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1. Abstract 
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. The project team developed a pioneering demonstration concept and conducted a series 
of tests 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. Rapid penetrations of variable renewable generation into an electric grid are changing the ways 
power system operators manage their systems.  

2. 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 
generation continues to grow, questions are arising about the ability of PV to contribute to maintaining 
grid reliability. In this study, the technical team demonstrated various grid-friendly controls on First 
Solar’s 300-MW PV plant located in the California Independent System Operator’s (CAISO’s) footprint. 
Renewable energy in the United States accounted for 15% 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) Error! Reference source not found.. 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. 

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. 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 

https://en.wikipedia.org/wiki/Concentrated_solar_power


relatively light and hourly penetrations of renewable generation are high. In its “duck chart” (Figure 1), 
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.  

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. 

 

Figure 1. CAISO duck chart. Illustration from CAISO 

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 [5], [6]. 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. The 
project team conducted demonstration testing of many of the NERC-recommended services on a 300-
MW PV power plant in located in CAISO footprint. 

3. PV Power Plant Description   
First Solar designed and constructed a 300-MW AC PV power plant in CAISO’s footprint. The plant is 
connected to the 230-kV transmission line via 230/34.5kV substation with two 170-MVA transformers.  
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. 



4. AGC participation 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. The AGC tests were conducted on at three 
different solar resource intensity time frames: (1) sunrise, (2) middle of the day (noon–2 p.m.), and (3) 
sunset. Examples of AGC test results for sunrise and middle of the day are shown in Figure 2 and Figure 
3 respectively. 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 power 
[7]. 

 

Figure 2. Sunrise AGC test  

 

Figure 3. Midday AGC test 
An example of measured 1-second time series for the AGC tests conducted during peak production hour 
is shown in Error! Reference source not found.. 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). 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. 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 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 1.  Table 2Error! 
Reference source not found. lists the typical regulation-up accuracies for CAISO’s conventional 
generation for comparison. By comparing the PV plant testing results from Table 1 to the values for 
individual technologies in Table 2, a conclusion can be made that regulation accuracy by the PV plant is 
24–30 points better than fast gas turbine technologies. 

Table 1. Measured Regulation Accuracy by 300-MW PV Plant 

Time Frame Measured Accuracy of Solar PV Plant  

Sunrise 93.7% 

Middle of the day 87.1% 

Sunset  87.4% 

 



Table 2. Typical Regulation-Up Accuracy of CAISO Conventional Generation 

 Combined 
Cycle 

Gas 
Turbine 

Hydro Limited 
Energy 
Battery 
Resource 

Pump 
Storage 
Turbine 

Steam 
Turbine 

Regulation- 
Up 

Accuracy 

46.88% 63.08% 46.67% 61.35% 45.31% 40% 

 

5. Frequency Droop Control 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. 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/𝐷𝑟𝑜𝑜𝑝 =
∆𝑃/𝑃𝑟𝑎𝑡𝑒𝑑
∆𝑓/60𝐻𝑧

 

Example results of one 3% droop test during the morning hours are shown in Figure 4. The plant’s active 

power response in MW to the underfrequency event was measured by the phasor measurement units 

at the plant’s POI (Figure 4a). 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 pre-fault level. The droop response of the plant can be 

observed on the X-Y plot shown in Figure 4b wherein a linear dependence between frequency and 

measured power can be observed once the frequency deviation exceeded the deadband. 

a)  b)  
Figure 4. Example of the plant’s response to 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 for both under-frequency and over-frequency events. Detailed description of all 

droop tests results is given in [7]. 

 



6. Voltage Control Tests 
Voltage on the North American bulk system is normally regulated by generator operators, which are 
typically provided with voltage schedules by transmission operators [8]. 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. In its proposed reactive power capability 
characteristic for asynchronous generation, CAISO defined the requirements for dynamic and 
continuous reactive power performance by such resources [9].  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, 
within a range of ±100 MVAR during various levels of real power output.  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). 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 5, wherein the blue dots represent the data points measured by the plant’s 
PMUs. In addition, the plant is capable of producing and absorbing reactive power at close to zero 
power production. 

 

Figure 5. Measured reactive power capability at the POI. 

Results of the reactive power set point control test are shown in Figure 6. 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 6, the plant was fully capable of 
following the reactive power set points with prescribed PPC reactive power ramp rates.  

 



 

Figure 6. Reactive power control test 

7. Conclusions 
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. The project team produced real 
world test data showing 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. 
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