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Abstract 

 

The 1.2-MW La Ola photovoltaic (PV) power plant in Lanai, Hawaii, has been in operation since 

December 2009. The host system is a small island microgrid with peak load of 5 MW.  

Simulations conducted as part of the interconnection study concluded that unmitigated PV output 

ramps had the potential to negatively affect system frequency.  Based on that study, the PV 

system was initially allowed to operate with output power limited to 50% of nameplate to reduce 

the potential for frequency instability due to PV variability.  Based on the analysis of historical 

voltage, frequency, and power output data at 50% output level, the PV system has not 

significantly affected grid performance. However, it should be noted that the impact of PV 

variability on active and reactive power output of the nearby diesel generators was not evaluated.  

In summer 2011, an energy storage system was installed to counteract high ramp rates and allow 

the PV system to operate at rated output. The energy storage system was not fully operational at 

the time this report was written; therefore, analysis results do not address system performance 

with the battery system in place. 
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1.  INTRODUCTION 
 

The La Ola 1.2-MW photovoltaic (PV) power plant consists of 12 independently tracking 

SunPower PV arrays, each connected to a SatCon inverter. This system is owned and operated 

by Castle & Cooke and is located on the Hawaiian island of Lanai.  The host system is a small 

island microgrid operated by Maui Electric Company (MECO).  Simulations conducted as part 

of the interconnection study
1
 concluded that unmitigated PV output ramps had the potential to 

negatively affect system frequency. Therefore, the interconnection agreement required an energy 

storage system to mitigate the possibility of system frequency impacts due to high PV output 

ramping; however, the system was allowed to operate initially with output limited to 50% of 

nameplate AC rating (600 kW) until the energy storage system was installed. The energy storage 

system was installed in summer 2011. The energy storage system is designed to limit net output 

ramp rate to 360 kW/min and thus prevent the possibility of excessive voltage and frequency 

deviations.  At the time this report was written, the storage was not fully operational; therefore, 

analysis results do not address system performance with the battery system in place. 

 

The PV power plant and host power system is shown in Figure 1.  There are a total of eight 

diesel generators at the Miko generating station, two 2.2 MW and six 1 MW.  These diesel 

generators have historically provided all the electrical power to Lanaiôs 5-MW peak load. When 

operating at full output, the PV plant will supply approximately 10% of Lanaiôs annual energy 

demand and significantly reduced diesel fuel consumption. 

 

 
 

Figure 1.  Lanai PV plant and distribution system. 

                                                 
1
  KEMA, Inc., Lanai PV Interconnect Requirements Study: System Impact Study, June 5, 2008, Interconnection 

Customer: SunPower, KEMA, Inc., Raleigh, NC, USA, 26707. 

 PV Array for  
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The PV system integrator, SunPower, has been collecting data at 1-second resolution for the PV 

power plant, which includes AC and DC electrical measurements at the array, total 

active/reactive power, and system frequency. The data acquisition system also logs weather data 

such as plane of array (POA) irradiance, global horizontal (GH) irradiance, module/ambient 

temperature, and wind speed.
2
  Sandia National Laboratories (SNL) and SunPower collaborated 

to deploy a first-of-a-kind irradiance sensor network at the site, which contributed to better 

understanding of PV output variability and modeling.
3,4

  Data collected at the site is transmitted 

to SNL near real-time for analysis.   

 

 

                                                 
2
  R. Johnson, L. Johnson, L. Nelson, C. Lenox, and J. Stein, Methods of integrating a high penetration 

photovoltaic power plant into a micro grid, Photovoltaic Specialists Conference (PVSC), 2010 35th IEEE, pp. 

289-294, June 20-25, 2010, doi: 10.1109/PVSC.2010.5615866. 
3
  A. Longhetto, A., G. Elisei, et al., Effect of, correlations in time and spatial extent on performance of very large 

solar conversion systems, Solar Energy 43(2), pp. 77-84, 1989. 
4
  C.W. Hansen, J.S. Stein,  and A. Ellis, Simulation of 1-Minute Power Output from Utility-Scale Photovoltaic 

Generation Systems, SAND2011-5529,  Sandia National Laboratories, Albuquerque, NM, 2011. 
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2.  IRRADIANCE AND PV POWER VARIABILITY 

2.1 Irradiance Characteristics 
 

Solar resource short-term variability on Lanai is high compared to other locations from the 

standpoint that most days are partly cloudy.  The irradiance patterns can be seen in Figure 2. 
 

 
 

Figure 2.  Global horizontal irradiance from one sensor. 
Data is shown for 8 days at the beginning of each month in 2010. 

 

In 2010, SNL deployed an irradiance sensor network consisting of 12 POA sensors within the 

PV array.
5
  Data from the sensor network is being used to conduct research on spatial and 

temporal correlation between irradiance and PV plant output, and this topic has been covered in 

several publications.
6
  A basic conclusion is that the uncurtailed output power is proportional to 

the spatial average POA irradiance over the PV array footprint, and that short-time variability is 

reduced with the PV array footprint. Figure 3 shows the cumulative distribution functions 

(CDFs) of the mean irradiance (spatial average of all 12 POA sensors in the array) and the single 

irradiance sensor that produced the data shown in Figure 3.  It can be clearly seen that the spatial 

average irradiance (mean irradiance) has less variability and fewer large ramp rates than the 

single sensor. 

                                                 
5
  S. Kuszmaul, A. Ellis, et al., Lanai High-Density Irradiance Sensor Network for Characterizing Solar Resource 

Variability of MW-Scale PV System, 35th IEEE PVSC, Honolulu, HI, 2010. 
6
  A. Mills, M. Ahlstrom, M. Brower, A. Ellis, R. George, T. Hoff, B. Kroposki, C. Lenox, N. Miller, J. Stein, and 

Y. Wan., Understanding Variability and Uncertainty of Photovoltaics for Integration with the Electric Power 

System, LBNL-2855E, December 2009. 

Global Horizontal Irradiance in 2010 
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Figure 3.  CDFs of the mean irradiance and single  
irradiance sensor on December 12, 2010. 

 

 

As described above, the system has been operating with output limited to 600 kW as a way to 

mitigate the potential for frequency impacts.  Reduction in power output is accomplished by 

configuring the inverter controls to operate away from the PV array maximum power point 

(MPP) when the available PV power reaches a certain level below their rating.  The effect of this 

control action is shown in Figure 4.  In this operating mode, as shown in Section 2.3, the 

maximum 1-minute output ramp rates are reduced by a factor of approximately 2. 
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Figure 4.  Average irradiance from 12 POA sensors  

compared to one POA sensor and the interconnect power. 
 

2.2 PV Output Ramp Rates 
 

Using 1-second data, the PV system output ramp rate statistics were derived for the system 

limited to 50% of rated output, or 600 kW. 

 

An example of ramp rates for two days in December 2010 is shown in Figure 5.  The 1-minute 

ramp rates are shown in the bottom half of the figure.  As shown in the figure, clear-weather 

morning and afternoon ramps are small compared to ramp rates due to irradiance variability.  

The ramp rates are a function of the daily solar cycle and tracking system. In comparison, ramp 

rates due to partly cloudy conditions are much higher, often over 200 kW/min. Figure 6 shows 

the ramp rates for nine selected 1-minute periods.  Each ramp rate (red curve) connects two 

points indicated by the markers (ǒ, Ǐ, x).  For this sample data, the clear-sky ramp rates during 

the morning sunrise were about 12 kW/min on average, but can be as high as 28 kW/min, while 

the maximum ramp rate due to irradiance variability was 376 kW/min. 
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Figure 5.  1-minute morning and evening ramp  

rates compared to ramp rates from cloud cover. 

 

 

 
Figure 6.  Graphical representation of nine 1-minute ramp rates during one sample day. 
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A histogram of 1-minute ramp rates December 7 and 8, 2010, is shown in Figure 7.  Most of the 

morning and afternoon ramp rates fall within the 11 to 15 kW/min bin, which explains the spike 

in the histogram. 

 

 
Figure 7.  Histogram of 1-minute ramp rates 

for a 48-hour period (December 7 and 8, 2010). 

 

 

For the purposes of this report, 1-minute ramp rates were defined as the absolute value of the 

difference between the instantaneous power at the beginning and at the end of a 1-minute period.  

It should be noted that ramp rate values are highly dependent on the time range used to 

determine the scalar ramp rate value.  The 1-second ramp rates are far different than the 10-

minute ramp rate.  Formally, ramp rates over different time scales (Dt) can be calculated using 

the equation 

 

 

t

ttPtP
RateRamp

D

D+-
=

)()( 00
 Eq. (1) 

 

where P(t) is the time history of AC interconnect power provided to the grid with measurements 

taken at t in seconds, and Dt is the time interval.  To illustrate the effect of time window, Table 1 

shows maximum ramp rates calculated for 1-second, 10-second, 1-minute, and 10-minute time 

intervals for December 8, 2010.   



16 
 

 
Table 1.  Maximum ramp rate for December 8, 2010 over different time windows. 

Interval Dt Max Power Change (kW/Dt) 

1 second  49 kW/1 sec 

10 seconds  194 kW/10 sec 

1 minute  376 kW/1 min 

10 minutes  454 kW/10 min 

 

Figure 8 shows the CDFs of 1-second, 10-second, 1-minute, and 10-minute ramp rates in 2010.  

The annual results excluded 28 days with data or sensor errors.  This type of data representation 

is more useful than the data shown in Table 1 because it represents the ramp rate distribution for 

the entire year.  Note that 5% of 1-minute ramps are above 66.1 kW/min, 1% of 1-minute ramps 

are above 184.0 kW/min, and only 0.07% of 1-minute ramps are above 350.0 kW/min. The 

statistical results are based on 1-second data, and include daytime and nighttime periods. These 

results can be compared with the performance benchmark established for the Lanai PV/battery 

system (maximum 1-minute ramp rates limited to 360 kW/min). 

 

 
Figure 8.  CDF of ramp rates for different Dt values for 2010. 

 

The CDFs of 1-second, 10-second, 1-minute, and 10-minute ramp rates for variable (partly 

cloudy) conditions on November 4, 2010, clear conditions on December 7, 2010, and the 2010 

annual ramp rates are shown in Figure 9.  The variable day had larger ramp rates due to 

intermittent shading, so the ramp rates are larger than the 2010 average for each of the Dt values.  

Conversely, the clear day experienced fewer large ramp rate events, so the CDF is shifted to the 

left.  In the 10-minute ramp rate plot, the clear day morning and evening ramp rates are shown 
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with the large number of samples between 100 and 150 kW/10 min.  This matches closely with 

the 11-15 kW/min morning and evening ramp rates seen in Figures 6-7. 

 
Figure 9. CDF of power change for different Dt values. 

 

The AC power output profile and 99.5
th
 percentile 1-minute ramp rate for first 8 days of each 

month of 2010 is shown in Figure 10.  The number of times the ramp rate exceeded 200 kW/min 

is shown in Figure 11.  It should be noted that the shorter the time interval, the more the ramp 

rate is influenced by signal noise and data communication delays.  Thus, some of the high ramp 

rates are not due to irradiance variability.  For example, an output drop can be seen in Figure 6, 

at approximately 7:30 AM, while irradiance measurements show a clear sky condition. To better 

represent the true high ramp rates and account for the effect of sensor noise, the ramp rates were 

calculated based on the 99.5
th
 percentile.  Highly variable days such as January 3 and 4, October 

6, and November 4 experienced highest 1-minute ramp rates and largest number of events where 

the ramp rate exceeded 200 kW/min. 
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Figure 10. Power output profiles and the 99.5th percentile 1-minute ramp rates for  

8 days at the beginning of each month in 2010.   

 
Figure 11. Number of incidents per day where the 1-minute  

ramp rate exceeded 200 kW/min.   
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The ramp rates in this report are an instantaneous or windowed power ramp rate metric, 

calculated based on the difference in interconnect power values separated by 60 seconds.  

Unfortunately, this method includes sub-minute variability contained in the 1-second samples.  

As shown above, ramp rates over short intervals are not always sustained over longer intervals, 

so normalizing them to a longer time basis may overstate the trend that the metric is intended to 

capture.  Instead, calculating ramp rates based on the moving average or trend of the output 

power may be a more appropriate representation of variability over the timeframe of interest.  

One algorithm for determining an averaged ramp rate metric is taking the difference in means of 

X power values separated by Dt,  
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Averaging the data for one minute (X = 60) for 1-minute ramp rates (Dt = 60 seconds), the 

averaged ramp rates were calculated for each second in 2010.  A comparison of instantaneous 

and averaged CDFs for a clear day, cloudy day, and all of 2010 is shown in Figure 12.  For the 

clear day, since the ramps are due to long-term irradiance changes in the morning and evening, 

the two methods match very closely.  The variable day, on the other hand, has large power ramps 

from short events as the clouds pass over the PV array.  As a result, the averaged ramp rate 

reduces the magnitude of the ramps and there is a large difference in the two techniques.  The 

annual result shows averaged ramp rates slightly lower than the instantaneous, however, there is 

generally a good correlation between the two metrics.   
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Figure 12. Comparison of instantaneous and averaged ramp rate calculation techniques. 

 

2.3 Effect of Power Curtailment on Ramp Rates  
 

During 2010 and thus far in 2011, the system power output was limited to 600 kW, or 50% of 

nameplate rating, to reduce large ramp rates.  In order to understand the effect of power limiting 

on La Ola ramp rates under the same conditions, the spatial average of 12 POA irradiance 

sensors was used to predict the uncurtailed power. As discussed in Section 2.1, the spatial 

average of POA irradiance is roughly proportional to the power output.  The estimated power 

output values were then limited to 600 kW and the ramp rates were compared with the ramp 

rates of the estimated un-curtailed power output.  As shown in Figure 13, when the power is 

limited, the ramp rates are significantly reduced.  Operation under 50% power limiting is shown 

by the purple trace.  The blue and green traces show the one-minute ramp rates for the simulated 

full output and 50% output, respectively.  The ramp rates discussed in this section were 

calculated with the instantaneous method as opposed to the averaged method.  

 

For the December 1, 2010 sample data in Figure 13, maximum uncurtailed ramp rates are as high 

as 500 kW/min, while ramp rates with output limited to 50% of nameplate rating are less than 

300 kW/min. Note that the large ramp rates between 1:40 PM and 1:55 PM have maximum 1-

minute ramp rates for the uncurtailed PV system approximately twice as high as the curtailed 

output. 
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Figure 13. Example of reducing ramp rates by curtailing output power to 600 kW.   

 

 

The annual estimated curtailed and uncurtailed 1-minute power ramp rates calculated from the 

spatially-averaged POA sensors are compared to the actual 1-minute power ramp rates in Figure 

14.  The estimated data does not include 44 days in 2010 with incomplete POA data.  The results 

show the significant reduction in larger ramp rates due to curtailment, quantified in Table 2.  For 

instance, 99% of the estimated ramp rates for the uncurtailed control routine are under 428.7 

kW/min, whereas the bottom 99% of estimated curtailed ramp rates are below 221.0 kW/min.  

Based on values in Table 2, the curtailment control algorithm ramp rate appears to reduce the 

ramp rates by a factor of about 2.   

 

The estimated curtailed 1-minute ramp rates closely approximate the actual 1-minute ramp rates 

observed during the same period of time (December 1, 2010).  The differences are likely the 

result of two main factors: 1) the spatial averaging technique does not take into account 

secondary effects such as inverter response time, and 2) there are measurement errors in the POA 

irradiance as well as actual output data, which propagate trough the ramp rate calculation. 

 




















