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 1. Introduction  

This document presents an overview on the mathematical EFCC solar PV-Battery ς hybrid model 

which was developed by BELECTRIC to study and analyse the behaviour of the implemented control 

system in the PV-Battery Hybrid System at Willersey under the EFCC control scheme.  

The document also illustrates the modelled output behaviour of the individual power source in the 

Hybrid System for some selective simulated and real frequency events which were observed by the 

phasor measurement unit (PMU) deployed at the grid connecting point of the BELECTRIC PV 

Resource at Willersey. To successfully execute the simulation, BELECTRIC used historical data of real 

and simulated frequency events measured by the PMU in the GB power network.  

The transmission system parameters like regional frequency and rate of change of frequency (RoCoF) 

are given to the hybrid model. The model observes the parameters to detect the intensity and 

magnitude and nature of the frequency event. Further, the model sends a power request to the 

modelled EFCC solar PV-Battery hybrid resource according to the resource availability, nature and 

intensity of the frequency event.  

The model simulates the individual dynamic behaviour of the two resources. The requested power is 

distributed amongst PV and Battery resources depending on numerous factors like time of the day, 

nature of the event and amount of power available. 

2. System Overview  

This section gives a system overview of the hybrid model and the implemented control design. The 

hybrid model is designed to simulate and study the behaviour of the PV-Battery Hybrid System for 

providing frequency response service under the (only) EFCC control scheme. The section explains the 

modelled event detection algorithm, modelled output behaviour of EFCC PV-Battery Power Resource 

and the Hybrid Response Strategies. Moreover, the section also mentions the essential data fields 

required for successful execution of the simulation.  

Event Detection Algorithm: The EFCC PV-Battery Hybrid System Model simulates the behaviour of 

the GE Local Controller at an elementary level by observing the transmission line parameters from 

the Phasor Measurement Unit (PMU) installed at the grid connecting point of Rainbows PV plant at 

Willersey. The historical transmission line parameters are observed to detect a frequency event in 

the power network. The event detection algorithm in the EFCC PV-Battery Hybrid Model observes 

the frequency and the rate of change of frequency from the PMU installed on site (data granularity ς 

20 ms). In parallel the model uses the SMA PV inverter power in kW from an already existing SCADA 
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system (data granularity ς 1 s) used by BELECTRIC. The PV power is essential for resource calculation 

and for estimating the balancing power. The two sets of data are interpolated by the model to an 

interval of 10ms so that the reaction time of battery system which is 50ms (mentioned later in detail) 

can be simulated. The data sets with minimum granularity of 20 ms can only be used to simulate the 

reaction times in the multiple of 20. 

The event detection algorithm compares the transmission line parameters with the configurable 

RoCoF triggering threshold and frequency values for event detection. These thresholds are explained 

in Figure 1 with additional information mentioned in Table 1 and Table 2 on page number 7. 

The hybrid model simulation also handles and introduces the real time communication and 

processing latencies in the final results. The current implementation of the RoCoF event triggering 

threshold limit is set as ±0.04 Hz/s. Once the threshold limit is exceeded, the model triggers RoCoF 

flag after a delay of 20 ms. This 20 ms reaction delay is deliberately introduced by the model and is 

termed as communication buffer time which was observed in the EFCC scheme by the real hardware 

system of GE Local controller, this small communication buffer time is required by the EFCC control 

system to measure and process the real time data. 

Once the RoCoF event is triggered, the model observes the frequency values, as the frequency 

deviates and goes beyond the limit of 49.7/50.2 Hz the model triggers event detection flag after 

adding another communication buffer time of 20ms.  

As soon as the event is detected the PV-Battery Hybrid Model distinguishes between an actual 

frequency event and a local noise by observing the real-time frequency values as usually done by the 

local controller. If the frequency values continue to stay beyond the threshold limit for 420 ms the 

system observes it is a real event. Otherwise the system recognizes the disturbance as a noise or a 

fault in the transmission system. Once the frequency stays beyond the threshold limit for 420 ms the 

control sends the first power request to the modelled EFCC PV-Battery Power Resource. This power 

request corresponds to 20% of the system availability. 

¢ƘŜ ŎƻƴǘǊƻƭ ǎŎƘŜƳŜ ŘƻŜǎƴΩǘ ǇǊƻǾƛŘŜ Ŏƻƴǘƛƴǳƻǳǎ ǊŜǎǇƻƴǎŜ ŀƴŘ ŀǾƻƛŘ ŦƻƭƭƻǿƛƴƎ ǎƳŀƭƭ ŦǊŜǉǳŜƴŎȅ 

changes, this allows the model to work efficiently with noisy data. A sample releasing power request 

under the EFCC control scheme from the PV-Battery Hybrid Model is illustrated in Figure 1. If the 

ŦǊŜǉǳŜƴŎȅ ŘƻŜǎƴΩǘ ǊŜŎƻǾŜǊ ŀƴŘ ŎƻƴǘƛƴǳŜǎ ǘƻ ŘŜǾƛŀǘŜ ŦǳǊǘƘŜǊΣ ǘƘŜ ǇƻǿŜǊ ǊŜǉǳŜǎǘ ƛǎ ƛƴŎǊŜŀsed every 

time the frequency crosses and stays beyond the next threshold for 420 ms. The frequency 

ǘƘǊŜǎƘƻƭŘǎ ŦƻǊ ŀ ŦǊŜǉǳŜƴŎȅ ŜǾŜƴǘ ŀƴŘ ƛǘΩǎ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǇƻǿŜǊ ǊŜǉǳŜǎǘ ƛƴŎǊŜƳŜƴǘǎ ŀǊŜ ƳŜƴǘƛƻƴŜŘ ƛƴ 

the Table 1 and Table 2. 



   

7 
 

Solar hybrid power solutions 

and energy storage 

 

 

Lƴ ǘƻǘŀƭΣ ǘƘŜ ΨǇƻǿŜǊ ǊŜǉǳŜǎǘ ǊƛǎŜΩ ŀƴŘ ΨƘƻƭŘƛƴƎ ǇƻǿŜǊΩ ǎǘŀȅǎ ŦƻǊ рл ǎ ŦƻƭƭƻǿŜŘ ōȅ ŀ мл ǎŜŎƻƴŘ ǊŀƳǇ 

down power request at the end of EFCC response service. For higher frequency events the power 

request rise and holding time can go up to 80 s. 

 

Figure 1: Simulated power request by the hybrid model 

 
 

SNO ROCOF LIMIT FREQUENCY THRESHOLD POWER REQUEST 

1 +0.04 Hz/s 50.20 Hz 20% of negative power availability 

2 +0.04 Hz/s 50.30 Hz 40% of negative power availability 

3 +0.04 Hz/s 50.40 Hz 60% of negative power availability 

4 +0.04 Hz/s 50.50 Hz 80% of negative power availability 

5 +0.04 Hz/s 50.60 Hz 100% of negative power availability 

 

Table 1: Frequency threshold for over frequency events. 

 

SNO ROCOF LIMIT FREQUENCY THRESHOLD POWER REQUEST 

1 -0.04 Hz/s 49.70 Hz 20% of positive power availability 

2 -0.04 Hz/s 49.50 Hz 40% of positive power availability 

3 -0.04 Hz/s 49.30 Hz 60% of positive power availability 

4 -0.04 Hz/s 49.10 Hz 80% of positive power availability 

5 -0.04 Hz/s 48.80 Hz 100% of positive power availability 

 

Table 2: Frequency thresholds for under frequency events. 

 

Individual PV-Battery resource response: The model simulates the output behaviour of the battery 

and PV system individually. For battery response ς the model simulates a ramp rate of 8000 kW/s 

with a response delay of 50 ms. This behaviour of the battery system is derived from the results of 

Enhanced Frequency Response (EFR) battery project by Belectric in Nevendon, UK. The parameters 

from the EFR project in Nevendon, UK were used for the purpose of study and control evaluation 
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only, the real reaction time may vary in the actual scenario due to different communication setup 

and due to the distance between the battery container and hybrid controller located at the PV farm.  

As the EFCC control scheme is a non-continuous service, frequency events with observed RoCoF of 

more than ±0.04 Hz/s and frequency nadir breaching 49.7/50.2 Hz (first power request thresholds) 

are very rare, therefore ǘƘŜ ƳƻŘŜƭ ŘƻŜǎƴΩǘ ŎƻƴǎƛŘŜǊ ǘƘŜ ǎƛǘǳŀǘƛƻƴ ǿƘŜǊŜ ǘƘŜ ōŀǘǘŜǊȅ ǎǘŀǘŜ ƻŦ ŎƘŀǊƎŜ 

(SoC) is out of its operational limits due multiple EFCC responses in a day. The maximum power 

request duration in the current set up 80 s ς in case of the largest event with a frequency drop 

below/above 48.8/50.6 Hz - the maximum energy used by the battery will be below 2% of its 

capacity. The system therefore considers power availability from the battery system to be always 

constant at 800 kW for the whole duration of the power request by the EFCC local controller as the 

impact on the SoC is marginal. 

During the EFCC PV stand-alone trials the response time of the PV inverter was found to be 

inconsistent and varying due to 1:N Modbus communication protocol. The inverter response was 

found to be of the rate of 750 ms for the first power request while the reaction time decreased to 

200 ms for the consecutive second and third power requests as seen in Figure 1.  

 

 

Note: To improve the overall PV reaction time the hybrid controller has been re-optimised as a 
result, with the current implementation the reaction time for the first power request in the PV 
system is down to 200 ms. This updated faster PV reaction time is not implemented in the 
simulation study.  

 

The hybrid model simulates the output behaviour of the PV inverters with a non-linear ramp as 

shown in Figure 2. This was done to resemble the results from EFCC PV standalone trials. The PV 

inverter ramp at a rate of 300 kW/s, providing 80% of the power request, is followed by a slower 

ramp rate of 150 kW/s providing the rest of the power. 
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Figure 2: Modelled PV inverter ramp rate behaviour with fast ramp and correction ramp. 

Response Strategy: The response strategy of the EFCC PV-Battery Hybrid Model is divided into two 

schemes which are as follows:- 

¶ Day  

o The positive power availability of the system depends on the battery system. Due to the 

absence of SoC management system the positive power availability is constant 800 kW.  

o The negative power availability of the system depends on the forecasted 15-minute balance 

power 1 by the PV inverter.  

¶ Night 

o Due to the unavailability of the PV resource, the battery system provides both positive and 

negative power response. This allows for larger overall response. The response strategy 

depends on the nature of the frequency event as well as the time of the day. Table 3 shows 

the implemented response strategy in the EFCC PV-Battery Hybrid Model. 

 

SNO TIME OF THE DAY RESPONSE STRATEGY FOR THE FREQUENCY EVENT 

1 
 

Day 
Under frequency : Response from battery system 

2 Over frequency : Coordinative response from PV and battery  

3 
 

Night 
Under frequency : Response from battery system 

4 Over frequency : Response from battery system 

 

Table 3: EFCC PV-Battery Hybrid System response strategy. 

                                                           
1
  More details on forecasting procedure and accuracy available in NIC EFCC WP2.3 Solar PV Report. 

Fast Ramp Correction Ramp 
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In the current implementation of the control system the decision upon the day and night is taken at a 

fixed local time i.e. 7 AM-7 PM. Under the actual EFCC scheme the energy buffer unit used during the 

PV-Battery hybrid system has a workable SoC interval between 20% and 100%. To provide the 

frequency response services during the night, when the PV is not available, the EBU reduces its SoC 

to 60% which is the mean value in the workable battery SoC interval, thus configuring the storage 

system to have an ability to provide frequency response services in both directions by charging or 

discharging. The decision for day and night occurrences is taken by observing the historical sunrise 

and sunset times at Willersey. This allows the control system to evaluate the start and the end of the 

day while considering the seasonal change. During the early morning the PV inverters are observed 

to be switching on and off due to low irradiance. To eliminate this situation of low irradiance levels 

the start of the day/night is adjusted 45 minutes after the sunrise and 45 minutes before the sunset 

at Willersey. Table 4 illustrates the overview on the energy storage SoC adjustments according to the 

day and night control scheme. 

SNO CONTROL SCHEME TIME SOC LEVEL 

1 Day Sunrise time + 45 minutes 90% 

2 Night Sunset time  -  45 minutes 60% 

Table 4: State of Charge levels of Battery Energy Storage System during the day and at night according to the 

implemented control strategy under the EFCC Hybrid Control scheme. 

Under the EFCC control scheme implementation the hybrid controller adjusts the battery SoC level 

for maximum availability. As a result the SoC level of the energy storage system is increased to 90% 

in the morning. Additional 10% is kept free as buffer for the battery to absorb the power while 

enhancing the PV ramp during an over frequency events (explained in detail below). At night the 

battery reduces its SoC to 60% so that the system can provide frequency response services in both 

directions. 

The inverter active power (kW) is not used to distinguish between the occurrences of day and night 

as this may unnecessarily trigger battery SoC adjustment multiple times during the day with low 

irradiance. This false triggering is illustrated in the Figure 3 where the controller may start to adjust 

the SoC during the day with low irradiance values. 
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Figure 3: Illustration of scenario with extremely low irradiance recorded during the day time at Willersey ς This 
event may be detected by the controller as sunset and then sunrise thus triggering of SoC adjustment 
functionality. 

As per the current implementation in the PV-Battery Simulation Model ς  

¶ During day, when the PV resource is available,  

o When an under-frequency event occurs, the battery system provides the power response by 

injecting power into the grid while the PV inverter continues to run unaffectedly at its 

maximum power point.  

o When an over frequency event occurs, PV system provides the negative power by changing 

its working point for a small duration and reducing its power output below the maximum 

power point. Due to comparatively slower PV inverter response times and lower ramp rates 

(key learnings from EFCC PV standalone trials), the battery system provides the initial ramp 

support and therefore increases the overall performance of the system. The battery system 

with its high ramp rates and lower response time responds to the power request initially, 

only with a small communication induced latency, and once the PV inverter starts to respond 

the battery reduces its output power in a coordinative manner to maintain the power 

constant at the grid connecting point without exceeding the requested power request. This 

behaviour of PV and Battery system coordinative responding to a power request and 

increasing the total system performance is illustrated in Figure 4.  
 

Low PV inverter output 
power ς Controller detects 
Ψend ƻŦ ǘƘŜ ŘŀȅΩ and starts 
to adjust the SoC of the 
EBU to 60%. 

Increasing PV inverter 
output power ς Controller 
detects ΨǎǘŀǊǘ ƻŦ ǘƘŜ ŘŀȅΩ 
and starts to adjusts the 
SoC of the EBU to 90%  
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Figure 4: Initial ramp support by the battery system during an under-frequency event to follow the 

EFCC power request more precisely at the grid connection point (GCP). 

 

Hybrid system response availability: Table 5 below shows the evaluation of power availability 

according to the deployed response strategy in the EFCC hybrid system.  

 

SNO TIME FREQUENCY RESPONSE STRATEGY FOR THE EVENT 

1 
 

Day 
Positive power response : 800 kW from the Energy Buffer Unit 

2 Negative power response : 15 minute forecasted power  

3 
 

Night 
Under frequency response : 800 kW from the Energy Buffer Unit 

4 Negative power response : 800 kW from the Energy Buffer Unit 

Table 5: EFCC power availability evaluation under the hybrid simulations 

Data import: For proper execution of the simulation program the hybrid model needs the following 

parameters. Below are mentioned the essential fields required for the execution of the model. 

1. Date and Time stamp 

2. Frequency values from the PMU 

3. RoCoF values from the PMU 

4. Inverter power (kW) 

List of real time delays: The hybrid model introduces communication and processing latencies during 

real time simulation. The latencies used in the model are further divided in two sections which are 

mentioned below: 

1. EFCC detection and signalling delays. 

Battery absorbs the power to 
enhance the overall response of 
the system at the time of over 
frequency event during a day. 
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a. GE Communication buffer time for RoCoF triggering ς 20 ms 

b. GE Communication buffer time for frequency event triggering ς 20 ms 

c. GE Power request buffer time ς 420 ms 

2. PV- battery hybrid resource delays. 

a. Observed battery response time ς 50 ms 

b. Observed PV response time to the first power request ς 750 ms 

c. Observed PV response time to second or higher power request ς 200 ms 
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 3. Simulation behaviour with simulated frequency event data  

3.1 Simulated under frequency ev ents 

To test the behaviour of the PV-Battery hybrid model during the under frequency events, historical 

simulated under frequency event data with known RoCoF values and pre-defined frequency nadir 

were injected in the model. For executing the simulations the frequency event data of different 

magnitudes were injected to the model. The undermentioned steps illustrates the expected 

behaviour of the model during an under frequency event.  
 

Step 1:   The model observes the RoCoF values, once the RoCoF threshold of -0.04 Hz/s is 

exceeded the model triggers the RoCoF flag after a delay of 20 ms. 

Step 2:   If the RoCoF flag is triggered and the frequency continues to deviate, the event detection 

flag is triggered 20 ms after the frequency crosses the first threshold limit of 49.7 Hz in 

case of under frequency event. 

Once the event is detected and the frequency stays below the threshold limit of 49.7 Hz 

for 420 ms, the model sends its first power request corresponding to 20% of positive 

power availability. If the freǉǳŜƴŎȅ ŘƻŜǎƴΩǘ ǎǘŀȅ ōŜƭƻǿ ǘƘŜ ǘƘǊŜǎƘƻƭŘ ƭƛƳƛǘ ŦƻǊ пнл ms the 

event is handled as a noise/fault in the power network and the EFCC frequency response 

service is not activated. 

Step 3:   Due to the nature of the frequency event (under frequency, day) the power request is 

only responded by the battery system, while the PV inverterΩǎ ǿƻǊƪƛƴƎ Ǉƻƛƴǘ continues to 

remain at maximum power point (MPP). The battery system responds to the power 

request after a response delay of 50 ms with a ramp rate of 8000 kW/s. 

Step 4: If the frequency ŘƻŜǎƴΩǘ ǊŜŎƻǾŜǊ ŀƴŘ continues to deviate further, the power request is 

increased every time the frequency crosses and stays beyond the next threshold for 420 

ms. The frequency thresholds for an under frequency events and corresponding power 

requests are mentioned in Table 2 on page number 7. 

Step 5: The power request is sent for 50 seconds after the last frequency threshold followed by a 

10 seconds ramp back to the initial state as observed in the simulations done during the 

PV stand-alone trials. 

Note: This model does not respond to slow frequency events.2 

                                                           
2
  Frequency events due to gradual change in frequency for longer durations of time without reaching the 

RoCoF threshold.  
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1. Frequency Event 1 ς Frequency nadir of 49.65 Hz & RoCoF of -0.15 Hz/s 

The following section presents the behaviour of the EFCC hybrid model during a simulated under 

frequency event with predefined RoCoF value of -0.15 Hz/s and a frequency nadir of 49.65 Hz. The 

EFCC hybrid model observed the RoCoF and triggered the RoCoF flag 20 ms after the RoCoF 

exceeded the value of -0.04 Hz/s. 

The event detection flag was triggered 20 ms after the frequency crossed the first under frequency 

threshold of 49.7 Hz and a 160 kW power request corresponding to 20% of battery power availability 

was sent by the EFCC Hybrid system model once the frequency stayed below the first under 

frequency threshold for more than 420 ms. In response, the battery system provided the frequency 

response with a delay time of 50 ms at a ramp rate of 8000 kW/s while the PV system continued to 

operate at maximum power point. The Hybrid model requested the power for 50 seconds followed 

by a 10 second power ramp down to initial condition. 

 

 
 

Figure 5(a): EFCC Hybrid model behaviour during simulated event (RoCoF -0.15 Hz/s, frequency nadir 49.65 Hz). 

Blue part in more detail in Figure 5(b). 
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Figure 5(b): 20 ms delay during RoCoF triggering and event detection (A and B), 420 ms Power request 

hysteresis (C) Battery response to the power request (D). 

 

2. Frequency Event 2 ς Frequency nadir of 49.45 Hz & RoCoF of -0.15 Hz/s 

The following section presents the behaviour of the EFCC Hybrid model during a simulated under 

frequency event with a predefined RoCoF value of -0.15 Hz/s and a frequency nadir of 49.45 Hz. The 

EFCC hybrid model observed the RoCoF and triggered the RoCoF flag 20ms after the RoCoF exceeded 

the value of -0.04 Hz/s. 

The event detection flag was triggered 20 ms after the frequency crossed the first under frequency 

threshold of 49.7 Hz and a 160 kW power request ,which corresponds to 20% of battery power 

availability, was sent by the Hybrid model once the frequency stayed below the first under frequency 

threshold for 420 ms. As the frequency reached the second threshold limit of 49.5 Hz, stage 2 of the 

event was detected after a delay of 20 ms, and the power request was increased to 320 kW which 

corresponds to 40% of available positive power. In response to each power request the battery 

system provided a response with a 50 ms delay at a rate of 8000 kW/sec.  

A 

D 

B 

C 

D 
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Figure 6(a): EFCC Hybrid model behaviour during simulated event (RoCoF -0.15Hz/s, frequency nadir 49.45 Hz). 

Blue part in more detail in Figure 6(b). 
 
 

 
Figure 6(b): Stepped power request (A and B) with 420 ms event detection and 20 ms communication delay. 

A 
B 
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3. Frequency Event 3 ς Frequency nadir of 49.25 Hz & RoCoF of -0.15 Hz/s 

The following section presents the behaviour of the EFCC Hybrid model during a simulated under 

frequency event with predefined RoCoF value of -0.15 Hz/s and a frequency nadir of 49.25 Hz. The 

model triggered the RoCoF and event detection flag as expected. The model requested a three stage 

power request, which corresponded to 20%, 40% and 60% of positive power availability; in response 

to reach the power request the battery provided the response after a delay of 50 ms at a ramp rate 

of 8000 kW/s.  

 

The model sent a 50 second (ramp up + hold) power request followed by a 10 second ramp down. 

The battery solely provided the whole power request and followed the ramp down request with a 

communication and internal processing latency of 50 ms due to hybrid controller. 

 

 
 

Figure 7(a): Hybrid model behaviour during simulated event (RoCoF -0.15 Hz/s, frequency nadir 49.25 Hz). Blue 

part in more detail in Figure 7(b). 
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Figure 7(b): Ten second ramp down behaviour with 50 ms delay by battery storage system during under 

frequency event. 

3.2 Simulated o ver fr equency events 

To test the behaviour of the PV-Battery hybrid model during the over frequency events, historical 

simulated over frequency event data with known RoCoF and pre-defined frequency nadir values 

were used. For executing the simulations the frequency events data of different magnitude were 

injected to the model. The undermentioned steps show the expected behaviour of the model during 

an over frequency event.  
  

Step 1:   The model observes the RoCoF values, once the RoCoF threshold of +0.04 Hz/s is 

exceeded the model triggers the RoCoF flag after a simulated local controller 

communication and measuring delay of 20 ms. 

Step 2:   If the RoCoF flag is triggered and the frequency continues to deviate, the event detection 

flag is triggered 20 ms after the frequency crosses the first threshold limit of 50.2 Hz in 

case of an over frequency event. 

Once the event is detected and the frequency continues to stay above the threshold limit 

of 50.2 Hz for 420 ms, the model sends its first negative power request corresponding to 

20% of PV negative power availability. LŦ ǘƘŜ ŦǊŜǉǳŜƴŎȅ ŘƻŜǎƴΩǘ ǎǘŀȅ ŀōƻǾŜ ǘƘŜ ǘƘǊŜǎƘƻƭŘ 
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limit for 420 ms the event is handled as a noise/fault in the power network and the EFCC 

frequency response service is not activated. 

Step 3:   Due to the nature of the frequency event (over frequency) the power request is 

responded by PV inverter and the battery systems together as mentioned in Figure 2 on 

page 9.  

Step 4: Every time the frequency crosses and stays below the next threshold for 420 ms, the 

model increases the negative power request. The currently configured frequency 

thresholds for an over frequency events and its corresponding negative power requests 

are listed in Table 1 on page 7. 

Step 5: In total, the power request is sent for 50 seconds after the last threshold is reached and 

the power is ramped back to zero in the next 10 second. 

Note: This model does not detect slow frequency events. 
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4. Frequency Event 4 ς Frequency nadir of 50.2 Hz & RoCoF of +0.15 Hz/s 

The following section presents the behaviour of the EFCC Hybrid model during a simulated over 

frequency event with predefined RoCoF value of +0.15 Hz/s and a frequency nadir of 50.20 Hz. The 

model triggered the RoCoF flag, 20ms after the RoCoF exceeded the threshold value of +0.04 Hz/s. 

The event was detected 20ms after the frequency crossed the first over frequency threshold of 50.2 

Hz. The first negative power request of 102 kW, which corresponds to 20% of negative power 

availability (PV) was sent once the frequency stayed above the over frequency threshold of 50.2 Hz 

for 420 ms.  

In response, the PV inverter provided a negative power response with a delay of 750 ms while the 

battery system enhanced the performance of the whole system by reducing the delay time and 

responding initially within 50 ms. The battery system co-ordinately reduced its output power as the 

PV response started. 

 

 
 

Figure 8(a): EFCC Hybrid model behaviour during simulated event (RoCoF +0.15 Hz/s, frequency nadir 50.2 Hz). 

Blue part in more detail in Figure 8(b). 
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Figure 8(b): PV and battery coordinative response to provide ramp support and increase the overall system 

performance during an under frequency event (A). 

 

5. Frequency Event 5 ς Frequency nadir of 50.55 Hz & RoCoF of +0.15 Hz/s 

The following section presents the behaviour of the EFCC Hybrid model during a simulated over 

frequency event with predefined RoCoF value of +0.15 Hz/s and a frequency nadir of 50.55 Hz. The 

model triggered a 4 stage power request during this event. For each request battery and PV system 

co-ordinately provided the response thus reducing the overall response time and increasing the 

system performance.  

The PV system responded to the first request after 750 ms and reduced its response time to 200 ms 

for the higher power requests. The power request was maintained for 50 seconds followed by a 10 

second ramp down. This ramp down was provided by PV with an overall delay of 200 ms. 
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