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Executive Summary

The California Independent System Operator (CAISO), First Solar, and the National Renewable
Energy Laboratory (NREL) conducted a demonstration project on a large utility-scale
photovoltaic (PV) power plant in California to test its ability to provide essential ancillary
services to the electric grid. With increasing shares of solar- and wind-generated energy on the
electric grid, traditional generation resources equipped with automatic governor control (AGC)
and automatic voltage regulation controls—specifically, fossil thermal—are being displaced. The
deployment of utility-scale, grid-friendly PV power plants that incorporate advanced capabilities
to support grid stability and reliability is essential for the large-scale integration of PV generation
into the electric power grid, among other technical requirements.

A typical PV power plant consists of multiple power electronic inverters and can contribute to
grid stability and reliability through sophisticated “grid-friendly” controls. In this way, PV power
plants can be used to mitigate the impact of variability on the grid, a role typically reserved for
conventional generators. In August 2016, testing was completed on First Solar’s 300-MW PV
power plant, and a large amount of test data was produced and analyzed that demonstrates the
ability of PV power plants to use grid-friendly controls to provide essential reliability services.
These data showed how the development of advanced power controls can enable PV to become a
provider of a wide range of grid services, including spinning reserves, load following, voltage
support, ramping, frequency response, variability smoothing, and frequency regulation to power
quality. Specifically, the tests conducted included various forms of active power control such as
AGC and frequency regulation; droop response; and reactive power, voltage, and power factor
controls.

This project demonstrated that advanced power electronics and solar generation can be
controlled to contribute to system-wide reliability. It was shown that the First Solar plant can
provide essential reliability services related to different forms of active and reactive power
controls, including plant participation in AGC, primary frequency control, ramp rate control, and
voltage regulation. For AGC participation in particular, by comparing the PV plant testing results
to the typical performance of individual conventional technologies, we showed that regulation
accuracy by the PV plant is 2430 points better than fast gas turbine technologies. The plant’s
ability to provide volt-ampere reactive control during periods of extremely low power generation
was demonstrated as well.

The project team developed a pioneering demonstration concept and test plan to show how
various types of active and reactive power controls can leverage PV generation’s value from
being a simple variable energy resource to a resource that provides a wide range of ancillary
services. With this project’s approach to a holistic demonstration on an actual, large, utility-
scale, operational PV power plant and dissemination of the obtained results, the team sought to
close some gaps in perspectives that exist among various stakeholders in California and
nationwide by providing real test data.

v

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.


http://www.nrel.gov/publications

Table of Contents

T INtrOUCHION .t 1
2 PV Power Plant DeSCription ... s s ss s s s s s s s s s s s s s s s s sssssssssssssssssssnsssnsnsn s s 9
3 AGC Participation Tests for First Solar’s 300-MW PV Power Plant ..........cccccoricccierneeeisccccncenns 13
3.1 Description and Rationale for AGC TeStS........cccuervveriieririeirieiiereesresreere et enseesseesreessnesseesssennns 13

3.2 AGC TSt RESUILS....cooiiiiiiiiiiiieciee ettt ettt e e esae e e tae e sbeeesbae e sbeasnseeessseessseeensns 15

4  Frequency Droop Control TeStES........cccciiiiiiiiiiiiir s sms e s e e mnnns 23
4.1 Rationale and Description of Frequency Droop Tests ........ccceeciieriiiieiiieeriieciie e e 23

4.2 Droop TeSt RESUILS ......cciiiiiiiieiie ettt ettt ettt e steestaesetessbeesbeeseesssessseesseenseenseeseens 25
4.2.1 Droop Tests during Underfrequency EVent...........ccccevviiieiiiiniieeiieesieeeee e 25

4.2.2  Frequency Droop Tests during Overfrequency Event...........ccccoeeevivencieiinieeciie e, 31

5 Reactive Power and Voltage Control TESTS .....ccccccviicivirmrmririiinscsssssesessssssssssssssessssssssssssssssssssssssnnnes 34
5.1 Rationale and Description of Reactive POWET TeStS ......c.cccvevierieriiriiniieiecieeree e 34

5.2 Results of Reactive Capability POWer TestS......c.ccevviiiiiiiiiieiie et 37

5.3 Low-Generation Reactive Power Production Test.........c.ccceevievieiiiiiieiiereecieeciee e 42

6 Additional TeSES.....ccceiiiiiiriiiie i ————— 44
7 Conclusions and Future PIans.........cccccoiiiimiimisisr s s s sssssssssss s 46
7.1 TESt SUIMIMATY ...veeeiiiiiiiieetie et e eiee ettt e et e ette e stte e e bteesateesbeeeseeesaseesnsaeesseeesaseeesseesnsaessseesnseeenses 46

7.2 Detailed CONCIUSIONS........c.uiiiiiiiiieeciieciee et eee et s e e etre e sbeeetae e sbeeebaeessseassseeesssesssseeenses 47

7 T 2 1 o 1 TSP 48
REFEIENCES ... vttt 50
o 7= 4 L LG == S o - T o T 52
ODJECLIVE .evievvieiieriieceeete et et et et et e st e eeb e et e esseessaesseesssessseasseasseasseesseesssessseasseanseenseensaesseessnesssenssennes 52
Regulation-Up and Regulation-DOWN ............cooiiiiiiiiiiiiciieeie ettt e sveeevveesveeeeveessveeens 52

| q 0 JcTer 215 ) s USRS 53
CUTTAIIMENL.......veeiieiiesiee ettt ettt et et e e teestaessteesseesseessaesseessseanseanseensaessaessnesssesnsennns 53

Voltage Regulation CONIIOL........ccc.iciiiiiiiiiiiecieiie ettt ettt e v e ebeesteesteestbeetveesbeesbeessesssensnas 53
ODJECLIVE ..vivtieitieieetee ettt et ettt et e st e et eetb e et e e teeetaeetbeeabeesbeesseesbaassessseasseessaessaessaessseesseenseenns 53

TSt PrOCEAULIE.......vieiieiieiiece ettt sttt ettt ettt e st e st eense et e e saessaessaesnsesnseenseanns 53

2 q 0T 21 (o) s WU 54
CUTTATIMENL.......vievieiieciee ettt s e e et e b e e steestaestbeesbeesbeesseessaasssessseasseesseesseesseesssessseensennns 55

Active Power Control Capabilities.......c.cccverierieriierieeiieiiesieste e ere et eieesteesteesaessaeesse e seesseesneesnnes 55
(010} 151 L PP 55

TSt PTOCEAUIE ... .eeetiieiiiecieee ettt et e s e e b e e st e e etae e sbeeesaaeesseesnsseessaesnseeans 55
EXPECIALION ... .ecviiitieeieeitectt ettt ettt et eestaeetbe et eesbeesbe e baestbesssessseessaessaesssesssesssesssessseensennes 55
CUTTAIIMENL......eeeiieieecee ettt et ettt e st e saeesabe e be e seesseesseesnseanseenseensaessaesssesnsesnseanns 55
FreqUenCy RESPOMISE.......cocueiiiiiiiiiieete ettt ettt et ettt e sab e st e e et e sabteebbeesabeesnaeesabeeens 55
Frequency Droop Test (Capability to Provide Spinning ReServe).........cccevveevvervenvenieeneenenn, 56
Capability to Provide Frequency ReSPOnSe. .......coccevuiririeriinieiiiniinienieseceieeteeeie et 57

vi

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.


http://www.nrel.gov/publications

List of Figures
Figure 1. CAISO’s expected renewable capacity build-out to meet its 50% RPS goal.

THTustration from CALSO...........ccuovueeieeeeeieeiieeieeseeeteeeeseste et seesteessaessaesssesssessseeseenseesseennss 2
Figure 2. CAISO’s expected build-out of rooftop solar PV. lllustration from CAISO...................cccuvevuu... 3
Figure 3. CAISO duck chart. llustration from CAISO...........cccceeveiveeceeiieiiesieecieecreecieesieesaessesvesve s 3
Figure 4. CAISO’s generation breakdown for April 24, 2016. lllustration from CAISO...............ccceu...... 4
Figure 5. CAISO’s average daily regulation procurement costs from January—June 2016.

LHustration from CAISO..........c..ccuecueeuiiiieciieieecteecteeeeesae e eveeeveeste e teestaessessveesbeeaseesreesseans 5
Figure 6. Aerial photo of First Solar’s 300-MW PV power plant. Photo from First Solar.......................... 9
Figure 7. Electrical diagram of First Solar’s 300-MW PV plant. lllustration from First Solar ................... 9
Figure 8. General diagram of First Solar’s PV power plant controls and interfaces.

TIuStration from FirSt SOLAT ..........c..ccovevveeieiiiiiiccteeceeecte et ve e sve vt sveevesvaesreens 11
Figure 9. Diagram of First Solar’s PV power plant control system architecture.

TIuStration from FirSt SOLAT ..........c..coovevieeieiieciiccieeteesie et ve e sve ettt sare s veevesbaesseens 11
Figure 10. First Solar’s operations center in Tempe, Arizona. Photo from First Solar.............................. 12
Figure 11. Concept of AGC following by a PV power plant (e.g., with 40% headroom).

TIUSTrAtiON frOM NREL ......cccoovoiieiieiieiieeieeee ettt ettt sttt ebe et essaesneeenseenseenseens 13
Figure 12. Simplified diagram of CAISO’s AGC system. lllustration from NREL ..........ccccccoccveevvvenunne.. 14
Figure 13. Historic CAISO AGC signal used in testing. l/lustration from NREL ............cccccoevvcirvenncnne. 16
Figure 14. Morning AGC test (9:47 a.m.—10:10 a.m.). lllustration from NREL ..........ccccccocevvvevirvenncnne. 17
Figure 15. Midday AGC test (12:40 p.m.—1 p.m.). lllustration from NREL............ccccccceevrvvrvveveareennnnns 18
Figure 16. Midday AGC test (12:40 p.m.—1 p.m.) magnification. /llustration from NREL ....................... 18
Figure 17. Afternoon AGC test (2:54 p.m.—3:16 p.m.). lllustration from NREL............cccccocoovuevcirvunncnnc.. 19
Figure 18. Afternoon AGC test (2:54 p.m.—3:16 p.m.) magnification. //lustration from NREL ................ 19
Figure 19. AGC performance for three time periods. l/lustration from NREL ............cccccocouvverveicerceennnnn. 20
Figure 20. AGC control error for all three tests. [/lustration from NREL.............ccccccoeveiviiveiceeieaneannnn. 20
Figure 21. Distribution of AGC control error. lllustration from NREL ...........cccccccocvevvemviniieieeiieneeneenn. 21
Figure 22. Frequency droop characteristic. l/lustration from NREL...........cccccccuvievenoievieieiieieseseeenen 24
Figure 23. Underfrequency event. [llustration from NREL .............ccccccouviiiimiiieiiieiieeieee et 24
Figure 24. Overfrequency event. /lustration from NREL .............cccoocoivoiiiiiiiiiiieiieeieet et 24
Figure 25. Example of the plant’s response to an underfrequency event (3% droop test

during sunrise). Hlustration from NREL .............ccccoioiiviieriiesiiesiieecieeeieecreesieesseessessnessesssees 25
Figure 26. Measured droop characteristic for an underfrequency event (3% droop test

QUIINE SUNTISE)....vveeieieieeeiieieesieesieesttesteeteeteeteeseesseessseassessseesseessaessaesssesssesssesssessseesseesseesnses 26
Figure 27. Measured droop characteristics for an underfrequency event: (a) 5% droop test

and (b) 3% droop test during midday. lllustration from NREL ...........ccccceecvvevrcveiveneaninns 26
Figure 28. Measured droop characteristics for an underfrequency event (5% droop test

during sunset). [llustration from NREL...........c.ccoouveieiicriecieecieeseesee e sre e eeveesveesssesesesenas 27
Figure 29. (a) Results and (b) control error during the sunrise 3% droop test for an

underfrequency event. [/lustration from NREL............cccccccoooiiirviniinnienienineneseeene e, 28
Figure 30. (a) Results and (b) control error during a second sunrise 3% droop test for an

underfrequency event. [llustration from NREL.............cccccooovievveiiieiiieciecreeseesee e sre e 28
Figure 31. (a) Results and (b) control error during the midday 3% droop test for an

underfrequency event. [llustration from NREL............cccccccooiiioiniiniieniininieneneeene e, 29
Figure 32. (a) Results and (b) control error during the midday 5% droop test for an

underfrequency event. [/lustration from NREL............c..ccccocivirviniiniieniinineneneeeneeeeneene 29
Figure 33. (a) Results and (b) control error during the sunset 5% droop test for an

underfrequency event. [llustration from NREL.............ccccoovvieiviiicviicrieiieneesiesee e sveeve e 29
Figure 34. Consolidated underfrequency droop test results. /llustration from NREL...........c...cccccvuevrvennnn. 31

vii

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.


http://www.nrel.gov/publications

Figure 35. Example of the plant’s response to an overfrequency event (5% droop test

during sunrise). Hlustration from NREL ............ccccocovoeviieieeiieseeeiesieseesvesesesseeseenseesseens 32
Figure 36. Measured droop characteristics for an overfrequency event: (a) 5% droop test

and (b) 3% droop test during midday. lllustration from NREL ...........cccccocevorevincnseneanne. 32
Figure 37. Measured droop characteristics for an overfrequency event (5% droop test

during sunset). I/[ustration from NREL..............ccccouvoiviieieeiiecieeeeseeseesiessessesseenseensaens 33
Figure 38. Concept of nonsymmetric droop characteristic for PV plants. /llustration from NREL............ 33
Figure 39. Comparison of reactive power capability for a synchronous generator and PV inverter

of the same MV A and MW ratings. lllustration from NREL .............cccccccovuevoenvencencennennenne. 35

Figure 40. Proposed reactive power capability for asynchronous resources. lllustration from CAISO...... 35
Figure 41. CAISO’s proposed reactive capability applied to the 300-MW PV plant under testing.

TITUSTrALION frOM NREL ......cocooovvieiieiieieeeeeee ettt ettt st te e ste e e saaesnsesnseensaensaenseens 36
Figure 42. The plant’s reactive power capability at different voltage levels at full MW output.

TIUSTALION frOM NREL .......ccuooceveeieiiieeieeciecte sttt ettt s aesveeveeveesbeesaaesssessseessasssaessaens 36
Figure 43. Measured reactive power capability at the POL. lllustration from NREL............c.coccovvevrvennnnn. 38
Figure 44. Measured reactive power capability and voltages at the POL. l/lustration from NREL............. 39
Figure 45. Results of the voltage limit control test. [/lustration from NREL.............cccccccovoenoervenicnieencnnnn. 39
Figure 46. Voltage limit control test and reactive power capability. lllustration from NREL.................... 40
Figure 47. Lagging and leading power factor control tests. [llustration from First Solar.......................... 41
Figure 48. Reactive power control test. [llustration from First SOLAF............ccocovevciroievcnincecniinieienenanen 42
Figure 49. Reactive power production test at no active power (P=<0 MW). lllustration from NREL ......... 43
Figure 50. Plant output during the August 23, 2016, tests. lllustration from NREL..............cccccoevvvvecveannen. 44
Figure 51. Results of the active power curtailment test. [/lustration from NREL.............ccccccoveevveevncunanne.. 45
Figure 52. Results of the frequency validation test. lllustration from NREL............cc.cocoevvevvvescvencvnacveannenn 45
Figure 53. A grid-friendly PV power plant. [llustration from NREL............ccccccccoveevievveriienieenreereereenes 48
Figure A-1. Reactive power capability at the POL Illustration from NREL .............ccccccoeeeevvencnncnnnnnnen. 54
Figure A-2. Increase/decrease output at a specified ramp rate. [llustration from CAISO........................... 55
Figure A-3. Frequency droop explained. /llustration from NREL ...........cccccccovveeciecriecrieciieneeseeseeeveenes 56
Figure A-4. Example of an underfrequency event. lllustration from NREL.............cccccoeveeeivmncnnvnncnannnn. 57
Figure A-5. Example of an overfrequency event. lllustration from NREL...............cccccovvoimivenvencnncnannnn. 57
List of Tables
Table 1. AGC Control EITOT StatiStiCS ......cc.eerteriirieriiriieierieeiteiest ettt sttt ettt st sae e eenae e 21
Table 2. Measured Regulation Accuracy by 300-MW PV Plant..........ccccceeevveiieiiieniienieniesiecieereeieeieens 22
Table 3. Typical Regulation-Up Accuracy of CAISO Conventional Generation.............c.cccveeeveeveerveennnnns 22
Table 4. Droop Control Error Statistics (Absolute Values in MW).......c.ccooovviiiiienienieniececieeeeieeiene 30
Table 5. Droop Control Error Statistics (Percentage of Plant Rated Capacity)........ccccceevverevercvencieenieeninns 30

viil

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.


http://www.nrel.gov/publications

1 Introduction

Solar photovoltaic (PV) generation is growing rapidly. At the end of 2015, the United States had
25 GW of installed solar PV capacity, with an additional 1.8 GW of concentrating solar power
[1], [2]. As PV continues to grow, questions are arising about the ability of PV to contribute to
maintaining grid reliability. In this study, we demonstrated various grid-friendly controls on First
Solar’s 300-MW PV plant located in the California Independent System Operator’s (CAISO’s)
footprint. Our analysis shows that advanced power electronics and solar generation can be
controlled to contribute to system-wide reliability. More specifically, we show that the First
Solar plant can provide essential reliability services related to different forms of active and
reactive power controls, including plant participation in automatic generation control (AGC),
primary frequency control, ramp rate control, and voltage regulation. For AGC participation in
particular, by comparing the PV plant testing results to the typical performance of conventional
individual technologies, we showed that regulation accuracy by the PV plant is 24-30 points
better than fast gas turbine technologies. The plant’s ability to provide volt-ampere reactive
(VAR) control during periods of extremely low power generation was demonstrated as well.

The project team—consisting of experts from CAISO, First Solar, and the National Renewable
Energy Laboratory (NREL)—developed a demonstration concept and test plan to show how
various types of active and reactive power controls can leverage PV generation’s value from
being a simple variable energy resource to a resource that provides a wide range of ancillary
services. With this project’s approach to a holistic demonstration on an actual, large, utility-
scale, operational PV power plant and dissemination of the obtained results, the team sought to
close some gaps in perspectives that exist among various stakeholders in California and
nationwide by providing real test data. If PV-generated power can offer a supportive product that
benefits the power system and is economic for PV power plant owners and customers, this
functionality should be recognized and encouraged. This project showed, through real-world
testing, that PV power plants can contribute to maintaining grid reliability.

Pioneering work done by NREL, First Solar, and AES in 2015 in West Texas and Puerto Rico
provided a detailed understanding of the advanced capabilities offered by modern PV power
plants [3]. The current CAISO-First Solar-NREL project is aimed at breaking new barriers to the
provision of ancillary services by PV generation in terms of both plant capacity (300 MW) and
system-level impacts. Taken as a whole, these three studies show that PV power plants can be
used to manage a variety of grid challenges on island systems, isolated interconnections, and
within market environments in large synchronous systems.

Renewable energy in the United States accounted for 13.44% of domestically produced
electricity in 2015 [3]. California is a leading state for integrating renewable resources and for
renewable portfolio standards (RPSs), with approximately 29% of its electricity provided from
RPS-eligible renewable sources (including small hydropower) [4]. In addition, California is
leading the way in climate change policies that are intended to reduce emissions from all sectors,
including electricity, by 40% from 1990 levels by 2030 and by 80% from 1990 levels by 2050. If
California is to achieve these goals while enhancing grid reliability, all resources, including
renewables, must be leveraged to provide essential reliability services.
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Rapid penetrations of variable renewable generation into an electric grid are changing the ways
power system operators manage their systems. Higher levels of variable generation are creating
real-time reliability and operational changes. For example, the California Independent System
Operator (CAISO) is trying to adapt to rapid increases in its solar PV generation during sunrise
and rapid losses in solar production during sunset.

CAISO currently has more than 9,000 MW of transmission-connected solar resources within its
operational footprint. To meet its RPS goal of 33% by 2020, CAISO is expecting an additional
4,000-5,000 MW of solar. Beyond 2020, to meet a 50% RPS goal, CAISO is expecting an
additional 15,000 MW of renewable resources, and a significant portion of this is anticipated to
be transmission-connected solar PV because of the expected reduction in the price of solar panels
(Figure 1). Thus, the capability of solar PV resources to provide essential reliability services is
necessary to achieve a low-carbon grid.
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Figure 1. CAISO’s expected renewable capacity build-out to meet its 50% RPS goal.
lllustration from CAISO

In addition, CAISO has experienced a significant increase in rooftop solar PV installations
(Figure 2). Currently, more than 5,000 MW of rooftop solar PV is installed within CAISO’s
footprint, and it is expected to exceed 9,000 MW by 2020. Rooftop solar PV does not count
toward RPS, but it does have an impact on grid operations, especially during sunrise and sunset.
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Estimated Behind the Meter Solar PV Build-outthrough 2021
12,000

10,000
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2
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Figure 2. CAISO’s expected build-out of rooftop solar PV. lllustration from CAISO

High levels of solar generation during midday hours are already contributing to oversupply,
especially on light load days when renewable production is high. Therefore, it is during these
conditions that opportunity is created if renewable resources could provide essential reliability
services that have traditionally been provided by conventional resources. Sharp changes in the
real-time ramping needs are also happening during afternoon-to-evening hours. This is especially
evident during the spring and fall months, when loads are relatively light and hourly penetrations
of renewable generation are high. In its “duck chart” (Figure 3), CAISO shows these integration
changes and opportunities for a typical spring day as a significant drop in its midday net load is
met by an increased share of PV in the system. These changes and opportunities to leverage the
capability of these new resources are growing at a faster rate than previously expected; and
during certain days in the spring of 2016, CAISO’s minimum net load was already less than the
predicted 2020 level.

Typical Spring Day

2013 |ochal)

Magawats

/’f ramp need
7 ~13,000 MW

in three hours

2014

201%

B : 2070 @ Actual 3-hour ramp
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2016

Figure 3. CAISO duck chart. lllustration from CAISO
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Because of low net loads, the risk of oversupply increases, so significant curtailment of
renewables took place during certain days in the spring of 2016. An example of this type of
curtailment period is shown in Figure 4. During certain daytime hours on April 24, 2016, more
than 2 GW of renewable generation were curtailed to maintain reliable operation of the system.
With increased curtailment, more opportunity is created if the industry can tap into the
controllability of renewable resources and thus reduce reliance on conventional resources to
provide such services.

Advanced inverter functions and how projects are designed and operated can help address grid
stability problems during such periods. A typical modern utility-scale PV power plant is a
complex system of large PV arrays and multiple power electronic inverters, and it can contribute
to mitigating the impacts on grid stability and reliability through sophisticated automatic “grid-
friendly” controls. Many of the PV control capabilities that were demonstrated in this project
have already generally been proven to be technically feasible, and a few areas throughout the
world have already started to request or require PV power plants to provide some of them;
however, in the United States, utility-scale PV plants are rarely recognized as having these
capabilities, and typically they are not used by utilities or system operators to provide electric
grid services.
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Figure 4. CAISO’s generation breakdown for April 24, 2016. lllustration from CAISO

CAISO is continually adapting its operational practices and market mechanisms to make the
integration of shares of fast-growing variable renewable generation both reliable and economic.
This new reality leads to growing needs by CAISO and other independent system operators to:

e Better coordinate between day-ahead and real-time markets

e Increase flexibility in the form of fast ramping capacity
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e Better utilize ancillary service capabilities by variable renewable generation
e Deepen regional coordination

e Implement new market mechanisms incentivizing the participation of renewables in
ancillary service markets

e Develop new market products to take advantage of faster and higher-precision ancillary
service providers

e Add energy storage capacity
e Align time-of-use rates with system demand.

Currently, regulation-up and regulation-down are two of the four ancillary service products that
CAISO procures through co-optimization with energy in the day-ahead and real-time markets.
The other two products are spinning and nonspinning reserves. Most ancillary service capacity is
procured in the day-ahead market. CAISO procures incremental ancillary services in the real-
time market processes to replace unavailable ancillary services or to meet additional ancillary
service requirements. A detailed description of the ancillary service market design, which was
first implemented in 2009, is provided in CAISO’s 2016 market report [5], [6].

From February 20, 2016, through June 9, 2016, CAISO increased the requirements to a
minimum of 600 MW for regulation-up and regulation-down in both the day-ahead and real-time
markets. Average prices for these two ancillary services increased immediately following the
change in requirements in February and reverted to lower levels again in June 2016 (Figure 5).
Regulation procurement costs continued to average more than $400,000 per day when the
requirements were high and fell to $80,000 per day when the requirements were lowered,
beginning on June 10, 2016.

B Day-ahead regulation down costs W Day-ahead regulation up costs

| Real-time regulation down costs B Real-time regulation up costs

lan Feb 1-19 | Feb 20-29 Mar Jun 1-9 |Jun 10-30

$600,000

$500,000

$400,000

$300,000

$200,000

Average daily costs

$100,000
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Figure 5. CAISO’s average daily regulation procurement costs from January—-June 2016.
lllustration from CAISO
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In 2012, CAISO implemented standards for importing regulation service [7]. These standards
implemented CAISO’s tariff provisions relating to the imports of regulation services, either bid
or self-provided, by scheduling coordinators with system resources located outside CAISO’s
balancing authority area. In addition to imported regulation services, regulation provided by PV
power plants within CAISO’s footprint can become an additional stability tool at CAISO’s
disposal.

As power system continues to evolve, the Federal Energy Regulatory Commission (FERC) noted
that there is a growing need for a refined understanding of the services necessary to maintain a
reliable and efficient system. In orders 755 and 784, FERC required improving the mechanisms
by which frequency regulation service is procured and enabling compensation by fast-response
resources such as energy storage. CAISO is working on a new market design in which
aggregated distributed resources (rooftop PV, behind-the-meter batteries, electric vehicles, fast
demand response) can bid in its market. In addition, FERC recently issued a notice of proposed
rulemaking to enable aggregation of distributed storage and distributed generation [8].

The Electric Reliability Council of Texas and the New York Independent System Operator are
also working on similar ancillary service markets for utility-scale and distributed generation [9].

In 2012, the North American Electric Reliability Corporation’s (NERC) Integration of Variable
Generation Task Force made several recommendations for requirements for variable generators
(including solar) to provide their share of grid support, including active power control (APC)
capabilities [7, 10]. These recommendations address grid requirements such as voltage control
and regulation, voltage and frequency fault ride-through, reactive and real power control, and
frequency response criteria in the context of the technical characteristics and physical capabilities
of variable generation equipment.
e APC capabilities include:
o Ramp-rate-limiting controls
o Active power response to bulk power system contingencies
— Inertial response
— Primary frequency response (PFR)
— Secondary frequency response, or participation in AGC

— Ability to follow security-constrained economic dispatch (SCED) set
points that are sent every 5 minutes through its real-time economic
dispatch market software.

e Performance during and after disturbances
o Fault ride-through
o Short-circuit current contribution.

e Voltage, reactive, and power factor control and regulation (both dynamic and steady
state).

6

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.


http://www.nrel.gov/publications

In 2015, the NERC task force on Essential Reliability Services published a report exploring
important directional measures to help the energy sector understand and prepare for the increased
deployment of variable renewable generation [11], [12]. According to this report, to maintain an
adequate level of reliability through this transition, generation resources need to provide
sufficient voltage control, frequency support, and ramping capability—essential components of a
reliable bulk power system.

The California state legislature passed Senate Bill 350 in the fall of 2015, which requires all
utilities in the state to produce 50% of their electricity sales from renewable sources with the
objective of reducing carbon emissions. To reach that 50% RPS goal, California operators will
need to find additional ways to balance generation and load to manage the variability of
increased renewable generation and maintain grid reliability. In this context, the curtailment of
renewables can be viewed as a resource, not only a problem. Because wind and solar generation
can be ramped up and down, curtailment can become a helpful resource to relieve oversupply
and provide frequency regulation and ramping services. In combination with the 1.3-GW
California energy storage mandate, ancillary services provided by renewables can enhance
system flexibility and reliability and reduce needs in spinning reserves by conventional power
plants. Thus, unleashing these capabilities from renewable resources helps achieve the broader
objective of a resilient, reliable, low-carbon grid.

Currently, only a few grid operators in the United States are using curtailed renewables as a
resource. For example, the Public Service Company of Colorado (PSCO) has means to control its
wind generation to provide both up and down regulation reserves (the PSCO has had periods of
60% wind power generation in its system). The PSCO is able to use wind reserves as an ancillary
service for frequency regulation by integrating the wind power plants in their footprint to provide
AGC. Similar services can be provided by curtailed PV power plants in California; however,
regulatory, market, and operational issues need to be resolved for this to become possible [13],
[14].

Prior to testing, the team developed a plan that was coordinated with technical experts from First
Solar. The test plan is shown in the appendix of this report). The following sections describe the
tests and results conducted by the team:

1. CAISO-NREL-First Solar custom-developed test scenarios (conducted on August 24,
2016)

A. Regulation-up and regulation-down, or AGC tests during sunrise, middle of the
day, and sunset

B. Frequency response tests with 3% and 5% droop settings for overfrequency and
underfrequency conditions

C. Curtailment and APC tests to verify plant performance to decrease or increase its
output while maintaining specific ramp rates

D. Voltage and reactive power control tests

E. Voltage control at near zero active power levels (nighttime control).
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2. More standardized First Solar’s power plant controller (PPC) system commissioning tests
(conducted on August 23, 2016)

A. Automatic manual control of inverters (individual, blocks of inverters, whole
plant)

w

Active power curtailment control, generation failure and restoration control,
frequency control validation

Automatic voltage regulation at high and low power generation
Power factor control

Voltage limit control

VAR control.

T m o0
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2 PV Power Plant Description

First Solar constructed a 300-MW AC PV power plant in CAISO’s footprint. An aerial photo of
the plant using First Solar’s advanced thin-film cadmium-telluride PV modules is shown in
Figure 6. The plant is tied to 230-kV transmission lines via two 170-MVA transformers

(34.5/230 kV). The 34.5-KV side of each transformer is connected to the plant’s MV collector
system with four blocks each rated 40 MVA. Individual PV inverter units, each rated 4 MVA,
operate at 480 VAC and are connected to a 34.5-kV collector system via pad-mounted
transformers. Switched capacitor banks are connected to both 34.5-kV buses to meet the power
factor requirements of FERC’s Large Generator Interconnection Agreement (LGIA) power
factor requirements. Two phasor measurement units (PMUs) were set to collect data at the 230-
kV sides of both plant transformers.

Figure 6. Aerial photo of First Solar’s 300-MW PV power plant. Photo from First Solar
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Figure 7. Electrical diagram of First Solar’s 300-MW PV plant. lllustration from First Solar
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A key component of this tested grid-friendly solar PV power plant is a PPC developed by First
Solar. It is designed to regulate real and reactive power output from the PV power plant so that it
behaves as a single large generator. Although the plant comprises individual inverters, with each
inverter performing its own energy production based on local solar array conditions, the plant
controller’s function is to coordinate the power output to provide typical large power plant
features, such as APC and voltage regulation through reactive power regulation [16].

First Solar’s PPC is capable of providing the following plant-level control functions:

e Dynamic voltage and/or power factor regulation and closed-loop VAR control of the
solar power plant at the point of interconnection (POI)

e Real power output curtailment of the solar power plant when required so that it does not
exceed an operator-specified limit

e Ramp-rate controls to ensure that the plant output does not ramp up or down faster than a
specified ramp-rate limit, to the extent possible

e Frequency control (governor-type response) to lower plant output in case of an
overfrequency situation or increase plant output (if possible) in case of an underfrequency
situation

e Start-up and shutdown control.

The PPC implements plant-level logic and closed-loop control schemes with real-time
commands to the inverters to achieve fast and reliable regulation. It relies on the ability of the
inverters to provide a rapid response to commands from the PPC. Typically, there is one
controller per plant controlling the output at a single high-voltage bus (referred to as the POI).
The commands to the PPC can be provided through the Supervisory Control and Data
Acquisition (SCADA) human-machine interface or even through other interface equipment, such
as a substation remote terminal unit.

Figure 8 illustrates a general block diagram overview of First Solar’s control system and its
interfaces to other devices in the plant. The PPC monitors system-level measurements and
determines the desired operating conditions of various plant devices to meet the specified targets.
It manages capacitor banks and/or reactor banks, if present. 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 desired voltage schedule at the POI [16].

A conceptual diagram of the plant’s control system architecture is shown in Figure 9. The plant
operator can set an active power curtailment command to the controller. In this case, the
controller calculates and distributes active power curtailment to individual inverters. In general,
some types of inverters can be throttled back only to a certain specified level of active power and
not any lower without causing the DC voltage to rise beyond its operating range. Therefore, the
PPC dynamically stops and starts inverters as needed to manage the specified active 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. It cannot, however, always
accommodate rapid reductions in irradiance caused by cloud cover.
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Figure 8. General diagram of First Solar’s PV power plant controls and interfaces.
lllustration from First Solar
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Figure 9. Diagram of First Solar’s PV power plant control system architecture.
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The testing of the 300-MW plant within CAISO’s footprint was conducted remotely by the First
Solar team from their operations center located in First Solar’s corporate offices, in Tempe,
Arizona (Figure 10). As a NERC-registered generator operator, the First Solar staff was capable
of remotely supervising the ongoing testing activities at the 300-MW PV plant in California,
tracking the plant’s performance and making changes to test set point and plant control
parameters from the center in Arizona.

——wi
-

|

Figure 10. First Solar’s operations center in Tempe, Arizona. Photo from First Solar
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3 AGC Participation Tests for First Solar’s 300-MW PV
Power Plant
3.1 Description and Rationale for AGC Tests

The purpose of the AGC tests is to enable the power plant to follow the active power set points
sent by CAISO’s AGC system. The set point signal is received by the remote terminal unit in the
plant substation and then scaled and routed to the PPC in the same time frame. When in AGC
mode, the PPC initially set the plant to operate at a power level that was 30 MW lower than the
estimated available peak power to have headroom for following the up-regulation AGC signal
(see hypothetical example in Figure 11). The lower boundary of AGC operation can be set at any
level below available peak power, including full curtailment if necessary.

POWER

Max Available Power Actual Power

40% range
60% of Max Available Power

TIME

Figure 11. Concept of AGC following by a PV power plant (e.g., with 40% headroom).
lllustration from NREL

CAISO’s AGC is normally set to send a direct MW set point signal to all participating units
every 4 seconds. All ramp-rate settings in the PV power plant’s PPC were set at very high level
of 600 MW/min (10 MW/sec) during the AGC tests. AGC control logic for a balancing authority
with interconnections (such as CAISO) is based on determining the:

e Area’s total desired generation
e Base points for each AGC participating unit

e Regulation obligation for each AGC participating unit.

Area control error (ACE) is an important factor used in AGC control. For a balancing authority
arca, ACE is determined as:

ACE = —APye — 1OB(fa - fs) +Iye + 17 (1)

where AP;;, is the net tie-line interchange error, B is the frequency bias (MW/0.1Hz); f, and f;
are the actual measured and scheduled frequencies (typically 60 Hz, but they can also be 59.8 Hz
or 60.2 Hz during time error corrections), respectively; and Iy;; and I are the meter error
correction and time error correction factors, respectively (MW). The ACE value is then used by
the AGC control logic to determine the total desired generation that will drive it to zero. The
desired generation for each participating generating unit is split into two components: the base
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point and regulation. The base point for each generating unit is set at its economic dispatch point,
and the system’s total regulation is calculated as the difference between the total desired
generation and the sum of the base points for all AGC participating units. The total regulation for
the whole system is allocated among all participating regulating units. The 300-MW plant under
test is considered as one plant-level generating unit, and individual inverter outputs are not
considered by CAISO’s operations. Various unit-specific parameters are used in its regulation
allocation, such as ramp rates and operating limits. Figure 12 shows a general diagram of
CAISO’s AGC distributing set point signals to individual generating units. The raw ACE signal
is filtered first, and it is then processed by a proportional-integral (PI) filter that has proportional
and integral control gains. The filtered ACE is then passed to the AGC calculation and
distribution module that generates the ramp-limited AGC set points for the individual
participating units based on their participation factor, dispatch status, available headroom, unit
physical characteristics, etc., as shown in Figure 12.

Ramp-rate limiters
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Figure 12. Simplified diagram of CAISO’s AGC system. lllustration from NREL

AGC operates in conjunction with supervisory control and data acquisition (SCADA) systems
[17]. SCADA gathers information on system frequency, generator outputs, and actual
interchange between the system and adjacent systems. Using system frequency and net actual
interchange, plus knowledge of net scheduled interchange, an AGC system determines the
system’s energy balancing needs with its interconnection in near real time. CAISO’s SCADA
system polls sequentially for electric system data with a periodicity of 4 seconds. The degree of
success of AGC in complying with balancing and frequency control is manifested in a balancing
authority’s control performance compliance statistics and metrics as defined by NERC’s control
performance standards (CPS). In particular, CPS1 is a measure of a balancing authority’s long-
term frequency performance with the control objective to bound excursions of an average 1-
minute frequency error during 12 months in the interconnection. CPS1 allows for evaluating how
well a balancing authority’s ACE performs in conjunction with the frequency error of the whole
interconnection. CPS2 is a measure of the balancing authority’s ACE during all 10-minute
periods in a month with the control objective to limit ACE variations and bound unscheduled
power flows among balancing authority areas.

NREC’s Standards Committee approved the replacement of CPS2 with the Balancing Authority
ACE Limit (BAAL) in June 2005. BAAL is unique for each balancing authority and provides
dynamic limits for its ACE value limits as a function of its interconnection frequency. The
objective of BAAL is to maintain the interconnection frequency within predefined limits. A field
trial of BAAL began in the Eastern Interconnection in July 2005 and in the Western
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Interconnection in March 2010. Enforcement of BAAL began on July 1, 2016 [18]. Both CPS1
and BAAL scores are important metrics for understanding the impacts of variable renewable
generation on system frequency performance. NERC’s reliability standards require that a
balancing authority balances its resources and demand in real time so that the clock-minute
average of its ACE does not exceed its BAAL for more than 30 consecutive clock-minutes.

PV generation participation in CAISO’s AGC is expected to maintain CPS above the minimum
NERC requirements and BAAL within predefined operating limits and avoid degradation in
reliability. AGC participation by faster and higher-precision responsive generation is potentially
more valuable because these types of generation allow for applying controls at the exact moment
in time and exact amount needed by the system. Faster AGC control is desirable because it
facilitates more reliable compliance with NERC’s operating standards at relatively less
regulation capacity procurements [19]. Currently, CAISO practices and markets do not
differentiate between faster and slower providers, with the exception of some minimum ramping
capabilities. The data produced by AGC testing of the 300-MW PV plant in California are
intended to provide real field-measured results to confirm the above-described benefits and
facilitate the transition to improved ancillary service markets that value and incentivize superb
performance by inverter-coupled renewable generation.

3.2 AGC Test Results

The AGC tests were conducted on August 24, 2016, at three different solar resource intensity
time frames: (1) sunrise, (2) middle of the day (noon-2 p.m.), and (3) sunset (for 20 minutes at
each condition). Historic 4-second AGC signals that CAISO previously sent to another
regulation-certified resource of similar capacity were provided to the plant controller.

The 300-MW PV plant under test was not connected to CAISO’s AGC system because the
plant’s owner did not request this control option at the time of construction; instead, historical
CAISO ACE data were provided to the PPC for AGC performance testing. Each test was
conducted using actual 4-second AGC signals that CAISO had previously sent to a regulation-
certified resource of similar size. The historical AGC signal provided by CAISO had a regulation
range of 30 MW, or 10% of rated plant power (Figure 13). This signal is represented as APy in
the equation below:

Peommana = (Pavailable - 30MW) + APygc (2)

where P, qi1ap1e 18 the maximum available instantaneous power that the plant can produce for a
given solar irradiation conditions, and P.ymmana 15 the actual commanded MW set point sent to
the PPC.
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Figure 13. Historic CAISO AGC signal used in testing. lllustration from NREL

In this way, the plant’s response to the AGC-like set point signal can be tested within a 30-MW
range. CAISO’s regulation system has a significant total ramping capability for shorter periods
of time. Longer ramps may cause regulation problems after faster units exhaust their regulation
range. CAISO’s real-time economic dispatch software would try to return units that are not
awarded service to their preferred point of operation (POP), so sufficient up-regulation and
down-regulation capabilities can be maintained. Because the plant under test was not
participating in CAISO’s real AGC scheme, the adopted method of AGC mimicking provides a
sufficient approximation of real conditions because both the up-regulation and down-regulation
characteristics of the plant can be tested.

For this PV plant to be able to maintain the desired regulation range (30 MW in this case), the
plant PPC must be able to estimate the available aggregate peak power that all the plant’s
inverters can produce at any point in time. The available power is normally estimated by an
algorithm that considers solar irradiation, PV module I-V characteristics and temperatures,
inverter efficiencies, etc. The plant under test did not have this estimation function because the
plant owner did not request it during construction; instead, the project team implemented a less
sophisticated approach to evaluate the available maximum power. For this purpose, a single 4-
MVA inverter was taken from the APC scheme by the First Solar team, and it was set to operate
at the power level determined by its maximum power point tracking (MPPT) algorithm. The
measured AC power of this inverter was used as an indicator of available power for the other 79
inverters (80 inverters total). The available maximum power was then calculated as:

Povaitapte = 79 X PiMPPT (3)

where PMPPT is the measured AC power of the single inverter that was designated to operate at

its MPPT point. Therefore, Eq. 2 can be rewritten as:
Peommana = (79 X PiMPPT — 30MW) + APyqc 4)

So the aggregate power command sent to the PPC for the remaining 79 inverters was calculated
using Eq. 4. This method has inherent uncertainties because it assumes uniform solar irradiation
conditions across the whole 300-MW plant. Fortunately, cloud conditions were favorable for this
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method to be acceptable because there was a clear sky above the plant during most of the day on
August 24. Of course, under moving cloud conditions the accuracy of this method would drop
significantly due to the large geographical footprint of the 300-MW PV plant. The importance of
accurate peak power estimation for any type of up-regulation was also emphasized in Ref. 11,
and it is a crucial factor for AGC performance accuracy by PV plants.

The measured 1-second time series for the August 24, 2016, AGC tests are shown in Figures 14—
18. In particular, Figure 14 shows the results of the morning AGC test. The test started when the
plant was commanded to curtail its production to a lower level (orange trace), which was 30 MW
below its available peak power (green trace), according to Eq. 4. The AGC signal was then fed to
the PPC (red trace), so the plant output (yellow trace) was changing accordingly, demonstrating
good AGC performance by following the set point during this period of smooth power
production. A similar test was conducted during the peak production hour, as shown in Figure
15. A magnified view of the same test is shown in Figure 16 allowing a closer look to the plant
AGC performance. The plant’s response to each new AGC set point is almost immediate;
however, there were periods when the plant was not able to reach the set point with this high
level of precision. This mismatch can be explained by the internal active ramp rate limit in
individual inverters. The absolute control error for the same test is small, as shown in Figure 16,
and it is confined within the range of +5 MW (or £1.67% of the plant’s rated power capacity).

Commanded MW — Measured MW

30 MW headroom

_E_.
=
=
ad

RELATIVE TIME (sec)

Figure 14. Morning AGC test (9:47 a.m.—10:10 a.m.). lllustration from NREL
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Figure 15. Midday AGC test (12:40 p.m.—1 p.m.). lllustration from NREL
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Figure 16. Midday AGC test (12:40 p.m.—1 p.m.) magnification. lllustration from NREL

Results of the AGC test conducted during the afternoon are shown in Figure 17. The plant
demonstrated similar AGC performance as in the previous cases; however, a cloud front was
moving over the plant on the afternoon of August 24, which introduced variability in the plant’s
output. During these periods, the available peak power from the plant was reduced significantly,
causing the AGC set point to decrease as well, according to Eq. 4; however, even during these
periods, the plant demonstrated good AGC performance by closely following the commanded set
point, as shown in Figure 18 for one such event.
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Figure 18. Afternoon AGC test (2:54 p.m.-3:16 p.m.) magnification. lllustration from NREL

The performance results for all three AGC tests are consolidated in an X-Y plot (Figure 19) that
shows the linear correlation between the commanded and measured plant power for the morning,

midday, and afternoon testing periods (red, blue, and green dots, respectively). The slope and
offset of the linear regression for each test indicate low scatter and good linearity. In addition, the
R-squared values of the correlation coefficients for each time period also show a high degree of

correlation between the set point and measured plant power.
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Figure 19. AGC performance for three time periods. lllustration from NREL

The relative AGC control error as a percentage of installed plant capacity for all three AGC tests
is shown in Figure 20 for a 20-minute time interval for comparison. Table 1 lists the mean,
min/max, and standard deviation values of the AGC control error. The mean value of the AGC
control error during the whole period of testing for all three data sets is very low (-0.013% of the
plant’s rated capacity), with standard deviation of error equal to 0.439%.

AGC Error

Error-Sunrise Error - Peak ——Error - Sunset

| b
ld\ I | [ My
¥ Wr"“lwl[’é AvA

|
V1Y

Error (% of rated capacity)

600

TIME (sec)

Figure 20. AGC control error for all three tests. lllustration from NREL
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Table 1. AGC Control Error Statistics

Mean error (% of rated power) 0.02 0.0 -0.06 -0.01
Min error (% of rated power) -1.16 -1.85 -2.1 -2.1

Max error (% of rated power) 1.25 235 212 2.35
Standard deviation (% of rated power) 0.31 047 0.51 0.44

The frequency distribution of the AGC control errors for all three periods of observation are
shown in Figure 21 in logarithmic scale as a visual representation of the difference between the
number of error magnitude occurrences for each test. These distribution shapes are not exactly
symmetric, but they are still concentrated around the center with visible tails. Only a few AGC
control errors with large magnitudes occurred during the periods of observation. Of course,
longer testing (many days or weeks) under different cloud conditions will be required to collect
sufficient statistics on AGC control accuracy. Yet even such a short testing opportunity allows
some preliminary conclusions on the accuracy of AGC control by a large utility-scale power
plant. These results also suggest that relatively small and short-term energy storage can help
reduce the AGC error to essentially 0% by taking care of small control inaccuracies due to cloud
impact and uncertainties of peak power calculation methods.

AGC Error Histogram

Sunrise

Number of Occurrences

1
i

-1 0 1

AGC Error (% of rated plant capacity)

Figure 21. Distribution of AGC control error. lllustration from NREL
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Normally, CAISO measures the accuracy of a resource’s response to energy management system
(EMS) signals during 15-minute intervals by calculating the ratio between the sum of the total 4-
second set point deviations and the sum of the AGC set points. The future CAISO resource
instructed mileage percentage is also being calculated during 15-minute intervals. The plant’s
monitored delayed response time and the accuracy of the plant’s response to the regulation set
point changes were used to calculate its regulation accuracy values, which are shown in Table 2
for all three testing periods. Table 3 lists the typical regulation-up accuracies for CAISO’s
conventional generation for comparison. By comparing the PV plant testing results from Table 2
to the values for individual technologies in Table 3, a conclusion can be made that regulation
accuracy by the PV plant is 24-30 points better than fast gas turbine technologies. The data from
these tests will be used by CAISO in the future ancillary service market design to determine the
resource-specific expected mileage to award regulation-up and regulation-down capacity.

Table 2. Measured Regulation Accuracy by 300-MW PV Plant

Sunrise 93.7%
Middle of the day 87.1%
Sunset 87.4%

Table 3. Typical Regulation-Up Accuracy of CAISO Conventional Generation

Regulation-
Up 46.88% 63.08% 46.67% 61.35% 45.31% 40%

Accuracy
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4 Frequency Droop Control Tests

4.1 Rationale and Description of Frequency Droop Tests

The ability of a power system to maintain its electrical frequency within a safe range is crucial
for stability and reliability. Frequency response is a measure of an interconnection’s ability to
stabilize the frequency immediately following the sudden loss of generation or load. An
interconnected power system must have adequate resources to respond to a variety of
contingency events to ensure rapid restoration of the balance between generation and load. On
January 16, 2014, FERC approved Reliability Standard BAL-003-1 (“Frequency Response and
Frequency Bias Setting”), submitted by NERC. By approving this standard, NERC created a new
obligation for balancing authorities, including CAISO, to demonstrate that they have sufficient
frequency response to respond to disturbances resulting in the decline of system frequency. The
purpose of this initiative is to ensure that CAISO provides sufficient primary frequency response
to support system reliability while complying with the new NERC requirement [16]. NERC
determines the Western Interconnection’s frequency response obligation (IFRO) based on the
largest potential generation loss of two Palo Verde generating units (2,626 MW). NERC created
this standard to ensure that balancing authorities have sufficient frequency response capability on
hand. Like all balancing authorities, CAISO must plan on having an adequate amount of
frequency response capability available to respond to actual frequency events. CAISO’s
estimated frequency response obligation is 258 MW/0.1 Hz. Based on historical events during
2015-2016, CAISO recognized that its median frequency response rate might fall short of its
frequency response obligation (FRO) by as much as 100 MW/0.1Hz [16]. From this perspective,
the participation of curtailed PV power plants in CAISO’s frequency response could help address
this potential deficiency. The objective of the frequency response test conducted under this project
was to demonstrate that the plant can provide a response in accordance with 5% and 3% droop
settings through its governor-like control system.

The definition of implemented droop control for PV is the same as that for conventional
generators:

1 — AP/Prqted (5)
Droop Af/60Hz

The plant’s rated active power (300 MW) is used in Eq. 5 for the droop setting calculations. For
the purposes of the droop test, the plant was set to operate at a curtailed power level that was
10% lower than the available estimated peak power. The PPC was programmed to change the
plant’s power output in accordance with a symmetric droop characteristic, shown in Figure 22 at
both the 5% and 3% droop values. The upper limit of the droop curve was the available plant
power, and the lower limit was at a level that was 20% below the then-available peak power. The
implemented droop curve also had a £36-mHz frequency deadband.
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Figure 22. Frequency droop characteristic. lllustration from NREL

The frequency droop capability of the plant was tested using the actual underfrequency and
overfrequency events in the Western Interconnection measured by NREL in Colorado (Figure 23

and Figure 24, respectively).
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Figure 23. Underfrequency event. lllustration from NREL

FREQUENCY (H
=

6
59.98
59.96

wn
o
io
B

TIME (sec)

Figure 24. Overfrequency event. lllustration from NREL
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The frequency event time series shown in Figure 23 and Figure 24 were provided to the PPC, so
the plant can demonstrate a frequency response as if it were exposed to a real frequency event
measured at the plant’s POI. This is the common method for testing the frequency response of
inverter-coupled generation because waiting for a real frequency event to occur in the power
system may be time consuming because large contingency events do not happen very often (two
to three times per month for the Western Interconnection). The active power ramp-rate limit in
the PPC was set at 600 MW/min (10 MW/sec) during the droop control tests.

4.2 Droop Test Results

The 5% and 3% frequency droop tests on the 300-MW PV power plant were conducted on
August 24, 2016. For this purpose, the First Solar team remotely set the PPC into droop control
mode in accordance with the control method shown in Figure 22, with 5% and 3% droop values
and 10% power curtailment. The minimum allowed power level for down-regulation was set to
20% below the available peak power for all droop tests (to minimize plant revenue losses).

4.2.1 Droop Tests during Underfrequency Event

The results of one 3% droop test during the morning on August 24, 2016, are shown in Figure
25. The plant’s active power response in MW to the underfrequency event was measured by the
phasor measurement units at the plant’s POI. The calculated active power time series show that
the plant increased its power output during the initial grid frequency decline, and then gradually
returned to its original pretest level as frequency returned to its normal prefault level. The droop
response of the plant can be observed on the X-Y plot shown in Figure 26, wherein a linear
dependence between frequency and measured power can be observed once the frequency
deviation exceeded the deadband.

™
i
-
Q
=
Ll
=2
g
w
o
™

——Power (MW)
—— Frequency (Hz)
200 300 400
TIME (sec)

Figure 25. Example of the plant’s response to an underfrequency event
(3% droop test during sunrise). lllustration from NREL
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Figure 26. Measured droop characteristic for an underfrequency event
(3% droop test during sunrise)

Similarly, 3% and 5% droop tests were conducted during midday (peak solar production period)
and during the afternoon. Example test results for these periods are shown in Figure 27 (a and b)
and Figure 28. Some nonlinearity in the plant’s response was observed during these tests when
the frequency deviation exceeded 120 mHz from its prefault level, causing some mismatch
between the expected and actual droop response. Such nonlinearity was not observed during the
morning droop tests when the solar resource was increasing steadily during the test under clear-
sky conditions. One reason for this mismatch could be the decreasing solar resource and
increased resource variability due to cloud conditions during the afternoon. It is expected that
further fine-tuning the PPC control parameters can help mitigating such nonlinearity, and the
First Solar team will address this issue in the future.
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Figure 27. Measured droop characteristics for an underfrequency event:
(a) 5% droop test and (b) 3% droop test during midday. lllustration from NREL
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Figure 28. Measured droop characteristics for an underfrequency event (5% droop test during
sunset). lllustration from NREL

Results of the individual droop tests are shown in greater detail in figures 29-33. The first plot in
each figure shows the data points scattered around the calculated target droop characteristic
(figures29[a]-33[a]). In these X-Y plots, the X-axis represents the frequency deviation, Af (or
change in frequency), from its prefault value, calculated as:

Af = fgrid — 60Hz (6)
where fyriqis the value of grid frequency from the event time series.

The Y-axis represents the plant’s active power response, APy, qqsureqa (Or change in the plant’s
active power output), calculated as:

APmeasured = Pactual - Pmax.estimated (7)

where P, t,q1 18 the measured plant’s active power at the POIL, and P,y estimatea 1 the
estimated peak power for a given level of solar resource.

The calculated plant response, AP.q;cuiatea (OT target response), for a given droop value can be
calculated as (frequency deadband is not included in this equation, but it is added in the control
logic):

Af 1
APcgicuiatea = 60Hz ' Droop * Poom (8)

where P,,,, = 300 MW is the plant’s nameplate capacity.

The droop control error is then calculated as a difference between the calculated target and actual
plant response for any given droop setting:

Error = AP qicuiateda — APmeasured ©)

27

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.


http://www.nrel.gov/publications

The frequency distribution of the control error data for each droop test along with the error
statistics data are shown in figures29(b)—33(b). The detailed comparison of these test results
concluded that the PV plant demonstrated a satisfactory droop performance during the
underfrequency events for the morning, midday, and afternoon time frames. Some nonlinearities
in the response can be further improved by fine-tuning the controller parameters. The observed
scatter around the target response is due to the short-term solar resource variability, and it can be
mitigated if such a response is generated by a number of PV plants within a larger geographical

footprint.
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Figure 29. (a) Results and (b) control error during the sunrise 3% droop test for an underfrequency
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Figure 30. (a) Results and (b) control error during a second sunrise 3% droop test for an

underfrequency event. lllustration from NREL
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Figure 31. (a) Results and (b) control error during the midday 3% droop test
for an underfrequency event. lllustration from NREL
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Figure 32. (a) Results and (b) control error during the midday 5% droop test
for an underfrequency event. lllustration from NREL
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Table 4 and Table 5 show the control error statistics for the underfrequency droop tests in
absolute MW units and percentage of plant capacity, respectively. Despite observed
nonlinearities and scatter, the mean control error is very small, ranging from 0%—0.21% of the
plant’s rated capacity. The standard deviation control error is also small (0.07%—0.19% of rated
capacity). The largest measured positive and negative error values are 2.03% and -0.89% of the
plant’s rated capacity. Figure 34 shows the consolidated data for many up-regulation tests for
comparison.

Table 4. Droop Control Error Statistics (Absolute Values in MW)

3% droop, sunrise 0.63 3.75 -1.02 0.57
3% droop, sunrise 0.52 6.08 -0.28 0.39
3% droop, midday 0.1 4.83 -2.37 0.42
5% droop, midday 0.0 2.84 -1.5 0.3

5% droop, sunset 0.02 2.5 -2.67 0.22

Table 5. Droop Control Error Statistics (Percentage of Plant Rated Capacity)

3% droop, sunrise 0.21 1.25 -0.34 0.19

3% droop, sunrise 0.17 2.03 -0.09 0.13

3% droop, midday 0.03 1.61 -0.79 0.14

5% droop, midday 0.00 0.95 -0.5 0.1

5% droop, sunset 0.01 0.83 -0.89 0.07
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Figure 34. Consolidated underfrequency droop test results. lllustration from NREL

4.2.2 Frequency Droop Tests during Overfrequency Event

Frequency droop tests for the overfrequency events were also conducted on August 24, 2016.
The results of one 5% droop test on the morning on August 24, 2016, are shown in Figure 35.
The plant’s response to the overfrequency event was measured at the plant’s POI. The calculated
active power time series shows that the plant decreased its power output during the initial grid
frequency increase, then gradually returned to its original pretest level as frequency returned to
its normal prefault level. The droop response of the plant from several tests can be observed in
the X-Y plots shown in Figure 36 (a and b) and Figure 37, wherein a linear dependence between
frequency and measured power can be observed once the frequency deviation exceeded the
deadband. The plant' demonstrated consistent and accurate down-regulation performance during
all overfrequency droop tests.
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Figure 35. Example of the plant’s response to an overfrequency event
(5% droop test during sunrise). lllustration from NREL
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Figure 36. Measured droop characteristics for an overfrequency event:
(a) 5% droop test and (b) 3% droop test during midday. lllustration from NREL
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Figure 37. Measured droop characteristics for an overfrequency event
(5% droop test during sunset). lllustration from NREL

A PV plant must operate in curtailed mode to provide enough reserve for PFR response during
underfrequency conditions. During normal operating conditions with near-nominal system
frequency, the control is set to provide a specified margin by generating less power than is
available from the plant. The reserve available (i.e., headroom) is the available power curtailed,
which is shown as the reserve between the operational point and P in Figure 38. If required by
reliability consideration, a nonsymmetric droop curve is possible with solar PV power,
depending on system needs, as shown in Figure 38. More aggressive droops (e.g., 1% or 2%) can
be implemented for overfrequency regulation because PV plants are able to provide very fast
curtailment. This type of nonsymmetric droop response will likely be demonstrated in future
stages of this testing project.
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Figure 38. Concept of nonsymmetric droop characteristic for PV plants. lllustration from NREL
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5 Reactive Power and Voltage Control Tests

5.1 Rationale and Description of Reactive Power Tests

Voltage on the North American bulk system is normally regulated by generator operators, which
are typically provided with voltage schedules by transmission operators [17]. The growing level
of penetration of variable wind and solar generation has led to the need for them to contribute to
power system voltage and reactive regulation because in the past the bulk system voltage
regulation was provided almost exclusively by synchronous generators. According to FERC’s
LGIA [18], the generally accepted power factor requirement of a large generator is £0.95. In
conventional power plants with synchronous generators, the reactive power range is normally
defined as dynamic, so synchronous generators need to continuously adjust their reactive power
production or absorption within a power factor range of £0.95. For PV power plants, the reactive
power requirements are not well defined. FERC Order 661-A [19] is applicable to wind
generators but sometimes applied to PV plants as well. It also requires a power factor range of
+0.95 measured at the POI and requires that the plant provide sufficient dynamic voltage support
to ensure safety and reliability (the requirement for dynamic voltage support is normally
determined during interconnection studies). Utility-scale wind power plants are designed to meet
the £0.95 power factor requirements; however, the common practice in the PV industry is to
configure PV inverters to operate at unity power factor. It is expected that similar
interconnection requirements for power factor range and low-voltage ride-through will be
formulated for PV in the near future. To meet this requirement, PV inverters need to have MVA
ratings large enough to handle full active and reactive current.

In its recent Order 827, FERC issued a final rule requiring all newly interconnecting
nonsynchronous generators, including wind generators, to design their facilities to be capable of
providing reactive power [20]. The generating facilities need to be capable of maintaining a
composite power delivery at continuous rated power output at the high side of the generation
substation at £0.95 power factors.

Conventional synchronous generators of power plants have reactive power capability that is
typically described as a “D curve,” as shown in Figure 39. The reactive power capability of
conventional power plants is limited by many factors, including their maximum and minimum
load capability, thermal limitations due to rotor and stator current-carrying capacities, and
stability limits. The ability to provide reactive power at zero loads is usually not possible with
many large plant designs. Only some generators are designed to operate as synchronous
condensers with zero actives loads. The reactive power capability of a PV inverter is determined
by its current limit only. With proper MW and MVA rating, the PV inverter should be able to
operate at full current with reactive power capability, similar to the one shown in Figure 39. In
general, for the same MVA rating, a PV power plant is expected to have much superior reactive
power capability than a conventional synchronous generator-based plant, as indicated notionally
in Figure 39. In principle, PV inverters can provide reactive power support at zero power, similar
to a STATCOM (see definition in [21]); however, this functionality is not standard because PV
inverters are disconnected from the grid at night.
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Figure 39. Comparison of reactive power capability for a synchronous generator
and PV inverter of the same MVA and MW ratings. lllustration from NREL
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In its proposed reactive power capability characteristic for asynchronous generation (Figure 40),
CAISO defined the requirements for dynamic and continuous reactive power performance by
such resources [21]. The red vertical lines shown in Figure 40 represent the expected reactive
capability of the asynchronous generating plant at the high side of the generator step-up bank. At
all levels of real power output, the plant is expected to produce or absorb reactive power
equivalent to approximately 33% of the plant’s actual real power output. For example, at the
plant’s maximum 300-MW real power capability, the expected dynamic reactive capability
should be 100 MVARS lagging or 100 MVARS leading. Also, at 50% real power output, the
expected reactive capability should be 50 MVARS lagging or 50 MVARS leading, and at zero
MW output, the expected reactive output should be zero. Figure 41 shows the expected reactive
capability of the 300-MW PV plant under test if it must comply with the proposed CAISO
requirement for asynchronous generating facilities at the POI. The PV plant is supposed to
absorb or produce 100 MVAR of reactive power when operating at full MW capacity at a power
factor of -0.95 or +0.95, respectively.
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Figure 41. CAISO’s proposed reactive capability applied to the 300-MW PV plant under testing.
lllustration from NREL
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Figure 42. The plant’s reactive power capability at different voltage levels at full MW output.
lllustration from NREL
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The voltage at the POI may change because of grid conditions, but the plant must maintain its
reactive power capability. For this purpose, CAISO’s proposed reactive power requirement
specifies a voltage operating window for the asynchronous generating facility to provide reactive
power at 0.95 lagging power factor when voltage levels are between 0.95—1 p.u. at the POL.
Likewise, it should be able to absorb reactive power at 0.95 leading power factor when voltage
levels are between 1-1.05 p.u. The proposed capability at different voltage levels applied to the
300-MW PV plant at its full production level is shown in Figure 42.

CAISO proposed adopting a uniform requirement of asynchronous inverter-coupled resources to
provide reactive power capability and voltage regulation, as shown in Figure 40 [21]. According
to CAISO’s draft proposal on reactive power and financial compensation, the asynchronous
generating facility shall have dynamic and continuous reactive capability for power factor ranges
of £0.985 and +£0.95, respectively. Through its initiative, CAISO has explored mechanisms to
compensate resources for the capability and provision of reactive power. In some regions
transmission providers make payments for reactive power capability, but not all. These regions
conclude that requiring the capability for this operation is a good utility practice and a necessary
condition for conducting normal business [21], [22].

The primary objective of the reactive power test was to demonstrate the capability of the PV
plant to operate in the voltage regulation mode within the power factor range of 0.95
leading/lagging. The plant controller maintained the specified voltage set point at the high side of
the generator step-up bank by regulating the reactive power produced by the inverters.

The tests were conducted at three different real power output levels: (1) maximum production
during the middle of the day, (2) during sunset when the plant is at approximately 50% of its
maximum capability, and (3) during sunset when the plant is close to zero production.
Measurements were conducted to verify the plant’s capability to absorb and produce reactive
power in accordance with Figure 40, within a range of £100 MV AR during various levels of real
power output.

e The plant was first tested at its maximum real power output for a given irradiance level. At
maximum real power output, the plant must demonstrate that it can produce
approximately 33% of real output as dynamic reactive. Similarly, at maximum real power
output, the plant must demonstrate that it can absorb approximately 33% of its real power
output as reactive output.

e During sunset, as solar production drops off to approximately 50% of the resource’s
maximum capability, the plant must demonstrate that it can produce and absorb
approximately 33% of its real power output as dynamic reactive output.

¢ During sunset, as the plant production approaches zero MW, the plant must demonstrate
that it can produce and absorb approximately 33% of its real power output as dynamic
reactive output.

5.2 Results of Reactive Capability Power Tests

The plant’s reactive power capability was tested at two different power levels on August 23,
2016, and August 24, 2016. First, the plant’s reactive power capability was measured during a
number of tests when the plant was producing high levels of active power (250 MW and more).
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Then the reactive power capability was measured at extremely low levels of MW production
(less than 5 MW). The results of both tests are consolidated in a graph showing MVAR
compared to MW, Figure 43, wherein the blue dots represent the data points measured by the
plant’s PMUs. The measurements are compared to the proposed CAISO reactive power
requirement for asynchronous generation (yellow triangle), demonstrating that the plant meets
the expected reactive power capability. In addition, the plant is capable of producing and
absorbing reactive power at close to zero power production. Another, more articulate view of the
same test results is shown in a three-dimensional view in Figure 44, which combines measured
MW, MVAR, and POI voltage, allowing for the positioning of measured data points with respect
to the proposed CAISO requirements.

Min continuous |
reactive power
capability

\
Measured
points when

Y Measured points at
zero MW

Figure 43. Measured reactive power capability at the POI. lllustration from NREL
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Figure 44. Measured reactive power capability and voltages at the POI. lllustration from NREL

The voltage limit control test was conducted to verify the ability of the plant’s control system
capability to maintain a power factor target at the same time as maintaining voltage at the POI
between the low and high limits (0.95 p.u. and 1.05 p.u., respectively), as shown in Figure 45.
First, the plant was operating at nearly maximum active power generation in close to unity power
factor control mode. An artificial POI voltage signal was provided to the plant controller to
override the real measurement. While in power factor control mode, the control automatically
switched to voltage limit mode to maintain the voltage within safe operating limits. Upon
completion of the POI voltage increase or decrease with the power factor near the unity value,
the control system switched back to power factor control mode.
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Figure 45. Results of the voltage limit control test. lllustration from NREL
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The same test is shown in Figure 46, wherein the measured reactive power is compared to the
reactive power capability window from Figure 42. As shown in Figure 46, the plant is fully
capable of operating within CAISO’s proposed window at PF=+0.95.
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Figure 46. Voltage limit control test and reactive power capability. lllustration from NREL

In addition, the plant was tested to demonstrate the control operation in power factor control
mode and characterize control system response to changes in power factor set point. Reactive
power ramp rates and power factor limits for this test were specified at 100 MVAR/min and
+0.95, respectively. The results of the leading and lagging power factor control tests are shown
in Figure 47. For both tests, the system was operating at nearly full power output. It reached its
power factor targets with specified ramp rates in the PPC without any oscillation and stability
issues.
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Figure 47. Lagging and leading power factor control tests. lllustration from First Solar

Results of the reactive power set point control test are shown in Figure 48. This test was
conducted during a period of high power generation, and it was intended to demonstrate the
ability of the plant to maintain capacitive or inductive VARs at the POI. As shown in Figure 48,
the plant was fully capable of following the reactive power set points with prescribed PPC
reactive power ramp rates.
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Figure 48. Reactive power control test. lllustration from First Solar

5.3 Low-Generation Reactive Power Production Test

One way to increase the optimal utilization of PV power plants is to use their capability to
provide VAR support to the grid during times when the solar resource is not available. For this
purpose, the capability of the grid-tied inverters of the 300-MW PV plant to provide reactive
power support during a period of no active power generation was demonstrated. Due to the
limited time window available for this testing, it was not possible to test this capability during
dark hours of the day; instead, the team decided to demonstrate the VAR support capability of
the plant at nearly zero active power generation. The plant’s active output was curtailed to nearly
zero MW on August 24, 2017. Then the command was sent to the plant controller to ramp the
reactive power to produce or absorb 100 MV AR. The results of these tests along with the
measured POI voltage are shown in Figure 49. The plant was fully capable of producing or
absorbing the commanded MV AR levels during the whole testing time. Note that the conditions
of this test are only partially realistic because special control schemes are needed for grid-tied
inverters to operate as STATCOM when a PV array is fully de-energized, and a certain amount
of active power needs to be drawn from the grid to compensate for inverter losses. A more
realistic test for nighttime VAR mode is planned for the near future.
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Figure 49. Reactive power production test at no active power (P=0 MW). /llustration from NREL
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6 Additional Tests

The time series of the plant’s measured active and reactive power and POI voltage for the whole
period of testing on August 23, 2016, is shown in Figure 50. This summary combines results of
several commissioning tests conducted between 10 a.m. and 3 p.m. on August 23, 2016. The
tests conducted in the morning were related to various forms of APC, and the tests conducted in
the afternoon involved various forms of reactive power, voltage, and power factor controls.
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Figure 50. Plant output during the August 23, 2016, tests. lllustration from NREL

The curtailment control test was conducted to demonstrate the plant’s ability to limit its active
power production and then restore it to any desired level. The results of the test are shown in
Figure 51. The plant was accurately following the active power set point from a nearly full
production level to the zero level with a preset ramp rate of 30 MW/min. The plant’s active
power was then commanded to increase in accordance with the increasing set points. Note that
the reactive power of the plant remained unchanged at a level of nearly zero MVAR for the
whole range of active power. This is an indicator of the PV inverters’ capability to independently
control active and reactive power.

The curtailment control test also demonstrates that PV generation can provide additional
ancillary services in the form of spinning and nonspinning reserves. According to CAISO’s
definitions, spinning reserve is a standby capacity from generation units already connected or
synchronized to the grid and that can deliver their energy in 10 minutes when dispatched. With a
demonstrated 30-MW/min ramp rate capability, the PV plant under test is capable of deploying
300 MW of spinning reserve in only 10 minutes for some hypothetical case of full curtailment.
Nonspinning reserve is capacity that can be synchronized to the grid and ramped to a specified
load within 10 minutes. Similarly, the PV plant can provide nonspinning reserve as well. In fact,
in a PV plant, unlike any conventional generation, there is no differentiation between spinning
and nonspinning reserve capacity due to the nature of PV generation.
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Figure 51. Results of the active power curtailment test. lllustration from NREL

Another type of APC test, called frequency validation, was conducted to demonstrate the control
system response to frequency disturbances. Unlike the frequency droop tests described in Section
4 of this report, the frequency validation tests were conducted with artificially commanded step
changes in POI frequency. Figure 52 shows the plant’s response to the commanded frequency
values. The plant’s response corresponds to a 5% frequency droop setting with an excellent
match between the measured and calculated target power levels. (All active power ramp rates in
the PPC were bypassed when the plant is in frequency regulation mode.)
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cted Dro

Figure 52. Results of the frequency validation test. lllustration from NREL
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7 Conclusions and Future Plans

This project demonstrated how solar PV generating plants can provide a wide range of essential
reliability services. Tests showed fast and accurate PV plant response to AGC, frequency,
voltage, power factor, and reactive power signals under a variety of solar conditions.

7.1 Test Summary

The focus of this project was on demonstrating the controls of a 300-MW utility-scale PV power
plant within CAISO’s footprint to provide various types of active and reactive power controls for
ancillary services.

Active power control capabilities for inverter-connected plants such as PV power plants have
been acknowledged and available for a number of years; however, many of these capabilities
have not been proven in a real, commercially operational setting by interfacing with the plant’s
operator on the ground as well as the system operator (either utility off-taker or transmission
system operator).

This project is a result of collaboration among NREL, CAISO, and First Solar; NREL’s
participation was funded through DOE’s Solar Energy Technologies Office. The project team
gained valuable real experience for all industry players regarding (1) a PV power plant’s
implementations of these capabilities, (2) the system operators’ interface and communications
acceptance of measured plant parameters and use of the parameters, (3) the iterative loop for the
system operators to send back appropriate set points, (4) the logic of the PV PPCs to respond to
the set points, and (5) the PV power plant’s return of up-to-date information (such as available
peak plant power) to complete the iterative loop.

The AGC tests demonstrated the plant’s ability to follow CAISO’s AGC dispatch signals during
three different solar resource intensity time frames: (1) sunrise, (2) middle of the day (noon—2
p.m.), and (3) sunset. For this purpose, the plant was curtailed by 30 MW from its available peak
power to have maneuverability to follow CAISO’s AGC signal. During these tests, fast and
accurate AGC performance was demonstrated at different solar resource conditions.

For the frequency response tests, the plant was also operated in curtailed mode to have enough
headroom to increase its output in response to a frequency decline outside of a defined deadband.
Headroom is achieved by sending a curtailment command to the PPC after initially computing its
estimation of maximum capability using real-time solar irradiance data from the network of
pyranometers, real-time measurements of panel and inverter data, and other static characteristics
of the system’s components. Assuming that the plant will be reimbursed for the energy loss due
to curtailment for these ancillary services, it is likely that the maximum power estimation will
need to be refined and validated. The plant demonstrated fast and accurate frequency response
performance for different droop settings (3% and 5%) under various solar resource conditions for
both underfrequency and overfrequency events.

The plant also demonstrated the ability to operate in three modes related to reactive power
control: voltage regulation, power factor regulation, and reactive power control. The plant can
operate in only one of the three modes at a time, with a seamless transition from one mode to
another. The plant controller was able to maintain the specified voltage set points at the POI by
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regulating the reactive power produced or absorbed by the PV inverters. Also, the plant’s ability
to produce or absorb reactive power at nearly zero MW production (STATCOM mode) was
demonstrated as well.

7.2 Detailed Conclusions
General conclusions include the following:

e Advancements in smart inverter technology combined with advanced plant controls allow
solar PV resources to provide regulation, voltage support, and frequency response during
various operation modes.

e Solar PV resources with these advanced grid-friendly capabilities have unique operating
characteristics that can enhance system reliability, like conventional generators, by
providing:

o Essential reliability services during periods of oversupply

o Voltage support when the plant’s output is near zero

o Fast frequency response (inertia response time frame)

o Frequency response for low as well as high frequency events.

e Accurate estimation of available peak power is important for the precision of AGC
control.

e [t makes sense to include specifications for such available peak power estimations into
future interconnection requirements and resource performance verification procedures.

e System-level modeling exercises will be needed to determine the exact parameters of
each control feature to maximize the reliability benefits to CAISO or any other system
operator that will be utilizing such controls in its operations.

e All hardware components enabling PV power plants to provide a full suite of grid-
friendly controls are already in existence in many utility-scale PV plants. Fully enabling
these is mainly a matter of activating these controls and/or implementing
communications upgrades. Issues to be addressed in the process include communications
protocol compatibility and proper scaling for set point signals. Although these are not
significant barriers, dialogue and interaction among the plant operators and the system
operators is an important component of implementing APC capabilities. Modifying
programming logic may be necessary at multiple places in the chain of communications.

e Fine-tuning the PPC to achieve rapid and precise responses might be a necessary step in
many PV plants. It may be easier with newer equipment because of the faster response
times of newer inverters and controller systems.

e Many utility-scale PV power plants are already capable of receiving curtailment signals
from grid operators; each plant is different, but it is expected that the transition to AGC
operation mode will be relatively simple with modifications made only to the PPC and
interface software (Figure 53).

e Fast response by PV inverters coupled with plant-level controls make it possible to
develop other advanced controls, such as STATCOM functionality, power oscillation
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damping controls, subsynchronous controls oscillations damping and mitigation, active
filter operation mode by PV inverters, etc.
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Figure 53. A grid-friendly PV power plant. lllustration from NREL

The project team conducted tests that demonstrated how various types of active and reactive
power controls can leverage PV generation’s value from being a simple variable energy resource
to a resource providing a wide range of ancillary services. With this project’s approach to a
holistic demonstration on an actual large utility-scale operational PV power plant and
dissemination of the obtained results, the team sought to close some gaps in perspectives that
exist among various stakeholders in California and nationwide by providing real test data. If PV-
generated power can offer a supportive product that benefits the power system and is economic
for PV power plant owners and customers, this functionality should be recognized and
encouraged.

7.3 Future Plans

Future plans by the project team include:

e Identifying potential barriers to providing essential reliability services to make these
services operationally feasible

e Exploring economic and/or contractual incentives to maximize production and not hold
back production to provide reliability services

¢ Identifying necessary steps to unlock opportunities to use reliability services from
renewable resources by:

o Assessing and quantifying the fleet’s capability to provide reliability services

o Evaluating policies such as FERC Notice of Inquiry RM16-6, which recommends
requiring all synchronous and asynchronous machines to provide primary
frequency response
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o Considering how renewable resources already dispatched or curtailed can provide
upward regulation and frequency response

o Identifying what tariff changes are necessary to remove barriers and allow
variable energy resources to provide reliability services

o Exploring ways to allow inverter-based resources and associated control systems
to be used to enhance reliability and response to frequency events

o Exploring further opportunities for inverter-based resources to participate in the
various markets for energy and ancillary services.

e Developing further modifications to control algorithms and fine-tune control parameters
for improved performance of the demonstrated services

e Demonstrating true PV STATCOM functionality during nighttime hours

e Demonstrating ancillary services by a number of PV plants within CAISO’s footprint to
understand the impacts of solar resource geographical diversity on the aggregate response
by solar generation on various types of ancillary services

¢ Finally, CAISO and NREL are interested in exploring the possibility of conducting
simultaneous demonstration testing of ancillary service controls by solar PV and wind
generation to understand the aggregate response by two different renewable energy
resources when providing various combinations of ancillary services.
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Appendix: Test Plan
Objective

Perform multiple tests, and document the performance of a 300-MW PV solar facility in a
commercially operational setting. The plant currently has a maximum capacity of 299.9 MW and
participates in the independent system operator’s (ISO’s) market. The plant is in the process of
completing its final acceptance testing by mid- to late August 2016.

The California Independent System Operator (CAISO) is responsible for ensuring that sufficient
ancillary services are available to maintain the reliability of the grid controlled by the ISO.
Modern utility-scale PV power plants consist of multiple power electronic inverters and can
contribute to grid stability and reliability through sophisticated “grid-friendly” controls. The
findings of this testing project will provide valuable information to the ISO concerning the
ability of variable energy resources to provide ancillary services, enhance system reliability, and
participate in future ancillary service markets in a manner that is similar to that of traditional
generators. All tests would be done in a manner to minimize curtailment to the plant below its
current commercial Pp,x. Curtailment details and actual test times would be worked out prior to
the tests.

The project team—consisting of experts from CAISO, First Solar, and the National Renewable
Energy Laboratory (NREL)—developed the demonstration concept and test plan to show how
various types of active and reactive power controls can leverage PV generation’s value from
being a simple intermittent energy resource to providing a wide range of ancillary services.
Through this demonstration and the subsequent dissemination of the results, the team will
provide valuable real test data from an actual utility-scale operational PV power plant to all
stakeholders in California and nationwide. If PV-generated power can offer a supportive product
that benefits the power system and is economic for PV power plant owners and customers, this
functionality should be recognized and encouraged.

Regulation-Up and Regulation-Down

This test will demonstrate the plant’s ability to follow the ISO’s automatic generation control
(AGC) dispatch signals. The purpose of AGC is to enable the power plant to follow the active
power set point dispatched by the ISO at the end of every 4-second time interval. The ISO will
conduct the test at three different solar resource intensity time frames: (1) sunrise, (2) middle of
the day (noon—4 p.m.), and (3) sunset. Each test will provide actual 4-second AGC signals that
the ISO has previously sent to a regulation-certified resource of similar size. Normally, CAISO
measures the accuracy of a resource’s response to energy management system signals during 15-
minute intervals by calculating the ratio between the sum of the total 4-second set point
deviations and the sum of the AGC set points.

e Sunrise

During sunrise, the plant would be instructed to operate within a real power range of 20
MW below its peak power capability. Approximately 10 minutes of actual 4-second AGC
signals would then be fed into the plant’s controller, and the plant’s response would be
monitored.

e Middle of the day

52

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.


http://www.nrel.gov/publications

During the middle of the day, the plant would be instructed to operate within a real power
range of 20 MW below its peak power capability. Approximately 20 minutes of actual 4-
second AGC signals would then be fed into the plant’s controller, and the plant’s
response would be monitored.

e Sunset

During sunset, the plant would be instructed to operate within a real power range of 20
MW below its peak power capability. About 20 minutes of actual 4-second AGC signals
would then be fed into the plant’s controller, and the plant’s response would be
monitored.

Expectation

During the test, the ISO will monitor the delayed response time of the plant (i.e., the time
between the resource receiving a control signal indicating a change in set point and the instant
the resource’s MW output changes). The ISO will also monitor the accuracy of the plant’s
response to the regulation set-point changes. The data from this test will be used by ISOs in
future resource-specific expected mileage for the purposes of awarding regulation-up and
regulation-down capacity.

Curtailment

It is expected that the plant would be curtailed by 20 MW for approximately 45 (3 x 15 minutes)
minutes.

Voltage Regulation Control

The ISO will test the plant in the voltage regulation mode, whereby the controller maintains a
scheduled voltage at the terminal of the generator step-up transformer by regulating the reactive
power produced by the inverters. The voltage regulation system is based on the reactive
capabilities of the inverters using a closed-loop control system similar to automatic voltage
regulators in conventional generators.

The reactive power capability would be tested to show the Federal Energy Regulatory
Commission’s (FERC’s) proposed reactive capability (Order 827), which requires that all newly
interconnecting nonsynchronous generators design their generating facilities to meet the reactive
power requirements at all levels of real power output. (Refer to the vertical red lines in Figure A-
1.)

Objective

The primary objective of this test is to demonstrate the capability of the plant to operate in
voltage regulation mode within a power factor range of 0.95 leading/lagging. The plant
controller maintains the specified voltage set point at the high side of the generator step-up bank
by regulating the reactive power produced by the inverters.

Test Procedure

The ISO would test the plant at three different real power output levels: (1) maximum production
during the middle of the day, (2) during sunset when the plant is at approximately 50% of its
maximum capability, and (3) during sunset when the plant is close to zero production. The ISO
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will test the plant’s reactive power capability to absorb and produce reactive power in accordance
with Figure A-1, within a range of £100 MV AR during various levels of real power output.

e The plant would first be tested at its maximum real power output for a given irradiance
level. At maximum real power output, the plant must demonstrate that it can produce
approximately 33% of real output as dynamic reactive. Similarly, at maximum real power
output, the plant must demonstrate that it can absorb approximately 33% of its real power
output as reactive output.

¢ During sunset, as the solar production drops off to approximately 50% of the resource’s
maximum capability, the plant must demonstrate that it can produce and absorb
approximately 33% of its real power output as dynamic reactive output.

e During sunset, as the plant production approaches zero MW, the plant must demonstrate
that it can produce and absorb approximately 33% of its real power output as dynamic
reactive output.

Continuous Reactive Power

Capability
335 FF straed +0.555 PR at rated
MW capadity Dynamic Reactive Power MW capadty
Capability

- 0.9 PFatrated MW

4035 PFat mted MW _
. capacity

capEdty

FERC'’s proposed
reactive capability

ISO’s proposed
reactive capability

-z ﬁ -
Absorbing MVArs pu. Producing MWArs p.u.
Miinimum confinuous s Anticipated confinuous reactive power
v Rescfe capability % Capability within the shaded area
v Minimum dynamic Anticipated dynamic eactie power
Rescte capability Capability within the shaded ares

Figure A-1. Reactive power capability at the POI. lllustration from NREL

Note: The red vertical lines shown in Figure A-1 represent the expected reactive capability of the
asynchronous generating plant at the high side of the generator step-up bank. At all levels of real power
output, the plant is expected to produce or absorb reactive power equivalent to approximately 33% of the
plant’'s actual real power output. For example, at the plant's maximum real power capability, the expected
reactive capability should be 33 MVARS lagging or 33 MVARS leading. Also, at zero real power output,
the expected dynamic reactive capability should be zero MVARS lagging or zero MVARS leading.

Expectation

The plant must demonstrate that its reactive capability follow FERC’s proposed reactive
capability, as shown in Figure A-1.
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Curtailment
None.

Active Power Control Capabilities

CAISO seeks to test the APC capability to assess the plant’s ability to control its output in
specific increments by being able to mimic a specified ramp rate. The results of this test would
be used to determine the plant’s ability to provide ancillary services such as spinning reserve and
nonspinning reserve.

Objective
This objective of this test is to demonstrate that the plant can decrease output or increase output
while maintaining a specific ramp rate.

Test Procedure

This test is similar to starting up and shutting down the plant in a coordinated and controllable
manner. The test would be done at two different ramp rates.

e The plant would be instructed to reduce its output to three different set points (not to
exceed 60 MW) at a predetermined ramp rate, as shown in Figure A-2.

e The plant would then be instructed to ramp back up to full production following
predefined set points at the predetermined ramp rate, as shown in Figure A-2.

e Repeat the above test using a different ramp rate.

Set Point Set Point
4 Reduced Increased
I\ \
v\ \
N\
| \
N

‘—H+7%7F7>—r74—kfs—pfiixf+7k»
2 4 6 8 10 12 14 16 1820 22 24 26 28

Time in Minutes

Figure A-2. Increase/decrease output at a specified ramp rate. lllustration from CAISO

Expectation

The plant must demonstrate its capability to move from its current set point to a desired set point
at a specified ramp rate.

Curtailment
It is expected that the plant would be curtailed up to 60 MW for a period of 60 minutes.

Frequency Response

The frequency response capability would entail two separate tests: (1) a droop test and (2) a
frequency response test.
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The definition of implemented frequency droop control for PV plant is the same as that for
conventional generators:

AP/Prated

Droop = —_—rated
0P = Af/60HzZ

The plant’s rated power (299.9 MW) is used in the above equation from the droop setting
calculation. The plant should adjust its power output in accordance with the droop curve with a
symmetric deadband, as shown in Figure A-3. The upper limit of the droop curve is the available
plant power based on the current level of solar irradiance and panel temperatures.

aP
Limit due to avalloble PV plant power
oe ] AP,

Frequency deadband

af

Curtallment

AP i

Minimum allowed curtailment level

Figure A-3. Frequency droop explained. lllustration from NREL

Frequency Droop Test (Capability to Provide Spinning Reserve)
Objective
The objective of this test is to demonstrate that the plant can provide a response in accordance with

the 5% and 3% droop settings through its governor-like control system. The plant would be
instructed to operate below its maximum capability during both tests.

Test Procedure

For the first test, the plant would be instructed to operate at 20 MW below its maximum
capability. This test would be done using a 5% droop and a deadband of + 0.036 Hz.

e The ISO would test the frequency droop capability of the plant by using an actual
underfrequency event that occurred in the Western Interconnection during the past year.
The underfrequency event data set (approximately 10 minutes of data) would be fed into
the plant’s controller, and the plant response would then be monitored.

e The frequency droop capability would be demonstrated using one actual high-frequency
time series data set provided by NREL. Examples of underfrequency and overfrequency
event time series measured by NREL are shown in Figure A-4 and Figure A-5,
respectively.
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Western Interconection Frequency Event - 07/04/2012 7:20:54 am PST
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Figure A-4. Example of an underfrequency event. lllustration from NREL
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Figure A-5. Example of an overfrequency event. lllustration from NREL

e The frequency event time series data will be used by the power plant controller to trigger
the droop response by the plant.

e The above test would be repeated with the plant at 20 MW below its maximum
capability. This test would be done using a 3% droop and a deadband of = 0.036 Hz.

Expectation

Through the action of the governor-like control system, the plant must respond automatically
within 1 second in proportion to the frequency deviations outside the deadband.

Curtailment

It is expected that the plant would be curtailed by 30 MW for approximately 60 minutes.

Capability to Provide Frequency Response

Objective

The objective of this test is to demonstrate that the plant can provide frequency response
consistent with the North American Electric Reliability Corporation’s BAL-003-1.

Test Procedure

e The plant would be instructed to operate 20 MW below its maximum capability before
applying a step change of rapid frequency decline. An actual frequency event
(approximately 10 minutes) would be fed into the plant’s controller, and the plant’s
response would be monitored. This test may require tuning a delay in response to ensure
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that the frequency response occurs within 2052 seconds following the step change in
frequency.

e The plant does not have headroom and can only reduce output in response to large
frequency deviations below the scheduled frequency. The test would entail feeding the
plant controller with a frequency more than 0.036 Hz above scheduled frequency.

e Repeat the above test with the plant operating 40 MW below its capability for a given
irradiance level.

Expectation

Through the action of the governor-like control system, the plant must respond automatically in
proportion to frequency deviations.

Curtailment

It is expected that the plant would be curtailed by 20 MW for 60 minutes and by 40 MW for 60
minutes.
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