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Subsynchronous Resonance (SSR) Analysis

[bookmark: _Toc437433732]Purpose

[bookmark: _Toc149720772][bookmark: _Toc409100152]The purpose of this document is to serve as a guideline to establish the study scope for the Subsynchronous Resonance (SSR) interactions occurring between Generation Resources and a series capacitor compensated transmission system.  If a project is identified to require a SSR study, the designated entity will perform the study to evaluate vulnerability and identify any needed countermeasures.

Both the scope and the final study will be reviewed by the impacted TSP(s), affected RE(s), and ERCOT. This document provides a list of guidelines for the study scope.

[bookmark: _Toc437433733]General SSR Scope

[bookmark: _Toc437433734]Conventional Generator SSR Studies

The SSR study for conventional generator units should include the following:

· Induction Generator Effect (IGE)

· Frequency scans for screening: generator and grid side frequency scans with emphasis on effective resistance 

· Torsional Interaction (TI)

· Comparison of Mechanical (turbine-generator system) & Electrical (generator and grid combined) damping analysis for screening, including whether units within the plant or nearby plants have similar torsional modes

· Torque Amplification (TA)

· Frequency scans for screening. If TA vulnerability is identified, then determine the need for fatigue analysis. 

· Time domain simulations may be required for further investigation and countermeasures development.

[bookmark: _Toc437433735]Intermittent Renewable Resource (IRR):

The SSR study for IRR units should include the following:

· Induction Generator Effect (IGE) / Subsynchronous Control Interaction (SSCI)

· Frequency scans for screening.  It should be noted that, due to the nonlinearity of the generator model[footnoteRef:1], generator-side scans may be dependent upon the grid impedance; this nonlinearity may need to be considered.  [1:  Ren, Wei; Piwko, Richard; English, Bruce, “Analysis and Mitigation of Unstable Subsynchronous Oscillations for Renewable Generation Interconnections,” 2015 IEEE Power and Energy Society General Meeting in Denver.] 


· A study of Induction Generator Effect/SSCI should study also incorporate the following:

· Varying dispatch levels (e.g., 10% and 100%)

· Varying number of units or collector feeders online (e.g., 10% and 100%)

· Time domain simulations may be required for further investigation and countermeasure development.

[bookmark: _Toc437433736]Study Development

[bookmark: _Toc437433737]Base Case

The latest ERCOT Steady State Working Group (SSWG) base cases which include the anticipated system topology based on the projected in-service date of the proposed project should be used as the study base case.  The study scope should identify the series capacitor(s) of interest.  

[bookmark: _Toc437433738]Contingencies

The methodology listed below is suggested if screening techniques are necessary to reduce the number of contingencies combinations considered.  If the study involves multiple series capacitors, then this process would be repeated for each series capacitor.

· Begin with the set of contingencies making the generating unit radial[footnoteRef:2] to the series capacitor(s) under study. This set is denoted “R”, consisting of N elements. [2:  “Radial”:  A generator is radial to a series capacitor when all of the energy from the generator flows through the series capacitor bank(s).] 


· Evaluate radial condition (R) and all combinations of “R+1” tier (with 1 transmission element placed back in service).

· Evaluate all combinations of “R+2” tier (with 2 transmission elements back in service).

· Of the R+2 combinations which show SSR vulnerability, study “R+3” combinations (placing a third element back in service).

· And so forth until no further combinations show SSR vulnerability with respect to the study criteria described in Section 3.4

· Contingency sets that can concurrently place a generating unit radial to multiple series capacitors should also be evaluated.

[bookmark: _Toc437433739]Sensitivities

The following sensitivities should be considered in the study.  Additional sensitivities may be included if deemed necessary.

· Switched shunt status

· Series capacitor staging/bypass status

· Modeling and status of nearby generators

· Split bus configurations, relaying schemes, or other area-specific concerns as identified by the affected TSP(s) and ERCOT

· Sensitivity of plant dispatch level, initial reactive power dispatch, and number of units online

· Inadvertent impact of Special Protection Systems(s) or Constraint Management Plans CMP(s) effecting lines or equipment operating at the same voltage as the series capacitors 

[bookmark: _Toc437433740]Criteria

· IGE / SSCI Criteria

· When considering the total impedance of the generator and the grid, if the total resistance is negative at a reactance crossover of zero ohms from negative to positive with increasing frequency, then the scenario is considered to have IGE/SSCI vulnerability. Otherwise, the scenario is not considered to be of concern. (Note:  An extra margin may be necessary.)

· Torsional Interaction (TI)

· The sum of electrical damping (De) plus inverse mechanical damping (Dm) resulting in a negative value indicates TI vulnerability. Considering the uncertainties associated with the mechanical mode, Dm at +/- 1 Hz of the modal frequency is utilized to compare to De.

· Torque Amplification (TA)

· Frequency Scan:  When considering the total impedance of the generator and the system, a 5% reactance dip occurring within a +/- 3 Hz complement of the modal frequency indicates TA vulnerability.

· Detailed Analysis:  Acceptable Fatigue Life Expenditure (FLE) criterion is less than 50%. 




[bookmark: _Toc437433741]Modeling Requirements

· Provided by TSP

· If applicable, information regarding series capacitor protection and metal oxide varistor (MOV) circuits. 

· Station one-lines, information regarding split bus configurations, stuck breaker contingencies, and bus faults.

· Contingency conditions to be evaluated for each series capacitor under study.

· Provided by Interconnecting Entity (IE) or Resource Entity (RE)

· Conventional Generators

· Mechanical Data as required by SSR tab in RARF

· Generator electrical dynamic data

· If applicable, plant load data and load ratios (PQ, motor, etc.)

· If applicable, shaft fatigue life expenditure curves (FLE curves)

· Intermittent Renewable Resource (IRR)

· Collection system details

· Number and type of turbines or inverters 

· Supplemental reactive equipment, e.g., switchable shunts, STATCOMs, and SVCs

· Frequency dependent impedance table listed in the Appendix A.

· EMT models of turbines/inverters with at minimum the option to adjust dispatch levels, power factors, number of turbines/inverters, enable/disable SSR mitigation function if applicable.

· Provided by ERCOT

· Review contingencies to be studied and any additional conditions to be evaluated.

[bookmark: _Toc437433742]SSR Countermeasures

Where required by the ERCOT specified SSR countermeasure requirement criteria, a follow-up study may be required to study and demonstrate the effectiveness of the proposed mitigation and/or protection options.

[bookmark: _Toc437433743]Deliverables

SSR study report should include the following if applicable:

· Generator size, MVA base, and technology type (e.g. combined cycle, wind, etc)

· Table of spring-mass data and assumed damping for conventional resources

· Model name and PSCAD model for IRRs

· Identify series capacitors and contingencies being evaluated

· Identify point from which scans are conducted (e.g. POI, low side of GSU, etc)

· Tables of results showing whether certain combinations of contingencies and / or sensitivities are vulnerable

· Plots of generator-side frequency scan (R,X versus frequency)

· For IRRs, table of generator-side frequency scan impedances, if available

· Damping plots for conventional plants

· Comment on potential interaction with nearby units
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Subsynchronous Resonance (SSR) 


Workshop 
 


 


 


 


 


 


 


December 4, 2015 


 


ERCOT SSR Workshop 


1 ERCOT Public 







• SSR Study Process and Criteria Recap 


 


• SSR RFI and Frequency Scan Status Update 


 


• SSR NPRR Revision Discussion 


 


• Next Steps 


 


Agenda 


2 ERCOT Public 







 


 


1.SSR Study Process and 


Criteria Recap 
 


3 ERCOT Public 







• Topology Screening 


– Identifies transmission element outages 


required to make a Generation Resource 


radial to a series capacitor.   


• Frequency Scan 


– An impedance screening technique useful 


for identifying the specific outage 


conditions with potential SSR vulnerability. 


• Detailed Time-Domain Analysis 


– Determines SSR vulnerability with more 


detailed models (linear and nonlinear) of  


the electrical system and Generation 


Resources.  


SSR Study Process 


4 ERCOT Public 







  Synchronous Generator Wind/Solar 


Subsynchronous 


Resonance (SSR) 


Induction Generation Effect 


(IGE) 


 (IGE) / 


Subsynchronous 


Control 


Interaction (SSCI) 


 


Torsional Interaction (TI) 


Torque Amplification (TA) 


SSR Study Scope 
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Torsional Interaction (TI) 


The torsional interaction between series capacitors and turbine-generators. 


Induction Generator Effects (IGE) 


The electrical interaction between Generation Resources and series capacitors. 


Torque Amplification (TA) 


The interaction between Generation Resources and series capacitors that can 


result in high transient torques during/post-fault. 


Subsynchronous Control Interaction (SSCI) 


The interaction between series capacitors and generator’s control devices. 


ERCOT Public 







Frequency Scan Criteria 


6 


 Scope Frequency Scan Criteria 
Frequency 


Range 


IGE/SSCI 
Positive resistance at reactance crossover frequency 


(Generator + System) 
5 ~ 55 Hz 


TI 


Positive Total Damping (Electrical De + Mechanical Dm) 


Dm at +/- 1 Hz of the modal frequency is utilized to 


compare to De. 


5 ~ 55 Hz 


TA 
Less than 5% reactance dip within +/- 3Hz of the 60 Hz 


complement of a modal frequency. * 
5 ~ 55 Hz 


* M. El-Marsafawy, “Use of frequency-scan techniques for subsynchronous resonance analysis of 


a practical series capacitor compensated AC network”, Proceedings of IEE Generation, 


Transmission and Distribution conference, vol. 130, no. 1, pp. 28-40, 1983. 


ERCOT Public 







• Scope Posted on June 1, 2015 
http://www.ercot.com/mktrules/issues/NPRR562#keydocs 


 


• Comments Received 


– 6 comments from ERCOT stakeholders 


• Three from TSPs 


• Three from Resource Entities/Market Participants 


– 4 comments from industry experts who were 2014 PUCT SSR 


workshop panelists 


 


• ERCOT will post the revised SSR scope guideline by 


December 11, 2015. 


SSR Study Scope Guideline 


ERCOT Public 7 



http://www.ercot.com/mktrules/issues/NPRR562#keydocs

http://www.ercot.com/mktrules/issues/NPRR562#keydocs

http://www.ercot.com/mktrules/issues/NPRR562#keydocs





 


 


2.SSR RFI and Frequency 


Scan Status Update 
 


8 ERCOT Public 







Assessment Plan to Revise Topology Screening and 


Frequency Scan Criteria 


9 ERCOT Public 


• Identify existing generation resources that 


can be radial to the series capacitors within 


14 circuit outages (Complete) 


– A double circuit line is counted as two 


transmission circuits 


• Request SSR data (mainly between N-8 


and N-14) for frequency scan analysis 


(Complete) 


– RFI for 33 projects and 22 projects provided the 


data 


• ERCOT performed the frequency scan 


analysis (Complete) 


• Identify generation plants to perform 


detailed analysis (In progress) 


• Review detailed analysis results and revise 


topology screening and frequency scan 


criteria (1Q, 2016) 


 


   







 


 


 


 


 


 


 


 


SSR RFI and FS Update 
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Gen Sites  


Data Provided No or Delayed RARF Submittal* 


Total Verified 
complete 


ERCOT currently 
checking data for 


completeness 


Work with 
ERCOT on 


Alternative 


RE working with 
vendor to 


provide data but 
unsure of timing 


RE unsure if 
able to provide 
data due to cost 


concern 


Others 


Conventional 14 0 0 2  0 4  20 
Wind 8 0 2 3 0 0 13 


Gen Site 
Data Request Frequency Scan Study 


Provided 
No or Delayed  
Data Submittal 


Complete In Progress 
To be 


studied 
Conventional 14 6 14 0 0 


Wind 8 5 8 0 0 


• In addition, ERCOT performed frequency scan analysis for the 


generation plants that already provided SSR data in RARF.   


– ~15 generation plants, all are within N-14 circuit outages to be radially 


connected to series capacitors 


 


ERCOT Public 







# Type minNx SSR 
1 W 1 M 


2* W 4 M (P) 
3 SG 4 No 
4 SG 5 >=1 
5 SG 5 >=2 
6 W 6 6 
7 W 6 No 
8 W 6 No 
9 SG 7 >=5 


10 SG 7 >=5 
11 W 7 7 
12 SG 7 No 
13 W 7 No 
14 W 7 No 
15 SG 8 No 
16 SG 9 No 
17 W 9 No 
18 SG 9 >=7 
19 SG 10 >=5 
20 SG 10 >=5 


Frequency Scan Summary 
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# Type minNx SSR 
21 SG 10 >=8 
22 W 10 M 
23 W 10 M 
24 SG 10 >=7 
25 SG 10 No 
26 SG 10 >=8 
27 SG 10 No 
28 W 10 No 
29 SG 11 >=4 
30 SG 11 >=4 
31 SG 11 >=10 
32 W 11 No 
33 SG 12 >=11 
34 W 12 No 
35 W 13 No 
36 SG 14 No 
37 SG 15 >=11 


• The existing generation plants 


that  


– are identified to be radially 


connected to the series 


capacitors within N-14 circuit 


outages. 


– provided sufficient SSR model 


data 


• Note 


– W: wind  


– SG: synchronous generator 


– minNx: # of circuit outages to be radially 


connected to series caps 


– SSR: potential SSR vulnerability in terms 


of N-x circuit outages 


– M: mitigation installed 


– P: protection installed 


 


ERCOT Public 


* Include multiple wind 


plants in Panhandle 







• All series capacitors are at 345 kV transmission grid 


• 69 kV circuit outages have marginal impact on the SSR 


vulnerability 


• Notes for the Torque Amplification 


– Real world examples of TI and SSCI but no reported TA events  


– Specific system conditions are required for TA vulnerability 


• fault, especially 3-phase fault 


• specific fault location and clearing time 


• may compromise certain machine’s life time for one or 


several TA event(s), but is not an instantaneous catastrophic 


damage 


 


Observations and Notes 


ERCOT Public 12 







• If the frequency scan results indicate potential SSR 


vulnerability within N-6 circuit outages, the generation 


resource can be considered for detailed analysis 


• Nine generation resources have been selected for 


detailed analysis 


• ERCOT will work with TSPs and REs on the study scope 


and detailed analysis 


– The results will help to revise the frequency scan criteria 


– Will require additional SSR model and data from REs, like 


Fatigue Life Expenditure (FLE) curve 


 


 


Select Resources for Detailed Analysis 


13 ERCOT Public 







 


 


3.SSR NPRR Revision 


Discussion 
 


14 ERCOT Public 







1. Definition 


2. Study Approach, Criteria, and Responsibility 


 New Generation Projects 


 New Transmission Projects 


 Annual Review 


 Existing Generation Projects 


3. Countermeasure Requirements 


4. Modeling Requirement and Responsibility 


5. SSR Monitoring and Outage Coordination 


 


 


SSR Update – Protocol, Guide Revision 


15 ERCOT Public 







SSO: Subsynchronous Oscillation 


SSR: Subsynchronous Resonance 


IGE: Induction Generator Effect 


TI: Torsional Interaction 


TA: Torque Amplification 


SSCI: Subsynchronous Control Interaction 


Definition 
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SSO


Synchronous Gen
Non-synchronous 


Gen


IGE TI TA IGE SSCI


Series 
Capacitors


HVDC/
SVC..


SSTI


Series 
Capacitors


HVDC/
SVC..


SSTI


ERCOT Public 


SSTI: Subsynchronous Torsional Interaction (not included 


in this revision) 







Study Approach, Process, and Responsibility  


17 ERCOT Public 


Resource is responsible for providing its Facility model and data. 







Countermeasure Requirement 
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Option Generation 
Mitigation  


(# of outages) 
Protection  


(# of outages) 
Outage Coordination 
/ Monitoring 


NPRR562 All Resources N<=3, TSP or GO N=4, TSP or GO N=5,6, ERCOT/TSP 


Option1 
New Generation N<=4, GO na N=5,6, ERCOT/TSP 
Existing Generation N<=4, TSP na N=5,6, ERCOT/TSP 


Option2 


New Generation N<=4, GO na N=5,6, ERCOT/TSP 
Existing Generation  
(after NPRR562) 


N<=3, GO N=4, GO N=5,6, ERCOT/TSP 


Existing Generation N<=4, TSP na N=5,6, ERCOT/TSP 


• Subject to revise after the final results of the frequency 


scan and detailed studies. 


 


 


 


 


 


 
• NPRR 562 was filed on 8/12/2013 


 


 


 


 


 


 


ERCOT Public 







• Options for consideration 


– 8/15/2008, PUCT Docket 33672, Item 1412, Order, concluded 


the CREZ design including series capacitors 


– 12/3/2010, PUCT Docket 33672, Item 1486, ERCOT CREZ 


Reactive Compensation Study, affirmed the series capacitor 


staging and percent compensation  


– 8/12/2013, ERCOT NPRR 562 


• After NPRR 562 was filed, approximate 50 generation 


projects with signed interconnection agreement and financial 


commitment are identified to require SSR assessments 


• Less than 5 generation projects are conventional plants. 


Majority are renewable generation projects. 


– Others? 


• Stakeholders to provide comments by 12/31/2015 on the 


determination of new and existing generation resources 


Determination of Generation Resources Category 


ERCOT Public 19 







• Mitigation:  


– No generation disconnection 


– Option (include but not limited to) 


• Controller design 


• Filter 


• Topology modification 


• ... 


• Protection: 


– Generation disconnection can be considered 


– Option (include but not limited to) 


• Controller design 


• Relay  


• ... 


 


 


Countermeasure Requirement 


20 ERCOT Public 







• Owner is responsible for providing SSR modeling data 


for its Facility. 


– New generation projects: mandatory  


– Existing: if requested by ERCOT and TSPs  


SSR Modeling 


21 ERCOT Public 







• Outage Coordination 


– To minimize the potential SSR vulnerability to the identified 


projects.   


– Example:  


• A project is identified to have potential SSR vulnerability 


under N-5 outages. 


• Planned outages will be limited up to N-2 or N-3 outages if no 


adverse reliability impact to the system. 


– Possible Actions: 


• Coordination with TSPs on the outage schedule 


• Bypass series capacitor 


• Others? 


 


SSR Monitoring and Outage Coordination 


22 ERCOT Public 







• Monitoring 


– Real time monitoring to recognize the potential SSR vulnerability 


to the identified projects. 


– Example: 


• Alarm when a project is 2 outages away from the potential 


SSR vulnerability. 


• Alarm will signal Operators to follow action procedure. 


– Possible Actions: 


• Bypass series caps 


• Disconnect/redispatch gen 


• Outage coordination 


SSR Monitoring and Outage Coordination 


23 ERCOT Public 







• Operator Procedure changes will be needed to reflect 


expected corrective actions in the event of an SSR risk 


occurs 


• Corrective actions may impact Security Constrained 


Economic Dispatch (SCED) due to transmission 


impedance changes 


• Telemetry should be available to generators so that 


topology changes are made available through ICCP 


– Market rules language changes may be needed 


• If market rules are not changed, manual workarounds 


will be required to provide transparency in 


communication of potential SSR vulnerability  


– Market Information System (MIS)? 


– Operating Condition Notice (OCN)? 


 


Operation Consideration 


ERCOT Public 24 







• ERCOT completed the frequency scan and is in the 


process to provide results to TSPs/REs.  


• ERCOT will work with REs/TSPs on the detailed analysis 


scope.  Expect to complete the study by 1Q, 2016. 


• ERCOT, TSPs, and REs will review the detail study 


results and revise the study criteria if needed. (by 1Q, 


2016) 


• Draft NPRR, NOGRR, PGRR revision (1Q, 2016) 


• Stakeholders provide comments by 12/31/2015 on  


– SSR countermeasure requirement options 


– Determination on the existing and new Generation Resources 


– Other general SSR related comments 


Next Steps 


25 ERCOT Public 
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ERCOT Historical Outage Statistics 
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0 1 2 3 4 5 6


0 100.000% 100.000% 100.000% 90.439% 4.804% 0.101% 0.002%


1 100.000% 99.999% 21.956% 0.519% 0.011% 0.000%


2 71.657% 2.584% 0.055% 0.001% 0.000%


3 0.302% 0.006% 0.000% 0.000%


4 0.001% 0.000% 0.000%


5 0.000%


Singles 


D
o


u
b


le
s
 


Probability of Occurrence at Least once in 50 yrs* 


Historical ERCOT Outage Statistical Overview 


ERCOT Public 







SSR Study Data Requirement 


28 


Data Requirements and Availability Topology 
Check 


Frequency 
Scan 


Detail 
Study 


System Topology √ √ √ 


Synchronous 
Gen 


Generator Dynamic Model   √ √ 


Generator Mechanical Model   √ √ 


Fatigue Life Expenditure Curve     √** 


Wind/Solar 


Generator Dynamic Model   √   


Generator Frequency 
Dependent Impedance Table 


  √   


Generator PSCAD Model    √* √ 


* Required if frequency dependent impedance table is not available 
** Alternative criteria may be applied if data is not available 


Data is available in RARF 


Data is either optional or not available in RARF 


ERCOT Public 






