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• Highpoints of AEP 2016 CIGRE GOTF paper on 

TVSI voltage stability.
• Phase Angles as a Proxy for Voltage Stability
• Conclusions
• Appendix – Voltage Stability Triangle Program 



AEP Overview

https://www.aepsustainability.com/sustainability/reports/

https://www.aepsustainability.com/sustainability/reports/


Highpoints of AEP 2016 CIGRE GOTF 
paper  on TVSI Voltage Stability



Highpoints of AEP 2016 CIGRE 
GOTF paper

• IEEE/CIGRE Joint Task Force Classification of 
Power System Stability

• Long Term Voltage Stability using static analysis

• Triangle Voltage Stability Index – TVSI
• Uses ratio of Vl and Vu

• TVSI = Vl / Vu 

• Next two slides demonstate Vl , Vu , and TVSI



Highpoints of AEP 2016 CIGRE 
GOTF paper

Vu

V l

Presenter
Presentation Notes
DOE PMU-Based Voltage Stability, Rensselaer Polytechnic Institute, October 2013 SGG & JHCSimplistic explanation of TVSI approaching 1. Vu and Vl – discussE=1, P = 6PU load, Vu =1.1 @-33. and Vl = 0.6@-83TVSI = 0.6 / 1.1 = 0.55Leading PF curve – no warningP at 4, 5,6 PU don’t see much change in Vu.  Vl changes though as well as TVSI. Control room would see low voltages.  Have tools to see.Note phase angles for lead, unity, and lag pf.Lagging pf has smaller phase angles than leading pf. 



TVSI, Voltage Drop, & Phase 
Angle Across a Branch

What’s the voltage drop across the O -U 345kV path?
1. 345.6 – 332.4 = 13.2kV?
2. 345.6@7.87 – 332.4@-26.21?
Ans:  It’s #2;  199kV
TVSI = Vl / Vu = 199/332.4 = 0.5987;   Delta Phase Angle = 34.08 degrees

Presenter
Presentation Notes
Normal looking voltagesE ~ 1PUVu ~ 0.9635 PU

mailto:345.6@7.87


Phase Angles as a Proxy for Voltage 
Stability



Phase Angles & NERC

• NERC Standards
– TOP 002-4 R1 has a phase angle requirement for 

the Operational Planning Analysis.
– TOP 001-4 R13 has a phase angle requirement for 

the Real-time Assessment.

• NERC Phase Angle Monitoring technical 
reference document dated June 2016 notes 
that voltage stability and phase angles are 
related.

Presenter
Presentation Notes
NERC typically doesn’t tell you how to accomplish a requirement. 



Distributed Parameter 
Transmission Line

• Distributed Parameter Transmission line with 
– E – Source voltage
– V – Load voltage
– S – Load S
– Y – Propagation constant 
– Zc – Characteristic impedance

• The next slide displays a Voltage Stability Triangle that encapsulates 
the distributed parameters of transmission line.    
– Use triangle to describe the voltage stability index TVSI and determine 

the phase angle φu of the load voltage V.

Presenter
Presentation Notes
Used distributed parameter line since we can easily vary the transmission line length.   Paper addresses two line lengths.  80km (50m) and 250km (156m) Normally, Nominal PI model used for 80 -250km lines.



Voltage Stability Triangle

• Vu is the load voltage magnitude on the upper side of the PV curve.
– Vl is the voltage magnitude on the lower side of the PV curve.  

• The voltage stability index TVSI equals Vl/Vu .
– TVSI approches 1 when we are near the apex of the PV curve.

• The phase angle φu is the angle of the  load voltage Vu with respect to 
the source voltage E.

• W is a factor that elongates the source voltage. 
– For a 250km line,  W elongates the voltage by about 5%. 
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Presenter
Presentation Notes
We only use the PV curve as a vehicle to explain the TVSI (Vl / Vu) concept.  The paper describes the triangle in more detail.  



Voltage Stability Triangle

• Use the triangle as a thinking tool.
• What is the phase angle φu for various Vu

voltages and a given TVSI (Vl / Vu).
– What load S drives the condition. 
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Presenter
Presentation Notes
Engage audience:  What happens to phase angle u when Vu and Vl gets smaller while E/W stays the same?   Ans: Get smallerWhat happens to phase angle u when E/W, Vu, and Vl magnitudes are reduced proportionaly?  Ans: Stays sameWhat does 1 and 2 say?  Large difference between the  Source voltage E/W and Load Voltage Vu magnitudes result in smaller phase angles.  The control room would see this via their existing tools.



Constant TVSI and Phase Angles

Presenter
Presentation Notes
250km 345kV lineControl room already sees low voltage issues so no need to monitor phase angles.Recommend monitoring phase angles for normal looking voltages. 



Voltage Stability Triangle

• Next three slides examine phase angle φu
associated with low voltages and normal 
voltages.
– Show the associated load S.



Low Voltages, Lagging PF Load 
with TVSI=0.6

• Answer:                           
φu = -6.8 degrees

• 1.) Given:

• 2.) Solve:

• 3.) Triangle visualisation:

Presenter
Presentation Notes
250km lineActually started with 3.) Set Vu=0.7,  TVSI=0.6 so Vl=0.42, E=1.05     Solve for P +jQ using equations (2) and (3) in paper. 



Normal Voltages, Leading PF 
Load with TVSI=0.6

• Answer:                           
φu = -31 degrees

• 1.) Given:

• 2.) Solve:

• 3.) Triangle visualisation:

Presenter
Presentation Notes
250km lineP was 1.33 PU for lagging 0.36 PF.P is  6.75 PU for leading 0.998 PF. Ec = 0.986



• Bus voltages can look good and yet TVSI can 
be relatively high!

• Phase angles can provide an indication of the 
TVSI level for Normal Voltages. 

Normal Voltages, Leading PF 
Load with TVSI=0.6



Phase Angles as a Proxy for 
Voltage Stability

• Existing real time State Estimator tools in the 
AEP control room already address low voltage 
magnitudes and voltage drop limitations 
outside the normal voltage range. 

• We establish the phase angle loci associated 
with a Triangle Voltage Stability Index (TVSI) 
for EHV voltages in the normal range of 0.95 -
1.05PU range. 

• Compare the established phase angle against 
a PSSE TVSI study.



Phase Angles as a Proxy for 
Voltage Stability

• On next two sides…  
– Display Phase Angles vs TVSI

• 0.95 PU < E < 1.05 PU
• 0.95 PU < Vu < 1.05 PU

– For E=1.05 and Vu =0.95 there would be about a 10% voltage 
deviation.   

– Compare established phase angle loci against a 
PSSE TVSI study.



Phase Angles vs TVSI

Presenter
Presentation Notes
TVSI = 0.6,  Phase angle loci -31.3 to 36.3 degrees. 0.95 < E < 1.05 PU0.95 < Vu < 1.05 PU



Comparison of PSSE Phase 
Angles to Phase Angle Loci 

Presenter
Presentation Notes
The 345kV outages in the first example removes the local support to the remaining 138kV system.   Voltage are less then 0.95 PU but within the 10% delta range.



Conclusions

• AEP uses phase angles as a proxy for voltage 
stability using EHV voltages in the normal 
range of 0.95 to 1.05  PU to provide 
situational awareness to system operators on 
key circuits.

• Existing real time tools in the AEP control 
room already address low voltage magnitudes 
and voltage drop limitations outside the 
normal voltage range. 



Appendix - Voltage Stability 
Triangle Program
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