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1. Introduction
This documenfpresentsan overview on the mathematical EFCsblar P\fBattery ¢ hybrid model
which was developed bBELECTRIE study and analyse the behaviour of the implementaahtrol
system in the P\Battery Hybrid gstemat Willerseyunder theEFCC contrecheme

The document alsdlustratesthe modelledoutput behaviour of thendividual power source in the
Hybrid §stemfor someselectivesimulated andreal frequency eventsvhich were observed by the
phasor measurement uni{PMU) deployed at the grid connecting poirdf the BELECTRIC PV
Resource at Willerse Tosuccessfully exaite the simulationBELECTRIedhistorical dateof real

and simulated frequency events measured by the PMthéGB power network

Thetransmissiorsystemparameters like regional frequency and rate of change of frequéRoZoF)
are given to thehybrid model The model observes the parameters to detettte intensity and
magnitudeand natureof the frequency event. Furthethe model sends a power request to the
modelled EFCe€olar P\/Battery hybrid resource according to theesource availability, nate and

intensity of the frequency event

The model simulates the individudynamicbehaviour of the two resources. The requedpoweris
distributed amongst PV andaBery resources dependingn numerous factors likéime of the day,

nature of the evehandamount 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 th®#&éry Hybrid System for
providing frequency response service under the (only) EFCC control schemgediltmexplains the
modelled event detection algorithnmodelled output behaviour dEFCC RBattery Power Resource
and the Hybrid Response Strategie$/loreover,the section alsanentions te essential data fields

required for successful execution of the simulation

Event Detection AlgorithmThe EFCC HBattery Hybrid System Model simulates the behaviour of
the GE Local Controller at an elementary level by observing the transmissiorateragiers from

the Phasor Measurement Unit (PMU) installed at the grid connecting point of Rainbows PV plant at
Willersey. Thehistoricaltransmission line parameters are observed to detect a frequency event in
the power network. The event detection algidwin in the EFCC FBattery Hybrid Model observes

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

20 ms). In parallel the model uses the SMA PV inverter power in kW from an already existing SCADA

5
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system @ata granulaity ¢ 1 s) used by BELECTRH& PV power is essential for resource calculation
and for estimatiig the balancing powefThe two gts of data are interpolated by the model to an
interval of10ms so that the reaction time of battery system whis 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 detectionalgorithm compares the transmission line parameters with tdwnfigurable
RoCoF triggering threshold and frequency values for event detection. These thresholds are explained

in Figurel with additional information mentioned ifable landTable 2on page number.

The hybrid modelsimulation also handles anthtroduces thereal time communication and
processing latenciem the final results The current implemerdtion 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 ascommuncation buffer timewhich was observed ithe EFCC scheme the real hardware
system of GE Local controller, this small communication buffer time is required lBHGE control

systemto measure and process the real time data.

Once the RoCoF event is gaged, 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 anothelcommunication buffer timef 20ms

As soon as the event is detected the-Bafiery Hybrid Model distinguishes between an actual
frequency event and a local noise by observing the-tiezd frequency values as usually done by the

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

sysem 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 EFGABattery Power Resource. This power

request corresponds to 20% of the system availability.

¢tKS O2yiNRf a0OKSYS R2SayQi LINRGOARS O2ydAydzdz
changes, this allows the model to work efficiently with noisy data.mMpéareleasing power request

under the EFCC control scheme from theB&tery Hybrid Model is illustrated iRigurel. If the
FNBIjdSyOs R23ayQi NBO2OSNI FyR O2ydAydsddevely2 RSOA
time the frequency crosses and stays beyond the next threshold for M0 The frequency
GKNBakK2ft Ra T2NJ I FNBIdzSyOe S@Syild FyR AGQa O2NNEB:
the Table landTable 2
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down power request at the end of EFCC response service. For higher frequency events the power

request riseand holding time can go up to 80 s.

Power

Frequency threshold exceedance followed

by a power request after 420 ms delay

Event Detection
triggered

[

Subsequent power

requests as

frequency deviates

50 s

Figurel: Simulatedoower request by the hybrid model

SNO
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ROCOF LIMIT
+0.04 Hz/s
+0.04 Hz/s
+0.04 Hz/s
+0.04 Hz/s

+0.04 Hz/s

FREQUENCY THRESHOLD POWER REQUEST

50.20 Hz

50.30 Hz

50.40 Hz

50.50 Hz

50.60 Hz

20% of negative power availability
40% ofnegative power availability

60% of negative power availability
80% of negative power availability

100% of negative power availability

Tablel: Frequency threshd for over frequency everst

SNO

ROCOF LIMIT
-0.04 Hz/s
-0.04 Hz/s
-0.04 Hz/s
-0.04 Hz/s

-0.04 Hz/s

FREQUENCY THRESHOLD POWER REQUEST

49.70 Hz

49.50 Hz

49.30 Hz

49.10 Hz

48.80 Hz

20% of positive power availability
40% of positive power availability
60% of positive power availability
80% of positive power availability

100% of positive power availability

Table2: Frequencyhresholds for under frequency events.

Individual PV/Battery resource responselrhe model simiates the output behaviour of the battery

and PV system individually. For battery respoggdbe 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 Frequendyesponse (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 cortation 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-oomntinuous service, frequency events with observed RaifoF

more than+0.04 Hz/s and frequency nadir brelding 49.7/50.2 Hfirst power request thresholds)

are very rarethereforedt KS Y2 RSt R2Say Qi O2yaARSNI §KS aAiddz .
(SoC) is out of iteperational limits due multiple EFCC responses in a day. The maximum power
request diration in the current set up 80 s 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 availaldiidyn the battery gstem 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 staaldne trials the response time of the PV inverter was found to be
inconsistent andvarying due to 1:N Modbus communication protocol. The inverter response was
found to be of the rate of 750 ms for the first powerquest while thereactiontime decreased to

200 ms for the consecutive second and third power requests as sdeagurel.

Note: To improve the overall PV reaction time the hybrid controller has beeroptimised as a
result, with the current implementation the reaction time for the first power request in the F
system is down to 20 ms. This updated faster PV reaction time is not implemented in 1
simulation study.

The hybrid model simulates the output behaviour of the PV inverters with alinear ramp as
shownin Figure2. Thiswas dme 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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Figure2: ModelledPV inverter ramp rate behaviour with fast ramp and correction ramp.

Response StrategyThe response strategy of the EFREBattery Hybrid Mdel is divided into two

schemeswhich are as follows:

I Day

0 The positive power availability of theystem depends on the battergystem. Due to the

absence of SOC management systhi positive power availability is consta®®0kW.

0 The negative power availability of the system depends on the forecakbadinute balance

power® by the PV inverter.

1 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 #yeTthble3 shows

the implementedresponse strategy in the EFCCGBAttery Hybrid Model.

NO TIME OF THE DAY RESPONSE STRATEGYTTEREQUENGEVENT

1 Under frequency
Day
2 Ove frequency
3 ) Under frequency
Night
4 Over frequency

Response from battery system
Coordinative response from PV and battery
Response from battery system

Response from battery system

Table3: EFC®\tBattery Hybrid $stem response strategy.

! More details on forecasting procedure and accuracy availiaMiC EFCC WP2.3 Solar PV Report.
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In the arrent implementation of the control system the decision upon the day and night is taken at a
fixed local time i.e. AM-7 PM. Under the actual EFCC schehmenergy buffer unit used during the
P\/Battery hybrid system has a workable SoC interval betw2@¥ 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 tprovide frequency response services in both directions by charging or
discharging. Theecision 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 sththe 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 adjuste45 minutes after the sunrise and 45 minutes before the sunset

at Willersey Table4 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%

Table4: State of Charge levels of Battery Energy Storage System during the day and at night according to the
implemented control strategunder 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. Adiional 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 resporisessi 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 illustrated in theFigure3 where the controller may start to adjust

the SoC during the day with low irradiance values.

10
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Figure3: lllustration of scenario witlextremelylow irradiance recorded during the day tine Willerseyg 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 PBattery Simulation Mode]

1 During day, whn the PV resource is available,

o0 When an mderfrequencyevent occursthe battery system provides the power response by
injecting power into the grid whildhe PV inverter continues to run unaffectedly at its
maximum power point.

o0 When an over frequencgvent 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 learningsrbm 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 powenasThis
behaviour of PV and Battery system coordinatiesponding to a power request and

increasing the total system performance is illustratedFigure 4

11
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Time
Figure4: Initial ramp support by the battery system during an undiesquency event to follow the
EFCC power request more precisely at the grid connection B0F)

Hybrid system response availabilityTable 5 below showsthe evaluation of power availability

according to the deployed response stratégyhe EFCC hybrid system.

NO TIME FREQUENCY RESPONBABEGY FOR THE BVEN

1 Positive power response  : 800 kW from the Energy Buffer Unit
2 Day Negative power response : 15 minute forecasted power

3 ) Under frequencyresponse : 800 kW from the Energy Buffer Unit
4 nght Negative power response : 800 kW from the Energy Buffer Unit

Table5: EFC@ower availabilityevaluationunder the hybrid shulations

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

parametersBelow are mentioned the essential fields required for the execution of the model.

1. Date and Time stamp

2. Frequency values from the PMU
3. RoCoMvalues from the PMU
4

Inverter power (kW)

List of real time delaysThe hybrid model introducesommunication and processing latencising
real time simulationThelatenciesused in the model aréurther divided in twosectionswhich are

mentioned below

1. EFCC detection and signalling delays
12
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a. GECommunication buffer time for RoCoF triggerq20 ms
b. GECommunication buffer time for frequency event triggering0 ms
c. GEPower request buffer time 420 ms
2. P\ battery hybrid resource delays.
a. Observed httery response time; 50 ms
b. ObservedPV response time to the first power request50 ms

c. ObservedPV response time to second or higher power requezd0ms

13
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3. Simulation behaviour with simulated frequency event data

3.1 Simulated under frequency ev ents

To test thebehaviour of theP\(Battery tybrid model during the under frequency eventdjistorical

simulatedunder frequencyevent data with known RoColaluesand pre-defined frequency rdir

were injected in the modelFor executing the simulationthe frequency eventdata of different

magnitudes were injected to the model The undermentioned stepsllustrates the expected

behaviour of the model during an under frequency event.

Step 1:

Step 2:

Step 3:

Step 4

Step5:

Note:

The modelobserves the RoCoF valyesnce the RoCofhreshold of -0.04 Hz/s is

exceeded the modetiggers the RoCoF fladter a delay o20ms.

If the RoCoHag is triggered and the frequency continues to deviabe, ¢vent detection
flag is triggered 20ns after thefrequency crosses thfirst threshod limit of 49.7Hzin

case of under frequency event

Once the event is detected and the frequency staglow the threshold limit of 49.Hz
for 420 ms, the model sendds first power request corresponding 0% ofpaositive
power availabilityIf the frdj dzSy 08 R2Say Qi aidl & oS imathe
event is handled as a noise/fault in tpewer network and the EFCC frequency respol

service is not activated.

Due to the nature of the frequency event (under frequendgy) the power requestis
only responded bythe battery systemwhile thePV inverteQ a ¢ 2 NJ donficlieslid:
remain at maximum power point (MPP)The battery system respda to the power

requestafter aresponsedelay of50 mswith a ramp rate of 8008W/s.

If the frequencyR2 SAy Qi  NBniriegd oNikviatgfuRher, the power requesis
increasedevery time the frequency crosses and stéagyondthe nextthreshold for 420
ms. Thefrequency thresholdgor an under frequency eventsnd correspondingpower

requestsare mentionedn Table 2on page number.

Thepower request isentfor 50 secondsfter the last frequency thresholfibllowed by a
10 seconds rampack tothe initial stateas observed in the simations done during the

PV stanehlone trials

This model does noespond toslow frequency events

% Frequency events due to gradual changéénuencyfor longer duratiors of time without reaching the
RoCoF threshold

14
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1. Frequency Event & Frequency nadir of 49.661z& RoCoF 0f0.15Hz/s

The following sectiompresentsthe behaviourof the EFCC ybrid model during a simulated under
frequency event with predefined RoCoF vabfe0.15Hz/sand afrequency nadir of 49.65 HZhe
EFCC hybrid modalbserved the RoCoF artdggered the RoCoF flag 20s after the RoCoF

exceededhe value 0£0.04Hz/s.

The event detection flag was triggered 2% afterthe frequency crossed the first undérequency
threshold of 49.MHz anda 160kW power requestcorrespondingo 20% of battery power availability
was sent by the EFCC Hybrid systeradel once the frequency stayed below the first unde
frequency threshold fomore than420 ms. In responsethe battery system provided th&fequency
response with a delay time of 5@s at a ramp rate of 800KW/s while the PV system continued to
operate at maximum power pointThe Hybrid model requestetthe power for50 seconds followed

by a 10 second power ramp dowm initial condition
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Figure5(a): EFC Hybrid modebehaviourduringsimulated event (RoCeB.15Hz/s, freqency nadir 49.6%51z)
Blue part in more detail in gre §b).
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Figure5(b): 20 msdelay duringRoCoFRriggeringand event detection (A and B), 488 Power request
hysteresiqC)Battery responseo the power reques{(D).

2. Frequency Even ¢ Frequency nadir of 49.4%z& RoCoF of0.15Hz/s

The following section presents the behawicof the EFCC Hybrid moddliring a simulated under
frequency event witha predefined RoCoF value €f.15Hz/s and a frequency nadir of 49.45. Hihe

EFCC hybrid motlebserved the RoCoF and triggered the RoCoF flag 20ms after the RoCoF exceeded
the value 0f0.04Hz/s.

The event detection flag was triggered &% after the frequency crossed the first under frequency
threshold of 49.7Hz and a 16&kW power requestwhich corresponds to 20% of battery power
availability was sent by the Hybrid modehce the frequency stayed below the first under frequency
threshold for 420ms. As the frequency reachettie second threshold limit of 49.Hz, stage 2 of the
event was deteted after a delay of 20ns, and the power request was increased to 320 kW which
corresponds to 40% of available positive powler.responseto each power requesthe battery

systemprovidedaresponse with &0 msdelay at a rate of 800kW/sec.
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Figure6(a): EFC8Bybrid modebehaviourduringsimulated event (RoCeB.15Hz/s, frequency nadir 49.4%)
Bluepart in more detail in Figure(b).
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The following section presents theehaviourof the EFCC Hybrid model during a simulated under

frequency event with predefined RoCoF value®i5Hz/s and a frequency nadir of 49.25 Hhe

model triggered the RoCand event detectiorilagas expectedThe model requested three stage

power requestwhich corresponded to 2@ 40% and 60%of positive poweravailability;in response

to reachthe power requestthe battery providedthe respnseafter a delay of 5ans at a ramp rate

of 8000kW/s.

Themodel sent a 50 second (ramp dphold)power requestfollowed by a 10 second ramp down.

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

communicaton and internal processirigtencyof 50msdue to hybrid controller
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Figure7(a): Hybrid modebehaviourduring simulated event (RoCeB-15Hz/s, frequency nadir 49.23z) Blue
part in more detail in Figuré(b).
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Figure 7(b): Ten second rammlown behaviourwith 50 ms delay bybattery storage systenduring under
frequency event

To test the behaviour of the P®attery hybrid model during thever frequency events, historical

simulated over frequency event datwith known RoCo&nd predefined frequency nadir values

3.2 Simulated over frequency events

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

anoverfrequency event.

Step 1:

Step 2:

The model observes the RoCoF values, once the RoCoF threshold ofHiz0s04
exceeded the model triggers the RoCoF flag aftersimulated local controllel
communication and measurirgglay of 20ms.

If the RoCoRag is triggered and the frequency continues to deviate, the event detec
flag is triggered 20ns after the frequency crosses the first threshold limit56f2 Hz in
case ofan overfrequency event.

Once the event is detected and the frequency contmte stay above the threshold lim
of 50.2Hz for 420ms, the model sends its firsiegativepower request corresponding t
20% of PV negative power availabilityF (G KS FNBIjdzSyOe& R2Sa

19



@ BELECTRI C® Solar hybrid power solutior

Step 3:

Step 4

Stepb:

Note:

and energy storag

limit for 420ms the event is handled asmaise/fault in the power network and the EF(
frequency response service is not activated.

Due to the nature of the frequency event (over frequency) tbawer request is
respondedby PV inverteand the batterysystemstogether & mentioned inFigure 2on

page9.

BEvery time the frequency crosses and stays below the next threshold fom#2Qhe

model increases the negative power requesthe currently configuredrequency
thresholds for arover frequency eventand its correspondingegativepower requests

arelisted in Table lon pagey.

In total, the power request is sent for 50 sauds after the last threshold is reachezhd

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

This model does natetectslow frequency events.
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The following section presgs the behaviourof the EFCC Hybrid model during a simulated over

frequency event with predefined RoCoF value of +®Mik and a frequency nadir of 50.20 Hhe

model triggered the RoCoF flag, 20ms after the RoCoF exceeded the threshold value ¢iz4€.04

The eventwasdetected20ms after the frequency crossed the first over frequency threshold of 50.2

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

availability(PV)was sentoncethe frequency stayed above ¢hover frequency threshold of 5012z
for 420ms.

In responsethe PV inverter provided negative power response with a delay of 78 while the

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

responding initifly within 50ms. The battery systermo-ordinately reducedits output power as the

PVresponsestarted.
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Figure8(a): EFCC Hybrid modehaviourduring simulated event (RoCoF +0HZ&'s, frequency nadir 50.2 Hz)

Blue part in more detail in FiguBgb).
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Figure8(b): PV and battery coordinative response to provide ramp support and increase the overall system
performance during an under frequency eveA).

5. Frequency Everb ¢ Frequency nadir of 50.56z& RoCoF of +0.18z/s

The following sectiorpresents thebehaviourof the EFCC Hybrid model during a simulated over
frequency event with predefined RoCoF value of +Hik and a frequency nadir of 53.Hz.The
model triggereda 4 stage power requesturing this eventFor each request battery ahPV system
co-ordinately provided theresponse thus reducing the ol response time and increasing the
system performance.

The PV system responded to the first request after #s0and reduced its response time to 208

for the higher power requestsihe power request was maintained for 50 seconds followed by a 10

seond ramp down. This ramp down was provided by PV with an overall delay ah200
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