® Solar hybrid power solutior
@ BELECTRI C and energy storag

Network InnovationAllowance(NIA) Project DESERT
(2iM) = | G0 SNINA R B8 &E W SWS LI

h LISNJIG i 8 RAQYY KISGRO CNB lj dzSy O& /{20KINBS /|
09C/ /0

Conducted at the Rainbows Solar PV Power Plant, Willer

BELECTRIC GmbH

Document Versio.3; 06-03-2019

Document Version: vs0.0 03.12.2018
vs0.1 26.01.2019
vs0.2 11.02.2019
vs0.3 06.03.2019

Prepared by: Dr. Tim Muller
Sebastian Feldmann
Apoorv Pareek

BELECTRI@nbH
BELECTRIC GmbH - Subsidiary Dresden Headquarter. Wadenbrunner Str. 10 District Court: Schweinfurt Registered Office: Kolitzheim
Industriestral3e 65 - 01129 Dresdener@any 97509 Kolitzheim Germany HRB No.: 5161 Management BoardTim Dickhaus, Christian Fries
Phone:+49 351 811 296 Phone:+49 9385 9804 Tax No.: 249/116/60365 Email: info@belectric.com

Fax +49 351 811 298999 Fax +49 9385 980490 VAT: DE224940983 Web:www.belectric.com



@ BELECTRI C® Sdar hybrid power solution

and energy storag

Table of content

Network INNOVation COMPETITION:..........uuiiiiiei i e e ee e e 1
Enhanced Frequency Control Capability (NIC EFCC).......cciiiiiiiiieieeee e 1
LISt Of TADIES. ...t e e e e e e e e e e e e e 4
IS Ao o U =SSOSO 5
LiSt Of ADDIEVIATIONS. ......eeieiiiie e e e e e e 8
R [ o110 T0 (U Lot 1 o] o TP TT P PPRPPRRTP 9
2 Asset/ Resource / Service background INfOrmation.............ccuvvveiiiiniiiiiieee e 10
3 EFCC control armbmmuniCation SEIUP........cvviiiiiiiiie e 12
4  EFCC hybrid system control Strat@gy............coooiiiiiiiiicciiiiite e e e e e e e e e 14
R D= = W (o T o |1 o PPN 19
6 Test desCription & ODJECHIVE ........coiiiiiiie e 20
6.1 PrECUISON TESES. ...eeieeiiiiiiiii ittt e e e e e e e et e e e eeeeeas 20
A, INVEMEICONTION TEST.....eeiiiiieiiieee et e e e e e 20

B. RAMP FAE TESL.... ittt 20

6.2 OPEN IOOP TESL...c ittt e e e e e et e e e e e e e e e e e 21
6.3  Hardware in the 100p teSt (HIL).......cuueiiiiei e 22
A. Simulated frequency event during the night.............ccccooiiien 22

B. Simulated frequency event during the day...........cccvvvviiiiieeeiiiiieieeeeeeeeeeeeee e, 22

A =2 0 (o 1o =To (U = O PRSP PP PPPPRPP 23
% S o (= To1 UL £=T0 | Gl I =T APPSR PPPPPRR 23
A, INVEITET COMDI TEST ...t e e e e 23

0 PV INVErter CONIOI TESE.......uuiiiiiie ettt e e 23

0 Battery inverter CONtrol tESt..........uuuiiiiiiiiiiiiieeeeeeeeee e 24

B, RAMP FALE 1ESL .. et e e e e s 24

O PV INVEIEr rAMP TEST. . it et e e e e e 24

0  Battery iNVEIEr FamMP TEST......uui i e e 25

7.2 OPEN LOOP TOSE ittt e e ettt e et e et e e e e e e e e e e e ae e e e e e e aaea e 25
A. Simulated fregency event during the NIgRL...........cciviii e 25

B. Simulated frequency event during the day...........c.cocviiiiiiiiiiiiii e 26

7.3 Hardware in the 100D tES........uuiiiiiiii e 26
A. Snulated frequency event during the NighL............ccoooii e 27

0 UNder freQUENCY BVEMNL........uuiiiiiiiiiiiiieie ettt ettt e e e e e e e e e e e e e e e e e e e e e e e e e e e e e enennennnes 27

O OVl fTEQUENCY BVEML .. .ttt ettt e e e e e e e e e e e e e e e e e e e ea e e e e eeeeeneees 27

2



@ BELECTRI C® Sdar hybrid power solution

and energy storag

B. Simulatetrequency event during the day...........c.ceeeiiiiiii e 27

0 UNder frEQUENCY BVENL........uuiiiiiiiiiiiiiiei et e e e e e e e e e e e e e e e e e e s e e e anrannes 27

O OVEr fTEQUENCY BVENL.......iiiiiiieeiiiiie e et e e e e e e e e e e e e e r e e e e e e aas 27

8 TESE RESUILS. ..o 28
8.1 PrECUISON TESL . .uuutiittittenteetee et e ettt ettt e et e e e e e e e e e e e e e e s e e s s e s s e e s e e e e e e e e eeeees 28
A, INVEIET CONIOI TEST...eii it e e e e e e 28

0 PV INVErter CONTrOl ESE....c..uiiiiiiiiie i 28

0  Batteryinverter CONIOl tESE.........coiiiiiiiiii e 29

o T S d= 10 O = L (ST (=2 SR 30

0 PVinverter ramp rates evalUation............cccoiiiiuiiiiieeeiiiiiii e 30

0 Battery inverter ramp rate evaluatiQml...........ccccccuuviiiiiiiiniiiiiieieeeeeee e e e e e e e e 35

S T @ o= o (oo o I (=) PP PPPPPPPPPP 37
8.3 Hardware iN LOOP TeSL...uuuuiiiiiiiiiiiiiiieie ettt eeeeeeeees 39
A.Simulated frequency events at NIghL..........ooooo 39

0 UNder frEQUENCY BVENL........uuiiiiiiiiiiiiiieeieee e et e e e e e e e e e e e e e e e e e e e e s anrannes 39

O OVEr fTEQUENCY BVENL......uiiiiiiiie ittt e ettt e e e e e e e s e e e e e et reeaeeeans 40
B.Simulated fregency events during the day...........cccooiiiiiiiiiieeee e A3

0 UNder frEQUENCY BVENL........uuiiiiiiiiiiiiiieiieee et e et e e e e e e e e e e e e e e e e e e e s e e e s e eaaaaanaes 43

O OVEI fTEQUENCY BVENL....uuiiiiiiiiieieeei ettt e e e e e e e e e e e e e e e s e e e e e e e bbb eeereeneees 45

0 Combinedesponse to power requestFirst PRase..........cccoovviiiiiiiieiiiniiiiieeeee e 47

0 Combined response to power requesdliddie phase..........ccvveeveeeeeeiieiiieiiiieeeee. 50

0 Combined response to power requedEnd phase..........cccccceeviiiiiieeee i 51

9 Conclusions and Learning OUICOMIES. ........cuiiiiiiiiiiiiieeeeiiiiiree e st e e e e e neeees 53
Y o] 0 1= o [ PP PP PP PPPPPPPR 55
APPENTIXG Bttt e et e e e e e e e e n s 57



@ BELECTRI C® Sdar hybrid power solution

and energy storag

List of Tables

Table 1: Power availablity parametersS. ... 14
Table 2: Over frequency and underduency event thresholds under the EFCC control schenié.
Table 3: P\battery hybrid frequency reSponse Strategy..........ooovuvrereieeiiiiiiiieeeee e 16

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

the Hybrid systengt EFCC control SChemE.............ooooiiiiiiiiii e 16

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 hybrittimd scheme............cccccccivivviiivviieeienne.. 18

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

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

DAENY FAMP FALE TES ittt e e e e e e e e e e e e e aaaaaaaaens 26
Table 8: BELECTRIC Hybrid Controller Inverter settings during PV inverter control.test........ 29
Table 9: Fast ramp rate investigation reSUILS............ooooiiiiiiiiiiee e 34
Table 10: Measured positive ramp rates of the GE Prosolar inverter by the BCS data.logge37
Table 11: Measured negative ramp rateshe GE Prosolar inverter by the BCS data logger.....37

Table 12: Open Loop Test results for simulated under frequency events and real p@ilabibity

during the time when PV availability iS true............ccooiiiiii e 38

Table 13: Open Loop Test results for simulated over frequency events andoreat availability

during the time when PV availability IS true..............ccooi i 38

Table 14: Open Loop Test results for simulated under frequency emadtseal power availability

during the time when PV availability iS falSe...........ooo i 39

Table 15: Open Loop Test results for simulated over frequevents and real power availability

during the time when PV availability iS falSe...........ooo oo 39

Table 16: Individual reaction time for each step thg hybrid controller logging system for the

simulated under frequency event (with frequency nag#8.85 Hz)..............oooi i 41

Table 17: Individuateaction time and step down ramp rate measured by the hybrid controller

logging system during simulated over frequency event (with frequency Q&dir65 Hz)..............42

Table 18: Individual reaction time and step down ramp rate measured by the hybrid controller
logging system during simulated undezquency event (with frequency nadjr48.85 Hz)...........: A5
4



@ BELECTRI C® Sdar hybrid power solution

and energy storag

List of Figures

CA3Idz2NE wmY .-Batfel§ HybrudL§tedrdrunhing under EFCC Control Scheme located at
LAY ST ST 0 1 13

Figure 3: Schematic diagram of the-Battery hybrid system running under EFCC control scheme at
RTAT 11 =T £ST= Y 2P PPPRRRRP 14

CA3IdzNBE nY [/ 2YYdzyAOlFIGA2y aSiGdzd 0SG6SSy (G(KS- 9C/ [/
Battery YD SYSIEIML... ..o e e e e e e e e e e e e e e e e e e e e e e e s e e e e e e aabrrarrrneees 16

Figure 5: Generated stepped power request under the EFCC control scheme by the GE Local

Controller to P¥battery hybrid system during a frequency event...............ccooeceviciivinvviinnvnnnnee, 18

Figure 6: lllustration of simulated coordinative control response by théd@éry hybrid system
under the EFCC control scheme during the occurrence of an over frequency event when PV resource

(SR VZ= 11 E=1 o] [T TP 20

Figure7: Communication setun PMU Simulator. The simulator replaces the data input of the grid

connected measurement system durisgme of the teSt............ooiiiiiiiiiiiiii e 22

Figure 8: Communication setupThe BELECTRIC Hybrid Controller in thBdéry Hybrid system
behaves as an Ermgr Management System (EMS) and communicates with the Photovoltaic inverters
and the Battery Control SYStEM (BCS) . ....uuiiiiieiiiiiiiiiei et 22

Figure 9: PADCON PV Web Portal SMA Inverter 1.1 status during PV inverter control.test..32
Figure 10: Energy Buffer UgiPrecursor Discharge TeSt.......uuuuviieiiiiiieiiiiiiiiiiieieeeeeeeeeeeeee, 33
Figure 11: Energy Buffer UGiPrecursor Charge TeSL........cccccoiiiiiiiiiiiiiiiiiieieeeeeee e e aae e 33

Figure 12: SMA Inverter 1.1 ramp rate testO0 kW stepped working point shift using the BELECTRIC

(0377016 I o] o1 1o 1= PP 34
Figure 13: SMA Inverter 1.1 ramp rate teSt reSULLS.........cccooouiiiiiiiiiiiieeeeeee e 34
Figure 14: SMA Inverter 1.1 ramp test00 kW step down (working point shift)........................ 35
Figure 15: SMA Inverter 1.1 ramp test00 kW step down (working point shift)..............cccc....e. 36
Figure 16: SMA Invertdr1 ramp test; 100 kW step up (working point Shift)............cccccceevnniee 36
Figure 17: SMA Inverter 1.1 ramp test00 kW step up (working point shift)..............ccccvvveeeee. 37
Figure 18:-M Characteristics of a PhotovoltaiC Cell.............cccuvviiiiiiiiiiieiiiiiieeeeeeeeee, 38

5


file://///de-dd-ad-fs-01.de-ad.spa.local/Projekte/Speicherkraftwerke/3000045%20EFCC%20UK/Test/Test%20Report/Hybrid%20Report/2019-03-06%20Hybrid%20Report%20vs02.docx%23_Toc3491242
file://///de-dd-ad-fs-01.de-ad.spa.local/Projekte/Speicherkraftwerke/3000045%20EFCC%20UK/Test/Test%20Report/Hybrid%20Report/2019-03-06%20Hybrid%20Report%20vs02.docx%23_Toc3491249
file://///de-dd-ad-fs-01.de-ad.spa.local/Projekte/Speicherkraftwerke/3000045%20EFCC%20UK/Test/Test%20Report/Hybrid%20Report/2019-03-06%20Hybrid%20Report%20vs02.docx%23_Toc3491253

@ BELECTRI C® Sdar hybrid power solution

and energy storag

Figure 19: Uncertainty in ramp rate evaluation due to low resolution data logging................. 39
Figure 20: Working point shift from 0 kW40 kW during ramp rate teSt.............cccvvvveeerrnnnns 40
Figure 21: Working point shift from 0 kW to 600 kW during ramp rate.test............ccccvveeeernnne 40
Figure 22(a): Open loop test for the PV and Battery Hybrid System during the.day............... 42

Figure 23: lllusation of battery reaction during hardwasi-the-loop test with simulated under

frequency event (Frequency nadi#8.85 Hz) during the unavailability of PV system................ 43

Figure 24: Exemplary illustration of battery response during harchivatiee-loop test with simulated

over frequency event (Frequency naqis0.65 Hz) during the unavailability of PV system.......44

Figure 25: Bo®lot of the measured reaction times and time until full response of the battery system

during hardware in the loop tests with simulated under anverfrequencies at night.................. 45

Figure 26: Evaluation of battery response with Illustrations of ramp rates and reaction time for each

step during the under frequency events simulated by the GE PMU Simulator at.night........... 46

Figure 27: Evaluation of battery response with thatsons of ramp rates and reaction time for each

step during over frequency events simulated by the GE PMU Simulator at.night................... a7

Figure 28: Evaluation of battery response with Illustrations of ramps and reaction timeadostep

during under frequency events during the day..........ccccooiiiiiiiiiiii e 48

Figure 29: Simplified control flow chart for the-Battery hybrid resourceo provide fast frequency

response service under the EFCC control sScCheme..............oooo v evieiiiccciciiiiiiiiieeeeeeeeeeeeeennn . 49

Figure 30: Frequency response service frorbRitery hybid resource during over frequency event
(frequency NAAIN 50.45 HZ) o ....oiiiiiiiie e e e a e 50

Figure 31: First phaseResponse by the individual resourcesagower request from the Local

(@001 011 70] | =T S0P 51

Figure 32: Reaction and response time analysis of the individual hybrid resourcey laaitesolar

PV system logged during the hardware in the 100p teSt SEKeS........cvvvviiiiiiiiiiiiie, 52
Figure 33: Overall combined hybrid response to the pawquest in the first phase................... 53

Figure 34: PV Inverter MODBUS interfac®eading power (kW) to evaluate the residual power
during the ECC hybrid oVer freqQUENCY TESL.........uuiiiiiiiiiiiiieee et 54

Figure 35: Overall combined hybrid response to the power request in the middle phase....... 54
Figure 36: Overall combined hybrid response to the power request in the end phase............ 55

Figure 37: Open loop tegtSimulated under frequency event (Frequency nadir of 49.65.Hz)...61
6


file://///de-dd-ad-fs-01.de-ad.spa.local/Projekte/Speicherkraftwerke/3000045%20EFCC%20UK/Test/Test%20Report/Hybrid%20Report/2019-03-06%20Hybrid%20Report%20vs02.docx%23_Toc3491268
file://///de-dd-ad-fs-01.de-ad.spa.local/Projekte/Speicherkraftwerke/3000045%20EFCC%20UK/Test/Test%20Report/Hybrid%20Report/2019-03-06%20Hybrid%20Report%20vs02.docx%23_Toc3491268

@ BELECTRI C® Sdar hybrid power solution

Figure 38:
Figure 39:
Figure 40:
Figure 41:
Figure 42:
Figure 43:
Figure 44:
Figure 45:
Figure 46:
Figure 47:
Figure 48:
Figure 49:
Figure 50:
Figure 51:
Figure 52:
Figure 53:
Figure 54:

Figure 55:

and energy storag

Open loop testSimulated under frequency event (Frequency nadir of 49.45 Hz)...61
Open loop testSimulated under frequency event (Frequency nadir of 49.05 Hz)...62
Open loop testSimulated under frequency event (Frequency nadir of 48.85 Hz)...62
Open loop testSimuated over frequency event (Frequency nadir of 50.25.Hz).....63
Open loop tegtSimulated over frequency event (Frequemagdir of 50.35 Hz).......... 63
Open loop testSimulated over frequency event (Frequency nadir of 50.45.Hz)....64
Open loop testSimulated over frequency event (Frequency nadir of 50.55.Hz)....64
Open loop testSimulated over frequency event (Frequency nadir of 50.65.Hz)....65
Open loop testSimulated under frequency event (Frequency nadir of 49.65 .Hz)...65
®en loop testc Simulated under frequency event (Frequency nadir of 49.45 Hz)...66
Open loop testSimulated under frequenaogvent (Frequency nadir of 49.25 Hz)......66
Open loop testSimulated under frequency event (Frequency nadir of 49.05 Hz)...67
Open loop testSimulated under frequency event (Frequency nadir of 48.85 . Hz)...67
Open loop testSimulated over frequency event (Frequency nadir of 50.25.Hz)....68
Open loop testSimulated over frequency event (Frequency nadir of 50.35.Hz)....68
Open loop testSimulated over frequency event (Frequency nadir of 50.45.Hz)....69
Open loop testSimulated over frequency event (Frequency nadir of 50.55.Hz)....69

Open loop testSimulated over frequency event (Frequency nadir of 50.65.Hz).....70



@®BELECTRIC®

List of Abbreviations

BCS
CCGT
CET
DNO
EFCC
GB
GCP
GHI
GMT
GS
MPP
PMU
POA
SOC
TNO
UK
WAMS

Battery Control System
Combined cycle gasrbine
Central European Time
Distribution network operator
Enhanced frequency control capability
Great Britain

Grid connecting point

Global horizontal irradiance
Greenwich Mean Time

Grid simulator

Maximum power point

Phasor measurement unit
Plane of array

State of Charge

Transmission network operator
United Kingdom

Wide area measurement system

Sdar hybrid power solution
and energy storag



@®BELECTRIC®

and energy storag

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 sesirlike photovoltaic system, wind

energy converters, demarnside management and combined cycle gas turbines (CCGT).

The project uses EFCC control scheme which is a distributed monitoritigl scheme that uses
wide-area phasor measurements systems &rfprm dynamic control in the power network. aims

to reduce the interregional frequency variation and angular separation in a low inertial transmission
system, thus reducing the unscheduled integional 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 isaetiby 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 tiheir capability during that time of a day.

Under the EFCC scheme, Belectric testedtaaliied a local RoCoeBased frequency response service
using a central inverter type larggeale PV plant located at Willersey, UK as a stdoide system.
During theg 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 provédpidncy response services
during the day, moreover lontyme 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 presentthe inverter hardware.

To increase the system performance Belectric successfully integrated a grid scale Energy Storage
System in parallel with the solar PV plant. TheBattery hardware setup not only increases the
overall system availability as itlavs 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 ghévae

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

This reportevaluates the performance of FBattery 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 backgmd Information

To provide localized frequency response from a PhotoveRaitery Hybrid System under the EFCC

scheme, Belectric used the following power resources:

Plant System Rating: 0.80 MW / 0.95 MWh I

AT . D M
S | . w - ENErgyBufforu

- W nverter: 1 x Inverter GE PSC-800MV-L-QC

Transformer: 1 x Dy11 - 0.44/11kV 50Hz 800kVA

Battery type: Vented traction lead acid battery system
Nom Capacity: 465Ah each (480S, 2P)

| Modules: 40,880 x First Solar 392/95.5Wp
Fenced Area: 9.16 ha

FigurelY . 9 [ 9 / -Battery Hyldid System runninmider EFCC Control Scheme located at Willersey, UK

The Rainbows Solar PV Farm centralized architecture typ8.7814 MW pcsolar 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 Dy11y1% 1,600 kVA multivinding type transformers (0.36 kV/11 kV). The primary side

of each transformer in the PV side is connected to two SMA SunnyaC880CP XT inverténsith a

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

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

away from the Rainbows Solar PV Farm and is configtoediork 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 lifetiméhbs a capacity of 948 kWh and charges/discharges may

be realized up to 1.5°CThe battery system contains 960 lead acid cells eédith 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 PSSDOMVAL-QC which hasarated AC voltage of 440 V and the AC power of 800 kVA.

The inverter output is connected to thgl kV distribution gridof Western Power Distribution

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

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

! SMA Sunny Central 800CPOAV _Central Inverter Datasheet

’c Rating is an indicator of maximum continuous current charge/discharge rate of a battery. A battery wititihdoC
means that the maximum recommended charging/discharging rate is 1.5 times the current caphrity the storage.

3GE ProsolaPSEB00MVAL-QC¢ Central Inverter Datasheet

10
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The EBU is separated in antrol 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.

I battery room I control room I

E water tanks ‘:I walkway I:I tray area P:s control cabinet
Figure2: Energy Bffer Unit plan

The PMWBattery 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 théBftery hybrid system at Willersey.

Rainbows PV Plant GCP - 11kV

’ L | _— LY — L} — L} L] L} L} L] L} L}
3¢ Transformer l
Nom.Capacity - 800kVA I
I 2 x 3¢Transformer
I Nom.Capacity - 1600kVA

\
|
|
|
|
|
I GE1 I SMA1.1 SMA1.2 SMA 2.1 SMA2.2 I
I nr /(s )|
I — — — — I
l I
— |
CE FR
— =y Py P =y |
I EBU I l PV Block 1 PV Block 2 PV Block 3 PVBlock 4

- e -_— e e e s e - . e e ..

Figure3: Schematic diagram of the Bttery hybrid system running under EFCC control scheme at Willersey.

To provide fast frequency response from the-Battery hybrid system, Belectric uses ltgbrid
controller which is configured to control the output of PV and EBU inverter individually. The hybrid
controller uses the established physical and loalle connection with a communication protocol,
ahs5.!{ ¢/tz G2 O2y(iNRf ECKRS a stindasdcEninun@adizn lpidedcdl a h 5 .

between an energy management system and a PV power plant resource today.
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3 EFCC control and communication setup

To configure the P¥attery hybrid system for providing EFCC services, new control and

measurement equif Sy G Qa

I NB Ayad

£t SR®

¢ KA a

Ay Ot dzRS a

measuring modulegrigure 4shows the implemented communication setbptween the measuring
systems, the GE Local Controller, the BELECTRIC Hybrid Controller and the grid-lsatieryPV

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

each other the fundamental information aba(i

0K

S ae

aisSvyQa

iddt yGAFASR |

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

connected at a single grid connecting po{@CPxand are configured to behave as a single source

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

controller additional flexibility to activate the resource individually for reduced reaction firmed

faster responsetimé® C2 NJ (G KA & X

GKS KeoNRAR O2y (NPTt

aegadasy

for quantification of the available response power from the hybrid system. The right paffigilire 4

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

parameters to the GE LalcController 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¢ EFCC hybrid system control strategypage numbef3).

Local

Controller

Belectri
Hybrid CoNtroller

FiguredY

IEEE C37.118 (PMU Portal)
IEC 61850 GOOSE (MMS)
IEC 61850 GOOSE
Modbus TCP/IP

I 2YYdzy AOF GA2Y

.

Positive Response

J

a8 dzLd

with Battery
. T hold BATT
ap ) L Y,
@ TIs)
T react, )
AP W] [BaTT | S R
ThaiaRy Negative Response
with PV
0SUBSSY UKS

hybrid system. The Belectric Hybrid Controller evaluates the response power capability of its hybrid resource
and sends the eight parameters (e.g. quantifieditable power) to the GE Local Controller.

* Reaction timeg The length of timeghe PV\tbattery hybid system takeso 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 poiat which the systertindividual inverterrecords achange of power.

5

resource received the power request signal from the LC

Response time The length of timdt the P\/battery hybrid system to providéull response fromthe time when the

12

ySo

aI

(

9 C/ /| -BRitferyt i NRA 6 dzii S



@ BELECTRI C® Sdar hybrid power solution

and energy storag

SNO PARAMETERS A | T hold BATT

) . —— AP W] Tread | (7)
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]

AP [W] [BATT | o/

T hold PV

7 Positive power hold time [s] @ T react ()

8 Negative power hold time [s]

Table1l: Poweravailabilityparameters sent by the Belectric Hybrid Controller to the GE Local Controller to
quantify the totalavailalde positive and negative response powathe P\/Battery hybrid system.

The phasor measurement unit (PMU) deployed at GCP, measures the regamahigsion 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 Buffet, Belectric battery control system (BCS) is
configured to log the data with the fastest latency possible in the current syétietails explained in

sectiong 5 Data loggingn page numbe(8).

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 testirariscentrigger 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 Cofiepnevaluates 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-Battery hybridsystem according to strategy

described in sectiod EFCC hybrid system control strategy

13
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4 EFCC hybrid system control strategy

The expected nature of the power regstefrom the GE Local Controller (under the EFCC control
scheme) which is sent to the BELECTRIC Hybrid Controller during a frequency event is #iewn in
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. Tiestriegreases in the form of a

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

Table 2shows the frequency threslta limits for over and under frequency events. The power
request from the & 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 thresh@duency of 49.7 Hz for under frequency

events and 50.2 Hz for over frequency events.

Subsequent power requests
as frequency deviates.

Power (kW)

Time 10s
Figure5: Generated stepped power request under the EFCC control scheme by the GE Local Controller to PV
battery hybrid system during faequency event.

SNO. OVER NEGATIVE POWER UNDER NEGATIVE POWER
FREQUENCY REQUESTED FREQUENCY REQUESTED
THRESHOLD THRESHOLD

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% ofnegative 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

Table2: Over frequency and under frequency event thresholds under the EFCC control scheme.
14
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The EFCC hybrid response strategy for theébd&téry 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 powesponse 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 negatipewer 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. Furtheformation about the SoC

management is provided later in this section.

Table 3 illustrates the response strategy implemented in EFC@d®éry hybid control scheme

while Table4 illustrated the power availability sent by the system during day and night.

SNO. DAY/NIGHT FREQUENCY RESPOBISTATEGY

1 Under frequency event : Response from energy buffer unit
Day
2 Over frequency event . Coordinative response from PV and EBU
3 . Under frequency event . Response from energy buffer unit
Night
4 Over frequency event . Response from enerdyuffer unit

Table 3: P\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
availablitywith larger over all response from the system.

SNO. DAY/NIGHT SENT POWER AVAILABLI

1 Positive power availability : As per EBU SoC level or inverter max. capability
2 Day Negative power availability : 15 minute PV forecasting model

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

Table4: Power availability sent to the GE Local Controller from itttevidual power resources under the
Hybrid systent EFCC control scheme.

15
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Duringthe day, when PV resource is available, the EBU provides power response for under frequency
events by injecting power into the gridfor over frequency eventghe PV systenprovides 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 -slané trials), the EBU is configured to provide
initial ramp support and increases the oveadiformance 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 he requested power requesEigure 6illustrates the modelled and expected Psttery

hybrid response during an under frequency event at daylight.

Power Request
T

requested Power (kW)
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Hgure6: lllustration of simulated coordinative control response by thebitery 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, piaovoltaic system availability is

false, the energy buffer unit reduces its SoC to 60B#& 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.dguwésion for day and night occurrences is
taken by olserving 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 switohim@nd 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

16
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taken by observing the histical 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 systaressed 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 pemse services in both directiongable 5illustrates the

overview on the energy storage SoC adjustments according to the day and night controkschem

SNO CONTROL SCHEME TIME SOC LEVEL
1 Day Sunrise time + 45 minutes 90%
2 Night Sunset time- 45 minutes 60%

Table5: 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-Battery hybrid system, a simulation tool by GE is ugsgtde PMU
Simulator. This allow® test the system without waiting for a real frequency event to occur in the
GBnetwork. 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

nadird in the GE Local Controller.

Based on these simulatecath, the GE Local Controller gives the power requests to the BELECTRIC
Hybrid Controller according to the resource availability, type and magnitude of the simulated
frequencyevent. Table 6showsthe list of over and under frequency events that can be simulated by
the GE PMU Simulator.

SNO. SIMULATED UNDER FRERQCY EVENT SIMULATED OVER FREQUY EVENT

1 0.15Hz/s ramp down to 49.65 Hz 0.15Hz/s ramp upo 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 t80.65 Hz

Table6: List of under and over frequency events which can be simulated by the GE PMU Simulator.

® Frequency nadic Lowest or highest value of thieequency after a frequencgfisturbanceévent.
17
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Local
Controller

Belectric
Hybrid Controller

i IEEE C37.118 (PMU Portal)

CENCEES |EC 61850 GOOSE (MMS)
IEC 61850 GOOSE

<«————> Modbus TCP/IP

Figure7: Communication setup; PMU Simulator The simulator replaces the data inputtbg 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.

-~

Local
Controller 3%z

N

| J
Belectric Battery Control
Hybrid Controller > System (BCS)

Figure8: Communication setug; The BELECTRIC Hybrid Controller in thBdéry Hybrid system behaves as

an Energy Management System (EMS) and communicates with the Photovoltaic inverters and the Battery
Control System (BCS). The power requestivided 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 equipmentwasugbiisation 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 dataesolution of 1s, 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 outpehddRIA

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 gramulasjywhich stores

the electrical parameters from DC and AC side of EBU system. The §G#dbfalso gathers data
from the battery management system whichonitors voltage, temperature and hull integrifer

each cell/string/system. In general, the SCADA systems are used to gather and proetse reéala

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

The SCADA systems for PV and battery storage plaresshdata granularity of 1 s.

In the current hardwareset upii KS Sy SNH& o6dzFFSNJ dzyAGQa NBaLkRyas

. FGGSNE /2yaGNRE {2adSY 6./ {0 G&RSsynehinigines@up | OUA O
at minimum possible latency. Rbiermore, the BCS clock is syncheeai 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 finoverall

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-260mss. This uncertainty
in the resolution range is introduced lpmmunication traffic and the cordl system.Therefore
long term measurement equipmensimilar to the measurement systeron the PV side will be
configuredand used in future applicationg his will provide higher data granularity and will reduce

the current uncertainty in théogging dad.
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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
P\/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. SMAinverters 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 glirop$actors 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 PVBattery hybrid system located illersey.
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 theshutdown/start up for eaclindividual inverter unit.

The modifications are doneotthe inverter by the BELECTRIC Hybrid Controller through the
developed MODBUS TCP client. The test passes if each individual inverter acknowledges the
commandsg with visible changes of the working point within a reasonable magnitude and time
period. Reasnable 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 thesaltaion 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 msc 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 betwedéferent 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 usin@te / Phasor point App which has

a data granularity of 20 ms while the/eéS NH& o0 dzZF FSNJ dzy A4 Q& Ay @SNI SNI N
processing the raw data saved by the BCS with logging interval ranging fromcbmas.

As the PMU / Phasor point App is deployed at grid connecting point the PV ramp rates are
executed during aastant 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 testpasses 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 betB&tECTRIC 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.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
Conroller 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-Battery hybrid system powenailability 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 Comtrgdigh the GE PMU

simulator, different under and ovefrequency events which are listéd Table6 on page numbefl6

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 ofMable 4on page numbef4.

Thei Sad LI adasSa AT D9 [20Ft [/ 2yGNRftfSNI NBEOSAGSa (F
availability and the BELECTRIC Hybrid Controller receives a power request from the GE Local
Controller for different simulated frequency events in accordatacés 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 théesydo 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 systesanisto 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 frequermyents. 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 accordir
the implemented strategy.

3. Thebattery 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 overabhdMry 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 continuertm at MPP and remain unaffected.

On the other hand a coordinative response by theBitery system (as illustrated Figure 6on
page numbell5) 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 IBELECTRIC Hybrid Controller.

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

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

4. The battery inverter power output changes and enhances the ove
performance of the system.

22



@®BELECTRIC®

and energy storag

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 astablished 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

0 PVinverter 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 hominal power and
WopQ A& oNRGGSYy (2 thekivertér st foFuh @Gt 3592 o BsNbmiwBI I A & (G S
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 pdr 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 change 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 powebssrved via

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

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

the inverters to check if the whole communication systeetonnects 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 commandseasent 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 Modbadodbus TP
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 battetprage 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 changenireiter 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 Mattery 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 precursdenesgy buffer

unit inverter control test.
B. Ramp rate test

o0 PVinverter ranp test

SMA inverter 1.1 is forced toperate at lower workingpoints during the time of constant high
irradiance of 600 W/rhor 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 inerter isforced to operate at these working set points via command from the BELECTRIC

Hybrid Controller.

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

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

NEBIljdzZA NS&a | YAydziS G2 O8yNcSronidatidon Rezanising befory d& NIi S NI
start. The lowest power at which the installed inverters can run without shutting down is 8 kW

(1% of its nominal power).

Dueto 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
R2S4ay Qi YSI &dzNB (KS L2 6SNI FNRBY v&all Pokver ofyh@BWNI S NJ 6
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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0 Battery inverter ramp test
To quantify the ramp rate of the storage systent; Brosolar 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 illustratbd Trable
7. To test the ramp rate capability of the battery system under the real EFCC control scenario,
stepped positive and negative ramp rates are execufBlte battery inverter ramp rates are

measued by processing data logged by the BCS at an uncertain interval from kl06@sns.

SNO. CONTROL SCHEME POWER  SNO. CONTROL SCHEMI POWER

1(a) +120kW  1(b) -120 kW
2(a) +240kW  2(b) - 240 kW
3) CHARGING +360KW  3(b) DISCHARGING _360kW
4(a) +480kW  4(b) - 480 kW
5(a) +600kW  5(b) - 600 kW

Table7: Ramp test; List of working point shifts executed on the GE Prosolar inverter during the battery
ramp rate test. The maximum positive/negative povesmilability 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 Coldrokends 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 requestswithout 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 matically 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 thisuted#r 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 aboventioned 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 mentionetlable 2on page numbed4.






























































































































