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Abstract 

Aggregate ramp rates of 192 distributed photovoltaic (PV) systems installed in California 

Independent System Operator (CAISO) territory were analyzed and compared to modeled power 

calculated from satellite irradiances. Irradiance measured at 39 ground stations is considered as 

well. The goal was to quantify the largest aggregate ramp rates and evaluate how much on-line 

metering and telemetry of PV systems is necessary to track output of distributed generation for 

resource-adequacy applications. Over one year the largest hourly aggregate absolute ramp was a 

30% increase and hourly ramps over 23% occurred only about once per day (all ramps are 

expressed as a fraction of Performance Test Conditions (PTC) rating). By investigating ramp 

rates of aggregate irradiance at clear sky conditions, the largest absolute ramp rates were found 

to be predominantly related to the rising and setting sun, and are therefore predictable. Weather-

induced ramp rates with reference to a 30-day average of diurnal power output, on the other 

hand, can elucidate unexpected variations. The largest weather-induced hourly ramp with 

reference to the 30-day average was 20% and occurred due to a widespread decrease in cloud 

cover on an afternoon. Other weather-induced ramps were 16% or less per hour. 

 

1. Introduction  

Integration of large amounts of photovoltaic (PV) into the electricity grid poses technical 

challenges due to the variable solar resource. Solar distributed generation (DG) is often behind 

the meter and consequently invisible to grid operators. The ability to understand actual 

variability of solar DG will allow grid operators to better accommodate the variable electricity 

generation for resource adequacy considerations that inform scheduling and dispatching of 
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power. From a system operator standpoint, it is especially important to understand when 

aggregate power output is subject to large ramp rates. If in a future with high PV penetration all 

PV power systems were to strongly increase or decrease power production simultaneously, it 

may lead to additional cost or challenges for the system operator to ensure that sufficient 

flexibility and reserves are available for reliable operations. 

In this study, aggregate ramp rates of distributed PV systems installed in CAISO territory are 

analyzed. Measured and modeled irradiation data along with power output of PV systems are 

applied to evaluate the frequency, magnitude, and ability to track large ramps in the aggregate 

power output. The methodology is described in Section 2. Results of the detected largest ramps 

in aggregate power output are presented in Section 3 and Section 4 contains the conclusions. 

 

2. Methodology 

2.1. Datasets  

The California Solar Initiative (CSI) rebate program requires a performance-based-incentive 

(PBI) payout for systems larger than 30 kW and makes it optional for smaller systems [1]. This 

requires metering and monthly submission of 15 minute energy output to the payout 

administrator. We have obtained the 2010 CSI measured output (PCSI)- quality controlled for 

system performance [2] - for 194, 385, and 403 PV power plants in San Diego Gas & Electric 

(SDG&E), Southern California Edison (SCE), and Pacific Gas & Electric (PGE) territories, 

respectively.  

The CSI database also includes street address and PV system specifications including DC 

Rating (kWDC) at standard test condition (STC), AC Rating (kWAC) at performance test condition 

(PTC, typically 14% less than STC), module and inverter models, inverter maximum efficiency, 

panel azimuth and tilt angles, and tracking type. The STC rating is obtained under idealized, 

controlled conditions of 1000 W m-2 plane-of-array irradiance and cell temperature at 25oC while 

the PTC simulates more realistic conditions at 1000 W m-2 plane-of-array irradiance with panel 

temperature derived from ambient air temperature at 20oC and 1 m s-1 wind speed. Given the 

rapid increase in solar distributed generation (DG) in most coastal urban centers in California 

which are included in our study (e.g. Los Angeles, San Francisco, and San Diego), this dataset is 

geographically diverse enough to project future effects of high PV penetration on the electric 

grid. 
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Quality control [3] was used to exclude all CSI sites with at least one of the following 

characteristics not representative of irradiance: PV systems with hourly averaged (versus 15 min) 

data, more than 70% missing data (mostly because they were installed during 2010), significant 

noise or large spikes in power due to recording issues, decrease in power due to soiling, 

significant clipping of power due to undersized inverters, less than 5 distinct power output for the 

whole year, or plants divided into sub-arrays with different panel tilt and azimuth angles. 

Therefore, a final set of 192 PV systems are analyzed (Fig. 1 & Table 1).  

For comparison, ground measured irradiation data from the California Irrigation Management 

Information System (CIMIS) with 124 active weather stations are considered [4]. GHI is 

reported as an hourly average of 60 measurements within the hour [4]. Each CIMIS station is 

equipped with a Li-Cor LI200S photodiode pyranometer, accurate under typical conditions to 

±5% (CIMIS, 2009b).  CIMIS provides an initial QC assessment based on procedures described 

in [5], issuing flags that allow the user to remove any data that appears erroneous.  These flags, 

detailed on the CIMIS website [4], restrict any data that contain obvious outliers or unphysical 

characteristics.  CIMIS provides a further description of the QC method in the CIMIS technical 

manual [6]. The best 39 CIMIS stations (Fig. 1) are considered in this study according to further 

quality control in [7]. Unfortunately, however, the CIMIS data could not be applied in an 

operational environment, because station data are only downloaded once per day at midnight. 

Nevertheless, the data can elucidate whether ground measurement networks (such as those 

installed in SMUD and SDG&E territories) are beneficial in tracking PV output. 

Modeled GHI is provided by Clean Power Research’s commercially available SolarAnywhere 

(SAW) derived from Geostationary Operational Environmental Satellite (GOES) visible imagery 

[8]. To obtain GHI, a cloud index is calculated for each pixel from the reflectance measured by 

the satellite.  Instantaneous, spatially averaged GHI is then calculated by using the cloud index 

along with a clear sky model that considers local and seasonal effects of turbidity [9]. SAW 

enhanced resolution satellite-derived irradiation with 30-min temporal and 1 km spatial 

resolution is applied in this study.  These data are freely available under another CSI RD&D 

grant. SAW can be purchased for operational applications with less than 30 min latency. 

At each PV system, the CSI measured power output (PCSI) is compared with the measured 

GHI at the closest CIMIS (GHICIMIS) station as well as the SAW estimated GHI (GHISAW) and 

3 
 



power output (PSAW) of the pixel in which the PV system is located. PSAW is obtained by 

converting irradiation data into power output using a performance model as described in [10].  

The analysis is conducted for January 1st to December 31st, 2010. To avoid errors due to 

sensor cosine response and shading by nearby obstructions (not considered by SAW), only data 

for solar zenith angles less than 75° are considered. Performance when the solar zenith angle is 

less than 75º for a flat plate system is less than 26% of rated capacity so hourly change rates are 

likely to be substantially less during those periods’. 

 
Fig. 1: Map of Sites: Map of 192 PV systems in SDG&E, SCE, and PGE territories along with 
39 CIMIS stations in California. 
 

Table 1: Statistics of PV systems in SDG&E, SCE, and PGE territories  

IOU No. of PV 
systems 

Total PTC rated 
capacity(MW) 

Mean PTC 
rated (kW) 

Median PTC 
rated (kW) 

SDG&E 45 4.73 105.1 46.43 
SCE 81 17.48 215.8 192.9 
PGE 66 16.29 229.4 165.8 

 

2.2. Aggregate PV ramp rates 

The objective of the ramp rate analysis is two-fold. Firstly, knowledge about the largest 

possible aggregate ramp rates and underlying meteorological conditions is useful for system 

operators to plan for worst-cases. Secondly, under extreme ramp rate conditions, knowing the PV 

output in real time would be most valuable since regulation up or regulation down capacity may 
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have to be quickly procured. The ability of CIMIS and SAW modeled PV performance to match 

actual output is therefore of interest.  

 

2.2.1. Absolute ramp rates  

The aggregate CSI measured power output for the 192 PV systems is used to determine the 

largest absolute ramp rates in 2010. First, on each day, the aggregate PV power output is 

calculated at each time step; PV sites with any missing data on that day are completely excluded. 

Differences in the aggregate PV power output are calculated for different ramp duration 

intervals; 15-min through 5-hour in 15-min increments.  

We present normalized absolute ramp rates to facilitate scaling the results to future PV 

penetration scenarios (assuming a similar geographic diversity). Therefore, the aggregate power 

outputs are normalized by the aggregate (PTC) kWAC capacity of the PV systems for each time 

period (Figs. 2, 3).  Also to facilitate the comparison between CIMIS and SAW irradiances, and 

CSI power output, each timeseries is normalized by the respective maximum daily values 

(normalized to a maximum of 1 for each day in Fig. 5). 

We will show that the largest absolute ramp rates are solely a result of diurnal cycles.  To 

verify that, 1-min GHI in clear sky conditions (GHICS) at each PV site is calculated based on the 

Ineichen model with Linke Turbidity from the SoDa database [9],[11],[12]. Then, GHICS is 

averaged over the CSI time interval (15-min). The aggregate GHICS is calculated at each time 

step and differences in the aggregate GHICS are also calculated for different ramp duration 

intervals; 15-min through 5-hour in 15-min increments. 

 

2.2.2. Weather-induced ramp rates  

As mentioned before, the largest absolute ramp rates are solely a result of diurnal cycles, and 

are therefore predictable. Weather-induced ramp rates with reference to a 30-day average of 

power output, on the other hand, are helpful to detect unexpected variations.  These unexpected 

variations are more likely caused by weather than the sun’s movement through the sky. First the 

average aggregate PV power output of the previous 30 days at a given time of day (ToD), 

corrected for differences in aggregate PV capacity, is subtracted from the aggregate PV power 

output at that ToD. Then, the differences in the resulting timeseries constitute weather-induced 

ramp rates, which are calculated for different ramp duration intervals; 15-min through 5-hour in 
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15-min increments. Weather-induced ramp rates are either normalized by the aggregate kWAC 

capacity of the PV systems (Figs. 3, 7) or by the respective maximum daily values (normalized 

to a maximum of 1 for each day in Fig. 9). 

 

2.3. Temporal Interpolation between Datasets 

SolarAnywhere provides 30-min centered irradiation at :00 and :30. CSI provides 15-min 

averaged power output with an interval-ending timestamp at :00, :15, :30, and :45. So, for 

statistical analysis, two CSI intervals are aggregated to compare against the corresponding SAW 

interval. 

 

2.4. Error metrics 

Mean Bias Error (MBE) describes persistent differences between PSAW and PCSI. Mean 

Absolute Error (MAE) and Root Mean Square Error (RMSE) describe random differences 

between PSAW and PCSI. MBE, MAE, and RMSE are calculated as 
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  Eq. (1), 

where N is the number of samples. Also, the relative MBE (rMBE), relative MAE (rMAE), and 

normalized RMSE (nRMSE) are calculated as  
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𝑛𝑅𝑀𝑆𝐸 =
𝑅𝑀𝑆𝐸
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 Eq. (2). 

For 2010, the bias error between PSAW and PCSI was found to be larger in summer (up to 5% 

rMBE) while SAW underestimates the measured data in the other months [10]. 
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3. Results 

3.1. Absolute ramps 

3.1.1. Absolute ramp rates in aggregate output and clear sky irradiance by time horizon 

The largest step sizes in the absolute aggregate PV power output (normalized by kWAC) and 

the aggregate GHICS (normalized by 1000 W m-2) are detected over the year for different 

intervals (Fig. 2). As expected, the maximum ramp magnitude increases with the ramp interval. 

For the absolute ramp rates, the increase is near linear up to about 120 minutes at about 0.46% of 

PTC per minute. The maximum ramp magnitude approach 90% for 5 hour ramps reflective of 

the diurnal cycle (e.g. from zero output at 0700 to near maximum output at 1200) on a clear day. 

 
(a)  

(b) 
Fig. 2: Largest absolute ramps: Largest ramp magnitude versus ramp time interval (from 15-min 
upto 5-hours) for aggregate (a) normalized output (PCSI/kWAC) and (b) clear sky GHI (GHICS/1000 
W m-2) from 192 PV sites in CAISO territory.  

 

3.1.2. Histogram of large absolute hourly ramps  

1-hour ramps have a special significance as most energy exchange between electric balancing 

areas is currently scheduled over hourly intervals. The distribution of hourly ramp rates in 

normalized aggregate measured PV power output along with 1-hour ramp rates in the aggregate 

clear sky GHI (GHICS /1000 W m-2) are presented in Fig. 3. The clear sky rate is of interest 

because it simulates the output ramps that would be experienced if there were no clouds or fog 

and the weather was always clear.  This is the precisely predictable rate that is not governed by 

weather.  

The distribution of hourly absolute ramp rates in the aggregate PV output (Fig. 3) shows that 

ramps over 23% h-1 of PTC capacity are rare, occurring only for 150 hours of the year. For 

smaller ramps, the distribution decreases linearly.  
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Fig. 3: Distribution of hourly ramp rates: Cumulative distribution of absolute value of 1-hour 
ramp rates of aggregate absolute and weather-induced 15-min output (both normalized by kWAC) 
and clear sky GHI (GHICS/1000 W m-2) from all 192 PV sites. The ramps are zero for the 
remaining hours up to 8760 h, because these are night time conditions or missing data. 
 

Fig. 4 shows a histogram (by month) of the 1-hour absolute ramp rates of aggregate 

normalized power output (normalized by kWAC) and 1-hour ramp rates in the aggregate clear sky 

GHI, which are larger than 23% of PV capacity and 22% of maximum GHICS respectively. The 

largest absolute ramps in March and April can be explained by clear sky ramps.  

 
(a) 

 
(b) 

Fig. 4: Month of occurrence and direction of large absolute ramps: Histogram of the largest 
1-hour ramp rates of aggregate (a) absolute 15-min output (PCSI/kWAC) and (b) clear sky GHI 
(GHICS/1000 W m-2) from all 192 PV sites. The black lines show percentage of the measured 
aggregate 15-minute PV output (in Fig. a) and the aggregate 15-min clear sky GHI (in Fig. b) 
from all 192 PV sites normalized to the maximum month (May). 
 

3.1.3 Days with the largest hourly absolute ramps 

Fig. 5 shows daily profiles of the normalized aggregate CSI measured and SAW modeled 

power outputs along with the normalized aggregate CIMIS GHI (all normalized to a maximum 

of 1 as described in Section 2.2) for the days when the four largest absolute ramps were 

observed. The largest ramp caused a change of 30% of PTC capacity within one hour. SAW 

estimates tracked the CSI power output typically within 2-4% rMAE at 30-min resolution. Daily 

profiles of the aggregate CSI measured and SAW modeled power outputs (normalized by PTC 
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capacity) along with the aggregate SAW and CIMIS GHI (divided by 1000 W m-2) for the four 

days in Fig. 5 are presented in Appendix A, Fig. A1. The 15 minute consecutive GOES images 

(Figs. 6) for the time period with the largest absolute ramps (Fig. 5a) further proof that clear 

skies existed throughout California in the morning of November 29th, 2010, when the largest 

absolute ramp occurred.  

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 5: Four days with largest absolute ramps: Normalized aggregate 15-minute PV output 
from all 192 PV sites (bars) for the days with the largest 1-hour ramp rates in 2010 (magenta bars 
show the timing of the large ramp). Normalized (to a maximum of 1) aggregate 30-minute 
performance output (red) and GHI (green) obtained from SolarAnywhere at each pixel and 
normalized aggregate hourly measured GHI of 39 weather stations (black) are also shown. The 
caption indicates the daily available GHI from SolarAnywhere averaged over all 192 PV sites, 
the CSI ramp magnitudes (normalized by both PV PTC capacity and daily maximum output). 
Relative (divided by annual average CSI output) mean absolute error (MAE), mean bias error 
(MBE), and RMSE between aggregate SAW performance and CSI outputs are also presented. (a) 
Nov. 29, 2010, (b) Nov. 25, 2010, (d) Mar. 15, 2010, and (d) Mar. 9, 2010. 
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Fig. 6: GOES images for the days with the largest absolute ramp: GOES satellite images at 15 
minute resolution on Nov. 29, 2010 (Fig. 5a). The circles represent 192 PV systems shown in Fig. 
1. The area of the circles is proportional to the power rating of the PV system and the largest 
system is 1000 kW. The color bar shows the ratio of 15-min averaged output to annual maximum 
output at that time of day (ToD). The largest aggregated 1 hour ramp for this period was 30% of 
PV capacity and occurred from 800 to 900 PST. 

 

3.2. Weather-induced ramps 

3.2.1. Weather-induced ramp rates by time horizon 

Similar to Fig. 2, the largest step sizes in the weather-induced aggregate ramp rates 

(normalized by kWAC) are presented in Fig. 7. The maximum ramp magnitude increases with the 

ramp interval and approaches 50% for 5 hour ramps. 

 
Fig. 7: Largest weather-induced ramps: same as Fig. 2 but for weather-induced normalized 
ramps (normalized by kWAC).  
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3.2.2. Histogram of large weather-induced ramps 

The distribution of 1-hour weather-induced ramp rates in the aggregate PV output (Fig. 3) 

shows that ramps over 9% h-1 of PTC capacity are rare.  

Fig. 8 shows a histogram (by month) of the 1-hour weather-induced ramp rates of aggregate 

normalized power output (normalized by kWAC) which is larger than 9% of PV capacity. The 

large weather-induced ramps were most likely in the winter months (primarily December and 

January) when they occurred about once per day. Presumably, this is related to overcast 

conditions (large morning down or evening up-ramp compared to the 30 day – mostly clear - 

average) or when storm systems moving into (large down ramp) or out of the area (large up-

ramp). Large ramps are anti-correlated with the average output over a month. 

 
Fig. 8: Month of occurrence and direction of large weather-induced ramps: Same as Fig. 4a 
but for weather-induced ramps. 
 

3.2.3. Days with the largest hourly weather-induced ramps 

Similar to Fig. 5, Fig. 9 shows daily profiles for the days when the four largest weather-

induced ramps (with reference to 30-days average of the aggregate output as described in Section 

2.2) were observed. The largest ramp caused a change of 20% expressed in PTC capacity within 

one hour and was caused by a transition from overcast to clear during the afternoon when a large 

downramp was expected based on the 30 day average. The other large ramps are 16% or less and 

all result from overcast days with very small PV output. SAW estimates tracked the CSI power 

output typically within 9-15% rMAE at 30-min resolution. 

The 15 minute consecutive GOES images for the time period with the largest weather-induced 

ramp (Figs. 9a) are illustrated in Fig. 10. A large cloud band that is parallel to the cost covers 

most PV sites south of the bay area around noon, but rapidly clears the Southern California 

coastal area starting at 1300h. This day also caused the largest weather-induced ramp in SCE 
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territory with a 29.8% magnitude. The greater geographic diversity of sites serves to reduce the 

ramp magnitude for the whole state by almost one-third. 

 
(a-i) 

 
(a-ii) 

 
(b-i) 

 
(b-ii) 

 
(c-i) 

 
(c-ii)  

 
(d-i) 

 
(d-ii) 

Fig. 9: Four days with largest weather-induced ramps: Same as Fig. 5 but for weather-
induced ramp rates (aggregate power output minus 30 day average diurnal power output). (a) 
Jan. 19, 2010, (b) May 17, (c) Dec. 4, 2010, and (d) Jan. 18, 2010. The (ii) graphs also show the 
30 day average diurnal power output (yellow lines) and are not normalized to 1. 
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Fig. 10: GOES images for the day with the largest weather-induced ramp: Same as Fig. 6 but 
for Jan. 19, 2010. The largest aggregated 1 hour weather-induced ramp was 20% of PV capacity 
and occurred from 1330 to 1430 PST. 

 

4. Conclusions 

Aggregate power output of 192 PV systems in SDG&E, SCE, and PGE territories was 

presented and compared to satellite-derived Solar Anywhere irradiation and measured GHI at 39 

weather stations (CIMIS).  
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The PV performance model applied to the satellite solar resource data was able to follow the 

power output measured over 192 systems typically within 2-10% during the four largest ramps. 

The largest hourly absolute and weather-induced ramps were 30% and 20% of PTC capacity 

respectively. In a very high PV penetration scenario, if such ramps hit the operator unprepared, 

they may indeed cause reliability challenges and additional costs for the system operator.  

By investigating ramp rates of aggregate irradiance at clear sky conditions, the largest absolute 

ramp rates were found to be solely a result of diurnal cycles, and are therefore predictable. 

Weather-induced ramp rates with reference to a 30-day average of power output, on the other 

hand, were helpful to detect unexpected variations. 

Since maximum absolute ramp rates during intervals shorter than 1 hour decrease about 

linearly with time interval, short term aggregate ramp rates are relatively benign at about 0.46% 

per minute. However, the analysis does not apply to single PV systems, which will show much 

larger short-term ramp rates that – in extreme cases - can result in exceedance of voltage 

tolerance bands on distribution feeders. This analysis was focused on distributed generation 

systems that are relatively well distributed across the state. Groups of larger but less 

geographically diverse systems may experience larger weather induced ramps. Table 2 compares 

the largest absolute and weather-induced ramp rates for different utility territories within 

California. 

Table 2: Comparison of the largest ramp rates for different utility territories. 

 SDG&E SCE PG&E All 
Largest absolute 

ramp 
60.4% 31.4% 30.2% 30.9% 

Largest weather 
induced ramp 

55.5% 29.8% 28.1% 20.3% 
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Appendix A: Aggregate Power Output and Irradiances for the four Days with the Largest 

Hourly Absolute Ramps 

  

  
Fig. A1: Same as Fig. 5, but for aggregate CSI measured and SAW modeled power outputs 
(normalized by kWAC) along with the aggregate SAW and CIMIS GHI (divided by 1000 W m-2). 
Note that irradiances (GHI) are not expected to match power output since the power output is 
from a tilted surface. 
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