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Executive Summary

The objective of the deliverabl27.2is to present andomparethe results collectedcrossiield and lab sitesor

the verification and validation of the solutions proposed with ¢ T 9 dzNR LIS | y . THNE&IZSaDIE ¢
originatesfrom the internal deliverablgD7.] whichwasused forkeeping traclall theregular workdone withinthe
WP7,documenting the effortthe work progressthe featuresthat have beeinmplemented,as well as the individual
and detailed results collected during the WP7 for each demo and lab site.

With respect to[D7.], deliverable D7.2 is more focused on comparihe resultsamong demo sites, in order to
draw theoverall conclusions about the experimentat®furthermore, the analysis is limited on the subset of use
casedighlighted inFigurel, through a simplified wsion of the control hierarchy defined by IDE4L. The reason why
thosecomponentshave been selected that, togetherthey modeltwo very important business cases:

1 Congestion management business case, where:
- aportion of the network is monitored by colléaty data from IEDs (monitoring use case),
- its status is determined through a state estimation algorithm (state estimation use case),
- pseudemeasurements are sent to the state estimator based on a forecast of load and
production profiles (load and product forecast use case),
- in case that forecast is missing, fixed profiles are used as aupeickout (not a use case),
- eventually, the network performance is optimized by the secondary (power) controller, issuing
set point to IEDs.
1 The Fault Location Isolah and Service Restoration, where IEDs are communicating based on a
peer-to-peer paradigm in order to solve clear faults on the network.

Operational Day-ahead —
i Ll - Day-ahead Flexibility
pranning and Intro-aay market M 4 market
E \f i
¥ i v
: ' Short-term Tertiary ‘| Commercial
Fixed profiler . F
P forecaster controller aggregator
| Iy
2.g network e.g. CRF and
reconfiguration SRP signals
% w ¥ |
Real-time
_ State Secondary REai-Limme
Maonitoring * > |
estimator controller
&
1 e.a. DER
e.g. Vvir reguiation .
: scheduling
¥
-
IED R IED
» e.g. foult lacatior
&
I ,
CB, OLTC, ... Hard real-time | ©BDER

Figurel: Simplified control hierarchy, with the emphasis on the components tested inderttbnstrators.
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The deliverable is organized as follows:

1
1

Chapter Ipresentsa description of demo environments, both fields and labs sites.

Chapter Zhowsthe results collected in testing the Load and Production Forecast (LPF) algdetigned
and developed with the WPAnN low voltage fieldand lab sites

Chapter 3reports the results collected in testing the State Estimation (SE) algorittesigned and
developed with the WP5n low voltage fieldand lab sites

Chapter 4presents the results catted in testing the Power Control (PC) algorithoesigned and
developed with the WP5n low voltage fieldand lab sites

Chapter5 reports the results collected in testinge Load and Production ForecaState Estimation and
Power Control (PC) algtimn in medium voltage lab sites.

Chapter 6presents the results collected in testiige Fault Location, Isolation and Service Restoration
(FLISR) system designed and developed within the. WP4

7 m IDEA is a project cdunded by the European Commission
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1 Demonstrator sdescriptions
The hapterdescribeghe demo and lab siteg reported inFigure2 ¢ that have been used to test thao business
caseswithin the project.

® Field demonstrators
28 £

TAMPLRY

UNIVERSITY OF

TECHNOLDOY
(310}

0Ty
5 o OSTKRAFT
RWTH
e ®.-. :
gasNatural unareti
.ftnosu

IREC
TELWVENT

Figure2. Lab and fieldlemo sites.

For the sake of simplicitylablel reports the mapping between the use cases tested in the project and the
dema\lab site where the test has been performéthemain features of each sitere summarizedn Table2.

Tablel: Use cases vs. demonstrators mapping

Use Case TUT RWTH TLV UFD OST UNR

MV Load and Production Forecast X
\MV power control in Real Time operatig X X
Decentralized FLISR X X X | X
|LV Load and Production Forecast X X X | x| X
LV $ate Estimation X X X | x| X
\ LV power control in Real Time operatiof x X X

Table2: Main characteristics of demo and lab sites.

TUT RWTH UFD OST UNR

Use case type RTDS simulation] RTDS simulation Reallife Reallife Reallife
demonstration demonstration demonstration

Network nominal 400V 400V 400V 400V 400V
voltage (lineto-line) (line-to-line) (line-to-line) (lineto-line) (lineto-line)
Network size 15 nodes 32 nodes 38 nodes 59 nodes 272 nodes
Number of 6 6 1 4 10
feeders

m IDEA is a project cdunded by the European Commission
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Number of load 13 32 7 54 228
nodes

Number of 5 32 7 10 125
production nodes

1.1 Oestkraft

Oestkraft (OST) deo site (Figure3) is located on the Northern part of Bornholisiand in a residential area in the
village Tejn. It consists of two secondary 10/0.4 kV substatiameélyno. 29 and no. 370) andLaw Voltagel(V)
network. The network consists of four LV lines with 126 customers. This area has been selected because of
relatively high percentage austomers with heat pumps and PV panels.

In this area, 12 smart metetsave beernconnected using a GPRS technology and transmit data every 15 minute
with a resolution of 5 minutes. Additionally, the remainitity smart meters use Power Line Communicati PLG
technology and transmit data every 2 hours wals-minute resolution. The data from the meteere collected
once a day.

TheMedium Voltage V) network is composed aine MV/MV (60/10 kV) substatiorgne MV line (No. 7) and 18
MVI/LV (10/04) kVsubstations. Two MV/LV substationgfmely . 29 andno. 122) have been fully automated
with IED formonitoring, control, protection. To enable MV automation, an Ethernet/IP network has been
implemented by usingptical fibres

Direct Heat gm
PV (XkW) F

Figure3: OST Demo Site. Tejn. Bornholm.
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1.2 Unareti

Ly NBGATRKES 0R bROY 2y ai NI 62N Aa €201 G§SRIVolyic PKEKDA G RA
recentlyestablishedo promote an ececompatible lifestyle Figured): it is characterized by a high percentage of
customers equipped with PV pangishich is about 40 % of the total peak power demaacll using a district
heating system.

The LV field demonstrator consigifthe whole LV network of a MV/LV ssthtion, which hag in total ¢ 10 LV
lines and feeds 294 customers, mainly residential o@es.of all the nodes of the network5 (belonging to six out

of the ten LV lines) have been equipped with a new generation of smart meters, for a totahwtéfs thatare

able to monitor in reatime a wide set of electric parameteod customers and PV units. Moreover, alsongw PV
inverters have been installed for voltage and power regulations. For communication purposes, a Broadband Po
Line(BPLpverLV cables communication system has been used.

The MV network demonstrator consisté 1 MV/MV substation, 3 MV lines, 40 MV/LV substations and 9 MV
customersOut o the three MV lines, twdave beerfully automated with monitoing, control, protectiorsygems,
while the thirdone has been mainly involved in simulations and for the LV field trial. To enable the MV automatio
services, a proper communication network has been implemented by using a mix of technologies, specific:
optical fibres broadbandpower line over MV cables and V.

Figured:! LA OGdzNBE FTNRY (KS ! bwQa FAStR RSY20
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1.3 Union Fenosa Distribucién

Union Fenosa DistribucioblFD demo site is located in the headquarters of Antonio Lopeeetin Madrid Figure

5). It consists of a LV network connected to a MV fie@6 & (G KS LINAYIF NEB adzadl daA
substation is located on the southern edge of Manzanares River, close fireéle and it shares the facilities of
the University Corporate Company and officedtud highvoltage network operation.

UFDow voltagedemo site has different facilities connected (already existing before the projectpsadmorphous
photovoltaic installation (1&W), monocrystallinephotovoltaic installation (2CGkW), polycrystallinephotovoltaic
instalation (20 kW), gas generator g&W), wind turbine (& kW), two 3-phase EV chargers andreeteorological
station.Most of these installations have a smart meter connected, and all PV genenatgsontrollable inverters.

Figure5: UFD demo site location.

11
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1.4 TUT

The hboratory demonstration of TUTFigure6) consists ofa ReaiTime Digital Simulator (RTDS), commercial
Intelligent Bectronic Devices (IED$ and Substation Automation UnitsSAU$ The mainfocus isthe testing of
functional and norfunctional performance ahe MV and LV network monitoring and congestion management use
cases and automation systemdoreover,the laboratory testsare also used textend the field demonstrationis
order to test additionakcenarios and grid conditior{e.g. congestions due to oveimensioning of the system)
and to consider additionaksources (e.g. OLTC in secondary transformer)

SSAU
Load Production State . State
Software forecast forecast | | estimation Sgr?tlr-gm(e)c?t(;v\yg)r forecast
(Python) (Python) (Octave) (Octave)
)
Hardware | Database
T T T T
. MMS DLMS | |Socket| | mms | | ToPSAU
Lab equipment client client TCP server
N
RTDS Set points tq Measurements from real devices Set points to modelled
real/devices control devices and
measurements from
Modbus to modelled measurement
IEC 61850 devices
IEC61850
GOOSE
AVC AVR RTU FLISR FLISR Smart meters
(REU615) (Unitrol) (iRTU) (TLV) (TLV) (Landis&Gyr, Kamstrup)
TVoItage
- o - - Isolation
lAmpnf.eri |Adapter||AmpI|f|er| |Ampl|f|er| |Amphﬁer}% transformer
Current
Smulated LV network
Y
GTNETx2-SV| GTAO Analog 10 GTNETX2 SKT

PB5

b

| | |
! b
1

w o

<«

&
]

Figure6: TUT Lab Infrastructure.

12
m IDEA is a project cdunded by the European Commission

COOPERATION



| D EA L IDE4LDeliverabler.2 Overall Final Demonstration Report

1.5 RWTH

The RWTH lab demonstratarfreal time power system simulatida equippedwith areal time digital simulatar
The installed RTDSrisade upof 8 racks that can accurately and relialsimulate dynamics of power systems
generally in the range of 50 us which can also be brought dowmnuoi2 some special casdsFigure?7, the RWTH
monitoring platform is represented.

The power system diinaretiis beingmodelled (both LV and MV) ifour racks of RTDSOne rack for the LV grid
andthree racks for the MV gridrespectivelyThe power profile of passive and active usemavebeen extracted
from past readings and given to the power system simulation in RTDfBder to recreate realistic scenarios,
respectively forfour intervals of 2 hours in workingnd weekenddays of summer, autumn and winteeasons
Furthermore also some extra scenarios have been tested, respectively with instrument communicatiormdélay
line congestions, in order to see tlhehaviourof the automation architecture in alternative stress cases.hdse
scenariohave been used for testing state estimatiand power control of MV and LV gsid

The simulated Unareti power system has been used to testhte automatian architecture defined in IDE4The
automation architecture consists of IEDs, both virtual and real, substation automation units and the communicati
infrastructure.The virtual IEDs, the smart meters and the PMU protfigesubstation automation units at primary
and secondary substation with measurements.

PSAU virtual machine
MMS Server
Application:
- Sate
estimation
k—{ Database
- S;Vdefr Gontrol N Virtual IED in primary substations and MV
s L orecast ‘ ‘
5
g MMSdient b MUSSener 1
g _ Read—| 1 «| DNP3
3 C37.118 dlient Database | ;| oo
- MMSdient K1 RIDS
WritRead
SSAU virtual machine
Read
MMS Server PG
Application: Digital connection GINET
-Qate (DNP3
estimation Database Virtual IED in secondary substations and LV Save)
- Power
Gontrol
- Load forecast | % J{ —_ MMSServer | Digital connection GTAO
| Detabase | PV
o ) ase
[} MMSdient —| Master
g MMSdient k|
g C37.118 dient Re
[3)
£ | pwimycosm PMU
dient
I
\;Rﬂdg) M

Figure7: RWTH monitoring platform.
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1.6 Schneider

Figure8: SchneidelLab infrastructure

The laboratory deployed &chneidefSCHissetto test and demonstrate

the logic processingnd distributed interaction as designed for IDE4L FLISR
solution based on IE61850 GOOSE messages exchange, the correct
selection of configuration parameters and the remote updating process
for the communication schemes and operation settings by mearanof
IEC61850 MMS client.

The benefits of the lab deployment Bchneideris thatit allows to test

and validate the logic implementation, the signal processing and the
communications between devices before the field deployment, thus
reducing the time thatt will be needed in the field demo for installation,
start up and collecting data.

Within the IDE4L projec&chneidethas developed a specific cabinet for
FLISR testing and validati¢geeFigure8). This cabinet emulates a loop
distribution grid provided with a primary substation and four secondary
substations. Each substation is provided with a FLISR IED and two
controllable power interruption devices which position is monitored with
specific light device?ower service provietl to the lines controlled by
each secondary substation is also monitored by means of light indicators.
In order to emulate faults, the cabinet éguippedwith push bottoms in
different positions of the grid that cause shanircuits increasing the
currernt sensed by the IEDs according to their locatlDiz4L FLISR specific
solution considers the existence of two interruption technologies along
MV lines, deploying two steps IED interactions to control their operations.
Cabinet interruption devices could bave as reclosers or switches, thus
allowing the testing of different deployment configuratiomd! the IEDs

are connected through an Ethernet LAN using a network switch where
IEDs are able to exchange information regarding the fault event over
GOOSE protol. A monitoring PC is also connected to the switch allowing
the logging and analysis of the GOOSE messages to determine correx
operation and response timing for different phases of FLISR operé&tion.

the service restoration phase, PC IEC 61850 siionlatuitesis used to generate MMS messages for FLISR
communication scheme and setting reconfiguration, testing the abilitydtmpafor the new grid topology.

14
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2 LV Load and Production Forecaster

Load and production forecastimgovides araccurate predidbn of the electric load and generation profiles in a
geographical area within a planning horizon. Within the IDE4L project, this algevithksas a support tool to the
state estimation algorithm that is the core element in the congestion managemeritedbtv voltagenetwork.

With the increase of intermittent power generation in the lewsltage and mediunvoltage grids, the ability to
accurately forecast the relative load and production in the networks, several hours ahead, can indeed limit tl
volatility of congestion management methodologie3he load and production forecast algorithm was
demonstrated in one laboratory (TUT) and in three electric utilii®dR, UFD an@ST).

2.1 KPIs definition

In order to evaluate the performance of the load and productforecast algorithmdeveloped within the IDE4L
project,we useproper KR, herethey arenamedLow Voltage Load and Generation Forecaster (LVIGEJe KPls
are not completely consistent with the K&defined in the deliverabl¢D7.1. These KPIs evalte the deviation
between the forecasted values and the corresponding real measurements in terms of normalized root mean squ
error. Specifically, gmathematical definition is reported below:

_ pmnm Y8 o 0 ®o Q;
761|E& ra

0
0 I A@ T ED

where:
f Q look-ahead time (e.g.-P4 hours)
“Y : available time instants in the time periotifor node¢,
0 : number of nodesn the network
0 "Q :observed load/generation at nodeat timed Q
D) 0 Q j :forecasted load/generation at node n for tinke "Q issued at time,
ED ,i A@ :respectively, minimum and maximum measuremarfor nodet in the time period

= =4 =4 =4 =4
— Ca Ca C

“y

2.2 Demonstrations set-ups
Within the IDE4L project, the load and production forecast algorithm has been tested in several demo and lab si
In each of these sites, this algorithm has been used with a specific configuaatidescribed imable3.

Table3: LV bad and production forecast algorithm configuration for each demo and lab site.

OST UNR UFD TUT

Use case type Reallife Reallife Red:-life RTDS simulation

demonstration demonstration demonstration
Historical Energy data Energy data Power data [kW] | Power data [kKW]
measurements [kwh] collected [kwWh] collected collected from aggregated from
type from smart from smart smart meters several

meters meters customers
Historical 1 hour 1 hour 15 minutes 1 hour
measurements (aggregated from | (aggregated from
resolution 5-minute 15minute

measurements) | measurements)
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Historical
measurements
availability

0¢ 4 months
depending on
node

X ¢ Y2yl
each meter

a 4 months per
each meter

1 year per node +
1 year of
verification data

Historical weather| Temperature Temperature and | Temperature and| Temperature and
data collected from irradiation irradiation irradiation
forecast.io measurement collected by a
data collected meteorological
from the sensors | station installed
installed at the in the demo site
substation
premises
Historical weather| > 3 years ¥ M &SI NJ &4 months 1,5 years
data availability
Weather forecast | 24-hour 24-hour 24-hour Historian data is
data temperature temperature and | temperature used as forecast
forecast irradiation forecast
forecast profiles
issued at 6:00
p.m., every day,
by the local
weather forecasts
provider
Nodes for which | 126 59 38 13
forecast was
produced
Type of loads for | Majority are Residential Office buildings | Residential
which forecast residential consumers consumers
was produced consumers, but
also commercial
buildings, street
lighting and water
supply loads are
involved in the
demonstration
Type of - Photovoltaic Photovoltaic Photovoltaic
generation source panels panels panels
for which forecast
was produced
Test period 42 days 30 days 1 month 1 month

Execution mode

Periodically once
every cycle time

Periodically, once
every cycle time

Periodically, once
every cycle time

Periodically, once|
every cycle time

Cycle time 24 hours 24 hours 1 hour 24 hours
Run time 00:00 00:00 Every hour 00:00
Forecast horizon | 24 hours 24 hours 24 hours 24 hours

In order to clarify the several scenarios in which the load and production forecast algorithm has beenitaested,
also repored here, in reference to each demo and lab site, the input and output data of the algorithm for eacl
specificset up at customer premises, where:

f "Q current time

1 O 0 :netactive energy at time t

1 'O 0 :active energy generation at time t
T ©O 0 : active energy load at time t
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O : power generation at time t
0 : power load at time t

1 "YO :temperature at time t

M 'Y o :irradiance at timet

OSsT

T 0
7 0

In the OST demonstration, the smart meters are installed in such a way that they measure the combination
electrical consumption and production, aladen alocal generation source is present. For this reason, the smart
meter only measures the overall power exchanged with the grid. In relation to the load and production forecastin
this has resulted in only thHeadforecaster being executed and not theoductionforecaster. More details on the
different setups and on the input and output of the algorithm are reportedrigure9.

- Smart Meter on the connection point

Case 1: customer with PV and one SM Case 2: customer without PV with the SM
Input: ) Input: .
Bak1) |, etk s o
Output: QOutput:
Ea) >k (k) | Eal) >k

Figure9: LV bad and production forecast algthin setups in the OST demo site.
UNR

In the case of the UNR demonstration, severahgetare found The smart meters installed on the connection
points with the grid measure the overall demand and supply, while the PV meters only measure the net |
production, as well as other Pélated measurementsiVheret 2 OF £ 3ISYSNI GA2Y &2 dz2NDOS
premises and both the connection point smart meter and PV smart meter are installed, the algorithm provides bc
load and generation forecasts. Oretbther hand, if one or both of these two meters are missing, the algorithm is
not able to provide any forecast because of missing input dateerey 2 £ 2 OF £ & 2 dzZNOS A a |
premises, the load forecasts are provided by the algorithm drihhe smart meters are installed. More details on
the different setups and on the input and output of the algorithm are reportedrigurel0.
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. Smart Meter on the connection point

@ smart Meter onthe PV

Case 1: customer with PV and two SMs Case 2: customer with PV without any SM Case 3: customer with PV with only one SM o
Input: Not managed by the Load and Not managed by the Load and
- Historian Ejoad(®), Eger(t), R(), T(1), 1k Production Forecaster (Fixed Production Forecaster (Fixed
- Forecast R(t), T(t) tOk Profiler is used in this case) Profiler is used in this case)
Boadkt) | { AT Eenlkt1) Qutput: Eoadk+l) T Egnlk2)
oo ° “Eroaly. Egel) > k o ’ Boadkt) [ O Eerllct)
Case 4: customer without PV with the SM Case 5: customer without PV without the SM Case 6: customer with PV, Shunt and two SMs
Input: Not managed by the Load and Input:
- Historian Ejoad(), R(t), T(t), t&k Production Forecaster (Fixed - Historian Ejoad(t), Eger(t), R(), T(t), tCk
- ForecastR(t), T(t) tOk Profiler is used in this case) - ForecastR(t), T(t) tOk
Output: Output:
Boadk*l) |, “Eoadt) t> k BondtD) | BoadktD) § = L[ Eplkt1) “Eloadt), Eger(t) t> k

Figurel0: LV bad and produdbn forecast algorithnset-ups in the UNR demo site

FD

In the case of the UFD demonstratighere aretwo different setups. In the first one, a smart meter is used to
collect measurements related to customers and only the load forecasts are computkd.decond case, the smart
meter is installed to measure all the information related to local generation sources and only production forecas
are provided by the algorithm. More details on the different-aps and on the input and output of the algdmih

are reported inFigurell.

. Smart Meter on the connection point

. Smart Meter on the generation source

Case 1: customer without PV with the SM Case 2: Generator (PV, GG, WT) with SM
Input: Input:
- Historian Pjoadt), T(t), tCk - Historian Pger(t), T(t), tCk
- Forecast T(t) tOk - Forecast T(t) tOk
Output: en(k+1) Output:
Boadk+1) J, Poad) t> k T % -Pgerft) t> k

Figurell: LV bad and production forecast algorithset-ups in the UFD demo site.
TUT

In the TUT lab siteye simulate the case in whichlocsdg SNJ G A2y &a2dzNDSa NS Ayadil
both the load and PV smart meters are present. More details on the differeatpseand on the input and output
of the algorithm are reported ifigurel2.
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- Smart Meter on the connection point

. Smart Meter onthe PV

Case 1: customer with PV and two SMs

Input:
- Historian Ejpad), Egen(t), R(®), T(®), tCk
- Forecast R(t), T(t) tOk

Output:
BoadktD) | & AT Bkt | 0, Bty ok

Figurel2: LV bad and production forecast algoritheetup in the TUT lab site
2.3 Numerical Results and KPIs evaluation

In order to evaluate the performance of the algorithtine normalizedroot mean square errofNRMSEXefined as
explainedin section2.1is analyzedThis KPI has been individually computediéad andgenerationforecasting,

as well as for eadiimeslot of the forecast horizon (i.€Qin the KPI definition) to assess how the prediction accuracy
varies across the forecast horizdvloreover, for statistical purposes, in addition to the overall KPI, this indicator
has been computetbr each load and generation node of the network.

TheNRMSE numerical results collected during the test campaign are presentied fallowing Specifically, for
each timeslot of the forecast horizoit,is reportedthe NRMSEf the load and prediction forecastir eachload

and production node of the netwk, as well as some additional metrics: median, 25th and 75th percentiles
(respectively lower and upper "hinges" in the figures), 1.5 of the iQueartile Range (IQR) (i.e., the lower whisker
extends from the hinge to the lowest value within 1.5 * IQR&hefhinge, the higher whisker extends from the hinge
to the higher value within 1.5 * IQR of the hinge).

OST

Results collected in the OST case are presentEdyjimrel3in terms of NRMSHn this case, nprodudion forecast
was availablefor testing Since the algorithm has been run once a dagrting from0:00 a.m., theforecasting
horizonk also represent the real day hour (e.g., k=1 corresponds to 1:00 a.m.).
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Figurel3: NRMSE dhe LVload forecast algorithm as a function of the forecast horizon in the OST demo site.

NR

In the UNR case, both the NRMSE of the load and prediction forecasting are presented. Spdeifjoediy4
reports the results collected for the load predictiodiscriminatingthem in terms of typology of consumers that
are classified based on their nominal (contractual) peak power (i.e. 3.3 kW or 4.9%khe other handFigure
15showsthe numerical results fountbr each PV planmnonitored through a smart meter, dcriminatinghe results

in terms of typology of PV plants that are classified based on their nominal peak power (i.e. 1.29 kW, 4.11 kW .
5.6 kW). Noticehat in case of 4.11 kW and 5.6 kW plants, no statistical metrics are presented since in the Ul
demonstrator only one PV plant was actually monitored for each of these two typologies. Moreover, no results &
reported for nightly hours in which the realqatuction is zero and is trivial to be predict&ince the algorithm has
been run once a day, &00 a.m., thek value reported into the ploalso represent the readay hour (e.g., k=1
corresponds tdl:00 a.m.).
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Load Prediction NRMSE per type of Consumer
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Figurel4: NRMSE of the-Vload forecast algorithm as a function of the forecast horizon in the UNR demo site.
Production Prediction NRMSE per size of PV plant
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Figurel5: NRMSE of theVproduction forecast algorithm as a function of the forecast horizon in the UNR demo site.
FD

In UFD cas both the NRMSE and RMSE of load and prediction forecasting are presented. Specifiiglyel,

one reportsthe results collected for the load predictipwhile inFigurel7 one showsthe NRMSEok the prediction
forecast, where the considered generators are PV plarttsre is no discrimination by contracted power, because
all consumers have the same peak power. Since the algorithm has been run once an hduvathe is not

associated with angeal day hour.
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In the test campaign of the load and production forecaster, some issues were found in the UFD demo si
specificallywith reference to the monitoring system. In some cases, there were indeed interruptions in the dat
gathering process, ths resulting in several gaps in collected data. As a consequence, the load and producti
forecaster had a limited amount data to work with that explains the mediocre accuepoyted inFigurel6 and

in Figurel?.
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Figurel6: NRMSE of theVload forecast algorithm as a function of the forecast horizon in the UFD demo site.
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Figurel7: NRMSE of theVproduction forecast algorithm as a function of trerdcast horizon in the UFD demo site.
TUT

In theTUTcase, both the NRMSE of the load and prediction forecasting are presented. Spedtigailsl,8reports
the statistical metrics of the KPI fourfior the loadpredictionalgorithm, whileFigurel9 focuseson the production
forecasting Since the algorithm has been run once a day, at 0:00 a.mk tlaue reported into the plots also
represent the real day hour (e.g5Xk corresponds to 1:00 a.m.).

Notice that, in reference to the production predictiomUT only had 1 PV panel measurements, which was
replicated to every node of the simulated netwohaving a generation source connected As. a consequee, in
Figurel9only the NRMSE is presented without any additional statistical metric since the test scenario consisted
only one prediction node. Moreover, the NRMSE is available also at nigh hours since the simulations weiregr
summer data andhe sun does not completely set in Finland in that period of the year.
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Figurel8 NRMSE of theVload forecast algorithm as a function of the forecast horizon in the TUT lab site.
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Figurel9: NRMSE of theVproduction forecast algorithm as a function of the forecast horizon in the TUT lab site.

Comparison of use case results

In order to easily compare the results collected in demo and lab sites in reference to tharldagneration
prediction, one reports iTable4 and Figure20the KPIs obtained in the load forecast, whild able5 and Figure
21one focuses on the generation prediction.
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Table4: KPIs of théVload forecast algorithm as a function of the forecast horizon per each demo and lab site.

LVLGF [%]

Forecast horizon, kours] | OST| UNR| UFD| TUT| Average
1 7.05| 598 | 27.7| 15.8 14.13
2 6.73| 4.97| 276| 14.1 13.35
3 6.52| 5.34| 275| 13.2 13.14
4 6.68| 5.00| 27.6 | 12.7 13.00
5 6.96 | 4.47| 274 | 125 12.83
6 790 | 7.16| 27.5| 125 13.77
7 956 | 9.14| 274 | 12.3 14.60
8 12.02| 9.69| 27.3| 126 15.40
9 13.44| 9.60| 27.1| 125 15.66
10 14.00| 12.23| 26.8 | 12.4 16.36
11 14.05| 14.97| 26.7 | 12.3 17.01
12 13.41| 20.97| 26.8| 124 18.40
13 13.02| 15.81| 26.8| 12.1 16.93
14 12.57 | 1453 | 26.8| 12.0 16.48
15 12.27| 13.90| 26.7 | 12.0 16.22
16 12.23 | 13.78| 26.7 | 11.9 16.15
17 13.82| 12.68| 26.6 | 12.1 16.30
18 16.39 | 14.63| 26.7 | 12.4 17.53
19 15.69 | 18.12| 26.8 | 12.7 18.33
20 14.09 | 15.35| 26.6 | 13.1 17.29
21 12.29| 13.18| 26.9| 13.7 16.52
22 10.98 | 10.26 | 27.0| 13.6 15.46
23 10.08| 8.94| 274 | 12.7 14.78
24 894 | 7.36| 27.5| 13.7 1438

Load Prediction NRMSE

J0

NRMSE [%]

Legend . ost £ unr § wo . TuY . G

i 2 3 a 5 & 78

10 N

9 12 13 Y'-l 15 16 17 18 19 20 21
Forecast horizon [hours]

Figure20: KPIs of th&Vload forecast algorithm as a function of the forecast horizon per each demo and lab site.
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Table5: KPls of théVproduction forecastlgorithm as a function of the forecasbrizon per each demo and lab site.

LVLGF [%]

Forecast horizon, k [hours| OST| UNR| UFD| TUT| Average
1 - NaN | 34.3| 27.8 31.05
2 - NaN | 34.2| 27.8 31.00
3 -| NaN| 34.2| 28.6 31.40
4 - NaN| 34.2| 31.3 32.75
5 - NaN| 34.2| 34.1 34.15
6 -| 1.28| 342| 355 23.66
7 -| 271| 343 37.9 24.97
8 - 452 | 34.3| 384 25.74
9 - 8.11| 34.4| 38.2 26.90
10 -| 959]| 344 385 27.50
11 - [ 1059| 344 | 446 29.86
12 - | 15.34| 34.3| 479 3251
13 - | 18.40| 34.2| 48.0 33.53
14 -1 15.85| 34.1| 44.0 31.32
15 -1 11.35| 34.0| 49.0 31.45
16 -1 11.00| 339 | 419 28.93
17 -| 8.07]| 33.8| 35.6 25.82
18 -| 5.06| 339 27.7 22.22
19 - 3.78 | 34.0| 25.9 21.23
20 - NaN | 34.0| 28.5 31.25
21 - | NaN| 34.0| 29.8 31.90
22 - NaN | 34.1| 30.9 32.50
23 - NaN| 34.1| 31.7 32.90
24 - NaN | 34.1| 26.4 30.25

Production Prediction NRMSE
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Figure21: KPIs of thé.Vproduction forecast algorithm as a function of the forecast horizon per each demo and lab site.

26
n IDEA is a project cdunded by the European Commission

COOPERATION



| D EA I_ IDE4LDeliverabler.2 Overall Final Demonstration Report

As can noticd from the resultspresented abovethe load forecast algorithm assuras acceptableccuracy level
since the NRMS@&veral average value i85.58%and it varies from 4.47 % found in UNR case to 27.7% found in
UFD site. Thenter-quartile rangeof the KPIsrather limited, with the 75th percentiléypicallylower than 20%. The
NRMSE has indeed values higher titaraveragevaluethreshold only in a limited number of conditions and, as
one may notice from the UNR densde-specificresultspresented inFigurel4, mainly in case of consumers with
greater hourly demands. In these castiwe variance of the energy demand of consumers is indeed greater, thus
resulting in less accurate predictions with greater medians and-optertile ranges.

The accuracyf the load forecasalgorithmtends to be consistent when analyzed across the LD#&fno sites, thus
confirming the applicability of the algorithm to real usase scenarios. The only case in which KPIs have not beel
satisfactorily mets represented by the UFD demo site, in which the performance of the algorithmobhagen as
good aswith the other sites. This result is due limited dataavailability as explained in reference to UHSpecific
results, in this demo site some problems wereountered with the monitoring systedue tointerruptions in the
data gathering process and gmin collected data. As a consequence, the load and production forecaster had
limited amount data to work with that explains the mediocre accuracy found in this case.

An interesting and intuitive conclusion theduld be drawn out of th&JNR and OST sults is that the accuracy of
the load forecastlgorithm is affected by the duration of the forecast horizon: the longer the forecast horizon, the
greater the NRMSE. Actually, this effect is caused by two other factors rather than by the length oetastfor
horizon: firstly, the NRMSE is a scale dependent indicatmafyzedacrossthe forecast horizon since for each
customekgeneration plant, all the hourly RMSE valaes normalized by the same number (overall range of the
observed measurements ité observation period). As a consequerdeNB I G SNJ @I f dzS8a Ay Gk
observed agivenhours of the day imply greater values in tNRMSES=condly, the demand variance and volatility
are greater at day hours rather than at nighours, thus esulting in less accurate predictions with greater
normalizedroot mean square errors, greater medians and irgesrtile rangesThis independence between the
algorithm accuracy and the forecast horizon is particularly evident in thedgRid sitein which the NRMSE is
almostflat over the forecast horizon. Thégteis the only one in which the algorithm has been run every hour, thus
removing thedependency of the KPI on the specific hooirshe day.

Similar considerations as those presented for thalléarecast can be appliealsoto the production forecaster.
However, in this caséhe accuracy found in predicting the generation profile is not as good as the one fothral in
load forecastingthe NRMSE average valige29.97 % and it varies froin28%found in UNR site, to 49% found in
TUT lab site.This resultemphasizethat generationprofiles are more difficult to predict with respect to loads,
mainly because of the volatility of generation sources, as well as their dependency on the weatherdedzstf
accuracy.

The production forecast algorithm performance is strongly dependent on the size of the generation plang a
may hotice from the UNR densite-specificresultsshown inFigurel5. Specificallythe NRMSE tends increase

as the nominal peak power of plants increases. In these cases, the variance of the energy generation profil
indeed greater, thus resulting in less accurate predictions.

Unlike the load prediction, the production forecastcaracy tends to be not very consistent when analyzed across
the IDE4L demo and lab sitas one may notice by agparing the results shown abov@&his igprobablydue to
demonstrationspecific conditions. Firstly, in the UFD case, some problems were @rcedinvith the monitoring
system with interruptions in the data gathering process and gaps in collected data. As a consequence, as in the
forecaster case, also the production forecaster had a limited amount data to work with that explains the medioc
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accuracy found in this demo site. As for TUT, results obtained are not very meaningful from a statistical point
view sincehey have been obtained with only one PV panel.

2.4 Conclusions

The low voltage load and production forecast demonstrations wseceessfullyfinalizedin the IDE4L experimental
campaigns, as well as in lab sjtpsoving that the proposed algorithm works even if its performance may differ
depending on theconditions of useSpecificallythe demonstration of LV network load and pration forecast
provided different results in the prediction of loads and generations. On one hand, the load forecast turned out
be quite accurate and consistent across demo sites. On the other hand, the generation forecast showed |
accurateand consstentsolutions, due to the volatility of renewable generation plants and to their dependency on
weather forecast The latteremphasiesthe need for a moreadvanced and customized algorithto predict the
production of these kinds of sources. Finatlgmonstrationresults showed thafor both loads and generations,
the algorithm is very consistent in predicting powamergy data over a one ddyorizon since no major degradation
was found in increasing the forecast horizon.
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3 LV Network State Estimator

Stée estimation is a key enabler for active network control (e.g. power control algorithm in IDE4L project), sin
the state of the network must be knowin orderto efficiently control a network with distributed resources. The
IDEA4ILV network state estimat [D5.1] uses network data, reaine measurements, loadndproduction forecasts

and fixed loacand production profiles as inputs antased on this informatiorestimates what is the most likely
state of the network afl givenmoment. The estimated qudities are node voltage magnitudes and node power
injections (i.e. loadndproduction) and current flows in all network nodes and lines. The state estimation algorithn
was demonstrated in two laboratories (THRdRWTH) and in three electric utilities @FOSANdUNR).

3.1 KPIs definition

TheKPIs used to evaluate the state estimator performance, have been defined in [D7.1]. Both normalized (LVSI
and unnormalized (LVSE_1) KPIs have been defined. Since all demonstration sites have the same nominal vol
the unnormalized KPI is used when evaluating and comparing the voltage estimation accuracy. The load
generator sizes are different in different demonstration sites,dndrder to facilitate the comparison between
demonstration sitesalso the nornalized KPls are calculated for the estimated powers.

KPIs used to evaluate the state estimation performance:

L WY - wo wo
.FO UY
5 6 YO p WO wo
LW — — ———

‘ oY d A | Ew S

where:
1 0 : number of studied state variablgs
“Y: number of timeintervals under study,
w : real instantaneous values for the state variablgt time t=[1,T]
® O :real instantaneous valuer the state variablen at timet,
WO : estimated value for the state variabheat timet,
i Et ,I A@ :respectively, minimum and maximum real measurement for state variable

=A =4 4 -4 =9

3.2 Demonstration s set-ups

The LV network statestimation algorithmwas tested in fivelemonstrationlab sites, each witlits own specific
configuration considering network topology, measurement setup, algorithm execution time and testing period a:
described inTable 6.
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Table6: Demonstration setups used in LV network state estimation KPI calculation.

TUT RWTH UFD OST UNR

Use case type RTDS simulation] RTDS simulation Reallife Reallife Reallife
demonstration demonstration demonstration

Networknominal 400 V 400 V 400 V 400 V 400 V

voltage (line-to-line) (line-to-line) (line-to-line) (lineto-line) (lineto-line)

Network size 15 nodes 32 nodes 38 nodes 59 nodes 272 nodes

Number of 6 6 1 4 10

feeders

Number of load 13 32 7 54 228

nodes

Numberof 5 32 7 10 125

production nodes

Measurement 9 Secondary 9 Secondary 9 Secondary 9 Secondary 9 Secondary

setup (used as substation substation substation substation substation

input in state voltage voltage voltage voltage voltage

estimation) measurement measurement measurement measurement measurement

9 Secondary 9 Secondary 9 Secondary 9 Secondary 1 10 feeder
substation substation substation substation power flow
power flow power flow power flow power flow measurements
measurements measurement measurements measurements (PQ)

(PQ) (PQ) (PQ) (PQ) 1 61 smart

1 2 smart meters | 1 32 virtual smart| § 7 smart meters meters
on load nodes meters on load on load nodes measuring
(PQ) nodes (PQ) (PQ) either load,

9 5 virtual smart | § 32 virtual smart| { 7 smart meters production or
meters on meters on on production their sum (PQ)
production production nodes, 6x(P) &
nodes (PQ) nodes (PQ) 1x(PQ)

Pseude Static Pseude Load & Load & Fixed
measurements load/production measurements production production load/production
values (PQ) were not used as forecast(P) forecast(P) profiles (B + load
full observability & production
was always forecast(P)
available through
real time
measuremets
Algorithm 1 min 1 min 5 minutes 30 min 5 min
execution
frequency
Test period 10 minute 2 hours 19 hours 15 days 30 days
Special Large stepwise - Smart meter at Some network -
circumstances changes in PV the EV charging | nodes contain

output were point gives several

simulated during erroneous values,| customers. These

this test period replaced with aretreated asone

fixed profile aggregated load
(P) = Only active powers were measured/forecasted.
30
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(PQ) = Both active and reactive powers were measured/forecasted.

The inevitable large variability in demonstration setupgndered the direct comparison of KPIs challenging
However the comparison can be very useful when evaluating whether or not the state estimation algorithm ha
performed as planned or if there have been some demonstratitmspecificproblems.

3.3 Numerical results and KPIs evaluation

In this section, the performee of the state estimation algorithm has been analysed in laboratory and field
demonstrations. Each demonstrator section contains figures and analysis of the results. The numerical results
collected into the comparison section.

TUT

The RTDS simulatis in TUTocusedon abnormal situations rarely encountered in real networks. Therefore, the
results are not directly comparable with other use cases. Also, in order to test the algorithm performance in seve
different conditions, the simulation runs wekept very short. The length of the simulation was often only150
minutes.

The simulation sequences included, for example, large stepwise or steadily ramping changes in PV output powe
missing measurements. In these situations, the state estimaditeuracy is not as good as in normal network
operation conditions. However, the accuracy was adeguttken into account the severity of the simulated
conditions.Figure22 and Figure23 show how the estated voltage in node 12 compares with the real simulated
voltage in RTDS in two different test cases. Node 12 contains a PV power plant with 15 kW nominal pogwee In
22, large stepwise changes (30 % of the nominal poveeB\ output areausedand inFigure23the PV output is
increased in small steps from 37 % to 100 %. The node voltage estimation accuracy npreberged in theTable

7, are based on the simulation geence shown irigure22. Thebase case includes all measurements mentioned
in the measurement setup part of tHEble 6, and in the following cases either the substation voltage or PV power
measuremers are assumed to be missing.

5 Estimated and actual voltage in node 12

2335¢ T 1 — - T
[ Simulaed

2pp=========-=x e e | Estimate | -

Voltage [V]

100 200 300 400 S00 600
Time [s)

Figure22: LV $ate estimator performance when PV output fluctuates.
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Estimated and actual voltage in node 12
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Figure23: LV sate estimator performance when PV output increases steadily.

Table7: The effect of missing measurements on théstate estimation accuracy.

LVSE_1 for node voltagé¥]
Base case 0.561
No SS voltage measuremeni 0.733
No PV power measurements 0.612

RWTH

The RTDS simulations in RW¥éte basedon proof of cacept simulations and the simulation runs where kept
short ¢ max. 2 hours. Simulations were performed in different loading conditid®gecifically,loadings
correspondingo winter, summer and migseason afternoons on a typical weekend day were simulaiede, only
results for midseason simulations are showrhe state estimation algorithm was run with a eménute execution
interval and the smart meter measurements were updated once every five minutes. This should guarantee v
good load and productiopower estimation accuracyigure24 shows that the estimated powers are as close to
the real values as possible with this measurement setup. Despite excellent power estimates, the voltage estima
accuracy leaves room for imprement. During the RTDS simulation, the overatharmalized KPI for node voltage
estimates was in the range;2 Volts.Figure25, in which the Mean Absolute Error (MAE) is repor&ihws that

the voltage estimation accuracy mes from node to node. The umormalized power KPIs irable10 and Table11
appear larger than one would expect based on individual figure&igwe24. However, the powerRls are in line
with results collected from other demonstration sites.
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Figure24: cPhase Aactive power for a generator in node FD3SC1A duringseédion loading conditiom RWTH simulations

SE accuracy for each node and hour

~

-

0

MAE (V)

»N

SaPTL
S "3_‘32'3663
e 93

.':,'inﬁ
Node ID

Hour @

Figure25: Voltage estimation mean absolute errors for all customer nodes during onseagbn afternooin RWTH simulations
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The UFD LV network was the smallest of -liéal demonstration networks and the number of real time
measurements was high: evegald and production node had a smart meter that sent the measured power values
to the database every 15 minutes, and therefore good estimation accuracy was expected in this demonstration

The UFRIemonstrationwas run for several weeks asdveral issues ithe monitoring system were detectezhd
fixed. For example,lie smart meter located at the electric vehicle charging point gave erroneous values and cou
not be used as input in state estimation. Valid historical data from this metering point was asmgnand
therefore the load & production forecaster could not supply pseunteasurements for this nodeThese
measurements were replaced with a fixed EV charging profile. Sporadic interruptions in other measurements a
caused problems and in the end Wwad only a 1hour time period when all the measurements had been working
simultaneously. This demonstration taught us the importance of backup psegdsurements. Fixed load profiles
for all load and production points would have reduced the state esiwnaterrors during times when
measurements were missing and the load & production forecaster was unable to provide preadarements.
The following results are from a short time period betweén26¥ h O 2 6 SNJ ™ T"dHOTtob2rHd0 2 O
200t 201 @

The overall voltage estimation accuracy (LVSE_1) in this demonstna®ot.293 voltskigure 26showsthat the
voltage estimation accuracy varies between 0.5 and 2.0 volts depending on the time of tikégdag.2 and Figure
28 show that the voltage estimates for load and production nodes have similar accuracy.

The active power estimates for both load and production nodes were good, better than the psmakurements
supplied by the load & production forecastd his was mainly thanks to the numerous real time measurements
available in this demonstration. The KPI values for both estimated and forecaster active powkowreinTable

8.

Table8: KPIdor LVIoad and production forecasts and estimates.

Load Production
LVSE_1 [W] LVSE_2] | LVSE_1 [W]| LVSE_2]
Forecasting accuracy 843 0.382 65.6 48.9
Estimation accuracy 646 0.185 0.037 0.028
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SE accuracy as a function of hour of the day
25 T T T T

RMSE (V)

0 ; :
3 & 9 12 15 18 21 24
Hour

Figure26: Voltage stimation accuracy as a function of the time of the day (average accuracy on eaclnhdkE) demo site
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Figure27: Voltage estimation accuradgr load nodes (90809) and production nodes (1104 & 1106)JFD demo site
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Figure 28 Comparison of voltage estimation accuracy in different nodes and at different hours in terms of mean absoluteléRDr
demo site

OST

The demonstration in OST differs in measurement setup from all other demonstratiaresn this case lherewere
no realtime smart meter measurementdhe smart meter measurementsere indeed read once a day. As a
conseqguence, thestate estimatoronly relied on pseudemeasurements supplied by the loahd production
forecaster.Moreover, in this demothere were no voltage measurements in load and production noded thus
the voltage estimation KPt®uld notbe calculated. Instead, the accuracy of load estimatasanalysed.

The state estimation demonstratiaman for two months duringwhich several issues in the demonstration system
configuration were fixedFinally, the demonstratiomvas completed even if there were still a few issues in the
monitoring systemSpecifically,lie smart meter measurements stored into the database cawdbnly imported
energy valueand the exported energy valuesere not stored. Consequently, the PV production fed into the
network did not show in the smart meter measurements. However, the exported PV productioneshiovthe
secondary substation measments, and the state estimatevasable to correct the loading level of the load nodes
to match the substation measurementBigure 29reports the total power flow on the secondary substation
according to secondary substation measurements, state estimaemrt meter measurements and loaohd
production forecastsAs one may noticesven though the forecasted load and production valuese erroneous,

the state estimatomwasable to estimate the total load of the substation correcilne state estimatocompared

the measured secondary substation load with secondary substation load calculated with load and producti
forecasts and if these were different, the difference was divided between measurements and forecasts
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