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1. Introduction 

Today the power grid in the United Kingdom is stirring towards renewable energies with an idea of 

decarbonizing the electricity sector. To reduce the dependency on fossil fuel and to fight against the 

climate change, which is the most pressing issue at the moment, Great Britain has a rigorous carbon 

reduction target. Low carbon sources and renewable energies sources are already deployed across 

the nation. On 21st April 2017, Great Britain power system experienced its first 24-hour period 

without coal-fired power generation unit since the 1880s. With a deployment of more than 700 

offshore turbines, Great Britain leads the world in offshore wind. The system recorded a generation 

of 35.7% of total British electricity demand from wind in March 2018 when the national demand was 

858GWh. The same year in May, solar energy provided a record-breaking 8.7 GW which 

ŎƻǊǊŜǎǇƻƴŘŜŘ ǘƻ нпΦо҈ ƻŦ DǊŜŀǘ .ǊƛǘŀƛƴΩǎ ŘŜƳŀƴŘΦ ¢ƘŜ ƴŀǘƛƻƴ Ƙŀǎ ǎŜǘ ŀƴ ŀƳōƛǘƛƻǳǎ нлол ŎŀǊōƻƴ 

reduction target of reducing the carbon emission by 57% on 1990 levels. 

Foreseeable, the conventional synchronous generation units are replaced by fluctuating and power 

electronic/inverter based renewable energy systems. This fundamental change in the power system 

introduces stress to the total energy pool thereby affecting the generation-consumption energy 

balance system. Decommissioning of conventional synchronous generators and replacing them with 

systems like photovoltaic system or wind turbine which provides minimum or no system inertia, 

influence the frequency stability of the system during the occurrence of sudden transient 

disturbance. This brings up the challenge of low system inertia which makes frequency more 

vulnerable and increases the risk of frequency changes with high rate of change of frequency 

(RoCoF). To cope with this problem a faster and localised frequency response service will be required 

which will reduce phase angle difference between the regions of a power system and also assures 

ǘƘŀǘ ǘƘŜ ŦǊŜǉǳŜƴŎȅ ŘƻŜǎƴΩǘ Ǝƻ ōŜȅƻƴŘ ǘƘŜ ƴƻǊƳŀƭ ǇŜǊƳƛǎǎƛōƭŜ ƭƛƳƛǘ ōŜŦƻǊŜ ǘƘŜ primary frequency 

service and governor actions provides full response. 

Enhanced Frequency Control Capability (EFCC) is a project by National Grid UK that aims to develop 

and investigate a new innovative monitoring and control system for fast and local frequency 

response service in connection with a Wide Area Measurement Systems (WAMS) from established 

distributed generation sources like photovoltaic system, wind energy converters, demand-side 

management and combined cycle gas turbines (CCGT).  

This report evaluates the performance of a grid-connected centralized inverter type PV plant under 

the EFCC control-monitoring scheme and highlights the benefits, advantages as well as drawbacks/ 

limitations which may impede its working in the future.  
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2. Asset / Resource / Service background Information  

To provide localized frequency response from a photovoltaic power plant under the EFCC scheme, a 

3.7814 MWp,DC solar PV power plant built by Belectric in 2014 and owned by Toucan Energy, is used ς 

the Rainbows Solar PV Farm which is located at Willersey, Gloucestershire, United Kingdom.  

It is a centralized architecture type PV plant. A centralized architecture type PV plant uses either a 

single inverter for the whole system or one for each sub section, depending on the size of the solar 

PV plant. This is the most common type of architecture for large-scale commercial and utility-scale 

solar PV projects in Britain. Due to the small number off inverter hardware in the centralized 

architecture type system, compared with string architecture type system, a centralized architecture 

type PV plant provides easier access for plant monitoring and inverter control. An aerial view of the 

Rainbows solar PV plant used under the EFCC scheme is shown in Figure 1.  

 

Figure 1: The Rainbows solar PV power plant in Willersey, UK. 

This plant is tied to the 11 kV distribution grid of Western Power Distribution (WPD) through two 

1,600 kVA transformers (0.36 kV/11 kV). The primary side of each transformer is connected to two 

inverters (SMA Sunny Central 800CP XT1) with a nominal power of 880 kW.  

The PV plant is divided into four blocks and in total consists of 40,880 First Solar 92.5 Wp PV 

Modules. Figure 2 illustrates exemplary the electrical layout of the Rainbows PV plant. 

 

                                                           
1
 SMA Sunny Central 800CP XT ς www.sma.de/en/products/solarinverters/sunny-central-800cp-xt-850cp-xt-

900cp-xt.html  

http://www.sma.de/en/products/solarinverters/sunny-central-800cp-xt-850cp-xt-900cp-xt.html
http://www.sma.de/en/products/solarinverters/sunny-central-800cp-xt-850cp-xt-900cp-xt.html
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To provide fast frequency response each of the four inverters is directly controlled by the BELECTRIC 

Hybrid Controller through a LAN-cable connection with an established communication protocol, 

MODBUS TCP, which is the standard communication protocol in PV power plants between the energy 

management system and the inverters today.  

 
Figure 3: Communication set-up and connected components on a solar PV farm 

On this LAN-cable connection, exemplary shown in Figure 3, starting from the communication box of 

a solar PV farm, are several recipients and senders of data and information which are needed to 

monitor and control the solar PV farm. These include: temperature sensors for ambient temperature, 

temperature sensors of each single module, irradiance data from the few pyranometers, DC voltage 

and current data from the modules, AC current and voltage data from the inverters, own 

consumption measurement data, signals from the protection relays and also the status of the fence 

gate for example. This is the standard set up of a commercial large scale solar PV farm with 

Figure 2: Single Line Diagram - Rainbows PV Power Plant. 
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centralised converter technology to maximise energy output. The standard UK solar PV farm was not 

planed and built to provide fast frequency response in the first place. That has already some 

implications on the outcome of the test and trials. 

To adapt and improve the Rainbows solar PV farm to provide fast frequency services within the EFCC 

scheme, new control and measurement equipment was installed and implemented. This includes 

sensitive measuring modules, new control hardware and logic, as well as a cloud-camera-based solar 

PV forecasting system. Figure 4 shows the communication setup which is now implemented between 

the measuring system, the GE Local Controller, the BELECTRIC Hybrid Controller and the PV inverters 

at the PV plant in Willersey. Between the Hybrid Controller and the Local Controller exists a constant 

exchange of fundamental information (shown in the right panel of Figure 4 and in more detail in 

Table 1). 

 
 

 

The phasor measurement unit (PMU), which is deployed at the grid connecting point (GCP), 

measures the regional frequency, the voltage and its phasor angles. The installed RA331 Module, in 

combination with current and voltage transducers, measures also the power output at the grid 

connecting point.  

A frequency event is detected by the GE Local Controller when the local RoCoF exceeds the 

configurable RoCoF event detection threshold. The default RoCoF event detection threshold is set to 

be ±0.1 Hz/s. This setting was chosen specifically for the EFCC testing scenario to trigger and respond 

to a real system event. Alternative settings can be implemented in accordance with the required 

sensitivity. This was also used in the solar PV tests. 

Once the frequency reaches the threshold of 49.7/50.2 Hz, the GE Local Controller sends the positive 

or negative power request to the BELECTRIC Hybrid Controller through established GOOSE 

    Figure 4: Communication Scheme. 



  

 
 12 

Solar hybrid power solutions 

and energy storage 

 

 
communication. This power request is processed by the BELECTRIC Hybrid Controller and divided 

amongst the inverters in proportion with the individual power production at that time. As a result, 

the inverter changes its working point and provides the balancing power.  

A solar t± ǎȅǎǘŜƳΩǎ ǇƻǿŜǊ ŀǾŀƛƭŀōƛƭƛǘȅ ƛǎ ƴƻǘ Ŏƻƴǎǘŀƴǘ ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ ŘŀȅΦ ¢ƘŜ D9 [ƻŎŀƭ /ƻƴǘǊƻƭƭŜǊΩǎ 

power request must therefore be in accordance with the PV systems response capability. The PV 

system running under EFCC scheme sends its quantified availability through eight parameters which 

are listed in table 1. An Exemplary screenshot of the transferred values can be seen in Figure 5. 

SNO. PARAMETERS  

 

1 Positive power availability for 
next 15 minutes [kW] 

2 Negative power availability for 
next 15 minutes [kW] 

3 Positive response time [s] 

4 Negative response time [s] 

5 Power ramp up rate [kW/s] 

6 Power ramp down rate [kW/s] 

7 Positive power hold time [s] 

8 Negative power hold time [s] 

Table 1: Quantified power availability sent by PV resource running under EFCC control scheme. 

To provide the available power for the whole duration of the power hold time an estimation of 

positive and negative power availability by the resource for the next 15 minute is done by a short 

term solar PV power forecasting system. The Hybrid Controller sends a 15 minute forecasted 

available positive and negative power along with the response time, ramp rate and power hold time 

to the GE Local Controller via the established GOOSE communication protocol.   

 

  Figure 5: Example of the power availability status sent to the GE Local Controller. 
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The expected power request is shown in the Figure 6Φ ¢ƘŜ ǊŜǉǳŜǎǘ ƛƴŎǊŜŀǎŜǎ ōȅ нл҈ ƻŦ t±Ωǎ power 

availability every time the frequency crosses on of the thresholds given in table 2. This continues 

until the RoCoF stops increasing. After this, the power request is sustained for the time until the 

frequency is restored, followed by a 10 second ramp down.  

The system also has a failsafe mode for slower frequency events. The event is detected, and a power 

request is send as the frequency reaches 49.7/50.2 Hz. 

 

Figure 6: Nature of the power request from the GE Local Controller. 

 

SNO. OVER 
FREQUENCY 
THRESHOLD  

NEGATIVE POWER 
REQUESTED 

UNDER 
FREQUENCY 
THRESHOLD 

NEGATIVE POWER 
REQUESTED 

1 50.2 Hz 20% of available power  49.7 Hz 20% of available power 

2 50.3 Hz 40% of available power 49.5 Hz 40% of available power 

3 50.4 Hz 60% of available power 49.3 Hz 60% of available power 

4 50.5 Hz 80% of available power 49.1 Hz 80% of available power 

5 50.6 Hz 100% of available power 48.9 Hz 100% of available power 
 

Table 2: Frequency thresholds for GE Local Controller power request. 

To expedite the EFCC testing for PV stand alone trials, a simulation tool by GE is used ς the PMU 

Simulator. This allows testing the system at any time without waiting for a real frequency event to 

occur in the GB network. The PMU simulator (hereby referenced as the Grid Simulator (G.S)) is a 

substitute for real system events as it injects simulated frequency data with predefined RoCoF values 

and frequency nadir2 in the GE Local Controller.  

Based on these simulated data, the GE Local Controller gives the power requests to the BELECTRIC 

Hybrid Controller according to the PV resource availability, nature and the magnitude of the 

                                                           
2
  Frequency nadir - lowest or highest value of the frequency after a frequency event. 
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simulated frequency event. Over and under frequency events that can be simulated by the GE PMU 

Simulator are shown in the table 3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Communication setup - PMU Simulator. The simulator replaces the data input of the grid 
connected measurement system during some of the test. It simulates EFCC relevant frequency events to test 
and trial the connected equipment. The PMU still measures the power output of the solar PV farm. 

 

SNO. 
 

SIMULATED UNDER FREQUENCY EVENT 

 

SIMULATED OVER FREQUENCY EVENT 
   

1 0.15 Hz/s ramp down to 49.65 Hz 0.15 Hz/s ramp up to 50.25 Hz 

2 0.15 Hz/s ramp down to 49.45 Hz 0.15 Hz/s ramp up to 50.35 Hz 

3 0.15 Hz/s ramp down to 49.25 Hz 0.15 Hz/s ramp up to 50.45 Hz 

4 0.15 Hz/s ramp down to 49.05 Hz 0.15 Hz/s ramp up to 50.55 Hz 

5 0.15 Hz/s ramp down to 48.85 Hz 0.15 Hz/s ramp up to 50.65 Hz 
 

Table 3: PMU Simulator, Simulated event list. 



  

 
 15 

Solar hybrid power solutions 

and energy storage 

 

 3. Power Forecasting and Reference Maximum Power Point 

As seen in table 1, the grid-connected resource sends the positive and negative power availability to 

the Local Controller whose higher-level control systems generates the resource availability portfolio 

for multiple local controllers of different resources within a region. The Belectric Hybrid Controller 

sends a 15 minute forecasted available positive and negative power to the GE Local Controller. 

3.1 steadyEye sky imager camera  

To quantify the next 15 minutes of availability from the PV resource, the PV plant was additionally 

equipped with a steadyEye sky imager camera3 which assesses the cloud movement and estimates 

the global horizontal irradiance (GHI) available in the next 15 minutes. Such hardware is not yet 

widely used in a utility scale PV plants but was specifically deployed on site for the EFCC control 

scheme. It is a maturing technology that can be implemented in new and existing solar PV power 

plants. 

The installed steadyEye sky imager camera gives 15 minute forecasted GHI probability values from 

p10 to p90. To prevent regular overestimation of the forecasted power, p40 values were used in the 

power forecasting model. That means that the probability of the real power exceeding the 

forecasted power is 4 in 10. An overestimation would result in a wrongfully high available power 

which the solar PV farm would not be able to deliver in case of a power request by the EFCC system. 

A slight yet constant underestimation is therefore preferred.  

3.2 Rainbows solar PV farm Matlab PV Model  

Since the panels in the Rainbows PV plant at Willersey are tilted on an angle of 20° facing south, the 

forecasted p40 GHI values are converted to Plane of Array (POA-20°Tilt-South) by a sophisticated 

model and then given to the BELECTRIC in-house MATLAB PV Model which uses real time simulation 

and hardware-in-the-loop approach to simulate the behaviour of the Rainbows PV Power Plant. For 

calculating the 15 minute forecasted power availability of the Rainbows PV farm this model gathers 

real time data from the installed sensor box which provides environmental inputs like PV cell 

temperature, Inverter temperature, and the irradiance value [W/m2] measured by the pyranometers. 

The model then calculates the power in kW, generated by each simulated inverter operating at its 

maximum power point (MPP) when exposed to an irradiance value W/m2.   

 

 

 

                                                           
3
 steadyEye sky imager camera - steady-sun.com/wp-content/uploads/Fiche-SteadyEye-A4-EN.pdf 
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This PV model was used to evaluate the following parameters: 

1. Reference MPP power 

A certain percentage of inverter curtailing is important, whenever the capability to provide 

both positive and negative power response is required. This is done by continuously writing 

the new reduced working point at the power register of the inverter hardware. To make sure 

that the hardware always keeps a positive power availability of e.g. 20%, the inverter is 

forced to reduce its power by 20% from its MPP value. In order to curtail the output power, 

the BELECTRIC Hybrid Controller needs to know the MPP power (Reference MPP power) of 

the inverter even if the inverter is curtailed and not running at MPP. The MATLAB PV Model, 

which simulates the behaviour of each inverter, is used to calculate the theoretical MPP 

reference power for each inverter. This evaluated power was then used to write the new 

reduced working point into the register to reduce the inverter power output by 20% from 

this MPP power.  

2. Short term PV power forecast 

To evaluate the 15 minute forecasted PV power availability, the same PV Model was given 

the irradiance input from the steadyEye sky imager camera. The 15 minute forecasted GHI 

values were converted into POA and given to the PV model to get an estimation of short 

term 15 minute forecasted power availability from the PV plant in Willersey. 

3.3 Evaluation of combined forecast by sky camera and PV model  

The sky imager camera + PV model set-up was tested over the duration of several months. The 

results were quite unfavourable. Upon further investigation, the in-ƘƻǳǎŜ t± aƻŘŜƭΩǎ ǊŜŦŜǊŜƴŎŜ att 

evaluation was found to have a high accuracy while the accuracy of the steadyEye sky imager camera 

was insufficient for this application. As a result, the evaluated 15 minute forecasted PV power by the 

in-house MATLAB PV model was unacceptable and had a high margin of error with the data given by 

the sky imager (See Appendix: Accuracy test results for sky imager camera and in-house PV model).  

Therefore, the sky imager was deactivated and replaced by an underestimating statistical forecast 

model for the 15 minute forecast (see chapter 3.4). This model observes the inverters power 

fluctuations in the past and assigns a weight to the lowest measured inverter power depending upon 

the magnitude of the observed fluctuations. The MPP was thereafter provided by a reference 

inverter. 

As mentioned, the PV model itself was found to be accurate and effective in simulating the MPP of 

the inverters when given actual irradiance data by the pyranometers (Error margin of <5%; see for 

example Figure 8; see also Appendix: Accuracy test results for in-house PV model).  



  

 
 17 

Solar hybrid power solutions 

and energy storage 

 

 
 

 

Figure 8: Exemplary evaluation of the accuracy of the Rainbows solar PV farm output, calculated by the PV 
Model vs. the actual measured solar PV farm output. Sudden changes in the irradiation by e.g. cloud 
movement lead to short reductions in accuracy. In general, the accuracy of the Rainbows solar PV farm Model 
was found to be above 95%. 

Nevertheless, the PV Model running in the background was eventually also deactivated after 

evaluating the first results of the curtailment tests to reduce the system latency time in the given set-

up (further discussed in section 6.1, sub-section C). The MPP was thereafter provided by an un-

curtailed reference inverter.  

Using one of the inverters as a reference inverter for MPP tracking for both the PV model as well as 

for the forecast model reduces reaction and cycle time within the control logic. Inverter 2.1 was 

configured to run constantly at MPP. The measured data from this inverter is used within the control 

logic as the MPP reference point.  

This approach improved data quality, reduced complexity and, even more importantly, it reduced the 

reaction time tremendously. On the other hand, this solution subsequently reduces the total 

response capability of the solar PV farm by the amount of the possible response power of this MPP-

fixed reference inverter.  

3.4 Evaluation of the u nderestimating s tatistical forecast model  

The underestimating statistical forecast model that was subsequently implemented into the control 

logic for the 15 minute forecast can be very accurate for given weighted variables. The main purpose 

of the forecast model is to forecast the available positive and negative power for the next 15 minutes 

at each given moment.  
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It is designed to underestimate future irradiance to reduce the amount of cases in which a sudden 

drop in irradiation reduces the available power below the expected available power by the LC. The 

triggering of a power request in such circumstances could lead to an insufficient answer by the PV 

power plant. 

 

Figure 9: Real power output (blue graph) vs. forecasted power output (orange graph) for irradiance data of 

one week in April 2018 at the Rainbows solar PV farm.  

Figure 9 shows the accuracy of the implemented model with the given weight vector for the power 

and irradiance data for an exemplary week in April 2018. The blue line represents the actual power 

output by one inverter of the Rainbows solar farm. The orange line represents the calculated power 

by the forecast model.  

The model is fairly accurate for different weather situations. Day 2 and 4 in Figure 9 were quite 

cloudy for example with a constantly changing irradiance and power output, contrary to the sunny 

days 5 and 6. ¢ƘŜ ƳƻŘŜƭ ŘƻŜǎƴΩǘ ŦƻǊŜŎŀǎǘ ǘƻ млл҈ ƻŦ ŀŎǘǳŀƭ ǇƻǿŜǊ ǘƻ ŎƻƴǎƛŘŜǊ ǘƘŜ ǇǊƻōŀōƛƭƛǘȅ ƻŦ 

sudden changes in irradiance. The confidence level limits the max. power forecast and therefore 

constantly underestimates. 
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Figure 10: Mean positive and negative power differences of the forecast model. The blue graph shows the 

mean magnitude of the underestimation. Smaller magnitudes are preferred but underestimation happens 

constantly due to the confidence level. Negative differences are shown in orange. Here it is preferred to have 

them never at all to prevent sending a false value to the LC that cannot be accomplished in case of a power 

request.   

The more unstable the weather situation the larger is the amount of errors produced by the model 

as shown in Figure 10. The LC calculates the power request based on the power availability estimated 

by this forecast. The orange bars indicate a second in which the forecasted power was larger than the 

ŀŎǘǳŀƭ ǇƻǿŜǊ ƻǳǘǇǳǘ ƛƴ ǘƘƛǎ ƳƻƳŜƴǘΦ Lƴ ǘƘŜǎŜ ǎŜŎƻƴŘǎ ǘƘŜ ǎȅǎǘŜƳ ǿƻǳƭŘƴΩǘ ōŜ able to react with full 

power to a power request by the LC in case of an event.  

The blue line in Figure 10 is the difference to the actual available power. Due to the use of an 

underestimating model the power availability is below the actual power output most of the times.  

It can also be seen that at the end of each day the forecast model regularly produces an error as it 

predicts a larger power output as is actually produced as the sun sets. 

Important is also the maximum magnitude of the errors made by the model. Large power differences 

are undesirable. Small differences are preferred so that even in the case of a wrong forecast value a 

significant amount of the power request can still be fulfilled. This can exemplary be evaluated in 

Figure 11. The model was hereby tested with several weighted vectors and forecast and buffer times.  
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Figure 11: Maximum negative power difference histogram per forecast for several weight vectors for a buffer 
time of 5 min and forecast duration of 15 min. Data base is one week in April 2018. 

In the histogram in Figure 11, the amount of forecasts with different weighted vectors (Set Number 

1-7 (SNo 1-7)) is presented over its maximum and mean values. The amount of forecasts is 

normalized into a probability value. The probability includes the time for a whole week dataset of 

one inverter with 880 kWmax available power. For example: -100 kW with 0.001 probability means the 

probability of an overestimated forecast with a 100 kW negative peak difference in its forecast time, 

respectively to the actual inverter output during the forecast time, is likely to happen in 0.1% of the 

ǿƘƻƭŜ ǿŜŜƪǎΩ ǘƛƳŜ όŜȄŎƭΦ мн pm to 5 am ς no sunshine), if a power forecast could be requested in any 

of its time steps.  

In Figure 11 is an exemplary stair chart histogram of one week of data for several weighted vectors 

(SNo 1-7) for 5 min buffer time and 15 min forecast time. It can be seen that the majority of errors 

has a magnitude below 50 kW. A power request in these situations by the LC would therefore result 

in just a small difference in the delivered power by the PV farm. On the other hand there are a few 

incidents with differences up to 430 kW, which is undesirable.  

Other buffer and forecast times will result in different magnitudes with e.g. a large percentage of 

max. power differences between 100 kW and 50 kW and max. magnitude of errors above 500 kW. 

However, it does not consider the exact day or daytime, when the risk of a high difference is the 

biggest. This can be better seen in the overview plots. The model has several variables that can be 

changed according to the objective that needs to be optimised. This can either be to maximise the 

power output of the power plant in case of an event; a longer forecasting time to evaluate future 

system behaviour by e.g. the TSO or DSO; or to minimise the error margin or the error magnitude.  
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In general, it can be said that  

¶ smaller data base / buffer time4 decreases accuracy 

¶ longer forecast duration decreases accuracy 

¶ the more accurate the forecast shall be, the less power available is signalled to the LC 

¶ long forecast duration decreases maximum power availability   

Most of these points are dictated by the nature of forecasts. These points were verified in an 

extensive data analysis with different weight vectors and the irradiance data of several weeks.  

  

Figure 12: Accuracy map for the weighted vector SNo 1 that is used in the forecast model of the EFFC project 
for several buffer times and different forecast durations. Blue indicates a high accuracy, red a low accuracy. 
Data base is one week in April 2018. 

Figure 12 is the accuracy map for the weight vector SNo 1 that is used in the current setup. It has an 

ŀŎŎǳǊŀŎȅ ƻŦ Ғуп҈ ŦƻǊ р Ƴƛƴ ōǳŦŦŜǊ ǘƛƳŜ ŀƴŘ мр Ƴƛƴ ŦƻǊŜŎŀǎǘ ǘƛƳŜΦ Lƴ ǘƘŜǎŜ мр Ƴƛƴ ƛǎ ǘƘŜ ǇƻǿŜǊ 

availability value that is send to the LC in 84% correct for all seconds of the next 15 min. 

As Figure 12 shows, the accuracy varies widely for the different variations of forecast duration time 

and buffer time ς from 98% accuracy down to 60% accuracy. The analysis of larger data sets also 

showed weeks of only 48% accuracy for the 60 min forecast (see Figure 14). 

By changing the amount of time and data in which the forecast gives an estimate of the lowest future 

irradiance value the implemented forecast model could effectively become Ғфл҈ ŀŎŎǳǊŀǘŜ ŦƻǊ мр Ƴƛƴ 

values or even 98% accurate for 5 min forecasts, given a 60 min buffer time.  

 

                                                           
4
 The buffer time is the timeframe from which we analyse the data of the past. 












































































































