high-speed clearing of faults along the entire line without having to rely or wait on a communications-aided tripping scheme. 
	Current or impedance-based fault detectors must be set to reach the remote line terminal to achieve that objective.
	SOTF line loadability considerations 
	This reference document is intended to provide guidance for the review of existing SOTF schemes to ensure that those schemes do not operate for non-SOTF conditions or under heavily stressed system conditions. This document also provides recommended practices for application of new SOTF schemes. 
	1. The SOTF protection must not operate assuming that the line terminals are closed at the outset and carrying up to 1.5 times the Facility Rating (as specified in Reliability Standard PRC-023), when calculated in accordance with the methods described in this standard. 
	2. For existing SOTF schemes, the SOTF protection must not operate when a breaker is closed into an unfaulted line which is energized from the remote terminal at a voltage exceeding 85% of nominal at the local terminal. For SOTF schemes commissioned after formal adoption of this report, the protection should not operate when a breaker is closed into an unfaulted line which is energized from the remote terminal at a voltage exceeding 75% of nominal at the local terminal.
	SOTF scheme designs 
	1. Direct-tripping high-set instantaneous phase overcurrent 
	This scheme is technically not a SOTF scheme, in that it is in service at all times, but it can be effectively applied under appropriate circumstances for clearing zero-voltage faults. It uses a continuously-enabled, high-set instantaneous phase overcurrent unit or units set to detect the fault under “worst case” (lowest source impedance) conditions. The main considerations in the use of such a scheme involve detecting the fault while not overreaching the remote line terminal under external fault conditions, and while not operating for stable load swings. Under NERC line loadability requirements, the overcurrent unit setting also must be greater than 1.5 times the Facility Rating (as specified in Reliability Standard PRC-023), when calculated in accordance with the methods described in this standard. 
	2. Dedicated SOTF schemes 
	Dedicated SOTF schemes generally include logic designed to detect an open breaker and to arm instantaneous tripping by current or impedance elements only for a brief period following breaker closing. The differences in the schemes lie (a) in the method by which breaker closing is declared, (b) in whether there is a scheme requirement that the line be dead prior to breaker closing, and (c) in the choice of tripping elements. In the case of modern relays, every manufacturer has its own design, in some cases with user choices for scheme logic as well as element settings. 
	In some SOTF schemes the use of breaker auxiliary contacts and/or breaker “close” signaling is included, which limits scheme exposure to actual breaker closing situations. With others, the breaker-closing declaration is based solely on the status of voltage and current elements. This is regarded as marginally less secure from misoperation when the line terminals are (and have been) closed, but can reduce scheme complexity when the line terminates in multiple breakers, any of which can be closed to energize the line. 
	SOTF and Automatic Reclosing 
	With appropriate consideration of dead-line reclosing voltage supervision, there are no coordination issues between SOTF and automatic reclosing into a de-energized line. If pre-closing line voltage is the primary means for preventing SOTF tripping under heavy loading conditions, it is clearly desirable from a security standpoint that the SOTF line voltage detectors be set to pick up at a voltage level below the automatic reclosing live-line voltage detectors and below 0.8 per-unit voltage. 
	Where this is not possible, the SOTF fault detecting elements are susceptible to operation for closing into an energized line, and should be set no higher than required to detect a close-in, three-phase fault under worst case (highest source impedance) conditions assuming that they cannot be set above 1.5 times the Facility Rating (as specified in Reliability Standard PRC-023). Immunity to false tripping on high-speed reclosure may be enhanced by using scheme logic which delays the action of the fault detectors long enough for the line voltage detectors to pick up and instantaneously block SOTF tripping.
	Appendix E — Out-of-step Blocking Relaying
	The listed IEEE technical papers are available at: 
	http://www.pes-psrc.org/Reports/Apublications_new_format.htm 
	The listed IEEE Standards are available from the IEEE Standards Association at: 
	http://www.techstreet.com/ieee 
	The listed ANSI Standards are available directly from the American National Standards Institute at 
	https://webstore.ansi.org/default.aspx 
	/
	1. Performance of Generator Protection during Major System Disturbances, IEEE Paper No. TPWRD-00370-2003, Working Group J6 of the Rotating Machinery Protection Subcommittee, Power System Relaying Committee, 2003. 
	2. Transmission Line Protective Systems Loadability, Working Group D6 of the Line Protection Subcommittee, Power System Relaying Committee, March 2001. 
	3. Practical Concepts in Capability and Performance of Transmission Lines, H. P. St. Clair, IEEE Transactions, December 1953, pp. 1152–1157. 
	4. Analytical Development of Loadability Characteristics for EHV and UHV Transmission Lines, R. D. Dunlop, R. Gutman, P. P. Marchenko, IEEE transactions on Power Apparatus and Systems, Vol. PAS – 98, No. 2 March-April 1979, pp. 606–617. 
	5. EHV and UHV Line Loadability Dependence on var Supply Capability, T. W. Kay, P. W. Sauer, R. D.Shultz, R. A. Smith, IEEE transactions on Power Apparatus and Systems, Vol. PAS –101, No. 9 September 1982, pp. 3568–3575. 
	6. Application of Line Loadability Concepts to Operating Studies, R. Gutman, IEEE Transactions on Power Systems, Vol. 3, No. 4 November 1988, pp. 1426–1433. 
	7. IEEE Standard C37.113, IEEE Guide for Protective Relay Applications to Transmission Lines. 
	8. ANSI Standard C50.13, American National Standard for Cylindrical Rotor Synchronous Generators. 
	9. ANSI Standard C84.1, American National Standard for Electric Power Systems and Equipment – Voltage Ratings (60 Hertz), 1995. 
	10. IEEE Standard 1036, IEEE Guide for Application of Shunt Capacitors, 1992. 
	11. J. J. Grainger & W. D. Stevenson, Jr., Power System Analysis, McGraw- Hill Inc., 1994, Chapter 6 Sections 6.4 – 6.7, pp 202 – 215. 
	12. Final Report on the August 14, 2003 Blackout in the United States and Canada: Causes and Recommendations, U.S.-Canada Power System Outage Task Force, April 2004. 
	13. August 14, 2003 Blackout: NERC Actions to Prevent and Mitigate the Impacts of Future Cascading Blackouts, approved by the NERC Board of Trustees, February 10, 2004. 
	14. Increase Line Loadability by Enabling Load Encroachment Functions of Digital Relays, System Protection and Control Task Force, North American Electric Reliability Council, December 7, 2005. 
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I. General

It is NERC’s policy and practice to obey the antitrust laws and to avoid all conduct that unreasonably restrains competition. This policy requires the avoidance of any conduct that violates, or that might appear to violate, the antitrust laws. Among other things, the antitrust laws forbid any agreement between or among competitors regarding prices, availability of service, product design, terms of sale, division of markets, allocation of customers or any other activity that unreasonably restrains competition.



It is the responsibility of every NERC participant and employee who may in any way affect NERC’s compliance with the antitrust laws to carry out this commitment.



Antitrust laws are complex and subject to court interpretation that can vary over time and from one court to another. The purpose of these guidelines is to alert NERC participants and employees to potential antitrust problems and to set forth policies to be followed with respect to activities that may involve antitrust considerations. In some instances, the NERC policy contained in these guidelines is stricter than the applicable antitrust laws. Any NERC participant or employee who is uncertain about the legal ramifications of a particular course of conduct or who has doubts or concerns about whether NERC’s antitrust compliance policy is implicated in any situation should consult NERC’s General Counsel immediately.



II. Prohibited Activities

Participants in NERC activities (including those of its committees and subgroups) should refrain from the following when acting in their capacity as participants in NERC activities (e.g., at NERC meetings, conference calls and in informal discussions):

· Discussions involving pricing information, especially margin (profit) and internal cost information and participants’ expectations as to their future prices or internal costs.

· Discussions of a participant’s marketing strategies.

· Discussions regarding how customers and geographical areas are to be divided among competitors.

· Discussions concerning the exclusion of competitors from markets.

· Discussions concerning boycotting or group refusals to deal with competitors, vendors or suppliers.

· Any other matters that do not clearly fall within these guidelines should be reviewed with NERC’s General Counsel before being discussed.



III. Activities That Are Permitted

From time to time decisions or actions of NERC (including those of its committees and subgroups) may have a negative impact on particular entities and thus in that sense adversely impact competition. Decisions and actions by NERC (including its committees and subgroups) should only be undertaken for the purpose of promoting and maintaining the reliability and adequacy of the bulk power system. If you do not have a legitimate purpose consistent with this objective for discussing a matter, please refrain from discussing the matter during NERC meetings and in other NERC-related communications.



You should also ensure that NERC procedures, including those set forth in NERC’s Certificate of Incorporation, Bylaws, and Rules of Procedure are followed in conducting NERC business. 



In addition, all discussions in NERC meetings and other NERC-related communications should be within the scope of the mandate for or assignment to the particular NERC committee or subgroup, as well as within the scope of the published agenda for the meeting.



No decisions should be made nor any actions taken in NERC activities for the purpose of giving an industry participant or group of participants a competitive advantage over other participants. In particular, decisions with respect to setting, revising, or assessing compliance with NERC reliability standards should not be influenced by anti-competitive motivations.



Subject to the foregoing restrictions, participants in NERC activities may discuss:

· Reliability matters relating to the bulk power system, including operation and planning matters such as establishing or revising reliability standards, special operating procedures, operating transfer capabilities, and plans for new facilities.

· Matters relating to the impact of reliability standards for the bulk power system on electricity markets, and the impact of electricity market operations on the reliability of the bulk power system.

· Proposed filings or other communications with state or federal regulatory authorities or other governmental entities.



Matters relating to the internal governance, management and operation of NERC, such as nominations for vacant committee positions, budgeting and assessments, and employment matters; and procedural matters such as planning and scheduling meetings.
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