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Informational Seminar Series 
¡  Utility Operations – Nov 13, 3pm MT 

¡  Ramping – Nov 19, 11am MT 

¡  Frequency Response – Dec 2, 11am MT 

¡  Transient Stability – Dec 11, 11am MT 

¡ Distributed Generation – Dec 18, 11am MT 
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http://westernenergyboard.org/wirab/webinars/  



Stability 
¡ Ability of power system to remain 

intact and regain operating 
equilibrium after a disturbance 

¡  Rotor angle stability 
¡  Do generators across WECC stay in 

sync? 

¡  Frequency stability 
¡  Can we maintain load and generation 

balance? 

¡ Voltage stability 
¡  Can we balance reactive power 

demand and generation? 

3 



Stability 
¡ Ability of power system to remain 

intact and regain operating 
equilibrium after a disturbance 

¡  Rotor angle stability 
¡  Do generators across WECC stay in 

sync? 

¡  Frequency stability 
¡  Can we maintain load and generation 

balance? 

¡ Voltage stability 
¡  Can we balance reactive power 

demand and generation? 

4 

Location 
Location 
Location 



Quick tutorial on 
rotor angle 
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Rotor angle 
¡  A generator has a stator and a rotor. 

The rotor is connected to a steam or 
gas turbine which rotates at 3600 rpm. 
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Rotor angle 
¡  The rotor has a constant strength 

magnetic field. This magnetic field 
rotates at 3600 rpm.  

¡  This rotating magnetic field induces a 
voltage across the stator coil. 
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stator 

rotor 



Rotor angle 
¡  If three phases of coils are wound 120 

degrees apart, the rotating magnetic 
field induces 60 Hz current in the 
three stator coils. 
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http://en.wikipedia.org/wiki/Synchronous_motor  



Rotor angle 
¡  When the generator load is 0, these 

magnetic fields line up perfectly. 

¡  Increase the steam flow of the turbine which 
causes rotor to accelerate. This increases 
the load angle and increases the power 
output. 

¡  Until load angle hits 90 degrees. That is the 
maximum power output of the generator. 

¡  Generator in steady-state is balancing the 
input mechanical torque with the output 
electromagnetic torque. 

¡  If the angle increases too much, the rotor 
will accelerate and can slip a pole. The 
forces can damage the generator. 
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Relative Rotor angle 
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J. Susanto, DigSILENT GmbH, IRENA workshop 2013 , 
https://www.irena.org/DocumentDownloads/events/2013/March/Palau/
00_StabilityFundamentals.pdf  
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http://www.ewh.ieee.org/r6/san_francisco/pes/pes_pdf/OutOfStep/
OOSPresentation12-13-07.pdf  



Transient Stability Analogy 

13 

The bike is a generator 



Transient Stability Analogy 

14 

The blue rubber band is a transmission line connecting the generators 



Transient Stability Analogy 
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Five generators are interconnected. 



Transient Stability Analogy 
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We lose a generator. There is some phase angle between the generators as 
they deal with the disturbance. 



Transient Stability Analogy 
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The rotor angle between the two generators on the left is so large that the system 
breaks apart. This is an out of step condition, or unstable power swing. 



Quick tutorial on 
reactive power 
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What is reactive power? 
¡  Reactive power is simply a result of the voltage and current being 

out of phase – it’s an AC power phenomenon 

¡  If voltage and current both go up at the same time, then real 
power is transmitted.  
¡  Real power does work, like heat, light, motion 

¡  Real power is actual net energy from the generator to your light bulb 
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Real power (W)  
Power factor = 1 
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What is reactive power? 
¡  If voltage and current are out of phase with each other, then some 

reactive power is transmitted. 
¡  Reactive power doesn’t do work – it sustains the electromagnetic field 

¡  Reactive power has a current but no net energy reaches the load  

¡  Electrical energy sloshes back and forth between the generator and the 
load.  

¡  Wires must be properly sized for this reactive current 
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Reactive power (VAR) 
Power factor = 0 
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The beer analogy 
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Suppose you want to quench your 
thirst by a cold beer. This beer is 
the real power (W) 
 
Along with your ale comes a bit of 
foam, which doesnʼ’t quench your 
thirst. This is the reactive power 
(VAR) 

http://www.leonardo-energy.org/sites/leonardo-energy/files/root/ppt/
ML63_Reactive%20power%20part%202_v3.ppt  



The beer analogy (continued) 
The size of the glass is 
the apparent power 
(VA) 

The more foam 
(reactive power), the 
bigger glass you will 
need 
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What causes reactive 
power? 
¡ Not purely resistive loads like incandescent light 

bulbs 

¡ Any load that has a coil or capacitor 
¡  Inductive loads like motors 

¡  Transmission lines 

¡  Transformers 

¡  Reactive power provides the magnetizing energy 
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Transmission lines both produce 
and consume reactive power 

26 

Kirby and Hirst, http://www.tnmp.ornl.gov/sci/ees/etsd/pes/pubs/con453.pdf  
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Kirby and Hirst, http://www.tnmp.ornl.gov/sci/ees/etsd/pes/pubs/con453.pdf  

SIL rating 



Transmission lines both produce 
and consume reactive power 
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Kirby and Hirst, http://www.tnmp.ornl.gov/sci/ees/etsd/pes/pubs/con453.pdf  

Consume reactive power 



Transmission lines both produce 
and consume reactive power 
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Kirby and Hirst, http://www.tnmp.ornl.gov/sci/ees/etsd/pes/pubs/con453.pdf  

Produce reactive power 



Location, location, location 

¡  Resistance in the transmission line opposes the flow of current. 
So does the inductance of the transmission line. There’s a LOT of 
inductance in transmission lines but just a little resistance. This is 
why real power can travel far but reactive power cannot travel 
far. 

¡  Supplying reactive power increases voltage. Consuming 
reactive power decreases voltage. 

¡  Therefore, we want to generate reactive power where it’s 
needed 
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http://web.ornl.gov/sci/decc/RP%20Definitions/Reactive%20Power
%20Overview_jpeg.pdf  



How can I generate 
reactive power? 
¡  Synchronous generator 

¡  Synchronous condensers 
¡  Dynamic reactive power 

¡  Shunt capacitors 
¡  Inexpensive 
¡  Reactive power capability drops quickly with voltage 

¡  Series compensation 
¡  Reactive power capability increases with quickly with current 
¡  Not much effect at light load 

¡  Static VAR compensators (SVC) 
¡  Combine capacitors and inductors with fast switching 
¡  Reactive power capability drops quickly with voltage 
¡  Dynamic reactive power 

¡  Static Compensator (STATCOM) 
¡  Reactive power capability doesn’t drop as fast as capacitors/SVC 
¡  D-var (Dynamic VAR) is a type of STATCOM 
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What is a synchronous 
condenser? 
¡  Synchronous motor or generator that isn’t 

connected to a prime mover – the shaft just spins 
freely. You change its magnetic field to change 
it’s power factor. 

¡ Can convert existing coal/gas plant to 
synchronous condenser with increased reactive 
power output 

¡  In addition to providing reactive power, 
synchronous condensers improve grid strength by 
increasing short circuit levels, provide reactive 
power under low voltage conditions and 
contribute to inertia 
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NERC/WECC 
standards 
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NERC/WECC Transmission 
Planning Standards 
¡  TPL-001-0.1, TPL-002-0b, TPL-003-0b, TPL-004-0a  
¡  System performance under different conditions 

¡  TPL-001-WECC-CRT-2.1 System performance 
regional criterion 

¡ NERC categories 
¡  A – no contingencies 

¡  B – event resulting in loss of single element 

¡  C – event resulting in loss of 2 or more elements 

¡  D – extreme event resulting in 2 or more elements 
removed or cascading out of service 
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https://www.wecc.biz/Reliability/TPL-001-WECC-CRT-2.1.pdf  
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NERC PRC-024-1 
¡ Generator performance during frequency and 

voltage excursions 

¡  Frequency ride-through 
¡  Generators must set frequency protective relays in 

service so they do not trip within band shown on next 
slide 

¡  Must operate between 59.5 Hz and 60.5 Hz 
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http://www.nerc.com/_layouts/PrintStandard.aspx?
standardnumber=PRC-024-1&title=Generator%20Frequency%20and
%20Voltage%20Protective%20Relay%20Settings&jurisdiction=United
%20States  



PRC-024-1 
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PRC-024-1 
¡ Voltage ride-through 
¡  Generators shall set in service voltage protective 

relaying so they do not trip during voltage excursions 
shown on next slide 

¡  Unless remedial action scheme (RAS) requires it 
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NERC Voltage Control and 
Reactive Power Standards 
¡  VAR-001-4 Voltage and Reactive Control 

¡  Monitor, control and maintain within limits – voltage  levels, 
reactive flows and reactive resources  

¡  Each transmission operator must specify a system voltage 
schedule, schedule sufficient reactive resources to regulate 
voltage under normal and contingency conditions, and direct 
real-time operation of devices to regulate voltage and 
reactive power flow 

¡  VAR-002-3  Generator Operation for Maintaining Network 
Voltage Schedules 
¡  Ensure generators provide reactive support and voltage control 

¡  VAR-002-WECC-1 Automatic Voltage Regulators (AVR) 
¡  AVR must be in automatic voltage control mode 98% of 

operating hours 
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NERC BAL-002-1 Disturbance 
Control Performance 
¡  BAL-002-1/BAL-002-WECC-2 
¡  Disturbance Control Performance/Contingency 

Reserves – each BA operates their contingency 
reserves to respond to disturbances 

¡  Return ACE to 0 within the disturbance recovery 
period (15 minutes) 

¡  Fully restore contingency reserves within 90 
minutes after the disturbance recovery period 
[Note that WECC is more stringent – requires  
restoration of reserves 60 minutes after event] 
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How are wind/
solar different? 
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What makes wind/solar 
different? 
¡  Not directly coupled to grid 

¡  Don’t swing 

¡  Often in remote locations where grid is not as strong so voltage 
support is essential 

¡  Interconnection requirements 
¡  FERC Order 661A for wind > 20 MW 

¡  Zero voltage ride through 
¡  Power factor +/- 0.95 if system impact study shows it’s necessary 

¡  NERC PRC-024-1  
¡  Applies to all generators for V and f 

¡  NERC FAC-001-1 
¡  Transmission owners must define connection requirements including 

reactive power/power factor 
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PV can provide VARs at night 
44 

J. Singh, ABB, UVIG, San Antonio, Oct 2014 
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MacDowell, GE, UVIG Albuquerque, 9/12 
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MacDowell, GE, UVIG Albuquerque, 9/12 
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Draft results from Western Wind 
and Solar Integration Study 3 

N. Miller, GE, WWSIS3, CREPC/SPSC, San Diego Oct 2014 

¡  Examined two snapshots in time  
¡  Light spring – to stress frequency response 
¡  Heavy summer – to stress transient stability 

¡  Examined different instantaneous penetrations of wind/solar 
¡  Light spring base case from WECC 26 GW, 21% 
¡  Light spring high mix case 53 GW, 44% 
¡  Light spring extreme case 65 GW, 53% 
¡  Heavy Summer base case from WECC 7GW, 4% 
¡  Heavy Summer high mix case 42 GW, 20% 

¡  Used WWSIS2 results which simulated operations with high 
penetrations of wind/solar in WECC for one year. Those results 
informed whether conventional, synchronous generators were 
decommitted or backed down. 
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Draft results from Western Wind 
and Solar Integration Study 3 

N. Miller, GE, WWSIS3, CREPC/SPSC, San Diego Oct 2014 

¡ Stability during heavy summer with high 
penetrations of wind/PV 
¡  Pacific DC Intertie outage 

¡ Coalstrip area – Broadview 500 kV fault and line trip 

¡  Laramie River 345 kV fault and line trip 
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N. Miller, GE, WWSIS3, CREPC/SPSC, San Diego Oct 2014 
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N. Miller, GE, WWSIS3, CREPC/SPSC, San Diego Oct 2014 
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N. Miller, GE, WWSIS3, CREPC/SPSC, San Diego Oct 2014 

commitment commitment 



Draft conclusions 
¡  System-wide transient stability can be maintained 

with high levels of wind and solar if local issues 
are addressed with traditional transmission system 
reinforcements. Then an 80% reduction in coal 
plant commitment results in acceptable transient 
stability performance. 

¡  Further reinforcements, such as synchronous 
condenser conversions, help a 90% reduction in 
coal plant commitment result in acceptable 
transient stability performance. 
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N. Miller, GE, WWSIS3, CREPC/SPSC, San Diego Oct 2014 



Wind and solar aren’t better or 
worse than conventional 
generators, just different 
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Contact Debbie at 
debralew@gmail.com  
303-550-1903 


