
  
 
IDE4L is a project co-funded by the European Commission 

 

  

 

 

Project no: 608860 

Project acronym: IDE4L 

Project title: IDEAL GRID FOR ALL 

Deliverable 7.2: 

Overall Final Demonstration Report 

 

Due date of deliverable: 31.10.2016 

Actual submission date: 31.10.2016 

 

Start date of project: 01.09.2013 Duration: 38 months 

Lead beneficial name: Unareti Spa, Italy 

 

Revision [1.0] 

 Project co-funded by the European Commission within the Seventh Framework Programme (2013-2016)  
 

Dissemination level 

PU Public X 

PP Restricted to other programme participants (including the Commission Services)  

RE Restricted to a group specified by the consortium (including the Commission Services)  

CO Confidential, only for members of the consortium (including the Commission Services)  

 

 

 

 

 

 



 

  IDE4L Deliverable 7.2 Overall Final Demonstration Report 

 

2 
  IDE4L is a project co-funded by the European Commission 

 

 

 

Track Changes 
 

Version Date Description Revised Approved 

v0r01 02/06/2016 Document template Della Giustina Davide (UNR)  

v0r02 22/06/2016 L&P forecaster template Antimo Barbato (UNR)  

v0r03 16/07/2016 State estimator template Antti Mutanen (TUT)  

v0r04 18/07/2016 Power controller template Hannu Reponen (TUT)  

v0r05 22/07/2016 FLISR template Amelia Alvarez (TUT)  

V0r06 24/08/2016 Unareti State Estimator 
results 

Antimo Barbato (UNR)  

V0r07 30/08/2016 TUT Power controller results Anna Kulmala, Hannu 
Reponen (TUT) 

 

V0r08 31/08/2016 RWTH, State Estimator and 
Power controller results 

Andrea Angioni (RWTH)  

V0r09 02/09/2016 TUT Power controller results Hannu Reponen (TUT)  

V0r10 05/09/2016 LP Forecaster results 
presentation 

Antimo Barbato (UNR)  

V0r11 09/09/2016 State Estimator results Antti Mutanen, Ville 
Tuominen (TUT) 

 

V0r12 12/09/2016 LP Forecaster and State 
Estimator contributions 

Hormigo Maite (UFD)  

V0r13 12/09/2016 FLISR review and results Alvarez Amelia (SCH) 
Dedè Alessio (UNR) 

 

V0r14 13/09/2016 LV Power controller 
summarization 

Hannu Reponen (TUT)  

V0r15 13/09/2016 FLISR review and results Alvarez Amelia (SCH)  

V0r16 14/09/2016 FLISR results and section 
integration 

Alvarez Amelia (SCH)  

V0r17 14/09/2016 PC results for Unareti demo 
site 

Antimo Barbato (UNR)  

V0r18 16/09/2016 SE results for OST demo site Mathias Christoffersen (DE)  

V0r19 16/09/2016 SE and PC results review for 
RWTH lab site 

Andrea Angioni (RWTH)  

V0r20 19/09/2016 SE results for OST demo site Mathias Christoffersen (DE)  

V0r21 19/09/2016 SE results review Antimo Barbato (UNR)  

V0r22 19/09/2016 LP Forecaster results review Hormigo Maite (UFD)  

V0r23 20/09/2016 PC section review Hannu Reponen (TUT)  

V0r24 20/09/2016 LP Forecaster review Mathias Christoffersen (DE)  

V0r25 20/09/2016 Introduction, demonstrator 
description and use case 
mapping review 

Antimo Barbato (UNR)  

V0r26 26/09/2016 OST contributions review Mathias Christoffersen (DE)  

V0r27 26/09/2016 FLISR TUT results integration Alvarez Amelia (SCH)  



 

  IDE4L Deliverable 7.2 Overall Final Demonstration Report 

 

3 
  IDE4L is a project co-funded by the European Commission 

 

V0r28 26/09/2016 LV Power Control and MV 
sections review 

Andrea Angioni (RWTH)  

V0r29 26/09/2016 State Estimator section 
review 

Antti Mutanen (TUT)  

V0r30 29/09/2016 MV section review Antti Mutanen (TUT), Andrea 
Angioni (RWTH) 

 

V0r31 29/09/2016 FLISR section review Davide Della Giustina (UNR), 
Torben Vesth Hansen (OST), 
Alvarez Amelia (SCH) 

 

V0r32 29/09/2016 PC section review Andrea Angioni (RWTH)  

V0r32 29/09/2016 OST demo description and 
SE review 

Mathias Christoffersen (DE)  

V0r33 02/10/2016 FLISR section review, 
integration OST results 

Torben Vesth Hansen (OST)  

V0r34 02/10/2016 FLISR section review, 
integration OST results 

Torben Vesth Hansen (OST)  

V0r35 04/10/2016 FLISR section review and 
integration 

Alvarez Amelia (SCH)  

V0r36 04/10/2016 State Estimator section 
review 

Antti Mutanen (TUT)  

V0r37 04/10/2016 FLISR section, Unareti demo 
description integration 

Dedè Alessio (UNR)  

V0r38 05/10/2016 State Estimator section, OST 
results review 

Antti Mutanen (TUT), 
Mathias Christoffersen (DE) 

 

V0r39 05/10/2016 PC section review Hannu Reponen (TUT)  

V0r40 05/10/2016 Document review Davide Della Giustina (UNR)  

V0r41 06/10/2016 Document review Antimo Barbato (UNR)  

V0r42 06/10/2016 SE section review Antti Mutanen (TUT)  

V0r43 11/10/2016 Document review Antimo Barbato (UNR)  

V0r44 11/10/2016 MV section review Antimo Barbato (UNR), 
Andrea Angioni (RWTH) 

 

V0r45 12/10/2016 SE section, UFD results 
review and chapter review 

Antti Mutanen (TUT)  

V0r46 17/10/2016 FLISR section review and 
integration 

Alvarez Amelia (SCH)  

V0r47 17/10/2016 FLISR section, Unareti parts 
review  

Dedè Alessio (UNR)  

V0r48 26/10/2016 TUT BEO KPI value has been 
corrected 

Álvarez Amelia (SCH)  

V0r49 27/10/2016 Document review Mathias Christoffersen (DE)  

V0r50 31/10/2016 Final review Stefano Zanini (UNR) Sami Repo 
(TUT) 

 

  

  



 

  IDE4L Deliverable 7.2 Overall Final Demonstration Report 

 

4 
  IDE4L is a project co-funded by the European Commission 

 

TABLE OF CONTENTS 
 

Track Changes ............................................................................................................................................................... 2 

TABLE OF CONTENTS .................................................................................................................................................... 4 

Executive Summary ...................................................................................................................................................... 6 

1 Demonstrators descriptions ................................................................................................................................. 8 

1.1 Oestkraft ....................................................................................................................................................... 9 

1.2 Unareti ........................................................................................................................................................ 10 

1.3 Unión Fenosa Distribución ......................................................................................................................... 11 

1.4 TUT .............................................................................................................................................................. 12 

1.5 RWTH .......................................................................................................................................................... 13 

1.6 Schneider .................................................................................................................................................... 14 

2 LV Load and Production Forecaster .................................................................................................................... 15 

2.1 KPIs definition ............................................................................................................................................. 15 

2.2 Demonstrations set-ups ............................................................................................................................. 15 

2.3 Numerical Results and KPIs evaluation ...................................................................................................... 19 

2.4 Conclusions ................................................................................................................................................. 28 

3 LV Network State Estimator ............................................................................................................................... 29 

3.1 KPIs definition ............................................................................................................................................. 29 

3.2 Demonstrations set-ups ............................................................................................................................. 29 

3.3 Numerical results and KPIs evaluation ....................................................................................................... 31 

3.4 Conclusions ................................................................................................................................................. 41 

4 LV Power controller ............................................................................................................................................ 42 

4.1 KPIs definition ............................................................................................................................................. 42 

4.2 Demonstrations set-ups ............................................................................................................................. 43 

4.3 Numerical results and KPIs evaluation ....................................................................................................... 44 

4.4 Conclusions ................................................................................................................................................. 53 

5 MV Network State Estimator and Power Controller .......................................................................................... 54 

5.1 MV Network State Estimator ...................................................................................................................... 56 

5.1.1 KPIs definition ..................................................................................................................................... 56 

5.1.2 Demonstration set-ups ....................................................................................................................... 56 

5.1.3 Numerical results and KPIs evaluation ............................................................................................... 57 

5.1.4 Conclusions ......................................................................................................................................... 61 

5.2 MV Power Controller .................................................................................................................................. 62 



 

  IDE4L Deliverable 7.2 Overall Final Demonstration Report 

 

5 
  IDE4L is a project co-funded by the European Commission 

 

5.2.1 KPIs definition ..................................................................................................................................... 62 

5.2.2 Demonstration set-ups ....................................................................................................................... 62 

5.2.3 Numerical results and KPIs evaluation ............................................................................................... 63 

5.2.4 Conclusions ......................................................................................................................................... 67 

6 FLISR.................................................................................................................................................................... 68 

6.1 KPIs definition ............................................................................................................................................. 68 

6.1.1 SAIDI KPI ............................................................................................................................................. 68 

6.1.2 SAIFI KPI .............................................................................................................................................. 68 

6.1.3 Breaker Energized Operations ............................................................................................................ 69 

6.2 Demonstrations set-ups ............................................................................................................................. 69 

6.3 Numerical results and KPIs ......................................................................................................................... 75 

6.3.1 Time Performances ............................................................................................................................. 76 

6.3.2 FLIRS KPI .............................................................................................................................................. 87 

6.4 Conclusions ................................................................................................................................................. 89 

7 References .......................................................................................................................................................... 90 

 

 

  



 

  IDE4L Deliverable 7.2 Overall Final Demonstration Report 

 

6 
  IDE4L is a project co-funded by the European Commission 

 

Executive Summary  
The objective of the deliverable D7.2 is to present and compare the results collected across field and lab sites, for 

the verification and validation of the solutions proposed with the Ctт 9ǳǊƻǇŜŀƴ ǇǊƻƧŜŎǘ άL59п[έ. The deliverable 

originates from the internal deliverable [D7.i] which was used for keeping track all the regular work done within the 

WP7, documenting the effort, the work progress, the features that have been implemented, as well as the individual 

and detailed results collected during the WP7 for each demo and lab site.   

With respect to [D7.i], deliverable D7.2 is more focused on comparing the results among demo sites, in order to 

draw the overall conclusions about the experimentations. Furthermore, the analysis is limited on the subset of use 

cases highlighted in Figure 1, through a simplified version of the control hierarchy defined by IDE4L. The reason why 

those components have been selected is that, together they model two very important business cases: 

¶ Congestion management business case, where: 

- a portion of the network is monitored by collecting data from IEDs (monitoring use case),  

- its status is determined through a state estimation algorithm (state estimation use case), 

- pseudo-measurements are sent to the state estimator based on a forecast of load and 

production profiles (load and production forecast use case), 

- in case that forecast is missing, fixed profiles are used as a back-up input (not a use case), 

- eventually, the network performance is optimized by the secondary (power) controller, issuing 

set point to IEDs. 

¶ The Fault Location Isolation and Service Restoration, where IEDs are communicating based on a 

peer-to-peer paradigm in order to solve clear faults on the network. 

 

Figure 1: Simplified control hierarchy, with the emphasis on the components tested in field demonstrators. 
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The deliverable is organized as follows:  

¶ Chapter 1 presents a description of demo environments, both fields and labs sites. 

¶ Chapter 2 shows the results collected in testing the Load and Production Forecast (LPF) algorithm, designed 

and developed with the WP5, in low voltage fields and lab sites. 

¶ Chapter 3 reports the results collected in testing the State Estimation (SE) algorithm, designed and 

developed with the WP5, in low voltage fields and lab sites. 

¶ Chapter 4 presents the results collected in testing the Power Control (PC) algorithm, designed and 

developed with the WP5, in low voltage fields and lab sites. 

¶ Chapter 5 reports the results collected in testing the Load and Production Forecast, State Estimation and 

Power Control (PC) algorithm in medium voltage lab sites. 

¶ Chapter 6 presents the results collected in testing the Fault Location, Isolation and Service Restoration 

(FLISR) system designed and developed within the WP4. 
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1 Demonstrator s descriptions  
The chapter describes the demo and lab sites ς reported in Figure 2 ς that have been used to test the two business 

cases within the project.  

 

                   

Figure 2. Lab and field demo sites. 

 

For the sake of simplicity, Table 1 reports the mapping between the use cases tested in the project and the 

demo\ lab site where the test has been performed. The main features of each site are summarized in Table 2. 

Table 1: 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 operation x x     

Decentralized FLISR x  x  x x 

LV Load and Production Forecast x x  x x x 

LV State Estimation x x  x x x 

LV power control in Real Time operation x x    x 

 

Table 2: Main characteristics of demo and lab sites. 

 TUT RWTH UFD OST UNR 

Use case type RTDS simulation RTDS simulation Real-life 

demonstration 

Real-life 

demonstration 

Real-life 

demonstration 

Network nominal 

voltage 

400 V 

(line-to-line) 

400 V 

(line-to-line) 

400 V 

(line-to-line) 

400 V 

(line-to-line) 

400 V 

(line-to-line) 

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

Number of 

feeders 

6 6 1 4 10 
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Number of load 

nodes 

13 32 7 54 228 

Number of 

production nodes 

5 32 7 10 125 

 

1.1 Oestkraft  
Oestkraft (OST) demo site (Figure 3) is located on the Northern part of Bornholm Island, in a residential area in the 

village Tejn. It consists of two secondary 10/0.4 kV substations (namely no. 29 and no. 370) and a Low Voltage (LV) 

network. The network consists of four LV lines with 126 customers. This area has been selected because of the 

relatively high percentage of customers with heat pumps and PV panels.  

In this area, 12 smart meters have been connected using a GPRS technology and transmit data every 15 minutes 

with a resolution of 5 minutes. Additionally, the remaining 114 smart meters use a Power Line Communication (PLC) 

technology and transmit data every 2 hours with a 5-minute resolution. The data from the meters are collected 

once a day. 

The Medium Voltage (MV) network is composed of one MV/MV (60/10 kV) substation, one MV line (No. 7) and 18 

MV/LV (10/0.4) kV substations. Two MV/LV substations (namely no. 29 and no. 122) have been fully automated 

with IED for monitoring, control, protection. To enable MV automation, an Ethernet/IP network has been 

implemented by using optical fibres. 

 

Figure 3: OST Demo Site. Tejn. Bornholm. 
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1.2 Unareti  
¦ƴŀǊŜǘƛΩǎ ό¦bwύ ŦƛŜƭŘ ŘŜƳƻƴǎǘǊŀǘƻǊ ƛǎ ƭƻŎŀǘŜŘ ƛƴ ǘƘŜ Ŏƛǘȅ ƻŦ .ǊŜǎŎƛŀ ƛƴ ŀ ŘƛǎǘǊƛŎǘ ŎŀƭƭŜŘ άIl ViolinoέΦ ¢Ƙƛǎ ŘƛǎǘǊƛŎǘ ǿŀǎ 

recently established to promote an eco-compatible life-style (Figure 4): it is characterized by a high percentage of 

customers equipped with PV panels, which is about 40 % of the total peak power demand, and using a district 

heating system.  

The LV field demonstrator consists of the whole LV network of a MV/LV substation, which has ς in total ς 10 LV 

lines and feeds 294 customers, mainly residential ones. Out of all the nodes of the network, 45 (belonging to six out 

of the ten LV lines) have been equipped with a new generation of smart meters, for a total of 60 meters that are 

able to monitor in real-time a wide set of electric parameters of customers and PV units. Moreover, also six new PV 

inverters have been installed for voltage and power regulations. For communication purposes, a Broadband Power 

Line (BPL) over LV cables communication system has been used. 

The MV network demonstrator consists of 1 MV/MV substation, 3 MV lines, 40 MV/LV substations and 9 MV 

customers. Out of the three MV lines, two have been fully automated with monitoring, control, protection systems, 

while the third one has been mainly involved in simulations and for the LV field trial. To enable the MV automation 

services, a proper communication network has been implemented by using a mix of technologies, specifically 

optical fibres, broadband power line over MV cables and Wi-Fi.  

 

Figure 4: ! ǇƛŎǘǳǊŜ ŦǊƻƳ ǘƘŜ ¦bwΩǎ ŦƛŜƭŘ ŘŜƳƻΦ 
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1.3 Unión Fenosa Distribución  
Unión Fenosa Distribución (UFD) demo site is located in the headquarters of Antonio Lopez Street in Madrid (Figure 

5). It consists of a LV network connected to a MV line fed ōȅ ǘƘŜ ǇǊƛƳŀǊȅ ǎǳōǎǘŀǘƛƻƴ ΨtǳŜƴǘŜ tǊƛƴŎŜǎŀΩΦ ¢ƘŜ 

substation is located on the southern edge of Manzanares River, close to the street, and it shares the facilities of 

the University Corporate Company and offices of the high-voltage network operation. 

UFD low voltage demo site has different facilities connected (already existing before the project) such as amorphous 

photovoltaic installation (10 kW), monocrystalline photovoltaic installation (20 kW), polycrystalline photovoltaic 

installation (20 kW), gas generator (5.5 kW), wind turbine (3.5 kW), two 3-phase EV chargers and a meteorological 

station. Most of these installations have a smart meter connected, and all PV generators have controllable inverters. 

 

   

Figure 5: UFD demo site location. 
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1.4 TUT 
The laboratory demonstration of TUT (Figure 6) consists of a Real-Time Digital Simulator (RTDS), commercial 

Intelligent Electronic Devices (IEDs) and Substation Automation Units (SAUs). The main focus is the testing of 

functional and non-functional performance of the MV and LV network monitoring and congestion management use 

cases and automation system. Moreover, the laboratory tests are also used to extend the field demonstrations in 

order to test additional scenarios and grid conditions (e.g. congestions due to over-dimensioning of the system) 

and to consider additional resources (e.g. OLTC in secondary transformer).  

 

Figure 6: TUT Lab Infrastructure. 
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1.5 RWTH 
The RWTH lab demonstrator for real time power system simulation is equipped with a real time digital simulator. 

The installed RTDS is made up of 8 racks that can accurately and reliably simulate dynamics of power systems 

generally in the range of 50 µs which can also be brought down to 2 µs in some special cases. In Figure 7, the RWTH 

monitoring platform is represented. 

The power system of Unareti is being modelled (both LV and MV) in four racks of RTDS.  One rack for the LV grid 

and three racks for the MV grid, respectively. The power profiles of passive and active users have been extracted 

from past readings and given to the power system simulation in RTDS, in order to recreate realistic scenarios, 

respectively for four intervals of 2 hours in working and weekend days of summer, autumn and winter seasons. 

Furthermore, also some extra scenarios have been tested, respectively with instrument communication delay and 

line congestions, in order to see the behaviour of the automation architecture in alternative stress cases. All these 

scenarios have been used for testing state estimation and power control of MV and LV grids  

The simulated Unareti power system has also been used to test the automation architecture defined in IDE4L. The 

automation architecture consists of IEDs, both virtual and real, substation automation units and the communication 

infrastructure. The virtual IEDs, the smart meters and the PMU provide the substation automation units at primary 

and secondary substation with measurements. 

 

Figure 7: RWTH monitoring platform. 
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1.6 Schneider  
The laboratory deployed at Schneider (SCH) is set to test and demonstrate 

the logic processing and distributed interaction as designed for IDE4L FLISR 

solution based on IEC 61850 GOOSE messages exchange, the correct 

selection of configuration parameters and the remote updating process 

for the communication schemes and operation settings by means of an 

IEC61850 MMS client. 

The benefits of the lab deployment in Schneider is that it allows to test 

and validate the logic implementation, the signal processing and the 

communications between devices before the field deployment, thus 

reducing the time that it will be needed in the field demo for installation, 

start up and collecting data. 

Within the IDE4L project, Schneider has developed a specific cabinet for 

FLISR testing and validation (see Figure 8). 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 devices. Power service provided to the lines controlled by 

each secondary substation is also monitored by means of light indicators. 

In order to emulate faults, the cabinet is equipped with push bottoms in 

different positions of the grid that cause short-circuits increasing the 

current sensed by the IEDs according to their location. IDE4L 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 behave as reclosers or switches, thus 

allowing the testing of different deployment configurations. All 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 protocol. A monitoring PC is also connected to the switch allowing 

the logging and analysis of the GOOSE messages to determine correct 

operation and response timing for different phases of FLISR operation. On 

the service restoration phase, PC IEC 61850 simulation suites is used to generate MMS messages for FLISR 

communication scheme and setting reconfiguration, testing the ability to adapt for the new grid topology. 

  

 

Figure 8: Schneider Lab infrastructure. 
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2 LV Load and Production Forecaster  
Load and production forecasting provides an accurate prediction of the electric load and generation profiles in a 

geographical area within a planning horizon. Within the IDE4L project, this algorithm works as a support tool to the 

state estimation algorithm that is the core element in the congestion management of the low voltage network. 

With the increase of intermittent power generation in the low-voltage and medium-voltage grids, the ability to 

accurately forecast the relative load and production in the networks, several hours ahead, can indeed limit the 

volatility of congestion management methodologies. The load and production forecast algorithm was 

demonstrated in one laboratory (TUT) and in three electric utilities (UNR, UFD and OST). 

2.1 KPIs definition  
In order to evaluate the performance of the load and production forecast algorithm, developed within the IDE4L 

project, we use proper KPIs; here they are named Low Voltage Load and Generation Forecaster (LVLGF). These KPIs 

are not completely consistent with the KPIs defined in the deliverable [D7.1]. These KPIs evaluate the deviation 

between the forecasted values and the corresponding real measurements in terms of normalized root mean square 

error. Specifically, its mathematical definition is reported below:  

 

,6,'& Ë
ρππ

ὔ

ρ
Ὕ
В ὖὸ Ὧ ὖǴὸ Ὧ ȟ

ÍÁØὖ ÍÉÎὖ
 

 
 
where: 

¶ Ὧ : look-ahead time (e.g. 1-24 hours), 

¶ Ὕ : available time instants in the time period  Ὕ for node ὲ, 

¶ ὔ : number of nodes in the network, 

¶ ὖὸ Ὧ  : observed load/generation at node ὲ at time ὸ Ὧ, 

¶ ὖὸ Ὧ ȟ : forecasted load/generation at node n for time ὸ Ὧ, issued at time ὸ, 

¶ ÍÉÎ ὖ , ÍÁØὖ  : respectively, minimum and maximum measurement ὖ for node ὲ in the time period 

Ὕ. 

2.2 Demonstrations  set-ups 
Within the IDE4L project, the load and production forecast algorithm has been tested in several demo and lab sites. 

In each of these sites, this algorithm has been used with a specific configuration as described in Table 3.  

 

Table 3: LV load and production forecast algorithm configuration for each demo and lab site. 

 OST UNR UFD TUT 

Use case type Real-life 
demonstration 

Real-life 
demonstration 

Real-life 
demonstration 

RTDS simulation 

Historical 
measurements 
type 

Energy data 
[kWh] collected 
from smart 
meters 

Energy data 
[kWh] collected 
from smart 
meters 

Power data [kW] 
collected from 
smart meters 

Power data [kW] 
aggregated from 
several 
customers 

Historical 
measurements 
resolution 

1 hour 
(aggregated from 
5-minute 
measurements) 

1 hour 
(aggregated from 
15-minute 
measurements) 

15 minutes 1 hour 
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Historical 
measurements 
availability 

0 ς 4 months 
depending on 
node 

җ с ƳƻƴǘƘǎ ǇŜǊ 
each meter 

å 4 months per 
each meter 

1 year per node + 
1 year of 
verification data 

Historical weather 
data 

Temperature 
collected from 
forecast.io  

Temperature and 
irradiation 
measurement 
data collected 
from the sensors 
installed at the 
substation 
premises 

Temperature and 
irradiation 
collected by a 
meteorological 
station installed 
in the demo site 

Temperature and 
irradiation 

Historical weather 
data availability 

> 3 years җ м ȅŜŀǊ å 4 months 1,5 years 

Weather forecast 
data 

24-hour 
temperature 
forecast 

24-hour 
temperature and 
irradiation 
forecast profiles 
issued at 6:00 
p.m., every day, 
by the local 
weather forecasts 
provider 

24-hour 
temperature 
forecast 

Historian data is 
used as forecast 

Nodes for which 
forecast was 
produced 

126  59 38 13 

Type of loads for 
which forecast 
was produced 

Majority are 
residential 
consumers, but 
also commercial 
buildings, street 
lighting and water 
supply loads are 
involved in the 
demonstration 

Residential 
consumers 

Office buildings Residential 
consumers 

Type of 
generation source 
for which forecast 
was produced 

- Photovoltaic 
panels 

Photovoltaic 
panels  

Photovoltaic 
panels 

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 been tested, it is 

also reported here, in reference to each demo and lab site, the input and output data of the algorithm for each 

specific set up at customer premises, where: 

¶ Ὧ : current time 

¶ Ὁ ὸ : net active energy at time t 

¶ Ὁ ὸ : active energy generation at time t 

¶ Ὁ ὸ : active energy load at time t 
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¶ ὖ ὸ : power generation at time t 

¶ ὖ ὸ : power load at time t 

¶ Ὕὸ : temperature at time t 

¶ Ὑὸ : irradiance at time t 

OST 

In the OST demonstration, the smart meters are installed in such a way that they measure the combination of 

electrical consumption and production, also when a local 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 forecasting, 

this has resulted in only the load forecaster being executed and not the production forecaster. More details on the 

different set-ups and on the input and output of the algorithm are reported in Figure 9. 

Input:

- Historian Etot (t), T(t), tÒk

- Forecast T(t) tÓ k

Output:

-Etot (t) t> k

Input:

- Historian Etot (t), T(t), tÒk

- Forecast T(t) tÓ k

Output:

-Etot (t) t> k

Smart Meter on the connection point

Case 1: customer with PV and one SM Case 2: customer without PV with the SM

Etot(k+1)

Etot(k+1)

 

Figure 9: LV load and production forecast algorithm set-ups in the OST demo site. 

UNR 

In the case of the UNR demonstration, several set-ups are 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 PV 

production, as well as other PV-related measurements. Where ƭƻŎŀƭ ƎŜƴŜǊŀǘƛƻƴ ǎƻǳǊŎŜǎ ŀǊŜ ǇǊŜǎŜƴǘ ŀǘ ŎǳǎǘƻƳŜǊǎΩ 

premises and both the connection point smart meter and PV smart meter are installed, the algorithm provides both 

load and generation forecasts. On the other hand, if one or both of these two meters are missing, the algorithm is 

not able to provide any forecast because of missing input data. Where ƴƻ ƭƻŎŀƭ ǎƻǳǊŎŜ ƛǎ ŀǾŀƛƭŀōƭŜ ŀǘ ŎǳǎǘƻƳŜǊǎΩ 

premises, the load forecasts are provided by the algorithm only if the smart meters are installed. More details on 

the different set-ups and on the input and output of the algorithm are reported in Figure 10. 
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Case 5: customer without PV without the SM

Case 1: customer with PV and two SMs

Smart Meter on the connection point

Smart Meter on the PV

Case 3: customer with PV with only one SM o

Case 4: customer without PV with the SM

Input:

- Historian Eload(t), R(t), T(t), tÒk

- Forecast R(t), T(t) tÓ k

Output:

-Eload(t) t> k

Case 6: customer with PV, Shunt and two SMs

Case 2: customer with PV without any SM

Input:

- Historian Eload(t), Egen(t), R(t), T(t), tÒk

- Forecast R(t), T(t) tÓ k

Output:

-Eload(t), Egen(t) t> kEload(k+1) Egen(k+1)

Not managed by the Load and 
Production Forecaster (Fixed 
Profiler is used in this case)

Eload(k+1) Egen(k+1)

Not managed by the Load and 
Production Forecaster (Fixed 
Profiler is used in this case)

Eload(k+1) Egen(k+1)

Eload(k+1)

Not managed by the Load and 
Production Forecaster (Fixed 
Profiler is used in this case)

Eload(k+1)

Input:

- Historian Eload(t), Egen(t), R(t), T(t), tÒk

- Forecast R(t), T(t) tÓ k

Output:

-Eload(t), Egen(t) t> kEload(k+1) Egen(k+1)

 

Figure 10: LV load and production forecast algorithm set-ups in the UNR demo site. 

UFD 

In the case of the UFD demonstration, there are two different set-ups. In the first one, a smart meter is used to 

collect measurements related to customers and only the load forecasts are computed. In the second case, the smart 

meter is installed to measure all the information related to local generation sources and only production forecasts 

are provided by the algorithm. More details on the different set-ups and on the input and output of the algorithm 

are reported in Figure 11. 

 

Input:

- Historian Pload(t), T(t), tÒk

- Forecast T(t) tÓ k

Output:

-Pload(t) t> k

Input:

- Historian Pgen(t), T(t), tÒk

- Forecast T(t) tÓ k

Output:

-Pgen(t) t> k

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

Eload(k+1)
Egen(k+1)

 

Figure 11: LV load and production forecast algorithm set-ups in the UFD demo site. 

TUT 

In the TUT lab site, we simulate the case in which local gŜƴŜǊŀǘƛƻƴ ǎƻǳǊŎŜǎ ŀǊŜ ƛƴǎǘŀƭƭŜŘ ŀǘ ŎǳǎǘƻƳŜǊǎΩ ǇǊŜƳƛǎŜǎ ŀƴŘ 

both the load and PV smart meters are present. More details on the different set-ups and on the input and output 

of the algorithm are reported in Figure 12. 
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Case 1: customer with PV and two SMs

Smart Meter on the connection point

Smart Meter on the PV

Input:

- Historian Eload(t), Egen(t), R(t), T(t), tÒk

- Forecast R(t), T(t) tÓ k

Output:

-Eload(t), Egen(t) t> kEload(k+1) Egen(k+1)

 

Figure 12: LV load and production forecast algorithm set-up in the TUT lab site. 

2.3 Numerical Results and KPIs evaluation  

In order to evaluate the performance of the algorithm, the normalized root mean square error (NRMSE) defined as 

explained in section 2.1 is analyzed. This KPI has been individually computed for load and generation forecasting, 

as well as for each timeslot of the forecast horizon (i.e., Ὧ in the KPI definition) to assess how the prediction accuracy 

varies across the forecast horizon. Moreover, for statistical purposes, in addition to the overall KPI, this indicator 

has been computed for each load and generation node of the network. 

The NRMSE numerical results collected during the test campaign are presented in the following. Specifically, for 

each timeslot of the forecast horizon, it is reported the NRMSE of the load and prediction forecasts, for each load 

and production node of the network, as well as some additional metrics: median, 25th and 75th percentiles 

(respectively lower and upper "hinges" in the figures), 1.5 of the Inter-Quartile Range (IQR) (i.e., the lower whisker 

extends from the hinge to the lowest value within 1.5 * IQR of the hinge, 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 presented in Figure 13 in terms of NRMSE. In this case, no production forecast 

was available for testing. Since the algorithm has been run once a day, starting from 0:00 a.m., the forecasting 

horizon k also represent the real day hour (e.g., k=1 corresponds to 1:00 a.m.).  
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Figure 13: NRMSE of the LV load forecast algorithm as a function of the forecast horizon in the OST demo site. 

 
UNR 

In the UNR case, both the NRMSE of the load and prediction forecasting are presented. Specifically, Figure 14 

reports the results collected for the load prediction, discriminating them in terms of typology of consumers that 

are classified based on their nominal (contractual) peak power (i.e. 3.3 kW or 4.95 kW).  On the other hand, Figure 

15 shows the numerical results found for each PV plant monitored through a smart meter, discriminating the 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 and 

5.6 kW). Notice that in case of 4.11 kW and 5.6 kW plants, no statistical metrics are presented since in the UNR 

demonstrator only one PV plant was actually monitored for each of these two typologies. Moreover, no results are 

reported for nightly hours in which the real production is zero and is trivial to be predicted. Since the algorithm has 

been run once a day, at 0:00 a.m., the k value reported into the plot also represent the real day hour (e.g., k=1 

corresponds to 1:00 a.m.). 
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Figure 14: NRMSE of the LV load forecast algorithm as a function of the forecast horizon in the UNR demo site. 

 

Figure 15: NRMSE of the LV production forecast algorithm as a function of the forecast horizon in the UNR demo site. 

 
UFD 

In UFD case, both the NRMSE and RMSE of load and prediction forecasting are presented. Specifically, in Figure 16, 

one reports the results collected for the load prediction, while in Figure 17 one shows the NRMSE for the prediction 

forecast, where the considered generators are PV plants. There is no discrimination by contracted power, because 

all consumers have the same peak power. Since the algorithm has been run once an hour, the k value is not 

associated with any real day hour. 



 

  IDE4L Deliverable 7.2 Overall Final Demonstration Report 

 

22 
  IDE4L is a project co-funded by the European Commission 

 

In the test campaign of the load and production forecaster, some issues were found in the UFD demo site, 

specifically with reference to the monitoring system.  In some cases, there were indeed interruptions in the data 

gathering process, thus resulting in several gaps in collected data. As a consequence, the load and production 

forecaster had a limited amount data to work with that explains the mediocre accuracy reported in Figure 16 and 

in Figure 17. 

 

Figure 16: NRMSE of the LV load forecast algorithm as a function of the forecast horizon in the UFD demo site. 
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Figure 17: NRMSE of the LV production forecast algorithm as a function of the forecast horizon in the UFD demo site. 

TUT 

In the TUT case, both the NRMSE of the load and prediction forecasting are presented. Specifically, Figure 18 reports 

the statistical metrics of the KPI found for the load prediction algorithm, while Figure 19  focuses on the production 

forecasting. Since the algorithm has been run once a day, at 0:00 a.m., the k value reported into the plots also 

represent the real day hour (e.g., k=1 corresponds to 1:00 a.m.). 

Notice that, in reference to the production prediction, TUT only had 1 PV panel measurements, which was 

replicated to every node of the simulated network, having a generation source connected to. As a consequence, in 

Figure 19 only the NRMSE is presented without any additional statistical metric since the test scenario consisted of 

only one prediction node. Moreover, the NRMSE is available also at nigh hours since the simulations were run using 

summer data and the sun does not completely set in Finland in that period of the year.  
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Figure 18: NRMSE of the LV load forecast algorithm as a function of the forecast horizon in the TUT lab site. 

 

Figure 19: NRMSE of the LV production 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 the load and generation 

prediction, one reports in Table 4 and Figure 20 the KPIs obtained in the load forecast, while in Table 5 and Figure 

21 one focuses on the generation prediction. 
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Table 4: KPIs of the LV load forecast algorithm as a function of the forecast horizon per each demo and lab site. 

 LVLGF [%] 

Forecast horizon, k [hours] OST UNR UFD TUT Average 

1 7.05 5.98 27.7 15.8 14.13 

2 6.73 4.97 27.6 14.1 13.35 

3 6.52 5.34 27.5 13.2 13.14 

4 6.68 5.00 27.6 12.7 13.00 

5 6.96 4.47 27.4 12.5 12.83 

6 7.90 7.16 27.5 12.5 13.77 

7 9.56 9.14 27.4 12.3 14.60 

8 12.02 9.69 27.3 12.6 15.40 

9 13.44 9.60 27.1 12.5 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 12.4 18.40 

13 13.02 15.81 26.8 12.1 16.93 

14 12.57 14.53 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 27.4 12.7 14.78 

24 8.94 7.36 27.5 13.7 14.38 

 

 

Figure 20: KPIs of the LV load forecast algorithm as a function of the forecast horizon per each demo and lab site. 
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Table 5: KPIs of the LV production forecast algorithm as a function of the forecast horizon 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 34.2 35.5 23.66 

7 - 2.71 34.3 37.9 24.97 

8 - 4.52 34.3 38.4 25.74 

9 - 8.11 34.4 38.2 26.90 

10 - 9.59 34.4 38.5 27.50 

11 - 10.59 34.4 44.6 29.86 

12 - 15.34 34.3 47.9 32.51 

13 - 18.40 34.2 48.0 33.53 

14 - 15.85 34.1 44.0 31.32 

15 - 11.35 34.0 49.0 31.45 

16 - 11.00 33.9 41.9 28.93 

17 - 8.07 33.8 35.6 25.82 

18 - 5.06 33.9 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 

 

 

Figure 21: KPIs of the LV production forecast algorithm as a function of the forecast horizon per each demo and lab site. 
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As can noticed from the results presented above, the load forecast algorithm assures an acceptable accuracy level 

since the NRMSE overall average value is 15.58% and it varies from 4.47 % found in UNR case to 27.7% found in 

UFD site. The inter-quartile range of the KPI is rather limited, with the 75th percentile typically lower than 20%. The 

NRMSE has indeed values higher than its average value threshold only in a limited number of conditions and, as 

one may notice from the UNR demo site-specific results presented in Figure 14, mainly in case of consumers with 

greater hourly demands. In these cases, the variance of the energy demand of consumers is indeed greater, thus 

resulting in less accurate predictions with greater medians and inter-quartile ranges.  

The accuracy of the load forecast algorithm tends to be consistent when analyzed across the IDE4L demo sites, thus 

confirming the applicability of the algorithm to real use-case scenarios. The only case in which KPIs have not been 

satisfactorily met is represented by the UFD demo site, in which the performance of the algorithm has not been as 

good as with the other sites. This result is due to limited data availability: as explained in reference to UFD-specific 

results, in this demo site some problems were encountered with the monitoring system due to interruptions in the 

data gathering process and gaps in collected data. As a consequence, the load and production forecaster had a 

limited amount data to work with that explains the mediocre accuracy found in this case.  

An interesting and intuitive conclusion that could be drawn out of the UNR and OST results is that the accuracy of 

the load forecast algorithm 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 of the forecast 

horizon: firstly, the NRMSE is a scale dependent indicator if analyzed across the forecast horizon since for each 

customer\generation plant, all the hourly RMSE values are normalized by the same number (overall range of the 

observed measurements in the observation period). As a consequence, ƎǊŜŀǘŜǊ ǾŀƭǳŜǎ ƛƴ ǘƘŜ ŎƻƴǎǳƳŜǊǎΩ ŘŜƳŀƴŘ 

observed at given hours of the day imply greater values in the NRMSE. Secondly, the demand variance and volatility 

are greater at day hours rather than at night hours, thus resulting in less accurate predictions with greater 

normalized root mean square errors, greater medians and inter-quartile ranges. This independence between the 

algorithm accuracy and the forecast horizon is particularly evident in the UFD demo site in which the NRMSE is 

almost flat over the forecast horizon. This site is the only one in which the algorithm has been run every hour, thus 

removing the dependency of the KPI on the specific hours of the day.  

Similar considerations as those presented for the load forecast can be applied also to the production forecaster. 

However, in this case, the accuracy found in predicting the generation profile is not as good as the one found in the 

load forecasting: the NRMSE average value is 29.97 % and it varies from 1.28% found in UNR site, to 49% found in 

TUT lab site.  This result emphasize that generation profiles are more difficult to predict with respect to loads, 

mainly because of the volatility of generation sources, as well as their dependency on the weather data forecast 

accuracy.  

The production forecast algorithm performance is strongly dependent on the size of the generation plant, as one 

may notice from the UNR demo site-specific results shown in Figure 15. Specifically, the NRMSE tends to increase 

as the nominal peak power of plants increases. In these cases, the variance of the energy generation profile is 

indeed greater, thus resulting in less accurate predictions. 

Unlike the load prediction, the production forecast accuracy tends to be not very consistent when analyzed across 

the IDE4L demo and lab sites as one may notice by comparing the results shown above. This is probably due to 

demonstration-specific conditions. Firstly, in the UFD case, some problems were encountered with the monitoring 

system with interruptions in the data gathering process and gaps in collected data. As a consequence, as in the load 

forecaster case, also the production forecaster had a limited amount data to work with that explains the mediocre 
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accuracy found in this demo site. As for TUT, results obtained are not very meaningful from a statistical point of 

view since they have been obtained with only one PV panel.  

2.4 Conclusions  

The low voltage load and production forecast demonstrations were successfully finalized in the IDE4L experimental 

campaigns, as well as in lab sites; proving that the proposed algorithm works even if its performance may differ 

depending on the conditions of use. Specifically, the demonstration of LV network load and production forecast 

provided different results in the prediction of loads and generations. On one hand, the load forecast turned out to 

be quite accurate and consistent across demo sites. On the other hand, the generation forecast showed less 

accurate and consistent solutions, due to the volatility of renewable generation plants and to their dependency on 

weather forecast. The latter emphasizes the need for a more advanced and customized algorithm to predict the 

production of these kinds of sources. Finally, demonstration results showed that for both loads and generations, 

the algorithm is very consistent in predicting power\energy data over a one day-horizon since no major degradation 

was found in increasing the forecast horizon. 
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3 LV Network State Estimator  

State estimation is a key enabler for active network control (e.g. power control algorithm in IDE4L project), since 

the state of the network must be known in order to efficiently control a network with distributed resources. The 

IDE4L LV network state estimator [D5.1] uses network data, real-time measurements, load and production forecasts 

and fixed load and production profiles as inputs and, based on this information, estimates what is the most likely 

state of the network at a given moment. The estimated quantities are node voltage magnitudes and node power 

injections (i.e. load and production) and current flows in all network nodes and lines. The state estimation algorithm 

was demonstrated in two laboratories (TUT and RWTH) and in three electric utilities (UFD, OST and UNR). 

3.1 KPIs definition  
The KPIs used to evaluate the state estimator performance, have been defined in [D7.1]. Both normalized (LVSE_2) 

and un-normalized (LVSE_1) KPIs have been defined. Since all demonstration sites have the same nominal voltage, 

the un-normalized KPI is used when evaluating and comparing the voltage estimation accuracy. The load and 

generator sizes are different in different demonstration sites and, in order to facilitate the comparison between 

demonstration sites, also the normalized KPIs are calculated for the estimated powers.  

KPIs used to evaluate the state estimation performance: 

 

ὒὠὛὉͅρ
ρ

ὔὝ
ὼὸ ὼὸ  

 

ὒὠὛὉͅς
ρ

ὔὝ

ὼὸ ὼὸ

ȿÍÁØὼ ÍÉÎὼ ȿ
 

 

where: 

¶ ὔ : number of studied state variables, 

¶ Ὕ : number of time intervals under study, 

¶ ὼ : real instantaneous values for the state variable n at time t=[1,T], 

¶ ὼὸ  : real instantaneous value for the state variable n at time t, 

¶ ὼὸ  : estimated value for the state variable n at time t, 

¶ ÍÉÎ ὼ , ÍÁØὼ  : respectively, minimum and maximum real measurement for state variable ὲ. 

 

3.2 Demonstration s set-ups 

The LV network state estimation algorithm was tested in five demonstration\ lab sites, each with its own specific 
configuration, considering network topology, measurement setup, algorithm execution time and testing period as 
described in Table 6.  
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Table 6: Demonstration setups used in LV network state estimation KPI calculation. 

 TUT RWTH UFD OST UNR 

Use case type RTDS simulation RTDS simulation Real-life 

demonstration 

Real-life 

demonstration 

Real-life 

demonstration 

Network nominal 

voltage 

400 V 

(line-to-line) 

400 V 

(line-to-line) 

400 V 

(line-to-line) 

400 V 

(line-to-line) 

400 V 

(line-to-line) 

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

Number of 

feeders 

6 6 1 4 10 

Number of load 

nodes 

13 32 7 54 228 

Number of 

production nodes 

5 32 7 10 125 

Measurement 

setup (used as 

input in state 

estimation) 

¶ Secondary 

substation 

voltage 

measurement 

¶ Secondary 

substation 

power flow 

measurements 

(PQ) 

¶ 2 smart meters 

on load nodes 

(PQ) 

¶ 5 virtual smart 

meters on 

production 

nodes (PQ) 

¶ Secondary 

substation 

voltage 

measurement 

¶ Secondary 

substation 

power flow 

measurement 

(PQ) 

¶ 32 virtual smart 

meters on load 

nodes (PQ) 

¶ 32 virtual smart 

meters on 

production 

nodes (PQ) 

¶ Secondary 

substation 

voltage 

measurement 

¶ Secondary 

substation 

power flow 

measurements 

(PQ) 

¶ 7 smart meters 

on load nodes 

(PQ) 

¶ 7 smart meters 

on production 

nodes, 6x(P) & 

1x(PQ)  

¶ Secondary 

substation 

voltage 

measurement 

¶ Secondary 

substation 

power flow 

measurements 

(PQ) 

¶ Secondary 

substation 

voltage 

measurement 

¶ 10 feeder 

power flow 

measurements 

(PQ) 

¶ 61 smart 

meters 

measuring 

either load, 

production or 

their sum (PQ) 

 

Pseudo-

measurements 

Static 

load/production 

values (PQ) 

Pseudo-

measurements 

were not used as  

full observability 

was always 

available through 

real time 

measurements 

Load & 

production 

forecast (P) 

Load & 

production 

forecast (P) 

Fixed 

load/production 

profiles (P) + load 

& production 

forecast (P) 

Algorithm 

execution 

frequency 

1 min 1 min 5 minutes 30 min 5 min 

Test period 10 minute 2 hours 19 hours 15 days 30 days 

Special 

circumstances 

 

Large stepwise 

changes in PV 

output were 

simulated during 

this test period 

- Smart meter at 

the EV charging 

point gives 

erroneous values, 

replaced with 

fixed profile 

Some network 

nodes contain 

several 

customers. These 

are treated as one 

aggregated load 

- 

(P) = Only active powers were measured/forecasted. 
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(PQ) = Both active and reactive powers were measured/forecasted. 

 

The inevitable large variability in demonstration setups rendered the direct comparison of KPIs challenging. 

However, the comparison can be very useful when evaluating whether or not the state estimation algorithm has 

performed as planned or if there have been some demonstration site-specific problems.  

3.3 Numerical results and KPIs evaluation  

In this section, the performance 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 are 

collected into the comparison section.  

TUT 

The RTDS simulations in TUT focused on 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 several 

different conditions, the simulation runs were kept very short. The length of the simulation was often only 10ς15 

minutes.  

The simulation sequences included, for example, large stepwise or steadily ramping changes in PV output power or 

missing measurements. In these situations, the state estimation accuracy is not as good as in normal network 

operation conditions. However, the accuracy was adequate, taken into account the severity of the simulated 

conditions. Figure 22 and Figure 23 show how the estimated 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 power. In Figure 

22, large stepwise changes (30 % of the nominal power) to PV output are caused and in Figure 23 the PV output is 

increased in small steps from 37 % to 100 %. The node voltage estimation accuracy numbers, presented in the Table 

7, are based on the simulation sequence shown in Figure 22. The base case includes all measurements mentioned 

in the measurement setup part of the Table 6, and in the following cases either the substation voltage or PV power 

measurements are assumed to be missing. 

 

 

Figure 22: LV state estimator performance when PV output fluctuates. 
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Figure 23: LV state estimator performance when PV output increases steadily. 

 

Table 7: The effect of missing measurements on the LV state estimation accuracy. 

 LVSE_1 for node voltages [V] 

Base case 0.561 

No SS voltage measurements 0.733 

No PV power measurements 0.612 

 

RWTH 

The RTDS simulations in RWTH were based on proof of concept simulations and the simulation runs where kept 

short ς max. 2 hours. Simulations were performed in different loading conditions. Specifically, loadings 

corresponding to winter, summer and mid-season afternoons on a typical weekend day were simulated. Here, only 

results for mid-season simulations are shown. The state estimation algorithm was run with a one-minute execution 

interval and the smart meter measurements were updated once every five minutes. This should guarantee very 

good load and production power estimation accuracy. Figure 24 shows that the estimated powers are as close to 

the real values as possible with this measurement setup. Despite excellent power estimates, the voltage estimation 

accuracy leaves room for improvement. During the RTDS simulation, the overall un-normalized KPI for node voltage 

estimates was in the range 2ς4 Volts. Figure 25, in which the Mean Absolute Error (MAE) is reported, shows that 

the voltage estimation accuracy varies from node to node. The un-normalized power KPIs in Table 10 and Table 11 

appear larger than one would expect based on individual figures like Figure 24. However, the power KPIs are in line 

with results collected from other demonstration sites.  
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Figure 24: άPhase Aέ active power for a generator in node FD3SC1A during mid-season loading condition in RWTH simulations. 

 

 

Figure 25: Voltage estimation mean absolute errors for all customer nodes during one mid-season afternoon in RWTH simulations. 

 

UFD 
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The UFD LV network was the smallest of real-life demonstration networks and the number of real time 

measurements was high: every load 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 UFD demonstration was run for several weeks and several issues in the monitoring system were detected and 

fixed. For example, the smart meter located at the electric vehicle charging point gave erroneous values and could 

not be used as input in state estimation. Valid historical data from this metering point was also missing and 

therefore the load & production forecaster could not supply pseudo-measurements for this node. These 

measurements were replaced with a fixed EV charging profile. Sporadic interruptions in other measurements also 

caused problems and in the end we had only a 19-hour time period when all the measurements had been working 

simultaneously. This demonstration taught us the importance of backup pseudo-measurements. Fixed load profiles 

for all load and production points would have reduced the state estimation errors during times when 

measurements were missing and the load & production forecaster was unable to provide pseudo-measurements. 

The following results are from a short time period between 6th ƻŦ hŎǘƻōŜǊ мтΦлл ƻΩŎƭƻŎƪ ŀƴŘ тth of October 12.00 

ƻΩŎƭƻŎƪΦ 

The overall voltage estimation accuracy (LVSE_1) in this demonstration was 1.293 volts. Figure 26 shows that the 

voltage estimation accuracy varies between 0.5 and 2.0 volts depending on the time of the day. Figure 27 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 pseudo-measurements 

supplied by the load & production forecaster. This was mainly thanks to the numerous real time measurements 

available in this demonstration. The KPI values for both estimated and forecaster active power are shown in Table 

8. 

Table 8: KPIs for LV load 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 

 

 



 

  IDE4L Deliverable 7.2 Overall Final Demonstration Report 

 

35 
  IDE4L is a project co-funded by the European Commission 

 

 

Figure 26: Voltage estimation accuracy as a function of the time of the day (average accuracy on each hour) in UFD demo site. 

 

Figure 27: Voltage estimation accuracy for load nodes (903ς909) and production nodes (1104 & 1106) in UFD demo site. 
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Figure 28: Comparison of voltage estimation accuracy in different nodes and at different hours in terms of mean absolute error in UFD 
demo site. 

 

OST 

The demonstration in OST differs in measurement setup from all other demonstrations since in this case there were 

no real-time smart meter measurements. The smart meter measurements were indeed read once a day. As a 

consequence, the state estimator only relied on pseudo-measurements supplied by the load and production 

forecaster. Moreover, in this demo there were no voltage measurements in load and production nodes and thus 

the voltage estimation KPIs could not be calculated. Instead, the accuracy of load estimates was analysed. 

The state estimation demonstration ran for two months, during which several issues in the demonstration system 

configuration were fixed. Finally, the demonstration was completed, even if there were still a few issues in the 

monitoring system. Specifically, the smart meter measurements stored into the database contained only imported 

energy values and the exported energy values were not stored. Consequently, the PV production fed into the 

network did not show in the smart meter measurements. However, the exported PV production showed in the 

secondary substation measurements, and the state estimator was able to correct the loading level of the load nodes 

to match the substation measurements. Figure 29 reports the total power flow on the secondary substation 

according to secondary substation measurements, state estimates, smart meter measurements and load and 

production forecasts. As one may notice, even though the forecasted load and production values were erroneous, 

the state estimator was able to estimate the total load of the substation correctly. The state estimator compared 

the measured secondary substation load with secondary substation load calculated with load and production 

forecasts and if these were different, the difference was divided between measurements and forecasts in 














































































































