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Outline 

1)  What is PFR and why is it important? 

2)  What distinctions do we need to make? 
•  Over/Under-frequency response 

•  Capability vs Provision 

3)  Performance characteristics 

4)  Costs 

5)  What do we need to do? 



Why is PFR so important 
right now? 
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Generation  
+ Imports 

Load 
+ Exports 

Loss of a generator causes 
frequency to decline 



What is Primary Frequency Response (PFR)? 

System needs enough 
arresting power so you don’t 
shed load for a design-basis 
event 

•  Want frequency nadir 
(minimum) to be higher 
than under-frequency load 
shedding 

•  Inertia, PFR, fast frequency 
response all interact to 
determine nadir; PFR & 
FFR help system rebound 
and recovery  
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J. Eto, LBNL, 
http://www.ferc.gov/industries/electric/indus-act/reliability/frequencyresponsemetrics-report.pdf  

Extra power delivered in 
this time arrests the 

frequency drop 
(up to time of  nadir, 

typically 6-10 seconds) 
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PFR (e.g. Governor response) and FFR 
(e.g. fast control of load, PV and WTGs) 

stabilize and restore frequency (seconds 
to 10’s of seconds) 

so that AGC (aka “secondary frequency 
response” or “regulation”) can take over 

to reset frequency  
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Note the time scale.  
This is over in about a  minute. 
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Why is this important? 
Issues in the Eastern Interconnection 

NERC has observed and 
commented on decline in 
Frequency Response in the 
Western Interconnection as 
well. 
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Why is this Important? Example of Ireland 

EirGrid is introducing new 
frequency response ancillary 
service products - one 
variation on Fast Frequency 
Response (FFR)  - as part of 
their strategy to reach 75% 
SNSP successfully.. 



Why is this important?  
Example of German distributed PV 

Retrofit rooftop solar inverters 
because of over frequency trip setting 

•  ~350,000 systems  

•  12,700 MW had 50.2 Hz 
overfrequency trip setting 

•  European system designed for loss 
of 3,000 MW 

•  ~$520M cost 

•  900 distribution system operators 
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Boemer et al 2011; Kastle and Vrana 2011 

Mandates for control actions 
can have unintended 

consequences…caution is 
warranted 



Newly Active NERC BAL-003-1 Standard 

•  It requires each BA to meet annual Frequency Response Obligation (FRO) 
and annual Frequency Response Metric (FRM) 

•  Doesn’t say anything about how to know that the BA meets FRO at all 
times (or more precisely, often enough to meet the standard) 

•  Doesn’t say anything about how to get FR 

•  Doesn’t say anything about how to measure individual resources 

•  Doesn’t say anything (directly) about speed of FR 
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Distinctions 



Over vs. Under-frequency Response 
•  Low or zero opportunity cost or 

variable cost on over-frequency 
response 

•  Under-frequency response can have 
high opportunity or variable cost 

    ∴ 
Over-frequency should be a separate 
‘product’ from under-frequency 
response 
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Speed (for synchronous machines) 
Frequency (for wind plants) 
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Plant 
Power 

Droop 

Plant Power Dispatch 
= actual production 

Plant Power Maximum 
= rating for synchronous plants 

= available for wind plants) 

Deadband 

System short 
of generation 

System needs 
power 

“Droop “ 

•  Is the change in power output per change in frequency.  But be careful: higher 
(more) droop means less aggressive response; lower slopes in the curve. 

•  Can be asymmetric.  Wind, and especially PV, can easily have different over- 
versus under-frequency droop characteristics.  Rules should make it possible to 
take advantage of this. 



You need four things to have PFR 

1)  Capability: install/retrofit PFR capability 

2)  Provision: enable PFR controls 

3)   Headroom: operate so you can increase/decrease 
MW fast 

4)   Actuation: PFR responds to frequency deviation 
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Goal is to have enough arresting power so you 
don’t trigger UFLS in a contingency 

At least ~30% of online generators need to be 
providing frequency response  

Not all generators need to be PFR capable 

PFR capability impacts which generators are 
committed and how they are dispatched 
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You need enough PFR. You don’t need every resource to provide PFR. 

Undrill et al, 2010; Eto et al 2010; Miller et al 2011 



How much PFR should you provide? Which 
generators should be providing? 

Should you enable only as much FR as FRO? 
•  Not all generators need to have PFR enabled all the time 

•  If it’s free, then why not enable as much as you can? 

•  If you have an opportunity and variable cost, then how much should you 
enable? 

Which generators should have headroom and how 
much? 
•  Determine based on economics/market based on operating point, 

opportunity cost, variable cost 

•  Provide under-frequency response when you can (avoid pre-curtailing) 
–  Generators provide FR when there is headroom 

–  VERs provides FR when curtailed for other reasons 16 



Actuation of PFR 

• When do you actuate?  

• How big are your deadbands?  
–  Should all deadbands be the same? 

–  Must they be symmetric? 

• Actuating too much may cause wear-and-tear  
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Smaller deadbands should be rewarded 



All PFR is not created equal 
 



Performance – speed and droop 
Speed 

•  Wind/PV can often provide faster 
responses than thermal generators 

•  Load can provide FFR 

Droop 

•  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/PV) 
from one unit 

Just as easy to get FFR from PV as PFR 
so why limit yourself to slow PFR when 
FFR is more effective 
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Fast or aggressive response should be rewarded; allow everything to participate 

1 MW FFR ≈ 2.35 MW PFR 

PFR/FFR at High Wind, Low Load in ERCOT 

Julia Matevosyan, ERCOT, 2014 



Interaction between inertial controls (FFR) and PFR 
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Miller et al Western Wind and Solar Integration Study Phase 3, 2013 



Performance – some nuances 
Governor withdrawal 
•  ISO-NE, PJM, NERC and OEM actions to address this 

Sustained PFR 
•  What if wind/solar resource changes during event? We don’t want to 

require storage on each plant. We don’t want to statistically analyze 
downward ramps and hold that much extra pre-curtailment. 

Provide PFR Without Undue Delay 
•  Don’t make generators do something they physically can’t do but reward 

faster responses 

Limitations of generators 
•  Thermal generators have minimum generator levels 
•  Wind turbines can operate at low minimum output but can’t operate 

down to zero power. 
•  Need considerations for wind and solar plants when at low output 
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PFR costs vary with 
technology and operating 
condition 
 



PFR Capital Costs in Wind/PV 
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Wind 
•  Modern utility-scale wind plant 

–  <1% of project cost. Retrofits are more expensive than new PFR. 

–  However that might be substantial portion of plant margin 

PV 
•  Modern utility-scale PV plant 

–  Not widely available but demonstrated in NREL project (Gevorgian 2015) and not 
likely to impact equipment ratings 

•  DPV (distributed PV) 

–  Not likely to be significant equipment cost once algorithms and practice 
established; impact is in control software, not in power rating (which would 
increase copper). Germany implemented droop over-frequency response. 



PFR Capability 
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Not all generators can provide PFR  

Exemptions necessary if PFR is mandated, or results in outlawing some 
technologies 

•  Nuclear - No tight deadbands; provide over- but not under-frequency response 

•  Wind - Not possible for type 1 and type 2 wind turbines although these aren’t being installed 
today in utility-scale wind (but common for small wind) 

•  Very small hydro 

Exemptions or delays in requirements helpful for some technologies in 
which this capability is not commercially available 

•  Distributed PV – relative incremental cost may initially make DPV cost-prohibitive  

If generator does NOT have PFR, real power control necessary because 
generator may need to be curtailed in favor of PFR-providing generators 



Variable costs and opportunity costs for under-frequency 
response vary for different generators 

Dispatch 
down for 
headroom 

Cost to provide PFR Cost to actuate 
PFR 

Priority for 
PFR 

Wind/PV/run-of-
river hydro 

Y High - fuel is free (also 
lost REC/PTC revenue) 

Zero Low 

Gas turbine 
(Open cycle)  

Y 
 

Moderate Moderate Medium 

Gas turbine 
(Combined cycle) 

Y 
 

Moderate Moderate Medium 

Steam turbine N Can be zero or low Moderate and 
depends on 
efficiency hit 

High 

Steam turbine 
(Combined cycle) 

Y 
 

High because causes 
overall efficiency hit 

Low Low 

Hydro with 
pondage 

Y Low Low High 
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Better to determine PFR provision via economic decision 
rather than mandatory provision 



Variable costs and opportunity costs for under-frequency 
response vary for different generators and operating conditions 

Dispatch 
down for 
headroom 

Cost to provide PFR Cost to actuate 
PFR 

Priority for 
PFR 

Curtailed Wind/
PV/run-of-river 
hydro 

Y N High - fuel is free (also 
lost REC/PTC revenue) 
Low 

Zero Low High 

Gas turbine 
(Open cycle)  

Y 
 

Moderate Moderate Medium 

Gas turbine 
(Combined cycle) 

Y 
 

Moderate Moderate Medium 

Steam turbine N Can be zero or low Moderate and 
depends on 
efficiency hit 

High 

Steam turbine 
(Combined cycle) 

Y 
 

High because causes 
overall efficiency hit 

Low Low 

Hydro with 
pondage 

Y Low Low High 
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Better to determine PFR provision via economic decision 
rather than mandatory provision 



What do we need to do? 



Not a current problem. 
Planning for the future. 
Current situation 

•  There is not a shortage of PFR now 

•  Issues with dynamic models 

•  PFR studies have been undertaken to examine impacts from increased 
wind/PV penetration and have not found problems but have found that 
FFR (inertial controls)/PFR from wind/PV can be very helpful 

Being proactive is important: 

•  Frequency response is declining;  NERC ERSTF reported -> now ERSWG 

•  Issues with governor settings and performance in Eastern 
Interconnection 

•  Fast growth in wind/PV – they don’t provide PFR “out-of-the-box” 

•  Grid is likely to have further disruptive change that we can’t predict 28 



Should FERC mandate PFR capability for new 
and existing generators? 
PFR does not need to be provided by all generators all the time 

Existing generators 

•  Unlikely that retrofits are necessary. Consider that retroactive 
requirements be supported by analysis showing where and when 
shortages occur under plausible scenarios 

New generators 

•  Adequate levels of PFR can likely be sourced through mandates on new 
generators or voluntary markets 

•  Future grid will be very different. Commitment and dispatch will be very different. Hard to know now 
who will need PFR. 

•  Resources that don’t tend to provide PFR may be curtailed in favor of generators that do 

•  New costs not anticipated to be an undue burden 

Exemptions are needed if PFR is mandated 

•  Lack of PFR capability may impact dispatch/curtailment 
29 



Once capable, who should provide PFR? 

PFR provision should be based on economics/markets because 
some generators are more cost-effective. This may be dynamic 
because costs vary with operating condition  

PFR that is faster or more aggressive or smaller deadbands 
should be rewarded 

Need compensation because of variable and opportunity costs 
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Significant analytical work has been done 

NERC recommends analysis of VERs contributing to FR 
and requirements to maintain essential reliability 
services 

•  FERC/LBNL Frequency Response Study 

•  CAISO/GE Frequency Response Study 

•  NREL/GE Eastern Interconnection Frequency 
Response Study 

•  NREL/GE Western Wind and Solar Integration 
Study Phase 3 
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What’s next? 

•  Where/when are there shortages of PFR? In what plausible 
future scenarios and under what operating conditions? 

•  How does the PFR need change in future scenarios? 

•  How much PFR vs FFR do you need, under what conditions? 

•  Improvements with models and tools used for studies 
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Call to action for the Western Interconnection 
Planning for future scenarios and taking advantage of new technologies 

•  Expand round trip analysis to investigate FR under wider operating conditions 

•  E.g., ERCOT rethink of ancillary services and capitalizing on fast responses  

Understand the free or easy PFR first 

•  Figure out what we got  

•  How to use the most cost-effective PFR first 

•  Over-frequency response may have no opportunity cost and helps system 

•  PFR from wind/PV that is curtailed for other reasons 

Address governor withdrawal (squelch) 

•  E.g., ISO-NE policing; new NERC recommended controls 

Load providing FFR  (and PFR) 

•  Provide FFR from load and storage (e.g., ERCOT) 

Improve models used for planning 

•  Improve and benchmark dynamic planning models 

•  Improve load models (field validation and inclusion of DPV) 
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Thanks! 
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Don’t lose sight of overall goal 
Adequate arresting power is the goal 
•  Keep frequency nadir above UFLS 

•  FRO and FRM are just one framework to try to meet that 
goal. 

•  PFR is not inertia, but inertia/FFR/PFR all interact 

•  You can have sufficient PFR capability, but if those units  
•  Aren’t online, or  
•  Don’t have PFR enabled, or  
•  Don’t have headroom, or  
•  The PFR isn’t fast enough, or 
•  Those units squelch their PFR, 

Then this framework doesn’t work 
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Considerations 

Do you have a problem? Do you foresee a future problem? 
•  How much PFR is actually available in each BA under what operating 

conditions? How much PFR do you foresee in various future scenarios? 

•  BAL-003-1 requires BA’s to ensure they meet their FRO.  
 Is performance adequate?  
 Can FR be obtained from neighbors/others? 

•  Analysis is needed here. We want to be proactive but we don’t want to 
impose uneconomic requirements that are not necessary. 
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Generators have different 
opportunity and variable 
costs for under-frequency 
response 



Costs of provision and ability to provision under-frequency 
response depend on generator and configuration 
Headroom is not just the difference between max output and current output 

•  The steam turbine part of a combined cycle plant typically operates with valves wide open 
(sliding pressure) 

–  There is no headroom there even if unit is operating at less than full output. It can’t produce more 
power in the seconds timeframe by adjusting controls or fuel input. 

–  You can throttle the steam turbine back but then you take efficiency hit most of the time because you’re 
wasting free steam 

Opportunity costs  

•  Steam turbines (not in CC) operate at a sweet spot in the heat rate curve.  

–  Increasing output can be a matter of operating at a less efficient point 

–  Efficiency in this case is optimal most of the time and could be suboptimal when PFR is actuated 

Wear-and-tear O&M cost 

•  If deadbands are tight, controls will be actuated often 

•  Wear-and-tear costs can be a thermal plant issue 
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Deadbands and economics 

Three costs: 1) having PFR capability, 2) enabling that capability 
and being ready to provide PFR response when called upon, 
and 3) being called upon and actually providing response. 
•  Understanding the tradeoffs, which generators are best suited to providing 

response, etc, requires analysis 

•  For example, how often if PFR actuated? That depends on the deadband and 
operational characteristics of the interconnection. If it’s actuated a lot vs a little, 
that impacts which generators are most economical to providing response 
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Careful consideration is needed 

Lack of PFR capability may impact dispatch/curtailment 

Take advantage of asymmetries in droop and fast responses 

Over-frequency should be a separate ‘product’ from under-
frequency 

PFR needs to be considered along with inertia and FFR 
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