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Frequency Dynamic Basics
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U Responses to Frequency Disturbances

W Inertial Energy: inertia from the rotating masses in generators resists changes in frequency (in car metaphor, the inertia of
e

© 2024 Electric Power Research Institute, Inc. All rights reserved.

the car resists speed change), but does not stop the deceleration.

Frequency Control Responses: various control actions to help arrest the frequency decline (fast/primary frequency control),
recover the frequency to 60 Hz (secondary frequency control), and subsequent control actions to optimize the power flow.
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Frequency Dynamic Basics
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A Instant support due to extraction of kinetic energy from
rotating masses.

Inertial Energy Injection

Fast Frequency Control 1/

A Faster than conventional generator governors but slower
than physical inertia.

A Enabled by IBR controls or fast load shedding schemes

A
A Automatic governor response of generating units and
load response from frequency-sensitive loads.

Primary Frequency Control

A Stabilizes the frequency at a new level, but does not
recover it to the nominal operating frequency.

0.

A Restores the frequency to the nominal value through
automatic generation control (AGC) or manual dispatch.

A
A Restores the reserves used for secondary frequency
control and controls the power exchange on inter-ties.

Secondary Frequency Control

Tertiary Frequency Control
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Overview

Inertia Regionalization and Freguency Response

1 Inertia Regionalization and Local Frequency Dynamics

Freqguency Response Deliverability Screening

Bulk Systenfrequency Performance Assessment and Improvem%n

© 2024 Electric Power Research Institute, Inc. All rights reserved.



Inertia Regionalization and local
Freguency Dynamics
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Regional Aspect of Frequency Dynamics

Disturb B 5 _ |
— B System Inertial frequency response of the system is governed by:
i Qv .
i | SETREAEL
5005 grees 5005 N Inertia A\ Connection Strength

North outh ! . . . . . .
M' V .V Hrepresents the inertia that resists frequency declines (limits RoCoF)
V Bdetermines how much of stabilizing/synchronizing effect the

B S O R T R S SO R R neighboring systems provide

st .V If H and B are both high generators mdagly in unison
\/ \/ .V IfH and/or B were to decrease considerably in specific regiche regions
wasl i em s + will becomenimble and loosely coupled

4
Time (s) Time (s)

Example; regional frequency dynamics in the Great Britain systém

Integration of more IBRs decreases H and increases the risk of regional inertia issues.

Traditional interconnection-wide frequency studies may overlook these regional frequency dynamics i
regionalization of the inertia helps identify risky areas and informs necessary mitigation measures.
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Regional Aspect of Frequency Dynamics
U Simulation results from an EPfSRP inertia and frequency study project
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i Frequencydynamicsin certain regionscandeviatefrom the rest of the systemdue to their regionalinertia levels and their
weak connectionsto the rest of the system

i More detailswill be discussedater in the presentationaboutthe inertia regionalizatioranalysis
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Inertia Regionalization and Risk Identification

Integration of more IBR3$ecreasedd andincreases the risk of regiona System Admittance
. .. Matrix Y Generator H and Bus#
Inertia issues (Connection Strength (Inertia distribution)

between buses)

Traditional interconnectiofwide frequency studies may overlook the
regional frequency dynamicsregionalization of the inertiahelps
identify risky areasandinforms necessary mitigation measures

A 4

Kron Reduction
(Reduce matrix size to focus anly generator buses for
capturing key dynamics between the generatQrs

U Aspectral clustering approaclks used to group generators based on

basic system information. r
Spectral Clustering

U Inputs
V  Basic Network DatéConnection strength between generators)
V  Generator dispatch and inertia constan{glistribution of inertia)

U Outputs
V  Clusteringresults of generators
V  Metrics foridentifying risky regions

lllustrative example The Texas systerln

y

* . . . . . Generator Cluster Membership and
Does not require timelomain simulations Regional Risk Assessment
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Inertia Regionalization and Risk Identification
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This algorithm has been demonstrated on the Synthetic Texas system with satisfactory outcome
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Application example: Synthetic Texas System

A The framework was tested on the synthetic Texas

g Optimal point
system available through Texas A&M university
A ldentified 5 optimal clusters
A Regional Inertia, Single Largest Infeed loss, and " .
regional inertia risk metric are identified for each |
region and TDS was performed. i —
' el AL
X Cluster 4 7 5 ouacHiTAM
"¢ Cluster 5 e : r.\‘v e
- - - - - : \ ; \ ‘ L'r /y~ ‘ ag&
Region Inertla (GWs , &\e/ g :
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A A metric M has been developed,that can ( =)
be calculatednumericallywithout solvinga ot E
detall TDS 1

A Metric approximately identifies if certain | -~ = ; —
clusterscanexhibitlow inertiaissues : - B

A The further the M metric box plot of a ! NBF p WwaQ @t dzSa Ada KAIK |y
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connected to the remaining system

easy sensitivity assessment
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Application Example: EPFRP Inertia/Frequency Project

Disturbance in Cluster - 5
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*Map from The Western Electricity Coordinating Council (WECC), “State of the 5988 — CIUSteF6
Interconnection,” [online]. Available: https://www.wecc.org/epubs/State OfThelnterconnection 1
0 5 10 15

i ThelargestRoCoFneasuredor in Clusters is 442mHz/sdespiteasmallW{ | DR § &1 (A yoBoSly4Q0%\®

U Thisclusteris locatedon the northern end of WEC@vith sparsetransmissiorlinesnetwork (weak connectior) and

asmallgenerationfleet (low regionalinertia) . Thisresultedin high RoCoHRevelsandoscillatory behaviorsasit sits
at the end of the network.
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Application Example: EPFRP Inertia/Frequency Project

N i Disturbance in Cluster3
0 - Largest Contingency-400 MW
% 9. Cluster 2 60.02 -
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*Map from T_he Western Electricity Coordinating Council (\;VECC), “State of the Time (S)

o

Interconnection,” [online]. Available: https://www.wecc.org/epubs/StateOfThelnterconnection

U The largest RoCoF is measure&ast Wyomingat 920 mHz/s

U The smaller generation fleeto(v regional inertig and sparse high voltage transmission netwovkgk
connection strengtl) resulted inhigh RoCoF levelven with a small generation trip event of 420 MW.
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Application Example: EPFERP Inertia/Frequency Project
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*Map from The Western Electricity Coordinating Council (WECC), “State of the
Interconnection,” [online]. Available: https://www.wecc.org/epubs/State OfThelnterconnection

Inertia RegionalizatiorKeyTakeaways

i

© 2024 Electric Power Research Institute, Inc. All rights reserved.

Asinertia is usuallynot distributed evenlyacrossthe system,most
Interconnectionscan expectto experienceregional inertia issues
before interconnectionlevelinertia insufficiency

Thiscanbe further aggravatedy the increasingntegration of IBRs

The inertia regionalizationstudy helps expedite the screeningfor
areas at high risk of regional inertia issues, which could be
otherwise difficult to identify through interconnectionwide
frequencystudies

Systemoperatorsand plannersare encouragedo pay attention to
regions identified with high risks and conduct further detailed
studies to ensure satisfactory frequency performance in the
regions

Periodical inertia regionalization studies are encouragedas the
inertia distribution could changeassystemgenerationmix evolves
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Multi-Perspective Remedial Action for Regionalized Issues

o Do Do D>

15

Bus/Generator clustering methods are utilizednartia, voltage, andgrid strengthanalyses.

They are based on eithadmittance-matrix-based spectral clusteringr sensitivity analyses

Overlaying multiple clustering results from these aspects has the potentidéify locations for optimal remedial decisionthat
take all these perspectivemto consideration.

This leads to mosfficient remedial actionghat attend to all aspects analvoids deteriorationin other aspects when placing
resources for a certain purpose.

Inertia Regionalization Voltage Control Area Tool Grid Strength Assessment Tool

Inertia Regionalizationtdentify inertia clusters and assess regional inertia risks to EPRI Technical Report
Voltage Control Area (VCA) ToBletermine voltage control areas and assessment of reactive power reserve for transmission systeimasyCA Tool

Grid Strength Analysis Tool (GSAREYaluate system strength under various network and topology conditions.to GSAT

Questions? Feel free to contact us to know more about these EPRI tools. Deepak Ramasubrantaaiaagubramanian@epri.coiy Parag Mitra
(pmitra@epri.con); Chengwen Zhangthang@epri.cor) Vikas Singhviveinghvi@epri.cony

© 2024 Electric Power Research Institute, Inc. All rights reserved. (e =1r={]
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Regionalization

Region Partitions

A RoCoF USLE A Voltage Limits
A Frequency Nadir : A Max. Volt. Deviation
A Frequency ,"I A Generator PF
response delivery ,’/ ‘\ A Transformer taps
|| Overlaps: Disparities: ;
i1 1. Areas with potential for shared || 1. Areas where inertia and voltage

. resource siting foboth inertia
and voltage purposes(Co

Treatment Area}

2. Flexibilityin siting of the
: resources within coherent areas.

coherences do not agreeDédicated

Areag

Identification of potentiakritical buses
is recommended after the addition of €d
treatment resources in overlap areas.

PotentialAreas& Resource Type®r remedial actions

-

-
-

-

-
-

GSAT Weak Spot
ldentification

L

Weak Spots

GS Weak Spots:

1.

Spots to avoid when siting IBBased
resources for inertia/VCA purposes.

Sync. Condensers/generators prioritized
when strengthening these spots is desired.
Ridethrough capability studies requiredbr
IBRs/STATCOMs in weak spot areas.

2V

Spots& ResourceTypesuggestions

L

16

Resource type, Siting, and Sizing-Optimization forInertia, Voltage, andGrid Strength

© 2024 Electric Power Research Institute, Inc. All rights reserved.
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Freguency Response Deliverability
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Locational Aspect of Fast Frequency Reserves

60.10 - ‘-.
56000 = 17|
= ‘1 ‘ ﬂ 'W’"u' DALTEAARARAARIANARRARAAR R ALt R R vhvftvﬂvl,~-»u.-.u-.v-u AAsR)
= ool M
S 59.90 1
- ) | ‘
= ‘
8 |
*= 59.80 1 \
E | Case 10nly generators
% (/ Case 2FFR provided by IBRs located far from the disturbapce
7 59.70

59.60 -

0 5 10 15 20 25 30
Time(s)

How do we rapidly screen instability scenarios with IBR FFR at specific locations to further idg
the need for, and inform the conduction of, tirt®main simulations?

How do we optimally allocate IBR FFR among multiple resources for better disturbance reject
performance?

18 © 2024 Electric Power Research Institute, Inc. All rights reserved. (= dr={|
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Rapid Screening of Fast Freqguency Response Stability Issues

A For specific IBR locations, how can we
quickly screen them for stability issues?

A Factorsthat determine stability

characteristics includmcation of the IBRs,

regional inertig area connection strength
andresponse characteristicsf the FFR

resources.

A UsingEigenAnalysison the approximate
state matrix has the benefit of rapid
calculation to capture the key dynamics
FFR resources bring to the system.

A This identifies the need for, and inform th

conduction of, further detailed time
domain simulation studies.

Network

topology Yg,s
\/_
Generator

H and Bus

Location of IBRs

State Space
openloop system

\/_

Fequency control
- models and

|

State Space
closedloop system

— EigenAnalysis

|

parameters

Openloop State Matrix

0 1
. L D
A§ M M
Aw _
AP, 0 0
Aul |gT, L KT,( D
T, M Tg\ M

© 2024 Electric Power Research Institute, Inc. All rights reserved.
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Rapid Screening Example: Droop Scan

Time Domain Simulations

i 60.05 : : 60.05 . :
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gl i 5599 §59.95
1 = = 0 " *QC?W
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o 8 Vs | |
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- | i i 1 M
751 ! Eigen Loci | e il , e ,
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L . 1 . L ! NN
1 I I w‘. "'» I 1Y (1 (1 A \
04 02 0 0.2 0.4 I ‘ 0 l; _
Real LT e 7“(‘& Yoty <
[ 2 509 i i)t AR AT T T e
i § | [ "'HJ \‘ U‘ ‘)"“i““ﬁ“ | ‘“‘ | ug)_
” . ! o WH A R 3
Critical Gain: Kipr = 97.68 A oM [ {71V =
| ' Wil
. . A _ 8.51 _ ! \‘\ | KIBR =95
Oscillation Frequency: fysc = 2l 1.35 Hz » e O e
' 0 5 10 15 0 5 10 15
I Time(s) Time (s)

A Predicted instability when IBiRoop gaingoes over 95.
A Predicted the oscillation frequency to €35 Hz close to thel.30Hzoscillation in timedomain simulation.
A This formulation does not capture all dynamicsof the systemdue to its simplified modeling of the system

(capturing only electromechanicainteractions) Studyis undergoingfor developingmetrics/indicesout of this
formulation for indicating risk of instabilities. Thegoalis to expedite the stability screeningand inform further
detailed time-domainsimulation studies

20 © 2024 Electric Power Research Institute, Inc. All rights reserved. (= dr={|



Rapid Screening of Fast Freqguency Response Stability Issues

_________________________________________________________________________________________________

I Regional Inertia Local Oscillations :
’ ' Interactions between the IBR FR and local rotating mass '

‘ Connection Strength [ E>

Inter-area Oscillations

IBR FR Characteristics IBR FR participating in potential ini@rea modes

I

Electromechanical oscillations

61

Type 1: Loosy

1 1 H . . é 60 ‘L“LJL_“_‘[\VB\L‘#%@V,ﬁv%@vﬂvﬁv—ﬁv%@ﬁvﬁ%%A~ﬂvA ———
Low-inertia, weakly-connected region + High IBR Droop Gain S s05| [TVyvvvee
A Local GeneratotBR FR oscillations “ sol |

0 5 10 15
Time (s)

Type 2: sl 1.32 Hz
Intermediate/high inertia region + High IBR Droop Gain i van v
A Potential Inter-area oscillations

© 2024 Electric Power Research Institute, Inc. All rights reserved. (e =1r={]



Addressing Utility -Specific Inertia and
Frequency Response Challenges

EPRIO SRP Inertia/Frequency Study
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Background

U SRP(Salt River Project) is a communitybased, not-for-profit organization providing
reliable, affordable and sustainablewater and energyto more than 2 million peoplein
centralArizona

PRAZY Y

S

Delivering water and power™

U SRPIransmissioriBRIntegration Journey
A Pre-2023 420MW of SolarB85MW of BESS
A Endof 2023 768MW of Solar483MW of BESS
A Endof 2024 1268VW of Solarl123VW of BESSI60MW of Wind
A More comingin 2025

© 2024 Electric Power Research Institute, Inc. All rights reserved. (e =1r={]
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SRP Frequency Study Background

U Background and Motivation for SRP Frequency Study

A9gSy (GK2dAK {wtQa aeaidsSy Aa 3IS23IAN) LIKAOLIf f &
area and therefore expected not to see significant frequency issues with the addition of over
2500MW of IBRs over the next few years, this is still a large gap in SRP knowledge that desel
attention for due diligence to our customers and our participation in the wider western
Interconnection.

A To assess thimcreasind. . w A V (i S 3 NJonifledueh€ydperfardntm@G&RP and WECC

A To understandhow IBRs can be used for fast frequency support

A Tocompare the performance of different resources providing frequency support

A Toidentify areas at high riséf regionalized frequency dynamics and inertia issues

© 2024 Electric Power Research Institute, Inc. All rights reserved. (= dr={|



Impact of IBR Integration on Frequency Performance

IBR Penetration: 17.5% IBR Penetration69.6%
*High IBR Penetration across WECC

60.1 T T T 60.1

RoCoF = 607 mHz/s RoCoF = 1682 mHz/s
1 e T L TR TR R AT A S T SR R N AR R

60

59.9 Af =206 mHz

B = 1335 MW/0.1Hz

59.9
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N N
T T
%) 3
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o 3
g g
v 596 - E L 59.6 -
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R ——MIDWAY  cppy 59.5 R ——MIDWAY | -
——MESARIM ] ——MESARIM
DECATUR DECATUR
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594 ~-—'FORTNE (Alberta) 594 --—'FORTNE (Alberta)
——PORTAL  (CA) AT AN S S 59.36Hz ——PORTAL  (CA)
593 1 | | | | 1 593 | | | | \
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Time (s) Time (s)
RoCoF (mHz/s): Frequency Response (MW/0.1Hz): UELS Margin (mHz):
*0.1s window, in SRP *in SRP

607 A 1682 2165 A 1335 230 A 8

Deterioration in both RoCoF and frequency nadinserved with high IBR penetration.

25 © 2024 Electric Power Research Institute, Inc. All rights reserved. (e =1r={]



IBR Contribution to Frequency Support and Parameterization

AWith only energy storage IBRs within SRP area providing fast frequency response

______________________________________________________________________________________________

Frequency at PALOVRD

Case3-Original !
60 — Case3-FREnabled(Gain 20) ! 59 75
Case3-FREnabled(Gain 100) B I :
Case3-Parameterization (Gajn"20)
Case3-Parameterization {&ain 100)
b 1
599 - // | ! 597
/, !
1
1
N 1 59.65
T 59.8 .
>
o
o
2 59.6
0 597
[
1
| 59.55 -
1
59.6 |
1
59.5
59.5
59.45 I I \ I I I 7

Awithout IBR frequency support8 mHz
Improvement in frequency nadir is achieved with proper RENVAURERRICI TSRS oolols

parameterization of the IBR fast frequency response. ABefore parameterization: 21 mHz
AAfter parameterization: 100 mHz
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IBR Contribution to Frequency Support and Parameterization

27

2500 .

/ Instant power injection from generator inertia

Qutside SRP
—SRP ES

N

o

o

o
T

'\Generator frequency response ramping up T

-

(&)

o

o
T

87%

(&)1
o
o
T
1

Frequency Response (MW)
o
o
o

o
I

Headroomon the SRRenergystoragelBRds only 2.5%0f the total headroom(availablen entire WECC)

A Thepeakcontribution of these SRRBRgeaches42%of the total response guicklysupportthe deviatingfrequency

IBRfrequencyresponses faster than generatorgovernoractionsc the frequencyresponsivadBRswill take more responsibility
in the early stageof the responsewhenthe generatorfrequencyresponsehasyet to ramp up. Thisfastresponsebuystime for
other slowerresourcedo be ableto ramp up andparticipatein frequencyresponse

Note that in more realisticscenariosas IBRsoutside SRRalso participate in fast frequencyresponse the sharetaken by SRP
IBRswill fall to a more reasonablevalue and the frequencyperformancecan be expectedto further improve with an even
largerpool of frequencyresponsivdBRsacrossWECC

© 2024 Electric Power Research Institute, Inc. All rights reserved. (= dr={|
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How Different Resources Compare to Each Other in FR Provision

U Synchronous condensers vs. IBRs

60.1

60

5991

)

o]
©
]

Best nadir with

Frequency (Hz
&
~

< support from ES FR

T
Sce. 1
Sce. 2
Sce.3
Sce. 4
Sce.5 B
Sce. 6
Sce. 7
---:8ce.8

60

590.95

Best RoCoF with ine
b synchronous condensers
\‘/

589

Frequency (Hz)

P 50.85
| H Sl Sce. 2
9.5 N - Sce. 3]
"Sce. 4 i
Sce5|. 298
594r Sce. 6|7
Sce.7
==~ Sce. 8] 5975 |
593 L L 1 1 L L ~ 1 | 1 1 1 1 Il 1 1 1
0 5 10 15 20 25 30 35 195 2 205 21 215 22 225 23 235 24
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U Synchronouscondenseranainlyhelp with the RoCoFlue to the instantaneouseleaseof inertial energy,whichdoesnot sustain
longenoughto impactfrequencynadir significantly

Energystorage IBRscan provide sustainedresponseand hence improve frequency nadir, but they are not as effective as

synchronousondensersn improvingRoCoF

While IBRsand synchronouscondensersare compared for their performancein frequency support, this study is not a
comprehensivestudy on technology recommendation Future studies are encouragedto understandthe servicesvarious
resourcecanprovideanda coordinatedresourceutilizationfor maximizedoenefits

© 2024 Electric Power Research Institute, Inc. All rights reserved.
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Pal Vd

| 26 52 S5AFFSNBYIO L.w [/ 2y0GNRtfa oDC
to Frequency Respon&e

In an event of frequency disturbance,the GFM control
naturally allows its power output to increaseinstantly and |
subsequently adjusts its angle accordingto its internal | .
activepower control strategy(droop,VSM.etc.) |

However, GFL converters can also be parameterized to |
provide similar fast frequency response The only minor
differenceisin the first few cycles |

MW)
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This minor difference is expectedto not bring significant§ Tme 9 B ST

changedo systemfrequencynadir. Forthe sole purposeof @ GFL Parameterization
frequencyresponse GFLwith FFRs usuallysufficient |

In cases where RoCoFis a concern for lossof-main |
protections, the benefit of GFM may be analyzed and
quantified, which may further inform procurement and |
marketdesigns
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While the difference between GFMand GFLin frequency | = »
support provision is limited, GFM can bring benefits to R | ‘ | ‘ |
other aspectssuchasstability. Time () 2 22 24 26 28 3 a2

Time (s)

-
o
T

Having enough energy reserve and headroom that

supportsfast responseis essentiall GFM vs. GFL in Frequency Response Provision
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Energy Injection timeframes from synchronous machine
compared to energy injection timeframes from IBR
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( Delayed energy
injection from
nonGFM could
causes local
. higher RoCoF
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A nonGFMIBR energy injection delayed by few cycles

Machine governor
response starts to
dominate
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9.0

93

100

103 110

time (3]

125

A Fast frequency response (FFR) fnroomGFMIBR delivers response within 1s

A Step change in network
frequency of 0.025Hz a
SCR 1.2 and X/R of 10.

A Synchronous machine
assumed to have H =
2.5

A Synchronous machine
plant governor time
constant of 0.25s

Reference: Frequency Response Primer: A Review of Frequency Response with Increased Deployment of Variable EnergyfRBaloasisy 2018002014361
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Consider a 6% increase in load in a low Inertia system

75.0 -
72.5 -
% 70.07 —— OEM GFM
& 67.5 - OEM_nonGFM
—— OEM_nonGFM_FFR_DVS
65.0 1 —— Sync_machine_plant
60.0
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¥ 59.6 -
" 59.4 -
59/2 1
20 25 30 3 | 45 50
Time (s)
o 0&80fS WRSE I & QGRWIBRNE a L
with FFR and DVS
Difference inRoCofover 100ms:
=2l

GFM = 0.502 Hz/s
nonGFMwith FFR and DVS = 0.707 Hz/s
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