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1. Abstract

TheCalifornia Independent System Operator (CAl8@angridRenewablesNational

Renewable Energy Laboratoand General Electri&GE)conductedseveral tests to

demonstrate thata large utilityscalewind power plant (WPP)anprovide important ancillary

servicedo the electricgrid. The objective is to incentivizecreasedntegration of renewable

generation whichsupportnot onlythe State of  t A F2 Ny Al Q& OlbNal®dy NI RdzO
internationalefforts to decarbonie the electricpoowerindustry.

The results demonstrate that wind resourdesve the capabilities to helpccelerate the shift
toward a future electric grid with high levels @ihewablegeneration These results much like
those from asimilar testin 2018on an invertercontrolled solapower plantt promise next
generation advances fancreasedamounts of renewablgeneration including pairingt with
storage to createnore effectivedispatchable resources

Duringseveral days i2019, the team conducted series ofests at AvangridRenewableSTule

Wind Farm locatedin/ ! L {baélad@ng authorityn the McCain Vallegast ofSan Diegolhe

plant currently has a maximum capacity oflIBMW I Yy R LJ NIi A OA edtlegyS&a Ay /! L
market.

The various tests were designed to determine wheth&/RPwith an advancedlant-level
controllerwith unique operating characteristics can enhance system reliability by providing
essential reliability servicas:

1 Rampup/down at specified ramp rates

Respond tat-secondO2 Yy i NBf &aA3Iylfta FNRBY /! L{hQa SySNn
Control scheduled o (i  3S ¢ KSYy (i K&ieslidnizeyoltaiill oudpdizii LJIdzi

Provick fast frequencycontrol within the inertia response timéame

Provide frequency regulationrsilar to the governor actions of a conventional

resource on governor control

1 Respond torequency responsdeviationsfor low- as well as higiirequency events

= =4 -8 -9

Theresultsshow that a commercialVPPwith an inverterbased smartontroller can provide
balancingor regulation up and dowrwltage regulation contrglactive power controthrough
ramping capabilityandfrequency response

Currently, most renewable generation is built to fllilrenewable portfolio standard (RPS) and

is incentivizedo maximize energy production.ddwever, providing critical grid services might
require renewable resources to operate below their maximum capabilities. Policymakers should
consider alignment oRPS policies with Rld8Bven renewables incentives to provide essial
reliability services to the grid and help integrate increased levels of renewable generation.
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4. Introduction

Duringthe past decade, the United Stategperiencedunprecedentedgrowth innew wind
generation, whichmore thantripled in total installed capacityloday, wind energys the largest
source of renewable generating capacity in the country. Ul windndustry reached a major
milestone in Septembe2019with atotal wind operating capacity ainore than100GW. There
are nowapproximatelyl05.6 GW of windgenerating capacitgperating in 41 stateand Guam
and Puerto RicéIn 2020, wind energy is expected to be fi¢ { Apfnyaty source of
renewable energysurpassing hydroelectricity.

Wind power has many advantages: It is not dependent on a finite fuel saurségwcost, it
uses little waterandit does not geneaite substantial waste. Thesgtributes contribute to its
overall positive role in fighting climate change, promoting health benefits cagakingjobs. It
also has somdrawbacks however Wind generation is weather dependerit has higher
development ad maintenance costs thasomeother renewablegenerationresourcesand it
hasthe potential to obstruct viewsgeneratenoise, andadversdy impactwildlife [1].

The California Independent System Operat@AISPcurrently hasapproximately7,774MW of
transmissiorconnectedwind resourcesincluding thosdocated wthin its territory as well as
thoselocated outsidehat are contractedto load-serving entities within CAISDo meetthe
State of/ | £ A FTrangwahlé p@riolio standardRP$goal of 6@6renewable generatiotvy
2030, CAISO is expectitmyintegrateapproximately 3,000 MW of additiongkid-connected
wind capacityand 12,000MW of additionalgrid-connectedsolarcapacity{2].

CAISO's Utility Scale Wind Plant Capacity
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Figurel. CAISMuild-out of wind power plants

! American Wind Energy Association (AWEA) 204Market Report
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In2017,2018,and 2019/ ! L { h QpdwerphanfsRVPPsyenerated14.0, TWh,16.5 TWh
and16.8 TWh ofenergy respectivelywhich servedapproximately6.0% 7.3%,and 7.6%of
load, respectively As shown in Figure, Zhe maximum wind productiotypicallyoccurs in May

followed by June and April.

Wind Monthly Production
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Figure2. CAIS@ actual monthly wind productionfor 2017 through 2019

Although windcapacity has been increasing, there is concern that Ced8ldexperience
multiple dayswithout sustained windwhen theaggregatedvind production could be less than
50 MW for multiple Sminute reaktime dispatchmarketintervals.

The red dotshownin Figure 3 cBlNB a LJ2 Y R

G2 0KS GAYR LINBPRdAzOGAZ2Y

demandeach dayThe figureclearly shows that maximum daily peak wind productiam vary
dramatically andloes not coincide with daily peak demaridis could be a concern as
increa®d levels of renewablgenerationare integrated into the existing resource mixus
additional analyss are needed to determine the amount of storagyed responsive loathat

would berequiredto maintain reliability.
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Total Wind Production (MW) vs. Production at Peak Demand

November 6 Through 15, 2019
2,000

1,800

Loy
[o2)
=]
o

=
S
o
o

In
N
o
o

Ly
o
[=]
o

800

600

CAISO's Total Wind Prduction (MW)

400

200

Figure3. CAIS@ maximumdaily wind productiondoesnot coincidewith peakdemand

As shown irFigure 4wind production curtailments more pronounced during the nesummer
months and is expected to increase as more solar rogffogtovoltaic P\) resources are

added to the systemespecially during highydropoweryears when demand is low and
renewableenergyproduction is highAt times of oversupply, wind resources could offer
regulationdown service and when curtailedor economic reasonsvind resourcesould offer
regulationrup servicesWhen wind production is curtat, available headroom could be used to
provideother essential grid servicesuch asrequency response for lowfrequency eventand
ancillary services such as spinning and-spimning eserves.
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Wind Curtailment by Month — 2017 through 2019
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Figured. Aggregatednonthly wind curtailment from 2017 through 2019

Figure 5 shows the installed wind capacity by stateoading tothe American Wind Energy
AssociatiofAWEAU.S. Wind Industry Fourth Quarter 20M@rket ReportBecause ofhe
rapid growthin variablerenewable generatiosuch as wind and solar the United Statesand
globally power systems arendergoing a significant transition from those that are based on
large, centralized power plants to modsstributed systems. Integrating high levels of power
converteicoupled variable renewablgenerationinto an electric grid requires significant
changes to electricity system planning and operations to ensure continued religihétgfore,
it isimportant to better understand how power convertggoupledrenewablegeneration
plantsinteract with the grid and how to use the advanced griéndly controlsof renewables
to maintain orenhance reliability

Wind turbine generator¢WTGshare quite different from conventional steam, combustion, and
hydropowerturbines.Both the active and reactivpowerresponses provided by wind
resourcesare different from the responsgrom conventionapower plants therefore, it is
essential thathese responsabe analyzed and understood to support power system reliability
under high penetratiosof wind. The results of this work can be used to improve existing
designs as well @ provide input to new ancillary service market designs that allow wond
earn additional revenue and reducwerall costs to consumers. These servioagdincrease

the economic competitiveness of wind powespecially in coordination with other
technologies, such as energy storage and responsive |dads.esults of tls work arealso
expected to benefit various stakeholders, including WTG vendors, WPP operators, utilities,
transmission system operators, and reliability organizations.
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Figureb. Operationalwind capacity bystate (Source: AWERB.S. Wind Industry Fourth Quarter 2019
Market Repor}t

As shownin Figure> ¢ A G KAY [/ ! dufnpdfi-peakindiths irikImiddie of the day
when solar production is high armystemdemand is low, the risk of oversupply incregses
leading to gynificant curtailmentof renewables This trend is expected to increasspecially
during weekends. An example of such@erating day occurred ddundayApril 21, 2019
whenapproximately 5 GVéf renewable generation (showoy the red shaded areajeededto
be curtailed to maintain reliable operation of the system.

5SLISYRAY3I 2y (KS 2 LXsNdichablg r8soURcesSUENh ab nutldarh Q& y 2y
geothermal biomass/biogas, rui-the-river hydrgpower,and some qualifying facilitiescan

vary betweern5,000 MW and 7,000 M\Mwvhich cancontribute to oversupply conditions aral

lack of flexibilityon the systemFigure 6 also shows the need for flexible renewable resources

to help maintain system reliability.

Page |14



Generation Breakdown --—-04/21/2019
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Figure6. CAIS@enerationbreakdown for April 24, 2019 (Sourc@AlISO)

It is expected that as more renewable resources are integrated/in L {rdsdd@emix, more
opportunitieswill be createdfor controllade renewable resource® provide essential
reliability servies, whichwould help redu@ carbon emissios by replacingonventional
resourceghat providetheseservices

Advanced inverter functionglong withimproveddesign and operation aiVPPscanmitigate
grid operationalchallenges andeduce curtailmenbf renewablegeneration Although
renewable curtailment is increasingote that total wind curtailment in 2019 wa&3.6 GWh,
which was only 0.27% of the total wind productj@amd total solar curtailment wa821.7 GWh,
which was only 3.2% of total solargguction.

A typical modern utilityscaleWPPis a complex system severalhundredturbinesand

multiple power electronic invertetshese invertersanreducethe impacson grid stability

and reliability through sophisticatedutomatic grid-friendly controls Manywind control
capabilities demonstrated in this project have already been prot@some extentto be
technically feasible, and a few areashe United States anthroughout the world have started
to request or requirssomeWPP4g0 provide somdorm of essential reliability servicels the
United Stateshowever,althoughutility-scaleWPR arerecognized as having these capabilities
they arerarelyusedby utilities or system operatoit® provide essentiagrid services.

CAISO is continually adapting its operational practices and market mechanisms tthmake
integrationof increasedevels ofrenewable generation both reliable and econoailg viable
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The transition to more renewable energgsources on the gritkads toa growing need by
CAISO and othéndependent system operato@ndregional transmission operatdor:

1 Better coordination between daghead and reatime markets

Increased flexibility in the form of fast ramping capacity

Betteruseof ancillary service gabilities by variable renewable generation
Expandedegional coordination

Implementation of new market mechanisimcentivizingthe participationof renewable
generationin ancillary service markets

1 Development of new market products to take advantagéaster and higher precision
ancillary service providers

1 Addition of energy storage capacity
1 Aligning timeof-use rates with system demand

= =4 4 A

Currently, egulation up and regulation down are two of the four ancillary service products that
CASO procures thnagh ceoptimization with energy in the daghead and realime markets.

The other two products are spinning and Rgpinning reservesviost ancillary service capacity

is procured in the daghead markethowever, CASO procures incremental ancillary seegidn

the realime market process to replace unavailable ancillary sesvacéo meet additional
ancillary service requirements

Currenty, onlyafew grid operators in thé&nited States useenewable curtailment as a
resource.For example,ie Public Service Company of Coloradancontrol its wind generation
to provide both up and downregulationservicesThe Public Service Company of Coloreaio
use wind reserves as an ancillary service for frequency regulation by integéBRgn their
footprint to their automatic generation controAGQ system Similar services can be provided
by curtailedwind andPV power plargin Californiahowever, regulatory, marketand
operational issues need to be resolved for this tadmepossible.

Prior to testinghe TuleWPR the team developed a plan that was coordinated with technical
expertsfrom General ElectricGB and Awangrid RenewablegseeAppendiy. Testdescriptiors
and resultsare presented in thenextsections.The following testsvere conducted

a. Regulation up andown

b. Frequency response tests witlh#dand 5% droop setting for ovemd under
frequency conditions

c. Frequency response test at a plant deadband offsfz and 16nHz

d. Active power contro{APCJests todemonstratethat the plant can decreaser
increa® its outputat specific ranp rates

e. Voltage and reactive power control testkse to0 MW of active power or close to
maximum megawatt capability.

Page |16



5. Description of Avangrid Renewables6Tule Wind Farm

Tule is a 131-MW WPPlocated inthe McCairvalley, east ofSan Diegowithin CAISQ a
footprint. Figure 7showsthe plant The plant is connected via a combinati@iunderground
and overheadlistribution lines to @l50-MVA (138/34.5kV) transformer. The 34-kV side of
the transformer supplie$our circuits. Three ofhese circuits connect toupply turbine circuits
via (34.5kVv/690-V) pad-mounted transformers that connect directly to individual turbine
converter units rated a#t MVA. The fourth circuit isonnected tathree switched capacitor
banksrated at 2IMVARt0 meet the LargeGeneratorInterconnectionAgreement (LGIA) power
factor requirementsThis is explained in more detail in Section 8.

Figure7. Tule 131.AMW wind farm (SourceAvangridRenewableps

A key component afhe TuleWPPisthe power plantcontroller (PPClleveloped byGE It is
designed to regulate real and reactive power output from YWePso that it behaves as a single
large generator.

D 9 RR(xan providehe following plantlevel control functions:

1 Dynamic voltage and/or power factor regulation and clo$®ab voltagecontrol of the
WPPat the point of interconnection (POdy the high side of the generator steyp
transformer

1 Real power output curtailmerof the WPPwhen required so that it does not exceed an
operator-specified limit

1 Ramprate controls to ensure that thg@/PPoutput does not ramp up or down faster
than a specified ramypate limit

1 Frequency control (governdype response) tseduceplant autput in case of an over
frequency sitiation or increase plant outpuif possiblein case of an underequency
situation

1 Fast sartup and shutdown controlvhen the wind is available
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Although the plantomprisesndividual inverters, with each inverter performing its own energy
production based on local wind speed, the function of the plant contradlén coordinate the
power output to provide typical large poweltant servicessuch asAPCand voltage reguladin,
through reactive power regulation

(111 138 kV
MV Collector System 3.5 kV T - .
2 : :
T [
\ . Substation

/ transformer POl

Turbine V.l
padmount
transformer | — Grid Manitoring Device

Plant Controller
-
! '______,_,_._.Netwu-rkequipmmt
[y

GE WindCONTROL — link to EMS
—]
- —
RTU

PR

)]

i N
Frr’
N\,

o |

Plant communication network

Figure8. Modern WPPcontrols (Source: NREL)

GEYRAPC implements plaiével logic and closelbop control schemes with rediime
commands to the inverters to achieve fast and reliable regulafidve PP@elies on the ability
of theinverters to provide a rapid response to commands from the PPC.

Figure8 illustrates aconceptuablock diagram of th&uleWPPcontrol system and its

interfaces to other devices in the plant. The PPC mosisysterdevel measurements and
determines the desired operating conditions of various plant devices to meeifsak
operatingtargets. Italsomanage thecapacitor banksat the plantto maintain a scheduled
voltage It has the critical responsibility of managing all the inverters in the plant, continuously
monitoring the conditions of the inverters and commanding them to ensure that they are
producing the real and reactive power necessary to meet the desinéidgescheduleat the

high side of the generator stegp transformer bank.

The plant operator can set an active power curtailment command td”R€, whiclkalculates
and distributesanyactive power curtailment to individual inverters. In genesaime types of
inverterscan be throttled back only to a specified level of active pqwausing the DC voltage
at the plantto increasebeyond its operating range. Therefore, the PPC dynamically stops and
starts inverters as needed to manage the specifietive power output limit. It also uses the
active power management function to ensure that the plant output does not exceed the
desired ramp rates, to the extent possible.
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6. Automatic Generation Control Tests Conducted at the Tule
Wind Farm

Typicallyamodern wind turbine will start to generate electricity when wind speeds reach a
cut-in speed atpproximately6 to 9 mph, andit will shut down at a cubut speed if the wind
speed exceeds roughly 55 mph to prevent equipment dam®@ged speed largely determines
the amount of electricity generated by a wind turbine. Higher wind speeds generate more
power because stronger windswusethe blades to rotate faster, which translates into

more mechanical power and mom&ectrical power fronthe wind turbines. The relationship
between wind speed and poweutput for a typical wind turbine is shown Figure9.

Between the cuin speed and the rated speed, where the maxinfunatput is reached, the
power output will increase cubically with md speed. For example, if wind speed doubles, the
power output will increaseighttimes. This cubic relationship makes wind speed an important
factor for wind power up to the rated wind speed. This leads to the relatively flat part of the
blue curve shownn Figure9.

The cutin and cutout speeds are related to the turbine design and sindare decided on
prior to construction The aggregate power output of a largéPPconsisting of tens or
hundreds of units is different from the power curve of a #\yTGbecause of théncreased
diversity of wind speeds among the turbines. This is demonstrated in the notional ginapm
in Figure 9which compareshe power curve of a typical utilitgcale wind turbine witlihe
theoretical aggregated power curve aflarge WPRThe xaxis is the weighted average wind
speed throughout the whole plantAs the plantige and the number of turbines #te plant
increases, the aggregate power cuméht differ more than that of a single turbin@]. Also,
WPR can be curtailed to provide active power headroomffeguency response, spinning
reserve andup-regulation as showrby the orange dashed curve.

2 The Betz limits the theoretical maximum efficiency for a wind turbine, conjectured by German physicist
AlbertBetzin 1919.Betzconcluded that this value is 59.3%, meaning tiamost only 59.3% of the kinetic energy
from wind can be used to spin the turbine and generate electritityeality, however,turbines cannot reach the
Betz limit, and common efficiencies are in tlange 0f35%c45%.
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Figure9. Wind generationpower curve (Source: NER.)

6.1 Description and Rationale for Automatic Generation Control Tests

The purpose othe AGC testis todemonstratethe capabilityof the WPPto follow active
power set poing sent by CAISD@nergymanagementystemto the plant The set point signal
is received by the remote terminal uddcatedin the plant substation and then scaled and
routed to the PP the same time frame. Wheaplant isnh AGC mode, the PPC initiallysset
the plant to operate at a power levét.g, 20 MW) that islessthan the estimated available
peak power to have headroom for followimag up-regulation AGC signaéeethe hypothetical
exampleshown inFigure D.

The lower boundary of AGC operation can be set at any lleseltharavailable peak power,
including full curtailment if necessary.
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Figurel0. Concept of aesourcefollowing an AGGignal (e.g.with 10%headroom)(Source: NREL)
/' L { h Q@ysterhishbrmally set to send a direstegawattset point signal to allesources
participatingin regulation servicevery4 secondsTheAGC control logic for a balancing

authority with interconnectionso neighboringoalancing authoritiegsuch as CIASO) is based
on determining the:

1 Balancingauthority area® total desired generation
1 Dispatch operating targdor each AGC participating unit
1 Regulation obligation for each AGC participating unit.

Area control error ACEis an important factor used in AGC control. Rbalancingadzii K2 N&A (1 & Q&
area ACHs determined as:
660 YO pETQ Q O O 1)

where:

T Y0 is the net tieline interchange error

1 Bis the frequency bias (MW/0.1Hz)

1 "Qand™Qare the actual measured and schedufeglquenciestypically60-Hz

1 O s thetie-line meter error correctionMW)

1 "Ois thetime error correction facto(MW).

TheACEvalue used by the AGC control logic deternsitiee total desired generation that will
drive ACHo zero. The desired generatidevel ofeach generair participatingin regulation
serviceis split into two components(1) adispatched operating targgDOT)and (2) adesired
regulationlevel Thedispatch operating targefor each generating unit is set at its economic
dispatch pointhrough the realtime market andthe total systemregulationneedsare
calculated as the difference between the total desired generation and the sum dfispatch
operating targetdor all AGC participating unit§he total regulation for the whole system is

Page |21



allocated among all participating regulating unithe WPPis consideredsone plantlevel
resource(i.e.,individual inverter outputs are not considered by! L {ABQsystemMarious
unit-specific parameters are usedtime regulation allocation, suchs ramp rates and operating
limits.

Figure 1 shows aconceptualdiagramof/ ! L  AG@istributing set point signals to individual
generating unitproviding regulation servicd he raw ACE signaffisst filtered, andthenit is
processed by filtesthat haveproportional and integral control gainghe filtered ACE then
passed tahe AGCcalculation andlistribution module which generates ramp-limited AGC set
points for individual participating units based on thearticipation factordispatchstatus,
available headroom, unit physical characteristics, etc.

\ Power feedback from individual units

Ramp-rate limiters

------------------------------------------------------------------- —) ij ﬁ Gen1
Act q D # q Ko * Flltered ACE | Rocipistacon q jy_ d sen2

Algorithm

Butterworth
filter

ol | —

E AGC set points to
M eeeesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssel individual units
Proportional-Integral Control

Unitstatusinfo . o
schedules

Figurell Simplifieddiagram ofatypicalAGGCsystem(Source NREL)

AGC operates in conjunction wishpervisorycontrol anddata acquisition (SCADA) systefd$.
TheSCADAystemggather information on system frequency, generator outputs, and actual

interchange betweera balancingauthority and adjacenbalancing authoritiesUsing system

frequency and net actual interchangeith knowledge of net scheduled interchange AGC

a2aidSY RSGSNXAYSaA (i kdnectdnndarsey e SISGASQBAGADA | f | y O
system polls sequentially for electric system data, with a periodicitysaiconds. Thdegree of

success athe AGC in complying with balancing and frequency control is manifested in a
balancinggNB | Q& 02y i NBf LIS NF 2 Nad méticS whidt2 aretigfined-by OS & G | {
the North American Electric Reliability CorporatibieREcontrol performance standards

(CPS)CPSiis ameasure oiio I I y OA y Ferm Rdgjlieri peffoPmArwith the

control objective to bound excursions ofninute average frequency erreduringa 12-month

rolling averageCPSlevaluesKk2 ¢ ¢St | ol flFyOAy3 INBlIQa !/ 9 |
the frequency error of the whole interconnection.

¢KS bw9/ Qa { il yRI NRiew pefformanca meassirgalantiay Rudh ity
ACE Limit (BAAlwhich isunigueto eachbalancingauthority and provides dynamic limits for
its ACE value limits as a functiortloé interconnection frequency. The objective of BAAL is to
maintain the interconnection frequency within predefined limiEnforcement of BAAL began

3 CPS1s a statistical measurf@d I f I y OA y IACE dailibiBtyNdk cordbidation with the interconnection
frequency error fronthe scheduled frequency. NER@aluates eaclh I £ | y O A y Jabilitylm rikathidifits & Q &
CPS1 score above 10@uringa 12month rolling average.
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on July 1, 20165]. Both CPS1 anBAALscores are importantnetricsfor understanding the

impacts of variable renewable generation on system frequency performance. NERC reliability
standards require tha& balancing authoritypalances its resources adgmand in reatime so

that the clockminute average of its ACE does not exceed its BAAL for more than 30 consecutive
clockminutes.

6.2 Active Power Control and Automatic Generation Control Test
Results

6.2.1 Active Power Control

AWPPneeds to operat in a curtailed mode to provide enough reserves for various types of
APCjncludingprimary frequency respons@®FER, participation in AG@&nd spinning reserve
The reserve available (i.e., headroom) is the available power curtailed, which is abdia
areahighlighted in yellow irfrigure 12.

ThisAPQest example shows how the aggregate plant output can be controllecturtailed
mode to provide various types of active power responses dependirigeorequirements by a
system operator. Thisouldinclude operation ata constant power level, up and down ramping
within the range of available plant power, atitk provision of constant reserve margins (e.g.
constantmegawattheadroom,percentageof rated capacity).

60000

Available power

50000

/ ». ’./
40000 e v 7
4
7 __ F

30000 i i p

Set point Curtailed power
20000

POWER (lW)

10000

0
200 400 600 800 1000 1200 1400

TIME (sec)

~——Plant power Possible power Setpoint

Figurel2. APCest(Source: NREL)

6.2.2 Active Power Control Test Results

Figure 13 and Figure 14 showd tests for controlled curtailmerftom a given megawatt
output to zero powerat a constant ramp ratéollowed by ramping up from zero to a given
megawatt output Thefirst test shows the mode whethe plant followed the dowrramp signal
from the operator to curtail its production to zero powdduring the curtailment process
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severalwind turbines were automatically instructed to go ifie until the plant approached
zero output.

During therecoveryprocesso maximum productionhowever the upward and downward
ramps werenot symmetriceven thoughthe sameramprate was appliedThis is because the
plant controller wasperating in a modevith an end goal t@achieve the peak power
production only at the end ahe production restoration interval. During this timmany
individual wind turbines remained off until the endtbie interval, as showrin Figure B, so the
production recovery process had two largess.

L e
g :-31 M,._'\J“'\M‘p,l,‘w M “ﬁ’%ru"q W W ,l.". W xﬂ'ﬂ ﬂ""THW‘ J"rll.! JW,J"\.“T -
g:z TV Vil Mty
0 2 0 4 800 700 B g 110 1200 1300
TIME {z&C
140 __
s 5-
120 -
_ - as
: " 4 w .,
: B
o >3
5
a0 -
20
- : = e o o 8O0 100 20 1300
TIME [z&c
Wy TN PO Power 3 oW e # TG

Figurel3. Curtailment Test 1

During thesecondtest, the plant controller was instructed to ramp down from full production
to 20 MW and then ramp up to full production using the same ramp rate. As shown in Figure
14, the plant was able to precisely follow the downward and upward set points.
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Figurel4. Curtailment Test 2

Duringboth tests, the plant demonstratethe ability to accurately follow the active power set
point for different controlobjectives.
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6.2.3 Automatic Generation Control Test Results

Frequency regulation is provided by online
generation whose output is typically
changed on a4econd basis through a
balancingadzii K 2 NA 8§yst€én@nd/lory
other nongenerating resourcesuch as
flywheels or energy storage resources that
can provideregulationservice.

An AGC systeradjussthe power output of
multiple generators in the power system in
response taachange in the system loads
(normally every &econd3in a bulk power
grid. Several tests were conducted to
measure theVPR ability to followa 4-
second active power set point signal from
CAISO that communicated with tNéPP
PPC

Because the plant under test was not
LI NI A OA LJ { A yiithe AGL
market, the adopged method ofmimicking
AGC providesnoughapproximation of real
conditions because both the uggulation
and downregulation characteristics of the
plant can be tested.

Ly /! L{ hresburced phdidthg
regulation serviceare compensatedh
accordance wittFederal Energy Regulatory
CommissionKERPOrder 7557], whereby
resources receive @ LJ- OA (i &

/1 L {IhAQC BIBA If

LI @ YSy

FEDERAL ENERGY REGHALORY
COMMISSIONDORDER 755

On October 11, 2011, the Federal
Energy Regulatory Commission
issued Order 755, which
established a twoepart market-
based rate compensation
methodology for the provision of
frequency regulation sewice in
regional transmission operator
and independent system operator
markets. Resources are
compensated forproviding
regulation service through (1) a
capacity payment that reflects the

costs during the settlement period

and (2) a performance payment

that reflects the amount of up and

down movement the resource

provides in response to the system
operators dispatch signal and the

OAOI OOAAG60 AAAOOAAU
to the dispatch signal.

GKI G NBFfSOGa

during the settlement perioénd a performance gyment that reflects themount of up and
down movement the resource provides in response to the system operators dispatch.

The AGC test resulshown in Figure3and Figure & depict good linear correlation between
the commanded and measured plant pomautput.
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Figurel6. Test 2 Tule Wind Farm following-se@mnd AGClike signal from CAISO

The relative AGC control error as a percentage of installed plant capadhefoonductedAGC
testis shown irFigurel7. The maximum values of AG@htrol error are withint2% of the
plant rated capacity Such control accuracy is consistent waitturacy that was demonstrated
by a 306MW PV power plant during similar testing project conducted in 2016 [18].
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system (EMS) signals duringtnute intervals by calculating the ratio between the sum of the
total 4-second set point deviations and the sum b&tAGC set point&y comparing the WPP
testing results from the values for individual technologies, a conclusion was made that
regulation accuracy by the WPP plant %35 points better than fast gas turbine technologies,
and very similar to the perfornmee by utilityscale PV power plant&igurel8). The blue bars
reflect the annual average for the existing fleet.

Regulation Accuracy of a Tule Wind Farm vs. Other Technologies
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Figurel8. Comparison of typical regulation accuracy of CAISO conventional generation
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7. Frequency Control

Several research projects demonstrated thia frequency response in the Western
Interconnection is not in a major crisiat least until extremely high penetratiorss renewable
generationare presen{8], [9]. In fact, the frequency response (MW/0.1 Hz) of WWestern
Interconnedion is gradually improvingaccording toa trend published by NER@d shown in
Figurel9. The chart shows the frequency response of many recorded events IWé¢iséern
Interconnectionfrom 2012 through 201810].

For the datsset, the regression line has a small positive sjopeaning that the frequency
responseshowsa slowly increasing trend over timkk.is important to realizehowever that

even if the overall frequency response of t&estern Interconnectioms satisfatory, the ability

of certain balancing authorities, such a&I8®0, to meet their frequency response obligation and
frequency regulation metrics can be challenging during certain load and variable generation
scenarios. In this regard, the frequer®sponsve controls oMWPRt along with PV plants and
energy storage systemscan help address this issue.

/'L{hQa lylfeaAra 2F | OGdza t FNBI|dzSyoOe NBalLlRyas
days with high renewablgenerationproduction and low loads, maintaining adequate

resources wittenoughheadroom to meethe primary frequency response obligation is a

challenge.
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Figurel9. Trend of Western Interconnectidinequencyresponse (Source: NERC)

7.1 Rationale and Description of Frequency Droop Tests

The ability of dalancing authorityo support theinterconnectionfrequency within a safe
operatingrange is crucial fasystemstability and reliabilityFrequency response is a measure of
aninterconnection torespond to a variety of contingency events to ensure rapid restoration of
the balance between generation and loaddto stabilize the frequencfollowing the sudden

loss of generation or load.
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On January 16, 201BERG@pproved
Reliability Standard BAX03-1 (Frequency
Response and Frequency Bias Setting),
submitted by NERC. Withe approval ofthis
standard, NERC created a new obligation for
balancing authorities, including CAIS®,
demonstratethat they haveenough
frequency response teespond to
disturbances resulting in the decline of
system frequency. The purpose of this
initiative is to ensurehat balancing
authoritiesprovideenoughPFR to support
system reliabilitywhile complyingwith this
NERC requiremerj11].

NERC determirtethat the Western
Interconnectionfrequencyresponse
obligationis based on the largest potential
generation loss of two Palo Verde generating
units (2,626MW). NERC createtthis standard
to ensurethat balancing authoritiehiave
enoughfrequency response capability
preventthe loss of load following the worst
credible contingency in an interconnection
Like albalancing authoritieSCAISO must
havean adequate amount of frequency
response capabilitgvailable to respond to
actual frequency events real time For

2019,/ ' L{ hQa

FEDERAL ENERGY REGHALORY
COMMISSIONORDER &2

On February 15, 2018, thé-ederal
Energy RegulatoryCommission
issued Order 842revising its
regulations to require newly
interconnecting large and small
generating facilities? both
synchronous and nonsynchronous
to install, maintain, and operate
equipment capable of providing
primary frequency response as a
condition of interconnection. The
final rule also amends the
commission® pro forma
interconnection agreements to
include certain operating
requirements, such asmaximum
droop and deadband parametersas
well assustained response
provisions. It provides exemptions for
nuclear power plants and some
combined heatand-power plants.

FNBI dzSy OwasIOEAMWDM BAI212 6 f A A GA2Y

Based on historical events during Z)CAIS@ecognizedhat its median frequency response
rate couldfall short of its FRO by as much8sMW/0.1Hz. From this perspective, participation
of curtailedwind and PV power plants iprovidingfrequency response could hefidresghis
potential deficiencyTheobjective of the frequency response test conducted under this praogect
to demonstrate that the plant caprovidearesponsean accordancevith 5%and4%droop
settingsthrough itsgovernorlike control systemThe definition of implemented droop control
for awind plantis the same as that for conventional generators:

A ¢
OISSHT

2

TuleWPPrating of131.1MW is used irequation(2) for the droopsetting calculations. For the
droop test, the plant was set to operate at a curtailed power level that 2(aMWlessthan

the available estimated peak poweapability The PPC was programmed to change the power
output of the plant in accordance with arsynetric droop characteristic, shown kigure20.
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The upper limit of the droop curve was the available plant power, and the lower limit was at a
level that wasapproximately20 MWIless tharthe available peak poweat the time The droop
curvesfor the plant were testedit frequency deadbands @36 mHzand+16 mHz

AP

Limit due to available PV plant power
- . . = 4 Apmax

Frequency deadband
Curtailment :

of

Apmin

Minimum allowed curtailment level

Figure20. Frequencydroop characteristic(Source: NREL)

A wind turbine must operate ia curtailed mode to provide enough reserve fFRiuring
underfrequency conditions. During normal operating conditions with Agaminalsystem

frequency, the control is set to provide a specified margin by generating less power than is
F@FAfFTofS FNRBY (GKS dzyAld ¢KS NBaSDSNDSirtalled A f | o f
which isshownin Figure21 as the reserve between the operational point aP@ Figure21also

shows that a norsymmetric droop curve is possible with wind powsgepending on system

needs.

Page |31



P (p.u.
(p ) Wind turbine control
. operates turbine at
A\_fallabl_o power at p:nis point until
given wind speed frequency deviates
P, = = .f.*: """" Reserve
Droop.
Droop+
DB_1 DB, f(p.u.)

Figure21. Nonsymmetricdroop characteristic of ANPP(Source: NREL)

The frequency droop capability of the plant was tested using the aottest and under
frequency eventshat occurredin the Western Interconnectiomsmeasured byhe National
Renewable Energy Labooay (NRELIn Colorado.

The setup for simulatinthe recorded frequency events is shownRigure 2. ANNREL laptop
with recorded timeseries files for frequency events was connected iational Instrumerd Q
USBto-analogoutput card.The analog output card was wired directlythe positive and
negative terminals othe designated analog input card

Mational
Instruments
USBto Analog
Output Card Wind Control
Analog Input
NREL Laptop PC USB cable 4-20 mA Module
| —» +

4-20 mA analog signal scaled to -

simulated frequency

Figure22. Feeding arid frequency signal to WitONTRO(Source: NREL)
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The card producea4¢20 mA signathat can be scaled to any desired frequency levEte
scaling multiplier and offsetrere calculated from the data preded by the GE team (for
example 60 Hz = 12 mA, 59 Hz = 6 mA).

The frequency event shown in Figur@\&as for an actualWesterninterconnectionevent
NEO2NRSR o0& bw9[ Qad FTNBljdzSyoOe Y2yAG2NARAy3I aeads
loss att = 0 £conds The value aPoint Aisthe pre-disturbance frequengyandit was

calculated as an average of frequency values fren® tot =116 £conds The grid frequency

started declining immediatelfpollowing thegenerationlossbecause of an imbalance between

generation and load. The initial rate of change of frequenag approximately63 mHzs, and

this was determined by thamount of rotating mass the Western InterconnectionThe PFR

from conventional generation started to respond immediately after the frequency decline

passed beyond the governor deadband thresholds. The characteristics of system inertia and

PFR determinéne lowest frequency (nadir), which is shown as Point C

Figure23. Example of &requencyeventmeasured in the Western Interconnection (Source: NREL)

Important characteristicfollowing a disturbancare system inertia, amount of PFR headroom,
and the response speed of PHRerconnections ensurthat Point Gs higher than the highest
set point forunderfrequency load sheddingithin an interconnection. Point iSbased orthe
largestcredibleN-2 contingency inaninterconnection After the frequency decline has been
arrested, continued delivery of PFR will stabittzesystemfrequency to a steady state (Point
B). The point at which frequency is stabilized is often referred to as staty frequency. The

B value is determined by averaging the frequency values from a period et88dsstarting at

t = 20 gcondsafter the disturbance.

The goal ofhe demonstration project described in thisltd2 NIi A & réapworldhdBt&® A RS &
from a utility-scaleWPPthat can help assess the impact of wind generation on the frequency
response of a singlealancingauthority or the interconnection. The following frequency
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