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Webinar Outline

• April 15 – Resource Adequacy – long-term reliability
• April 22 – System Balancing – medium-term reliability
• April 29 – System Stability part 1 – short-term reliability
• May 6 – System Stability part 2 – short-term reliability
• May 20 – 100% Clean Energy and Distributed Energy 

Resources
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Acronyms/definitions
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• AGC – automatic generation control (utility sends 4-6 sec control signals to secondary reserves)
• BA – balancing authority
• IBR – inverter-based resources (eg wind, PV, batteries and other resources connected to grid through 

inverter)
• FFR – fast frequency response is a faster version of  PFR; autonomous response to frequency deviations
• FRO – frequency response obligation is how much frequency responsive reserves each BA needs to hold
• Inertia – synchronous inertia is an inherent response from synchronous machines including motors
• PFR – primary frequency response (aka governor response) is an autonomous response of  a generator to 

frequency deviations
• ROCOF – rate of  change of  frequency (how fast frequency falls when a generator trips)
• UFLS – underfrequency load shedding is an autonomous response to drop blocks of  load; emergency 

response to save frequency
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Short-term Medium-term Long-term

System Stability System Balancing Resource Adequacy
• Seasonal mismatch of  supply and 

demand
• Multiple days in a row of  low 

wind/solar/hydro
• 1 day in 10 years Loss of  Load 

Expectation

• Wind and solar variability and 
uncertainty

• Reducing curtailment
• Managing imbalance

• High penetrations of  inverter-based 
resources (IBR)

• Essential reliability services
• Frequency, transient, and small signal 

stability issues
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Graphics from left to right: NERC, “Frequency Response Initiative Report,” 
Oct. 30, 2012; CAISO, Fast Facts 2016; A. Bloom, Energy Systems Integration 
Group’s Planning WG Oct 2018
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These are all fundamentally 
about the generation and 
load balance. Frequency is 

the same across WECC.
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Moving to system dominated by inverter-based resources

Conventional synchronous 
resources

Inverter-based resources (IBR)

Inertia,
Grid Strength
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Source: Drake Bartlett, PSCO, 2018

Moderate annual 
averages 

translate to high 
instantaneous 
penetrations

25% Annual 
energy

71% 
instantaneous
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Source: Drake Bartlett, PSCO, 2018

Moderate annual 
averages 

translate to high 
instantaneous 
penetrations



We live in an N-1 world

What happens when a (big) island forms?

Left: IEEE Power and Energy Magazine, “A future without inertia is closer than you think”, 
Thomas Ackermann, Thibault Prevost, Vijay Vittal, Andrew J. Roscoe, Julia Matevosyan, Nicholas Miller*; 
Right: D. Manjure, MISO, 2016



Stability has multiple faces, but 
it’s the same beast
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• Systems aren’t secure unless they 
are stable

• All 3 types of  stability constraints 
must be satisfied

• Degree to which each type is 
constraining varies with each 
system

• They aren’t completely separate

Dog Image Source: Drawingforall.net 

Frequency 
Control

Transient 
Stability 

Small 
Signal 

stability

Source: N. Miller, HickoryLedge.   ESIG Reliability Working Group, 2019

Frequency 
Control

Transient 
Stability 

Small 
Signal 

stability



Frequency is about 
balancing supply and 
demand at all times
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How do we restore frequency?

12

A large generator trips offline

LBNL, http://www.ferc.gov/industries/electric/indus-
act/reliability/frequencyresponsemetrics-report.pdf

Frequency 
Control

http://www.ferc.gov/industries/electric/indus-act/reliability/frequencyresponsemetrics-report.pdf


How do we restore frequency?

Inertia defines how fast frequency falls –
this defines Rate of Change of Frequency 

(ROCOF) – occurs in first few seconds
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LBNL, http://www.ferc.gov/industries/electric/indus-
act/reliability/frequencyresponsemetrics-report.pdf

Frequency 
Control

http://www.ferc.gov/industries/electric/indus-act/reliability/frequencyresponsemetrics-report.pdf


How do we arrest frequency decline?
Primary frequency response (governor 

response ) arrests and stabilizes the frequency 
drop – occurs in fractions of seconds to tens of 

seconds).  Traditionally the only resource.
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LBNL, http://www.ferc.gov/industries/electric/indus-
act/reliability/frequencyresponsemetrics-report.pdf

Frequency 
Control

Fast Frequency Response (e.g. from IBRs like 
Batteries, Wind, PV and controlled loads) act 

fast to help arrest the frequency drop. Adds to 
Traditional resources

http://www.ferc.gov/industries/electric/indus-act/reliability/frequencyresponsemetrics-report.pdf


How do we restore frequency?

Secondary reserves on AGC restore frequency
(tens of seconds to 10s of minutes)
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LBNL, http://www.ferc.gov/industries/electric/indus-
act/reliability/frequencyresponsemetrics-report.pdf

Frequency 
Control

http://www.ferc.gov/industries/electric/indus-act/reliability/frequencyresponsemetrics-report.pdf


How do we restore frequency?

Tertiary reserves (economic redispatch) replace the 
primary and secondary reserves – occurs in 

tens of minutes
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LBNL, http://www.ferc.gov/industries/electric/indus-
act/reliability/frequencyresponsemetrics-report.pdf

Frequency 
Control

http://www.ferc.gov/industries/electric/indus-act/reliability/frequencyresponsemetrics-report.pdf


How bad is 
bad? 60

17LBNL, http://www.ferc.gov/industries/electric/indus-act/reliability/frequencyresponsemetrics-report.pdf

We care about this 
nadir. Want to avoid 
under-frequency load 
shedding (UFLS) at 

59.5Hz

Inertial 
Response 
(passive)

Fast 
Frequency 
Response

Frequency 
Control

http://www.ferc.gov/industries/electric/indus-act/reliability/frequencyresponsemetrics-report.pdf


Example: Frequency response to unit trip on Oahu

 Loss of system inertia due to reduction in 
synchronous generation

 Faster rate of change of frequency

 Loss of “legacy” rooftop PV which acts like 
a secondary generation loss

 Reduced effectiveness of UFLS due to 
rooftop PV

 Potential of massive load shedding (3-4 of 
5 blocks of UFLS)

Today a large generator trip or system fault 
during peak PV periods results in: 

57.7

58.0
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59.0

59.2

59.5

59.7

60.0

60.2

-5 0 5 10 15 20 25

UNIT TRIP

Underfrequency (58.9) 
Load Shed Block 1

Underfrequency (58.7)
Load Shed Block 2

Underfrequency (58.4)
Load Shed Block 3

Underfrequency (58.1)
Load Shed Block 4

Underfrequency (57.8)
Load Shed Block 5

Legacy PV Trip (59.3)

Actual Frequency Response to a Generating 
Unit Trip – O’ahu

Source: C. Ching, HECO, 2014

UFLS starts 
at 59.5 in 
WECC

18

Frequency 
Control
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Frequency 
Control



NERC, FERC and IEEE
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• NERC Frequency Response and Frequency Bias Setting Standard BAL-003-1.1 requires sufficient 
frequency response from the BA to maintain frequency by arresting frequency deviations and 
supporting frequency until frequency can be restored

• BA’s (or frequency response sharing groups) need to meet individual frequency response obligations (FRO)
• Each interconnection has an FRO (based on N-2 design criteria and the first step of  UFLS) and then this 

interconnection FRO is allocated to each BA based on annual load and generation
• Meet Frequency Response Measure; 95% of  measured incidents in a year

• FERC 842 – all generators should be capable of  providing primary frequency response 
• Large and small generators; synchronous and IBRs
• Need four things for frequency response: 1) Capability, 2) Provision/Enabling controls, 3) Headroom, 4) 

Actuation

• IEEE 1547-2018 requires frequency response capability for all DER except underfrequency on 
category 1

• This is enabled by default

20

You need adequate frequency response. Frequency response isn’t needed from all generators at all times

Frequency 
Control



Inertia and size of  the contingency impact 
frequency response
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Frequency 
Control

Cutting the contingency 
size in half, 

Significantly helps 
frequency

Increasing inertia by 
1/3, 

Slightly helps 
frequency

Developed by LBNL from Undrill (2018) Primary Frequency Response and Control of  Power System Frequency



Fast Frequency Response can be twice as 
effective as Primary Frequency Response 

• Speed
• Wind/PV can often provide faster 

responses than thermal generators

• Droop
• Typical 5% droop limits benefit to 

holding 15% headroom on one unit
• Could be times when you want more 

MW response, and can get it (from 
wind) from one unit

22

1 MW FFR ≈ 2.35 MW PFR

PFR/FFR at High Wind, Low Load in ERCOT

Source: Julia Matevosyan, ERCOT, 2014

Fast or aggressive response should be rewarded. 
Allow everything to participate

Frequency 
Control



ERCOT revised their frequency response services
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• ERCOT monitors inertia
• New FFR product provides full 

response in ¼ second starting 
3/1/20

• Load resources, on underfrequency
relays, continue to provide significant 
amounts of  ½ second reserves 

• Continue to have PFR

J. Matevosyan, ERCOT, “Elements of  Market Design that Support High 
Renewable Penetration,” ESIG Spring Workshop, Apr 2020

Frequency 
Control



Wind/PV can provide frequency response

24O’Neill, NREL, UVIG Fall Workshop, 2015; Miller et al., Western Wind and Solar Integration Study 
Phase 3, 2014

PV providing FFR

Wind demonstrating different 
types of  frequency response

Frequency 
Control



Which resources can provide essential 
reliability services?

25M. Milligan, “Sources of  grid reliability services,” The Electricity Journal, 31 (2018) 1-7

Variable 
-Speed 

Pumped 
Storage



Key points – frequency stability
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• IBRs (wind, PV, batteries, inverter-based DERs) can provide 
frequency reliability services and can provide fast, aggressive 
responses. Speed and aggressiveness are valuable.

• Not as fast as you can, but rather as fast as you need

• Declining inertia isn’t the only impact on frequency response. 
The speed of  response is important. The size of  WECC’s 
largest two contingencies (2 units of  Palo Verde) has a 
significant impact on frequency response. 

• Frequency is not an immediate concern in WECC because 
WECC is so large.

Frequency 
Control



Quick tutorial on reactive 
power

27



Real vs reactive power
Real power
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• Voltage and current are in phase
• Real power does work, like heat, 

light, motion
• Real power is actual net energy 

from the generator to your light 
bulb

• Measured in Watts

• An AC power phenomenon
• Voltage and current are out of  

phase 
• Reactive power doesn’t do work – it 

sustains the electromagnetic field
• Makes voltage transformation 

possible
• Reactive power has a current but no 

net energy reaches the load 
• Wires must be properly sized for this 

reactive current
• Measured in VARs

Reactive power



Reactive Power – Voltage Control
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System Load Voltage

Lightly Loaded Overhead Lines

Cable Circuits

Capacitive Generators

Flow from Other Areas

Generators (incl. DERs)

Consumer Loads

Transformers

Flow to Other Areas

Inductive Compensation

Generators (incl. DERs)

Heavily-loaded Overhead Lines

The Reactive 
Power Tank

The Sources and Sinks of Reactive Power
The Reactive Power Balance must be struck on a local basis

Courtesy of National Grid Co, UK

Graphic: J. MacDowell, GE Energy Consulting, 2018



Location, location, location
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• Supplying reactive power increases voltage. 
Consuming reactive power decreases voltage.

• 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.

• Therefore, we want to generate reactive 
power where it’s needed

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

Voltage is a LOCAL parameter

http://www.tnmp.ornl.gov/sci/ees/etsd/pes/pubs/con453.pdf


Actual measurements from a 162MW wind plant

• Regulates grid voltage at point of  
interconnection

• Minimizes grid voltage fluctuations 
even under varying wind conditions 

• Inverter-based DER resources have 
these capabilities, too (not widely 
used)

Voltage at POI

Wind Plant Power Output

Wind Plant Voltage

Average Wind Speed

These measurements were taken in 
Colorado 15 years ago!   Voltage control 

at wind and solar plants is NOT a 
problem if  you are paying attention!

Voltage variations ±
0.1% … i.e. perfect

Source: GE Energy Consulting c.2005

Wind/PV can regulate voltage

31

Keeping voltage healthy at the plant is important, but only part of  the solution



Wind/PV can provide reactive power when 
it’s not windy/sunny
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• Wind turbine or PV converter can deliver 
reactive power (VARs) without wind/solar 
resource (W)

• Voltage support continues without active 
power generation…even following trips

• DERs – IEEE 1547-2018 standard allows 
for multiple modes of  voltage support
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Source: GE Wind c.2009

Market mechanisms for generators to provide voltage support when they are not 
generating are poor to non-existent. A missed opportunity!



Key points – voltage control
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• IBRs (wind, PV, batteries, DERs) can provide voltage 
reliability services

• Even when they aren’t generating MW

• Keeping voltage healthy everywhere is critical
• Where power is generated
• Where power is consumed
• In between

• Voltage control is a local worry:
• Mitigation of  problems needs to be nearby
• Location, location, location!



Transient Stability

34



Transient stability analogy

Derived from original figure by ElgerdSource: NREL/GE WWSIS 3a

Transient Stability 

Synchronous 
generators

Transmission 
lines

35
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Voltage instability resulted in WECC separating into 5 islands in 1996 blackout

Source: NERC, 1996 System Disturbances; Venkatasubramanian, “Analysis of  1996 Western American Electric Blackouts, 2004

Transient Stability 

WECC has always been stability constrained



Inverter-based resources impact transient 
stability differently

Wind/PV/batteries
are all brains, and 
no mass

Transient Stability 

Synchronous 
generators

Transmission 
lines

Derived from original figure by ElgerdSource: NREL/GE WWSIS 3a 37



Wind and PV plants can be more stable than 
conventional synchronous generators

Presentation Title 38

Transient Stability 

Primary Cleared Fault Delayed Clearing Fault

Source: GE Energy Consulting c.2005



Paradoxically:  Grids are both stronger and more brittle.
Stability limits tend to be 
higher – that is good for 
reliability and economy.

But, when the grid fails, it 
fails faster and with less 
warning
We need better :
• Understanding
• WTG (and inverter) controls 
• Simulation tools
• Predictive tools and metrics

The world looks different as we approach “Zero Inertia Systems”

Source: Miller, et al, GE, “Western Wind and Solar Integration Study Phase III,” 2014.

• Condenser conversion “fixed” this; be careful of  transient stability
• WTG controls fixed this particular problem

Moderate stress

Very high stress

High stress

39

Transient Stability 



• In the near term, big systems up to 
(say) 75% are being found to be 
manageable, even well behaved.

• But, things get funky somewhere 
between 75% and 100%

• And, yes there are times when we 
(Xcel/PSCO, SPP, ERCOT, … ) 
are closing in on the 75% level 
occasionally.

Source:  EirGrid, Jon O’Sullivan  c. 2013

EirGrid (Ireland) is fighting transient instability
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Transient Stability 



Key points – transient stability
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• WECC has always been constrained by transient stability 
limits

• IBRs (wind, PV, batteries, DERs) change transient stability 
behavior

• Stability tends to get better with added IBRs
• At very high levels of  IBRs, behavior degrades and is very different
• Some aspects are not fully understood yet.

• Both traditional solutions (new transmission, reactive 
compensation, synchronous condensers) and new solutions 
(advanced IBR controls, phasor measurement units, other new 
technologies) should play a role

Transient Stability 
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Debbie Lew
debbie@debbielew.com

(303) 819-3470

Nick Miller
nicholas@hickoryledge.com

(518) 951-8016

Next week: Part 2
• Fault ride through
• Small signal stability
• Weak grids

mailto:Debbie@debbielew.com
mailto:Debbie@debbielew.com
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