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1 Introduction 

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 localized frequency 

response service from established distributed generation sources like photovoltaic system, wind 

energy converters, demand-side management and combined cycle gas turbines (CCGT).  

The project uses EFCC control scheme which is a distributed monitoring-control scheme that uses 

wide-area phasor measurements systems to perform dynamic control in the power network. It aims 

to reduce the inter-regional frequency variation and angular separation in a low inertial transmission 

system, thus reducing the unscheduled inter-regional power flow and lowering the risk of power 

system splitting during system perturbation. The design approach enables the control system to have 

regional and system observability in the transmission network which allows easy identification of an 

actual frequency event and a local disturbance. This is achieved by evaluating the regional RoCoF and 

the system RoCoF respectively. In response to an event, the established distributed generation units 

in the affected regions are requested to provide balancing power (local weighted frequency 

response) according to their capability during that time of a day. 

Under the EFCC scheme, Belectric tested and trialled a local RoCoF-based frequency response service 

using a central inverter type large-scale PV plant located at Willersey, UK as a stand-alone system. 

During these tests the PV plant output power was curtailed below its maximum power point level so 

as to configure the PV plant to be capable of providing both positive and negative response services. 

This system had some limitations as the system could only provide frequency response services 

during the day, moreover long-time curtailment of the solar PV farm makes the control scheme 

uneconomical. The total performance of the system was found to be low due to 1:N communication 

line and active low pass filters present in the inverter hardware.  

To increase the system performance Belectric successfully integrated a grid scale Energy Storage 

System in parallel with the solar PV plant. The PV-Battery hardware setup not only increases the 

overall system availability as it allows the system to provide frequency response service during day 

and night but also increases the total performance of the system due to faster battery response and 

additionally servicing a larger overall response with the solar PV system providing the negative 

response, therefore allowing the battery to use most of its energy for positive response only. 

This report evaluates the performance of PV-Battery Hybrid System running the EFCC control and 

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-Battery Hybrid System under the EFCC 

scheme, Belectric used the following power resources: 

  

Figure 1Υ .9[9/¢wL/Ωǎ t±-Battery Hybrid System running under EFCC Control Scheme located at Willersey, UK 

The Rainbows Solar PV Farm ς A centralized architecture type 3.7814 MWp,DC solar PV power plant 

built by Belectric in 2014 and owned by Toucan Energy, located at Willersey, Gloucestershire, United 

Kingdom. The PV plant is tied to the 11 kV distribution grid of Western Power Distribution (WPD) 

through two Dy11y11 - 1,600 kVA multi-winding type transformers (0.36 kV/11 kV). The primary side 

of each transformer in the PV side is connected to two SMA Sunny Central 800CP XT inverters1 with a 

nominal power of 880 kW. In total the PV farm has four such inverters. 

Energy Buffer Unit ςThe Energy Buffer Unit (EBU) is a battery storage system which is located 750 m 

away from the Rainbows Solar PV Farm and is configured to work within the same PV farm 

communication network. The BELECTRIC EBU is a containerized battery, based on an advanced 

vented lead acid battery technology featuring a copper electrode core to minimize internal 

resistance, maximize power and lifetime. It has a capacity of 948 kWh and charges/discharges may 

be realized up to 1.5 C2. The battery system contains 960 lead acid cells with each of them monitored 

for voltage, temperature and hull integrity. The cell are combined in two strings (480 cells each), 

which means each string has a maximum voltage of 1022.4 V DC (1 kV DC string). The system uses a 

GE Prosolar PSC-800MV-L-QC3 which has a rated AC voltage of 440 V and the AC power of 800 kVA. 

The inverter output is connected to the 11 kV distribution grid of Western Power Distribution 

through one 800 kVA Dy11 transformer (0.44 kV/11 kV). While loading, the cells degas hydrogen and 

oxygen and are therefore stored in a ventilated housing which is kept closed during the operation. 

                                                           
1
 SMA Sunny Central 800CP XT ς PV  Central Inverter Datasheet  

 

2
 C Rating is an indicator of maximum continuous current charge/discharge rate of a battery. A battery with 1.5C rating 

means that the maximum recommended charging/discharging rate is 1.5 times the current capacity (Ah) of the storage.   
 

3
 GE Prosolar PSC-800MV-L-QC ς Central Inverter Datasheet 

http://files.sma.de/dl/18859/SC800CP-900CP-DEN1751-V23web.pdf
http://www.gepowerconversion.com/sites/gepc/files/product/ProSolar%20Central%20Solar%20Inverter_fact%20sheet.pdf
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The EBU is separated in a control and a battery room. The control  room  contains  the  circuit  

breaker,  the  control  panel  and  cabinets.  The battery room is divided into a housed, ventilated tray 

area and a walkway.   

The PV-Battery hybrid system running under the EFCC control scheme has in total five inverters 

installed, four of which are SMA inverters inside the PV farm while the EBU consist of one GE 

inverter. Figure 3 shows the schematic diagram of the PV-battery hybrid system at Willersey. 

 

 

Figure 3: Schematic diagram of the PV-battery hybrid system running under EFCC control scheme at Willersey.  

To provide fast frequency response from the PV-Battery hybrid system, Belectric uses its hybrid 

controller which is configured to control the output of PV and EBU inverter individually. The hybrid 

controller uses the established physical and LAN-cable connection with a communication protocol, 

ah5.¦{ ¢/tΣ ǘƻ ŎƻƴǘǊƻƭ ǘƘŜ ǇƭŀƴǘΩǎ ƻǳǘǇǳǘΦ ah5.¦{ ¢CP is a standard communication protocol 

between an energy management system and a PV power plant resource today. 

Figure 2: Energy Buffer Unit plan 
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3 EFCC control and communication setup 

To configure the PV-Battery hybrid system for providing EFCC services, new control and 

measurement equipƳŜƴǘΩǎ ŀǊŜ ƛƴǎǘŀƭƭŜŘΦ ¢Ƙƛǎ ƛƴŎƭǳŘŜǎ ƴŜǿ ŎƻƴǘǊƻƭ ƘŀǊŘǿŀǊŜ ŀƴŘ ƭƻƎƛŎ ŀƴŘ ǎŜƴǎƛǘƛǾŜ 

measuring modules, Figure 4 shows the implemented communication setup between the measuring 

systems, the GE Local Controller, the BELECTRIC Hybrid Controller and the grid scale PV-battery 

hybrid resource. The Hybrid Controller and the GE Local Controller constantly communicate with 

each other the fundamental information aboǳǘ ǘƘŜ ǎȅǎǘŜƳΩǎ ǉǳŀƴǘƛŦƛŜŘ ŀǾŀƛƭŀōƭŜ ǊŜǎǇƻƴǎŜΦ  

With the aim to provide fast response services, the PV and the battery resource at Willersey are 

connected at a single grid connecting point (GCP) and are configured to behave as a single source 

under the EFCC control scheme. This allows easy internal management of the resource and gives the 

controller additional flexibility to activate the resource individually for reduced reaction times4 and 

faster response times5Φ CƻǊ ǘƘƛǎΣ ǘƘŜ ƘȅōǊƛŘ ŎƻƴǘǊƻƭ ǎȅǎǘŜƳ ǳǎŜǎ ōŀǘǘŜǊȅΩǎ ǊŜŀŎǘƛƻƴ ŀƴŘ ǊŜǎǇƻƴǎŜ ǘƛƳŜ 

for quantification of the available response power from the hybrid system. The right panel in Figure 4 

shows the information sent to the Local Controller while Table 1 gives further details on the 

parameters to the GE Local Controller by the hybrid system during the day while during the night, 

when PV is not available, the battery system takes over to provide the response (details explained in 

section 4 ς EFCC hybrid system control strategy on page number 13).  
 
 

 
 

Figure 4Υ /ƻƳƳǳƴƛŎŀǘƛƻƴ ǎŜǘǳǇ ōŜǘǿŜŜƴ ǘƘŜ 9C// ŘƛǎǘǊƛōǳǘŜŘ ŎƻƴǘǊƻƭ ǎŎƘŜƳŜ ŀƴŘ ǘƘŜ .ŜƭŜŎǘǊƛŎΩǎ t±-Battery 

hybrid system. The Belectric Hybrid Controller evaluates the response power capability of its hybrid resource 

and sends the eight parameters (e.g. quantified available power) to the GE Local Controller. 

                                                           
4
  Reaction time ς The length of time the PV-battery hybrid system takes to start its response after a power request signal 

from the LC is received. In case of low data resolution the reaction time is measured by observing the time difference 
between power request and the first data point at which the system/individual inverter records a change of power.  
 
5
  Response time ς The length of time it the PV-battery hybrid system to provide full response from the time when the 

resource received the power request signal from the LC. 
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SNO PARAMETERS   

 

1 15 minute positive power availability [kW] 

2 15 minute negative power availability [kW] 

3 Battery positive reaction time [s] 

4 Battery negative reaction time [s] 

5 Battery ramp up/down rate [kW/s]  

6 PV ramp down rate [kW/s] 

7 Positive power hold time [s] 

8 Negative power hold time [s] 

 
 

Table 1: Power availability parameters sent by the Belectric Hybrid Controller to the GE Local Controller to 

quantify the total available positive and negative response power of the PV-Battery hybrid system. 

The phasor measurement unit (PMU) deployed at GCP, measures the regional transmission line 

parameters, i.e. frequency, voltage and its phasor angles. The installed RA331 Module, in 

combination with current and voltage transducers, measures the power output from the Rainbow 

Solar PV Plant at Willersey, while for the Energy Buffer Unit, Belectric battery control system (BCS) is 

configured to log the data with the fastest latency possible in the current system (details explained in 

section ς 5 Data logging on page number 18). 

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 ± 0.1 

Hz/s. This setting is chosen specifically for the EFCC testing scenario to trigger and respond to a real 

system event. Alternative settings can be implemented according to the required sensitivity.  

As per the designed EFCC control scheme, once the frequency reaches the threshold limit of 

49.7/50.2 Hz, the GE Local Controller evaluates the power availability parameters received from the 

EFCC power resource and sends a power request to the BELECTRIC Hybrid Controller through an 

established GOOSE communication protocol. The magnitude of the power request not only depends 

on the hybrid resource power availability but also on the type and intensity of the triggered 

frequency. The power request from the GE Local Controller is processed by the BELECTRIC Hybrid 

Controller and divided amongst the inverters in the PV-Battery hybrid system according to strategy 

described in section 4 EFCC hybrid system control strategy.  
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4 EFCC hybrid system control strategy 

The expected nature of the power request from the GE Local Controller (under the EFCC control 

scheme) which is sent to the BELECTRIC Hybrid Controller during a frequency event is shown in the 

Figure 5. Once the RoCoF limit of ±0.1 Hz/s is exceeded and the frequency goes beyond the first 

threshold limit of 49.7/50.2 Hz, GE Local Controller sends the first power request corresponding to 

20% of system availability to the BELECTRIC Hybrid Controller. The request increases in the form of a 

staircase if the frequency continues to deviate and crosses the higher thresholds.  

Table 2 shows the frequency threshold limits for over and under frequency events. The power 

request from the GE Local Controller continues to increase until either RoCoF stops increasing or the 

fifth power step is activated. The fifth power step asks for 100% of available power. The power 

request is sustained for the time until the frequency is restored, followed by a 10 second ramp back.  

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

request is send once frequency reaches the first threshold frequency of 49.7 Hz for under frequency 

events and 50.2 Hz for over frequency events. 

 
Figure 5: Generated stepped power request under the EFCC control scheme by the GE Local Controller to PV-

battery hybrid system during a frequency event. 

SNO. OVER 
FREQUENCY 
THRESHOLD  

NEGATIVE POWER 
REQUESTED 

UNDER 
FREQUENCY 
THRESHOLD 

NEGATIVE POWER 
REQUESTED 

1 50.2 Hz 20% of positive availability 49.7 Hz 20% of negative availability 

2 50.3 Hz 40% of positive availability 49.5 Hz 40% of negative availability 

3 50.4 Hz 60% of positive availability 49.3 Hz 60% of negative availability 

4 50.5 Hz 80% of positive availability 49.1 Hz 80% of negative availability 

5 50.6 Hz 100% of positive availability 48.9 Hz 100% of negative availability 

 
Table 2:  Over frequency and under frequency event thresholds under the EFCC control scheme. 
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The EFCC hybrid response strategy for the PV-battery hybrid system is divided into two schemes. 

During the day the positive power availability of the system depends on the battery SoC level and 

battery inverter maximum power capability. As the positive power response is provided by the 

battery system this allows the PV system to work normally at maximum power point and run without 

affecting the overall PV plants performance ratio. This allows for a larger overall response.  

The maximum positive and negative power availability from the EBU is set as 600 kW for the EFCC 

hybrid test. The negative power availability of the system during the day depends on the forecasted 

15 minute balancing power by the PV inverter running at the Rainbows PV Solar farm.  

At night, due to unavailability of PV resource, the EBU adjusts its SoC to provide positive and negative 

power response. This allows for a continuous system availability. The response strategy depends on 

the nature of the frequency event and on the daytime. Further information about the SoC 

management is provided later in this section. 

Table 3 illustrates the response strategy implemented in EFCC PV-battery hybrid control scheme 

while Table 4 illustrated the power availability sent by the system during day and night.  

 

SNO. DAY/NIGHT FREQUENCY RESPONSE STRATEGY 

1 
 

Day 
Under frequency event : Response from energy buffer unit 

2 Over frequency event : Coordinative response from PV and EBU  

3 
 

Night 
Under frequency event : Response from energy buffer unit 

4 Over frequency event : Response from energy buffer unit 

 

Table 3: PV-battery hybrid frequency response strategy under EFCC control scheme. This control strategy 

allows response from both PV and Battery system during the day and night thus increasing the system 

availablity with larger over all response from the system. 

 

SNO. DAY/NIGHT SENT POWER AVAILABLITY 

1 
 

Day 
Positive power availability : As per EBU SoC level or inverter max. capability 

2 Negative power availability : 15 minute PV forecasting model 

3 
 

Night 
Positive power availability : As per EBU SoC level or inverter max. capability 

4 Negative power availability : As per EBU SoC level or inverter max. capability 

 
Table 4: Power availability sent to the GE Local Controller from the individual power resources under the 

Hybrid system ς EFCC control scheme. 
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During the day, when PV resource is available, the EBU provides power response for under frequency 

events by injecting power into the grid. For over frequency events, the PV system provides the 

negative power by reducing its power below MPP. Due to comparatively slower PV reaction time and 

lower ramp rates (see key learnings: EFCC PV stand-alone trials), the EBU is configured to provide 

initial ramp support and increases the overall performance of the system. The EBU with its high ramp 

rates responds to the EFCC power request initially and reduces its power in a coordinative manner 

once the PV inverter starts to respond thus maintaining a constant power at the GCP without 

exceeding the requested power request. Figure 6 illustrates the modelled and expected PV-battery 

hybrid response during an under frequency event at daylight. 

 

Figure 6:  Illustration of simulated coordinative control response by the PV-battery hybrid system under the 

EFCC control scheme during the occurrence of an over frequency event when PV resource is available. 

The energy buffer unit used during EFCC hybrid test trials has a workable SoC interval between 20% 

and 100%. To provide frequency response services at night, when photovoltaic system availability is 

false, the energy buffer unit reduces its SoC to 60%. That 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, England. 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. The 45 minute window was 
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taken by observing the historical data for the Rainbows PV plant using the PADCON Monitoring Web 

Portal.  

In the implemented EFCC control scheme, the hybrid controller adjusts the battery SoC level for 

maximum availability. In the morning the SoC level of the energy storage system is increased to 90%. 

The remaining 10% SoC is kept free as buffer for the battery to absorb the power while enhancing 

the system ramp during over frequency events. While at night the battery reduces its SoC to 60% so 

that the system can provide frequency response services in both directions. Table 5 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 5: State of Charge levels of Energy Buffer Unit during the day and at night according to the implemented 

control strategy under the EFCC hybrid control scheme. 

To expedite EFCC testing for PV-battery hybrid system, a simulation tool by GE is used ς the PMU 

Simulator. This allows to test the system without waiting for a real frequency event to occur in the 

GB network. The PMU simulator, hereby referenced as the Grid Simulator (GS) is a substitute to real 

system events as it injects simulated frequency data with predefined RoCoF values and frequency 

nadirs6 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 resource availability, type and magnitude of the simulated 

frequency event. Table 6 shows the list of over and under frequency events that can be simulated by 

the GE PMU Simulator.  

 

SNO. SIMULATED UNDER FREQUENCY EVENT SIMULATED OVER FREQUENCY EVENT 

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

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

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

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

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

 
Table 6: List of under and over frequency events which can be simulated by the GE PMU Simulator.  

 

                                                           
6
  Frequency nadir ς Lowest or highest value of the frequency after a frequency disturbance/event. 
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Figure 7: Communication setup ς 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. 

                            

Figure 8: Communication setup ς The BELECTRIC Hybrid Controller in the PV-Battery Hybrid system behaves as 
an Energy Management System (EMS) and communicates with the Photovoltaic inverters and the Battery 
Control System (BCS). The power request is divided by the EMS as per the control strategy and is given to PV 
inverters or the BCS which further controls the energy buffer unit and the GE Prosolar Inverter. 
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 5 Data logging  

The PV side is equipped with PADCON PV Monitoring equipment and a visualisation via the according 

PADCON Web portal (data granularity of 1 s) which gathers data from the SMA inverters and all the 

installed sensors which measures the environmental conditions at Rainbows PV Solar Park located at 

Willersey. Due to low data resolution of 1 s, the plant is further equipped with a GE RA331 data 

acquisition module which acquires the data from the PV side at an interval of 20 ms using voltage 

and current transformers. The GE RA331 does not measure the individual power output of each SMA 

inverter but measures the power output of the Rainbows PV farm at Willersey.  

The energy buffer unit is equipped with the EBU SCADA system (data granularity ς 1 s) which stores 

the electrical parameters from DC and AC side of EBU system. The SCADA system also gathers data 

from the battery management system which monitors voltage, temperature and hull integrity for 

each cell/string/system. In general, the SCADA systems are used to gather and process real-time data 

to remotely monitor the system and help detect issues and mitigate the downtime of the system. 

The SCADA systems for PV and battery storage plants have a data granularity of 1 s.  

In the current hardware set up ǘƘŜ ŜƴŜǊƎȅ ōǳŦŦŜǊ ǳƴƛǘΩǎ ǊŜǎǇƻƴǎŜ ƛǎ ŜǾŀƭǳŀǘŜŘ ōȅ ŎƻƴŦƛƎǳǊƛƴƎ ǘƘŜ 

.ŀǘǘŜǊȅ /ƻƴǘǊƻƭ {ȅǎǘŜƳ ό./{ύ ǘƻ ƭƻƎ 9.¦Ωǎ ŀŎǘƛǾŜ ǇƻǿŜǊ ŀƭƻƴƎ ǿƛǘƘ ǘƘŜ GPS synchronized timestamp 

at minimum possible latency. Furthermore, the BCS clock is synchronized with the Hybrid Controller 

and PMU which are synchronized with a GPS clock. As a result the individually logged data for PV 

inverter, energy buffer unit and transmission line parameters can be overlapped to find the overall 

response from the system during a frequency event in GB power network.  

The BCS data logger logs the data with a data resolution ranging from 90 ms-160 ms. This uncertainty 

in the resolution range is introduced by communication traffic and the control system. Therefore, 

long term measurement equipment similar to the measurement system on the PV side will be 

configured and used in future applications. This will provide higher data granularity and will reduce 

the current uncertainty in the logging data.  
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6  Test description & objective 

6.1  Precursor tests 

The primary goal of the precursor tests is to investigate the individual dynamic performance of the 

PV-Battery inverter hardware. The individual precursor test on the PV and Battery system involves 

controlling the power output by changing the working point of the following inverters one at a time: 

1. SMA inverters installed in the Rainbows solar PV power plant at Willersey, England.  

2. GE inverter installed in the Energy Buffer Unit at Willersey, England. 

The test is further divided into two categories to check the inverter control and the inverter power 

ramp rates. Each precursor test is described below. 

A.   Inverter control test 

This is the first test on the hybrid system which provides a first glimpse of factors that potentially 

influence the final reaction time of the system. The purpose of this test is to validate the 

established communication settings between the BELECTRIC Hybrid Controller and the inverters 

in the PV-Battery hybrid system located at Willersey.  

The tests include executing the following steps for both PV and EBU Inverter individually: 

1. Regulating the active working point of the inverter(s). 

2. Governing the shutdown/start up for each individual inverter unit.  

The modifications are done to the inverter by the BELECTRIC Hybrid Controller through the 

developed MODBUS TCP client. The test passes if each individual inverter acknowledges the 

commands ς with visible changes of the working point within a reasonable magnitude and time 

period. Reasonable means in this case that it is clear that the root cause of the change in the 

working point has happened because of a control command by the BELECTRIC Hybrid Controller.  

The PV reaction is evaluated via the PMU / Phasor point App which have the data resolution of 20 

ms while the battery reaction is evaluated by a dedicated SCADA system with data resolution of 1 

s and also using the BCS data logging system which have a data logging granularity ranging from 

90 ms ς 160 ms. 

B.   Ramp rate test 

The purpose of this test is to assess the inverter response rate and investigate the ramp rate of PV 

and battery inverter between different working points. During this test the inverters from each 

resource is individually forced to step up and down between different working points. The ramp 
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up/down rates between each working step for the two sets of inverters are measured and 

evaluated. The PV inverter ramp rates are measured using the PMU / Phasor point App which has 

a data granularity of 20 ms while the eƴŜǊƎȅ ōǳŦŦŜǊ ǳƴƛǘΩǎ ƛƴǾŜǊǘŜǊ ǊŀƳǇ ǊŀǘŜǎ ŀǊŜ ƳŜŀǎǳǊŜŘ ōȅ 

processing the raw data saved by the BCS with logging interval ranging from 90 ms ς 160 ms.  

As the PMU / Phasor point App is deployed at grid connecting point the PV ramp rates are 

executed during constant irradiance and the rates are evaluated by looking at the change in the 

power from the PV plant at grid connecting point. At the energy storage side the ramp test can be 

performed at any time and evaluated with BCS data logging system. 

This test passes if the Hybrid Controller communicates the power set points to the inverters and 

the inverter changes the power in accordance with the written working point. 

 

6.2  Open loop test 

The scope of open loop test is to assess the communication setup between BELECTRIC Hybrid 

Controller and GE Local Controller during frequency events. During this test the Hybrid Controller 

sends its power availability, ramp rates and durations to the GE Local Controller. The hardware is 

configured to run in open loop mode i.e. the photovoltaic and the energy buffer unit inverters do not 

accept or follow the power request from GE Local Controller to provide frequency response.  

The purpose of the open loop test is to see whether the BELECTRIC Hybrid Controller and GE Local 

Controller have a successful communication and to check if the power request is received by the 

BELECTRIC Hybrid Controller without any loss of data packages during the simulated frequency 

events. The test also validates if the PV-battery hybrid system power availability is received by the GE 

Local Controller without unrepresentative delays. 

For simulated frequency events, the GE PMU Simulator is used to inject known frequency signals 

with pre-defined RoCoF and frequency nadir into the installed Local Controller. With the GE PMU 

simulator, different under and over-frequency events which are listed in  Table 6 on page number 16 

are simulated. In parallel the Hybrid Controller evaluates the resource availability from the PV-

Battery Hybrid System and sends the parameters to the GE Local Controller as per the response 

strategy mentioned on Table 4 on page number 14.  

The ǘŜǎǘ ǇŀǎǎŜǎ ƛŦ D9 [ƻŎŀƭ /ƻƴǘǊƻƭƭŜǊ ǊŜŎŜƛǾŜǎ ǘƘŜ .9[9/¢wL/Ωǎ ŀŎǘǳŀƭ ǇƻǎƛǘƛǾŜ ŀƴŘ ƴŜƎŀǘƛǾŜ ǊŜǎƻǳǊŎŜ 

availability and the BELECTRIC Hybrid Controller receives a power request from the GE Local 

Controller for different simulated frequency events in accordance to its positive and negative power 

availability. 
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6.3 Hardware in the loop test (HiL) 

The scope of the hardware in the loop test is to assess the hybrid system performance including the 

ramp rates, reaction time and the full power response time of the system to an actual power request 

from the GE Local Controller during a frequency event. This test is categorised in two cases: 

A.   Simulated frequency event during the night 

During this test, positive and negative power availability of the battery system is sent to the GE 

Local Controller. Using the GE PMU simulator, different magnitudes of under and over frequency 

events are simulated. The battery system should respond to the power request by the GE Local 

Controller during simulated under and over frequency events. The test passes if the following 

steps are processed and executed. 

1. Power request is received by BELECTRIC Hybrid Controller. 

2. The power request is processed and written to the battery inverter according to 
the implemented strategy. 

3. The battery inverter(s) set point values change based on the power request. 

4. The response power is provided by the battery inverter. 

B.   Simulated frequency event during the day 

During this test, positive and negative power availability of the overall PV-battery hybrid system is 

sent to the GE Local Controller. The battery system should response to the power request by the 

GE Local Controller when an under frequency event is simulated using the GE PMU Simulator, in 

addition the PV system should continue to run at MPP and remain unaffected.  

On the other hand a coordinative response by the PV-Battery system (as illustrated in Figure 6 on 

page number 15) should be observed during a simulated over frequency event. The test passes if 

the following steps are processed and executed. 

1. Power request is received by BELECTRIC Hybrid Controller. 

2. The power request is processed and written to each individual inverter power 
register according to the implemented strategy. 

3. The individual inverter(s) set point values change based on the power request. 

4. The battery inverter power output changes and enhances the overall 
performance of the system. 
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7  Test Procedure 

7.1 Precursor Test 

On the PV side, all precursor tests are executed only on the inverter SMA 1.1 while on the Energy 

buffer unit side the tests are run on the GE Prosolar inverter. The BELECTRIC Hybrid Controller 

program communicates with the individual inverters through an established Modbus TCP 

connection. If any of the precursor tests fails, hardware in the loop (HiL) tests may not take place and 

fail by default because of the incapability of inverters to respond to control commands. 

A.     Inverter control test  

o PV inverter control test 

To control the inverter output, a percentage set point is written to its power register by the 

BELECTRIC Hybrid Controller. When the inverter power output is 70% of its nominal power and 

ΨорΩ ƛǎ ǿǊƛǘǘŜƴ ǘƻ ǘƘŜ ǎǇŜŎƛŦƛŎ ǇƻǿŜǊ ǊŜƎƛǎǘŜǊΣ the inverter starts to run at 35% of its nominal 

power value. This active set point control command can be sent to any specific connected SMA 

inverter for power regulation via Modbus TCP connection. The inverter control software has also 

been adjusted prior to the tests to correspond to such interference with the register values. 

Otherwise, the original setting of the inverter would have a fixed working point at MPP for 

maximum PV plant power output as it is normally intended for solar PV farms. 

The changes to the active power set points are made to verify the procedure in general. The 

active power set point send during this test should always be lower than the percentage at which 

the inverter is running under MPP. The change in individual inverter power is observed via 

Phasor Point app, PADCON PV Web Portal and the BELECTRIC Hybrid Controller interface.  

The test also includes shutting down the inverter by sending a power set point of 0 and restarting 

the inverters to check if the whole communication system reconnects automatically to the 

Hybrid Controller and maintains the previously written control statements. This is useful to 

assure that the control logic works after a failure in the system or during routine plant 

maintenance. All the control commands are sent via the BELECTRIC Hybrid Controller. The 

system behaviour is observed by the Phasor Point app, PADCON PV Web Portal or BELECTRIC 

Hybrid Controller interface.   

PV inverter control in general is also tested with the help of Simply Modbus ς a Modbus TCP 

Client Test Software and manually by the SMA web interface portal to have a fall back option if 

communication or control infrastructure partly fails. 
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o Battery inverter control test 

During the inverter control test for the energy buffer unit, the battery storage system is charge 

with a power of 300 kW for 5 minutes this is followed by discharging the battery storage system 

at 300 kW for 5 minutes. The 5 minute charging and discharging test allows verifying the change 

in SoC level as well as the change in inverter working point. Moreover this process keeps the SoC 

level unaffected after the completion of the test.  During the test, the GE Prosolar inverter should 

change its working point and the battery management system must continuously communicate 

with the Belectric Hybrid Controller and sends the power availability parameters.  

The EFCC PV-battery power resource system does not have high resolution phasor measurement 

system deployed for Battery and Photovoltaic system individually. As a result, Belectric 

supervisory control and data acquisition system was used during the precursor test.  Due to low 

data granularity, the EBU SCADA system was only used during the precursor test ς Energy buffer 

unit inverter control test. 

B.     Ramp rate test 

o PV inverter ramp test 

SMA inverter 1.1 is forced to operate at lower working-points during the time of constant high 

irradiance of 600 W/m2 or more. The working point is varied in 100 kW and 200 kW steps from 8 

kW and to 600 kW. SMA inverter 1.1 is ramped down with 100 kW steps from 600 kW down to 8 

kW and then ramped back up to its maximum power point (MPP) with the same 100 kW steps. 

The inverter is forced to operate at these working set points via command from the BELECTRIC 

Hybrid Controller. 

The inverter is not ramped down to 0 kW as this causes the inverter to shut down and the PV 

plant becomes unavailable for at least a minute for the restart process. The inverter in the plant 

ǊŜǉǳƛǊŜǎ ŀ ƳƛƴǳǘŜ ǘƻ ŎƻƳŜ ǳǇ ŘǳŜ ǘƻ ƛƴǾŜǊǘŜǊΩǎ ƎǊƛŘ-synchronization mechanisms before the 

start. The lowest power at which the installed inverters can run without shutting down is 8 kW 

(1% of its nominal power). 

Due to PADCON PV Web portals low data resolution of 1 second the ramp rate of the inverter is 

investigated in parallel with high resolution data from GE RA331 data acquisition module which 

ŘƻŜǎƴΩǘ ƳŜŀǎǳǊŜ ǘƘŜ ǇƻǿŜǊ ŦǊƻƳ ŜŀŎƘ ƛƴǾŜǊǘŜǊ ōǳǘ ƛƴǎǘŜŀŘ ƳŜŀǎǳǊŜǎ ǘƘŜ ƻverall power of the PV 

plant at Willersey.  

If the ramp rates vary by more than 5% the difference will be considered significant and taken 

into account for SMA inverter control. 
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o Battery inverter ramp test  

To quantify the ramp rate of the storage system, GE Prosolar Inverter is forced to ramp up/down 

and the battery storage system is configured to charge and discharge at a constant power for 

small duration. The working point changes executed during the tests are illustrated in the Table 

7.  To test the ramp rate capability of the battery system under the real EFCC control scenario, 

stepped positive and negative ramp rates are executed. The battery inverter ramp rates are 

measured by processing data logged by the BCS at an uncertain interval from 110 ms ς 160 ms. 

 

SNO. CONTROL SCHEME POWER SNO. CONTROL SCHEME POWER 

1(a)  
 
 

CHARGING 

+ 120 kW 1(b)  

 

DISCHARGING 

- 120 kW 

2(a) + 240 kW 2(b) - 240 kW 

3(a) + 360 kW 3(b) - 360 kW 

4(a) + 480 kW 4(b) - 480 kW 

5(a) + 600 kW 5(b) - 600 kW 

Table 7: Ramp test ς List of working point shifts executed on the GE Prosolar inverter during the battery 

ramp rate test. The maximum positive/negative power availability by the energy buffer unit is ±600 kW. 

The working point shifts corresponds to the stepped power request of 20% of the battery availability 

generated by the GE Local controller.  

7.2  Open Loop Test 

During a frequency event the GE Local Controller sends a continuous power request to the 

BELECTRIC Controller. The objective of the Open Loop test is to check the communication response 

time of the hybrid control and inspect if the BELECTRIC Hybrid Controller can fetch and process the 

power requests without losing or delaying any power request. Along with that, the Open Loop test 

evaluates whether the Local Controller is receiving power availability from the BELECTRIC Hybrid 

Controller. If this test fails, then the hardware in the loop test fails automatically by default. The 

Open Loop test can be further divided into two sub categories which are described below.  

A.  Simulated frequency event during the night 

During this test frequency event are simulated using GE PMU Simulator during the night, The 

Simulator is used to inject frequency signals with known RoCoF value and predefined frequency 

nadir during the time when PV system is unavailable. During this test under and over frequency 

events of different magnitude are simulated with a RoCoF of ± 0.15 Hz/s. The event detection 

RoCoF limit during this test is set to be ± 0.1 Hz/s. The GE Local controller should detect the event 

as the RoCoF crosses the above-mentioned threshold, the Local Controller assesses the power 

availability of the PV plant and the battery system followed by a power request to the BELECTRIC 

Hybrid Controller according to the response strategy mentioned in Table 2 on page number 14. 




















































































