Sl Co-funded by
1HILCITICY SN the European Union

‘DA ADRION

GOTOTWIN

Deliverable D 2.2.2
Mid-Term Digital Twin Platform

Implementation Report

Project title:

Advancing Renewable Energy in the Adriatic lonian Region
through the Use of Digital Twins

Project ID:

IPA-ADRIONO0406

Project acronym:

GOTOTWIN

Name of the lead
partner:

@akynTeT 3a eNeKTPOTEXHMKA U MHDOPMALMUCKM TEXHOIOTUN,
YHuepsutet ,,CB. Kupnn n Metoanj“ so Ckonje

Name of the lead
partner in English:

Faculty of Electrical Engineering and Information
Technologies, Ss. Cyril and Methodius University in Skopje

Programme priority:

Supporting a smarter Adriatic - lonian region

Specific objective SO 1.1:

Strengthening innovation capacities in the Adriatic - lonian

region
Project duration: 36 months
Project starting date: 01/09/2024
Work package: WP2
Activity title: Digital Twin Platform Architecture Design
Start date of deliverable: 01-09-2025
Due date of deliverable: 28-02-2026
Actual submission date: 28-02-2026

Responsible partner:

FEEIT — Faculty of Electrical Engineering and Information
Technologies, Ss. Cyril and Methodius University in Skopje

Dissemination level:

PU

Status:

Final

Project Acronym - GOTOTWIN




Reviewed: Yes

Document history

Angelos Bouchouras

Revision Date Description
v_1 05-02-2026 ToC for the deliverable defined.
v_2 10-02-2026 Section 4 on the cloud services implementation completed.
v 3 23-02-2026 Section 5 on the living labs description and Section 6 on the
work in progress completed.
v_4 26-02-2026 Document review completed.
final 28-02-2026 Missing parts added and final document consolidated.
Report contributors
Name Beneficiary Short Name | Details of contribution
Daniel Denkovski FEEIT Primary contributor to Sections 1-4.
Consolidation of the entire deliverable.
Maja Celeska FEEIT Wind power plant quasi-static model.
Krsteska
Anton Causevski FEEIT Hydro power plant quasi-static model.
Zivko Kokolanski FEEIT INNOFEIT Energy Living Lab description.
Bodan Velkovski FEEIT INNOFEIT Energy Living Lab infrastructure
integration aspects.
Valentina Janev IMP The IMP Testbed description.
Dejan Paunovié, IMP The integration of IMP PV Plant data with
Milos Nenadovic, the GOTOTWIN platform.
Dea Jeli¢
Predrag Mrsic, UBL Photovoltaic power plant simulation toolkit.
Cedomir Zeljkovi¢
Mario Vrazi¢, Hrvoje UNIZGFER Energy Platform Living Lab description and
Pandzi¢, Luka Budin integration aspects.
Carolina Fortuna N Review of the platform architecture and
open-source components.
Blaz Bertalanic JSI Review of the open-source components and
extensions for the visualization module.
Andrej Campa, JSI Review of the document and the digital twin
models.
Miha Mohor¢ic¢ JSI Main reviewer of the document.
Stavros Filippidis, uowmMm UOWM Smart Living Lab description and

integration aspects.

The GOTOTWIN project is co-funded by the European Union through the Interreg IPA ADRION programme under the
Project Reference No IPA-ADRION00406.

Project Acronym — GOTOTWIN




Table of Contents

1. EXE@CULIVE SUMIMAIY ..ottt e e e e e e r e e et e e e e e e e e e e e s s annnnnnee
2. Abbreviations anNd ACIrONYMS .........uiiiiiiiiiiee ettt et e e e e e rrr e e e e e esareee e e e enbraeeeeennns
3. INEFOAUCTION e e st e et e st e e st e s sare e e smeeeesneeenans
4. Cloud Services Implementation StatusS.........eeiiiiiii e
4.1. Operational Cloud Archit@CtUIe ..........uviiiiiiiiiiee e
4.2. OperatioNal Data FIOW .......c..ciiiiiiiiiie ettt e
4.2.1. Secure AcCesS tO CloUd SEIVICES.....uiiiiiiiiiiiiiiite ettt ettt e e e sbre e saeee e 10
4.2.2. Device Onboarding and Telemetry INgestioN ........cocccvveeeeieiciiee e 10
4.2.3. Synchronisation between Hono and Ditto ..........eeeeveeeeeiiiiiiiiiiiccreeeeeee e, 11
4.2.4. Automating Time-Series Data Archiving........cooooooiiiiiiiiiiiiieee e 13
4.2.5. ViSUALISING DAta coeeeeeeieeeeee e e e e e e e e e e e e e e e ra e e e aaaaas 14
5. Edge Services and Living Lab INtegration ..........ccccovuiiiiiiiiiiiiiiieeee e 16
5.1. INNOFEIT ENergy LIVING Lab......cciiiiiiiiiiiiiiiiee ettt e sttt e s sveee s 16
5.1.1. Renewable Energy INfrastrUCtUre........cuveeeiieciiieee e e 18
5.1.2. Quasi-Static Model Parameters........oocueei e 20
5.2. UOWM SMaArt LIVING Lab .....eviiiiiiiieeieeeee ettt e e e e e e e e e e 22
5.2.1. Renewable Energy INfrastrUCtUre........eeeeeiieii it 24
5.2.2. Quasi-Static Model Parameters.. ... iiieiiiee ettt 28
5.3. [IMIP TESEDEM ...ttt et sttt sbe e b s e s e sane e nnees 30
5.3.1. Renewable Energy INfrastrUCtUre........c.uvveeiiiciiiiee et 30
5.3.2. Quasi-Static Model Parameters.......coocuuei et 33
5.4. Energy Platform LiVING Lab .......uveeeiiiiccecee et 35
5.4.1. Renewable Energy INfrastrUCtUre........eeeeeeiiei i 35
5.4.2. Quasi-Static Model Parameters.......couiiiiiiiiiiiee ettt 38
6. Work in Progress and Ongoing Development .........cooovciieei e 40
6.1. Data Model REfINEMENT .......ei it e 40
6.2, SIMUIATION TOOIKITS .ceeiueiiieiiee et e e 45
6.2.1. Photovoltaic Power Plant Simulation ToolKit .........ccocoeiiiiiiiiiiiiiiieceeeeee 46
6.2.2. Wind Turbine Simulation TOOIKIt.........cceiiiiiiiiiiii e 50
6.2.3. Hydro powerplant Turbine Simulation Toolkit.........ccceervieiiniiniicieceeee, 54
7. CONCIUSION 1ottt st st e e st e e e be e e s abeeesbtaessabeeessaseeesnbaeennraesnns 57
REFEIENCES. ..ttt ettt et e b et st e st esab e e sab e e bt e e s bt e e bt e e bt e s beesabeesateenaneens 58

Project Acronym — GOTOTWIN



1. Executive Summary

This deliverable presents the mid-term implementation status of the GOTOTWIN digital twin
platform, outlining the progress achieved in deploying the cloud-native backend, integrating the
living labs, and establishing the operational data pipeline that enables real-time digital twin
functionality. It provides a consolidated view of the platform’s current maturity, describing the
components that are fully operational, the services that have been validated, and the modules
that are under active development.

The GOTOTWIN platform is now deployed as a modular, service-oriented architecture running in
a Kubernetes cloud environment. This implementation supports secure device onboarding,
continuous telemetry ingestion, digital twin state synchronisation, long-term time-series data
archiving, and visualisation through dashboards. Core backend services, including Eclipse Hono,
Apache Kafka, Eclipse Ditto, InfluxDB, Grafana, Emissary Ingress, and Cert-manager, are fully
integrated, enabling seamless data flows between field devices and their corresponding digital
twins. The platform ensures secure, multi-tenant access to live and historical data, supporting
monitoring, analysis, and operational insight across all participating sites.

At the edge layer, all four GOTOTWIN living labs, i.e., from INNOFEIT (North Macedonia), UOWM
(Greece), IMP (Serbia), and UNIZGFER (Croatia), have been successfully connected to the platform.
Their renewable energy infrastructures now stream telemetry to the cloud, enabling real-time
monitoring and digital twin updates. For each living lab, the deliverable documents the deployed
hardware, the communication interfaces, and the quasi-static power plant models.

The deliverable also reports on the development of simulation toolkits for photovoltaic, wind, and
hydro power plants. These toolkits are being designed as modular components that will integrate
with the platform’s analytics layer, enabling scenario-based experimentation, forecasting, and
model-driven decision support. While these advanced modules are still under development, their
architecture and integration points have been defined, and initial implementations are in progress.

By consolidating the implemented cloud services, the operational data pipeline, the living lab
integrations, and the ongoing development of simulation capabilities, this deliverable provides a
clear overview of the platform's mid-term maturity. The work completed so far establishes a solid
foundation for the next phase of the project, which will focus on completing the simulation and
prediction modules and advancing the platform toward the full set of digital twin functionalities
envisioned in GOTOTWIN.
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2. Abbreviations and acronyms

Abbreviation / Acronym

Description

AC

Alternating Current

API Application Programming Interface

BEM Blade Element Momentum

BESS Battery Energy Storage System

DC Direct Current

DHI Diffuse Horizontal Irradiance

DNI Direct Normal Irradiance

DT Digital Twin

ENoLL European Network of Living Labs

EPLL Energy Platform Living Lab

EV Electric Vehicle

FEEIT Faculty of Electrical Engineering and Information Technologies
GHI Global Horizontal Irradiance

HPP Hydro Power Plant

HTTP Hypertext Transfer Protocol

HTTPS Hypertext Transfer Protocol Secure

IMP Institute Mihajlo Pupin

INNOFEIT Center for Innovation and Technology Transfer at FEEIT
loT Internet of Things

-V Current-Voltage (characteristic)

JSI Jozef Stefan Institute

JSON JavaScript Object Notation

LID Light-Induced Degradation

LV Low Voltage

ML Machine Learning

MPP Maximum Power Point

MPPT Maximum Power Point Tracking

MQTT Message Queuing Telemetry Transport
MQTTS MQTT Secure

NILM Non-Intrusive Load Monitoring

nMAE Normalized Mean Absolute Error

nRMSE Normalized Root Mean Square Error

PID Potential-Induced Degradation

PLC Programmable Logic Controller

POA Plane of Array

PV Photovoltaic

RITEH Faculty of Engineering, University of Rijeka
RPi Raspberry Pi

RTD Resistance Temperature Detector

RTU Remote Terminal Unit

SCADA Supervisory Control and Data Acquisition
STC Standard Test Conditions

TCP/IP Transmission Control Protocol / Internet Protocol
TLS Transport Layer Security

ul User Interface

UNIZGFER University of Zagreb, Faculty of Electrical Engineering and Computing
UuowM University of Western Macedonia

VPN Virtual Private Network

Project Acronym — GOTOTWIN




3. Introduction

The concept of a digital twin (DT) has become a central element in the digital transformation of
modern energy systems. A digital twin represents a virtual counterpart of a physical asset, process,
or system that remains synchronised with real-world data in real time. Within the GOTOTWIN
project, digital twins enable continuous monitoring, simulation, and optimisation of renewable
energy power plants across the Adriatic-lonian region, supporting data-driven decision-making
and cross-border collaboration.

This deliverable documents the mid-term implementation status of the GOTOTWIN digital twin
platform. Building upon the architectural foundations defined in Deliverable D2.2.1 [2] and the
requirements specified in Deliverable D1.3.2 [1], it evaluates the progress made in deploying the
cloud-native backend, integrating the living labs, and establishing the operational data pipeline
that connects field devices with their digital representations. The report assesses the current
functionality, integration status, and operational readiness of the platform, while identifying the
components that are still under development and the priorities for the next phase.

The purpose of this document is to:

e Describe the cloud services, microservices, and data flows that form the operational
backbone of the digital twin ecosystem.

e Present the integration status of the four GOTOTWIN living labs and their quasi-static
models.

e Qutline the ongoing development of simulation toolkits for photovoltaic, wind, and hydro
power plants.

e Provide a clear view of the platform's maturity at mid-term and the steps required to
complete the full digital twin functionality.

The design and implementation described in this deliverable follow a service-oriented and cloud-
native approach, ensuring modularity, scalability, interoperability, and security. While the
platform is implemented using specific open-source technologies, the conceptual architecture
remains technology-agnostic and suitable for future extensions. The document is intended
primarily for technical partners responsible for development, deployment, and integration, but it
also provides a high-level overview for other stakeholders.

The remainder of this deliverable is structured as follows. Section 4 presents the status of the
cloud services and the operational data pipeline. Section 5 describes the integrated living labs and
the associated quasi-static models. Section 6 outlines the ongoing development of simulation
toolkits for renewable energy systems. Section 7 concludes the document with key insights and
the priorities for the next development cycle.
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4. Cloud Services Implementation Status

The GOTOTWIN platform is currently deployed in a cloud-native backend where all core services
run as containerised microservices. The currently active components already form a complete data
pipeline that supports real-time telemetry ingestion from the project’s living labs, digital twin
synchronisation, historical data archiving, and dashboard-based data visualisations.

The architectural diagram in Figure 1 makes a clear distinction between components that are fully
deployed and components that are still under development in the current stage of the GOTOTWIN
project. The active services include the |oT gateway, the digital twin manager, the time-series
historical data storage, and the visualisation layer. These services are fully integrated and
operational in the cluster. The greyed-out components represent work-in-progress modules such
as the simulation toolkit, the prediction toolkit, offline machine learning workflows, and external
forecast data ingestion. These modules are already defined in the architecture and partially
prototyped, but they are not yet connected to the live operational pipeline.

—_— Historical

Telemetry /

twin data data storage

archiving

Digital Twin
Manager

Historical
data

Real-tima
telameatry

loT Gatewa Present data Visualizations
: y M (2D graphs / 3D models)
\ ng I“'Sg‘nor"” : Real-time monitoring of power plants
- ,u:' MQTTS Q b
a==1 ¥l . Q ®
=g B = s
Power plants Weather sensors o

Figure 1. GOTOTWIN platform implementation status

Taken together, the deployed and in-progress components reflect the current maturity of the
GOTOTWIN cloud platform. The platform already provides a stable foundation for real-time digital
twin operations, while the advanced analytics and simulation capabilities are being integrated
during the next reporting period of the project.

4.1. Operational Cloud Architecture

The GOTOTWIN platform is deployed on a cloud-native Kubernetes [3][4] cluster that provides the
operational foundation for all backend services. The cluster is organised into dedicated
namespaces, including gototwin, cert-manager, emissary-system, emissary, kube-system, and
metallb-system. This structure ensures clear separation of responsibilities, predictable lifecycle
management, and controlled access boundaries across the platform.
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The overall cloud architecture is shown in Figure 2, which illustrates the live data pipeline currently
running in the cluster. Telemetry enters the system through Eclipse Hono [5], flows through
Apache Kafka [6], is processed by Eclipse Ditto [7], archived in InfluxDB [8], and visualised in
Grafana [9]. Emissary Ingress [10] provides the secure access layer for all external communication.

GOTOTWIN Cloud () kubernetes

ﬁuhﬂsh A consume historical data /\\
telemetry with telegraf ogents . i
F g kqfku 2 @ mﬂu;«t; ]

— c 2 e e

consume telemetry & | process &

L ] publish twin events d ltt (o) wsaltie data
o e \/
device _—

registry s
A 4

Grafana

yYYvw
Zzz
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Qh
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h

v v

connected devices web and rest clients

Figure 2. GOTOTWIN cloud high-level operational architecture

The deployment of this architecture is reflected directly in the active Kubernetes pods. As shown
in Figure 3, all core microservices are running across their respective namespaces, confirming that
the platform is fully operational. Each major component in the architecture diagram corresponds
to one or more active pods, demonstrating that the system is not only designed but also deployed
and functioning end-to-end.

Within the gototwin namespace, the core digital twin pipeline is deployed as a set of containerised
microservices. The full Hono stack is active, including the HTTP adapter, MQTT adapter, device
registry, command router, and authentication service. These pods provide secure device
connectivity, protocol handling, and identity management. Incoming telemetry is validated and
forwarded into Kafka, which is deployed through two broker pods managed by the Strimzi
operator. Kafka forms the central messaging backbone of the platform, ensuring reliable and
scalable distribution of telemetry and twin events.

The digital twin manager, implemented using Eclipse Ditto, is deployed as a complete suite of
microservices, including connectivity, gateway, policies, things, things search, and the Ditto Ul.
These pods consume telemetry from Kafka, update the state of digital twins, and emit twin events
that describe changes in asset behaviour. Ditto forms the core logic layer of the platform,
maintaining a live and consistent representation of each monitored asset, that is, the living labs.

Historical data storage is provided by InfluxDB OSS v2, deployed as a StatefulSet with dedicated
persistent storage. Telegraf agents [11], also running as active pods, consume twin events from
Kafka and write structured time series data into InfluxDB. This creates a long-term archive of
telemetry and digital twin state changes, supporting analytics, reporting, and future model
training. Grafana is deployed as a standalone pod and provides the main visualisation interface for
the platform, offering dashboards for real time and historical analysis, and operational insights.
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feit@feit:~$ kubectl get all -A

NAMESPACE NAME READY STATUS RESTARTS AGE

cert-manager pod/cert-manager-55c5fdb5f5-rfx78 1/1 Running 7 115d
cert-manager pod/cert-manager-cainjector-5dc4bf4cdf-x8v97 1/1 Running 7 115d
cert-manager pod/cert-manager-webhook-6ff7dcb868-6mz9p 1/1 Running 7 115d
emissary-system pod/emissary-apiext-7898677879-6g9xb 1/1 Running 8 (61d ago) 115d
emissary-system pod/emissary-apiext-7898677879-6qjlh 1/ Running 8 115d
emissary-system pod/emissary-apiext-7898677879-xtwd9 1/1 Running 7 115d
emissary pod/emissary-ingress-78cd8b5885-bmjvc 1/1 Running 7 115d
gototwin pod/ditto-connectivity-9ddfffofd-trowm 1/1 Running 21 106d
gototwin pod/ditto-dittoui-547f88c677-1745x 1/1 Running 4 106d
gototwin pod/ditto-gateway-77d8549fc7-xqp94 1/1 Running 2 103d
gototwin pod/ditto-mongodb-67b746fb66-m27bg 1/1 Running 4 106d
gototwin pod/ditto-nginx-d78b9476c-dnmcq 1/1 Running 2 103d
gototwin pod/ditto-pod-deletion-cron-job-29522120-dtgz]j e/1 Completed 0 2m48s
gototwin pod/ditto-policies-57788dcdcd-1kkff 1/1 Running 4 106d
gototwin pod/ditto-things-66ff7597d6-wwrqx 1/1 Running 4 106d
gototwin pod/ditto-thingssearch-86c876c76d-kljrs 1/1 Running 4 106d
gototwin pod/grafana-64f97cc886-pnz9b 1/1 Running 2 103d
gototwin pod/hono-adapter-http-7455fcbddé-t2qré 1/1 Running 1 77d

gototwin pod/hono-adapter-mqtt-6975968998-wgwjz 1/1 Running (%] 8d

gototwin pod/hono-mongo-db-0 1/1 Running 2 104d
gototwin pod/hono-mongodb-init-user-kéct2 e/1 Completed 0 104d
gototwin pod/hono-service-auth-5cdébcfc79-8k2x9 1/1 Running 1 77d

gototwin pod/hono-service-command-router-7db96675d5-8dzsg 1/1 Running 1 77d

gototwin pod/hono-service-device-registry-5664b7fd4f-8jjhl 1/1 Running 1 77d

gototwin pod/influxdb2-0 1/1 Running 4 (77d ago) 103d
gototwin pod/kafka-node-0 1/1 Running 4 113d
gototwin pod/kafka-node-1 1/1 Running 4 113d
gototwin pod/strimzi-cluster-operator-64574988c8-wmsx8 1/1 Running 6 (61d ago) 113d
gototwin pod/telegraf-hono-668994f9f4-wdnpw 1/1 Running 9 (77d ago) 102d
gototwin pod/telegraf-k8s-api-854768fch9-8nwih 1/1 Running 2 102d
kube-system pod/calico-kube-controllers-6d7fffdff7-9989x 1/1 Running 7 115d
kube-system pod/calico-node-c9thg 1/1 Running *] 61d

kube-system pod/coredns-66ffc85ffb-dsvré 1/1 Running 7 115d
kube-system pod/hostpath-provisioner-5bcfc456c5-mzpmé 1/1 Running 8 (61d ago) 115d
kube-system pod/metrics-server-558b7f66d9-227xs 1/1 Running 7 115d
metallb-system pod/controller-6599cd9c4b6-4c2rp 1/1 Running 7 115d
metallb-system pod/speaker-hg8mc 1/1 Running 7 115d

Figure 3. Deployed Kubernetes pods across all namespaces

External access to all cloud services is managed through Emissary Ingress [10], which is fully
deployed in the cluster. Emissary provides secure routing for Hono, Ditto, InfluxDB, Grafana, and
any additional services that require public access. MetallLB supplies external IP allocation for load
balanced access, enabling the platform to expose stable endpoints to devices, applications, and
users. TLS certificates for these public endpoints are issued and renewed automatically by cert-
manager, which is deployed in its own namespace. Cert-manager [12] integrates with Emissary to
provide HTTPS or MQTTS termination for all exposed services, ensuring that device telemetry, API
calls, and dashboard access are encrypted and compliant with security best practices. This
automation removes the operational burden of manual certificate management and guarantees
continuous secure access to the platform.

4.2. Operational Data Flow

The GOTOTWIN platform functions as a cohesive, real-time data pipeline that continuously links
field devices deployed across the living labs with their corresponding digital twins. Incoming
telemetry is authenticated, processed, and applied to the twins, while every state change is
archived to support long-term analysis. The platform then exposes both live and historical
information through a suite of visual dashboards, enabling transparent monitoring, operational
insight, and data-driven decision-making. The subsections below describe this operational
workflow in detail and outline how each backend component contributes to the end-to-end flow.
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4.2.1. Secure Access to Cloud Services

All external access to the platform is handled through Emissary, which exposes HTTPS and MQTTS
endpoints for the core backend services. Each service is reachable through a dedicated hostname,
ensuring that clients and devices are routed directly to the correct internal component. The actual
ingress endpoints can be seen in Figure 2. The active ingress endpoints include:

https://gototest.feit.ukim.edu.mk (Grafana)
https://influx.gototest.feit.ukim.edu.mk (InfluxDB 2)
https://ditto.gototest.feit.ukim.edu.mk (Ditto)
https://hono.gototest.feit.ukim.edu.mk (Hono HTTP adapter)
https://registry.gototest.feit.ukim.edu.mk (Hono device registry)
mqtts://gototest.feit.ukim.edu.mk:8883 (Hono MQTT adapter via MQTTS)

ouv .k wnNPRE

The final entry is provided through a dedicated TCP mapping that exposes the MQTTS interface on
port 8883 and forwards encrypted MQTT traffic directly to the Hono MQTT adapter. Cert-manager
provides TLS certificates for all these endpoints, ensuring secure communication for telemetry
ingestion, APl access, and dashboard usage.

4.2.2. Device Onboarding and Telemetry Ingestion

Hono serves as the loT gateway of the platform. Devices are onboarded by creating tenants,
registering device identities, and assigning credentials through the Hono device registry. This
process is fully API driven and can be performed using simple HTTPS requests. For example, a new
tenant can be created, a device registered, and credentials assigned using the following sequence
of commands:

#
# Create a new tenant
#
curl —-i —u admin:password -X POST -H '"content-type: application/json"
——data-binary '{

"ext": { "messaging-type": "kafka” }
}' https://registry.gototest.feit.ukim.edu.mk/v1l/tenants/feeit

Create a new device in tenant

H HH

curl -i —u admin:password —-X POST
https://registry.gototest.feit.ukim.edu.mk/v1l/devices/feeit/test

#
# Create a device username (auth-id) and password
#
curl —-i —u admin:password -X PUT -H "content-type: application/json"
——data-binary '[{

"type": "hashed-password",

"auth-id": "'$DEVICE'",

"secrets": [ "pwd-plain": "testl123" ]
}1' https://registry.gototest.feit.ukim.edu.mk/v1l/credentials/feeit/test

Once a device is onboarded, it can begin sending telemetry to the platform. Hono accepts both
HTTPS and MQTTS submissions, using the same JSON structure for updating digital twin features.
A typical message can report environmental measurements such as wind speed, wind direction,
air temperature, relative humidity, irradiance, and precipitation. The following examples show
how the same payload can be sent over HTTPS or MQTTS:

Project Acronym — GOTOTWIN 10



#
# Sending telemetry using HTTPS

#
curl -i -u test@feeit:testl23 -H 'Content-Type: application/json' —--data '{
"topic": "tenant/device/things/twin/commands/merge",
"headers": { "content-type": "application/merge-patch+json" },
"path": "/features",
"value": {
"meteo": {
"properties": {
"wind_speed": 8,
"wind_direction": 180,
"air_temperature": 25,
"relative_humidity": 40,
"gh_irradiance": 800.0,
"precipitation": 0.0
b
}
¥
}' https://hono.gototest.feit.ukim.edu.mk/telemetry
#
# Sending telemetry using MQTTS
#

mosquitto_pub —-d -h gototest.feit.ukim.edu.mk -p 8883 -u test@feeit -P testl23
-t telemetry -m '{

"topic": "tenant/device/things/twin/commands/merge",
"headers": { "content-type": "application/merge-patch+json" },
"path": "/features",
"value": {

"meteo": {

"properties": {
"wind_speed": 8,
"wind_direction": 180,
"air_temperature": 25,
"relative_humidity": 40,
"gh_irradiance": 800.0,
"precipitation": 0.0

¥
b
} 1

4.2.3. Synchronisation between Hono and Ditto

Hono and Ditto operate as tightly coupled components within the GOTOTWIN data pipeline. Hono
is responsible for authenticating devices and ingesting telemetry, while Ditto maintains the digital
twin state. Synchronisation between the two occurs through a direct event flow: every telemetry
message accepted by Hono is published into Kafka, where Ditto consumes it and applies the
update to the corresponding twin.

Before synchronisation between Hono and Ditto can occur, for each tenant there must be a Kafka-
based connection configured in Ditto as illustrated in Figure 4. This configuration defines the Kafka
topic that Hono will publish telemetry events to and that Ditto will subsequently consume. In
practice, this means that every tenant created in the Hono device registry must be associated with
a Kafka-backed messaging configuration, ensuring that telemetry flows reliably from the ingestion
layer into the digital twin update pipeline.
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Things Policies Connections Operations Environments

C' ‘ditto explorer

Manage Connections
“ C Refresh CRUD Connection
Name Live Status Recovery Status Connection Id  feeit
dt-history open succeeded Template
feeit open succeeded {
"id": "feeit",
"name": "feeit",
“connectionType": "kafka",
"connectionStatus": "open”

"uri”: "tep://kafka-kafka-bootstrap:9097",
"sources": [

"addresses": [
"hono. telemetry. feeit|'
1,

"consumerCount": 1,
"gos": 0,

Figure 4. Connecting Hono to Ditto for a new tenant

Each digital twin in the platform is structured according to the Ditto data model [7], which
separates static device attributes from dynamic, time-varying features. Attributes describe the
fixed characteristics of the physical installation, while features capture live measurements and
operational properties that change over time. This separation allows the twin to represent both
the identity of the asset and its evolving state.

Static attributes are stored under the /attributes path and include system metadata such as site
name, time zone, ownership, etc. Geospatial information can be also included in the attributes to
support location-aware analytics. Dynamic measurements are stored under the /features path.
Each feature represents a logical grouping of properties that describe a specific aspect of the
physical system. For example, the meteo feature contains environmental measurements such as
wind speed, wind direction, temperature, humidity, irradiance, and precipitation. Representative
attribute and feature structures are shown below:

"path": "/attributes", "path": "/features",

"value": { "value": {
"system": { "meteo": {
"site": "Solar Annex", "properties": {

"tz": "Europe/Skopje",
"owner": "FEEIT",
"operator": "FEEIT",
"commision": "2024-11-01",

"tech": "PV", "gh_irradiance": 800.0,

"grid_connect": "3-phase", "precipitation": 0.0

"country": "North Macedonia", }

"power_kWp": 10, +,

"ninverter": 1, "panel": {

"nstring": 2, "properties": {

"npanel": 32 "pvl": { "temperature": 30.0 },
1, "pv2": { "temperature": 30.0 },
"gps": { "pv3": { "temperature": 30.0 },

"latitude": 42.00486, "pv4": { "temperature": 30.0 },

"longitude": 21.40828, "pv5": { "temperature": 30.0 },

"altitude": 270, "pv6": { "temperature": 30.0 },

"tilt": 55, "pv7": { "temperature": 30.0 },

"azimuth": 11 "pv8": { "temperature": 30.0 }
+ }
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Figure 5 shows the current feature state of a digital twin (device test in tenant feeit) as displayed
in the Ditto Ul, illustrating the most recent update of the meteo properties.

&« O O ntpsy/ditto.gototest.feit.ukim.edu.mk/uif?filter= 20 %)@ 8l @ Ocna

. ( )
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EN—
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Properties  “relgtive_humidity”: 4@,
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Desired "precipitation”: @
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Properties

Figure 5. Current state of a digital twin as shown in the Ditto Ul
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Figure 6. Kafka connection used to exchange twin events between Ditto and Telegraf (InfluxDB 2)

4.2.4, Automating Time-Series Data Archiving

Time-series data collection in the GOTOTWIN platform is fully automated through a continuous
event pipeline that links Ditto, Kafka, Telegraf, and InfluxDB. Whenever a digital twin is updated in
Ditto, the system emits a twin event describing the change. For these events to reach the time-
series database, Ditto must expose an additional Kafka connection that publishes all twin updates
into a dedicated topic. This connection aggregates events from all tenants and all twins into a
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single Kafka topic (dt-history). Figure 6 shows the configured Kafka connection that Ditto uses to
publish all twin events.

A Telegraf agent [11] acts as the bridge between the event stream in Kafka and the time series
storage in InfluxDB. Once Ditto publishes twin events to the dt-history topic, Telegraf consumes
these messages, parses the JSON payload, and writes the extracted measurements into InfluxDB
using the v2 API. This process runs continuously and requires no manual intervention, ensuring
that every twin update is captured as time series entries. Events originating from different tenants
are written into separate InfluxDB buckets, each named after the corresponding tenant, keeping
the historical data cleanly isolated. The configuration of the Telegraf agent is shown below,
defining how Kafka events are consumed and written into the appropriate InfluxDB buckets:

#
# Telegraf agent configuration
1.
config:
agent:
omit_hostname: true
outputs:
— influxdb_v2:
urls:
- "http://influxdb2.gototwin:80"
token: "some-token"
bucket_tag: "tenant"
organization: "influxdata"
inputs:
- kafka_consumer:
kafka_version: "4.1.0"
offset: "newest"
brokers:
- "kafka-kafka-bootstrap:9092"
topics:
- "dt-history"
max_message_len: 1000000
data_format: "json_v2"

Finally, Figure 7 shows the successful storage of a feature value (active energy) for the twin test in
tenant feeit, as displayed in the InfluxDB web UL.

4.2.5. Visualising Data

Once time series data is stored in InfluxDB, it becomes immediately available for visualisation
through Grafana. Grafana connects directly to the database instance using the InfluxDB v2 data
source, allowing dashboards to query per-tenant buckets and display measurements such as
meteo properties, panel temperatures, inverter metrics, and energy counters. Because each
tenant has its own bucket, dashboards can be scoped cleanly to a single installation or aggregated
across multiple sites when needed.

Queries are expressed using Flux, InfluxDB’s native query language. Flux enables filtering by
measurement, field, device identifier, and time range, making it straightforward to build panels
that show trends, compare features, or compute derived metrics. Typical visualisations include
time series plots, gauges, bar charts, and statistical summaries, all updating in real time as new
twin events arrive through the automated ingestion pipeline.
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Figure 8 shows an example of a Grafana dashboard which provides a clear, real-time view of the
digital twin of the INNOFEIT solar plant by combining meteo data, AC grid quality, DC string
performance, panel temperatures, and overall plant power metrics into a single interface. It

visualises both,

instantaneous values and historical trends, allowing users to monitor

environmental conditions, electrical behaviour across all phases, and the health of individual PV

strings and modules.
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default
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k8s-health v solar-ane
test
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_tasks
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m
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_field
energy x

[/ features_inverter_pro-

Figure 7. Successful archiving of a feature as shown in the InfluxDB web Ul
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Figure 8. Grafana dashboard for data visualization from the digital twin of the INNOFEIT solar plant
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5. Edge Services and Living Lab Integration

This section presents the integration of the four GOTOTWIN living labs, which serve as the edge
layer of the digital twin ecosystem and provide real-world data and on-site computation
capabilities. For each living lab, the section describes the facilities and the deployed hardware
infrastructure, and the power-plant data models used to structure telemetry before transmission
to the cloud platform.

5.1. INNOFEIT Energy Living Lab

The living lab within INNOFEIT (Figure 9), part of the European Digital Innovation Hub network, is
a state-of-the-art facility at FEEIT designed as an intelligent, energy-efficient environment. It
integrates smart sensors, automated controls, renewable energy sources, and storage systems to
create a versatile testbed for energy innovation, research, and education. Operated jointly by
FEEIT and INNOFEIT, the facility supports both academic and industry-driven projects, ensuring
that its infrastructure remains aligned with real-world technological needs. The overall energy and
thermal flow within the living lab is shown in Figure 10.

Figure 9. INNOFEIT Energy Living Lab facilities

The INNOFEIT building consists of two floors. The ground floor includes two offices, an open
workspace, a kitchen, and restrooms, while the first floor hosts the Internet of Things laboratory,
a meeting room, and an additional office. Across these spaces, the living lab integrates
interconnected subsystems that enable automation, monitoring, and optimisation of energy
performance. A summary of these systems is provided in Table 1.

Thermal regulation combines both active and passive components to ensure comfort and
efficiency. Active devices include fan-coil units that heat or cool the air based on real-time
temperature measurements, while passive regulation is achieved through automated blinds that
adjust according to solar conditions to prevent overheating and reduce cooling demand. The
thermal network also incorporates a heat pump as the primary thermal source, transferring heat
between buffer tanks and the heating/cooling loop using electricity supplied either by the
photovoltaic system or the grid, depending on energy price and demand.
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Figure 10. Simplified energy and thermal flow in the INNOFEIT Energy Living Lab

Table 1. Main systems and components of the INNOFEIT Energy Living Lab

Fan Coil Units
Automated Blinds
Heating and Cooling Heat Pump Thermal regulation

Buffer Tanks
Auxiliary Equipment

Automated lighting based on

Lighti d Motion Detecti Lighting S
ighting and Motion Detection ighting Sensors occupancy and daylight

PV Panels
Inverters Energy generation and storage
Batteries

Renewable Energy Generation
and Storage

Measurements of solar irradiance,
ambient temperature, humidity,
wind speed and direction and
precipitation
Charging infrastructure for electric
vehicles
Programmable logic controller,
Monitoring and Control System PLC and Modbus Devices indoor monitoring and central

control integration

Data Acquisition and

i o Meteorological Station
Environmental Monitoring &

Electric Vehicle Charging Electric Vehicle Charger

Additional equipment in the living lab includes two buffer tanks for storing thermal energy,
circulation pumps that maintain forced water flow between the buffers and the fan-coil units, and
a set of valves used for redirecting, regulating, and isolating flows. Temperature sensors are
positioned at key points in the thermal network to enable detailed monitoring, while calorimeters
measure the thermal energy exchanged between the heat pump, buffer tanks, and the district
heating system, allowing precise tracking of heat flows. A flood sensor provides leak detection and
enhances system safety. Energy efficiency is further supported by automated lighting sensors that
enable real-time adaptive control of interior lighting. Motion and illumination sensors activate
lighting only when occupants are present and natural light is insufficient, reducing unnecessary
electricity consumption while maintaining appropriate illumination levels.
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A key component of the living lab is its renewable energy system. Two photovoltaic plants are
installed, rated at 10 kWp and 12 kWp, both using Canadian Solar CS6K-280P modules whose
performance can be continuously monitored for educational and research purposes. Energy
conversion is handled by two inverters, Voltronic Power InfiniSolar 3P (10 kW) and Kontron Solar
SolBrid 10-3-2 (10 kW), which convert the DC output of the PV arrays into AC power used to supply
part of the facility’s demand and charge the battery storage system. The battery system, with a
capacity of 8 kWh and built from Yinlong LTO66160H cells, stores excess solar energy during peak
production and discharges it during periods of low irradiation or high demand. This integrated
setup enhances the sustainability of the facility while providing valuable data for optimisation,
storage management, and efficiency studies.

A meteorological station installed on the roof of the facility measures solar irradiance, ambient
temperature, humidity, wind speed and direction, and precipitation. These measurements
support PV generation forecasting, energy-balance analysis, and the development of optimisation
and prediction algorithms, significantly enhancing the laboratory’s research capabilities. To
promote sustainable mobility, the living lab also includes an electric-vehicle charging station
located near the building. Besides supporting green transportation, it enables students and
researchers to analyse the interaction between EV charging behaviour and the local microgrid.

Throughout the facility, multiple RYMASKON 200 devices are deployed to monitor and control
indoor climate and lighting conditions. These devices communicate with a Programmable Logic
Controller (PLC), which collects environmental data and enables visualisation and analysis of
building parameters. The PLC also supports the implementation of various control algorithms and
strategies for end devices, increasing the flexibility and adaptability of experiments conducted
within the living lab.

5.1.1. Renewable Energy Infrastructure

The architecture shown in Figure 11 presents the integrated photovoltaic energy-monitoring and
data-acquisition system implemented within the INNOFEIT Energy Living Lab. It is specifically
designed to support experimental research, real-time monitoring, digital twin development, and
educational activities in smart energy systems. The setup combines electrical power generation,
environmental sensing, and industrial communication technologies into a unified platform.

At the core of the system is a grid-connected photovoltaic power plant composed of two PV
strings. Each string contains eighteen PV modules connected in series to achieve the required DC
operating voltage, after which the two strings are connected in parallel to form a single DC bus.
This configuration increases current capability while maintaining a stable DC voltage at the inverter
input. The DC power path is physically separated from all signal-level wiring to ensure electrical
safety and preserve measurement integrity. The combined DC output feeds the inverter, which
performs DC-to-AC conversion and synchronises the generated energy with the utility grid.

On the AC side, the inverter is connected to the grid through a three-phase power analyser
equipped with current transformers on each phase conductor. This analyser enables continuous
monitoring of phase currents, voltages, active and reactive power, energy production, and power-
quality indicators. Electrical measurements are performed using a GQ12 power analyser installed
downstream of the inverter. According to its specifications, the instrument provides an active-
energy accuracy class of 0.5 and a reactive-energy accuracy class of 1.0. It supports three-phase
voltage levels of 120/240 V or 240/415 V and measures currents up to 1/5 A via external current
transformers. The device operates at 50/60 Hz, supports 3-phase 4-wire configurations, and has
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low power consumption (voltage circuit < 0.5 VA per phase; current circuit < 4 VA per phase). It
also includes built-in energy-pulse outputs for calibration and pulse metering. Digital
communication is provided via RS485 using either Modbus RTU or DL/T645-2007, with a
configurable baud rate from 1200 to 9600 bit s™.
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RASPBERRY PI

Figure 11. Architecture of the integrated photovoltaic energy monitoring and data acquisition system

To capture the thermal behaviour of the PV system, PT100 resistance-temperature detectors are
installed at representative locations within the plant. These sensors are positioned to measure PV
module temperature, a critical parameter influencing conversion efficiency, ageing, and overall
system reliability. All PT100 sensors are wired to an 8-channel PT100 data-acquisition board,
ensuring accurate and synchronised temperature measurements. The temperature-sensing
network is fully isolated from the DC power cabling, minimising electromagnetic interference and
preserving measurement accuracy.

A central computer, Raspberry Pi (RPi), serves as the primary data-collection and communication
hub. The RPi communicates exclusively over RS485 industrial links, providing robust, noise-
immune data exchange suitable for both laboratory and outdoor environments. Through RS485,
the RPi interfaces with the inverter, the three-phase power analyser, the PT100 acquisition board,
and the meteorological station. This single-controller architecture simplifies system design,
reduces synchronisation issues, and enables unified handling of all measurement data.

The INNOFEIT Energy Living Lab includes a compact meteorological station that continuously
monitors key environmental parameters affecting photovoltaic performance, i.e.:

e Solarirradiance is measured using a pyranometer with a spectral response from 400-1100 nm
and a measurement range up to 2000 W m~2. The sensor provides +5% accuracy at standard
conditions, fast response (<1 s), and long-term stability of +3%.

e Ambient temperature and relative humidity are monitored by a shielded digital sensor
operating between —40 °C and 80 °C, with temperature accuracy of 0.2 °C and humidity
accuracy of £3% RH.
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e Wind direction is recorded by a 0—360° vane sensor with £1° accuracy and 0.1° resolution. It
supports analogue and RS-485 outputs and operates in a wide temperature range.

e Wind speed is measured using a three-cup anemometer with a starting speed of 0.3 m s and
accuracy of approximately +0.3 m s™.

e Precipitation is monitored by a tipping-bucket rain gauge with 0.5% resolution and low power
consumption.

All environmental data are aggregated by the Raspberry Pi via the RS485 interface, which acts as
the gateway for higher-level data processing, storage, and visualisation. The modular design of the
system enables seamless integration with time-series databases and the cloud-based digital-twin
platform. From an educational and research perspective, the architecture is intentionally designed
to be transparent, scalable, and reconfigurable, supporting a wide range of experimental and
analytical activities.

5.1.2. Quasi-Static Model Parameters

Table 2. System-level parameters of the INNOFEIT Living Lab PV system

Time zone CET — Local time zone for timestamp handling Power Plant
Latitude 42.004826 ° Geographic location Power Plant
Longitude 21.409037 ° Geographic location Power Plant
Altitude 240 m Elevation above sea level Power Plant
Owner / operator FEEIT, UKIM — Entity owning / operating the system All Levels

Installed capacity 9.72 kWp | Total nominal DC power of the plant under STC Power Plant
Grid connection voltage 400 \Y Three-phase low-voltage grid connection Power Plant

Table 3. PV panel properties (per PV_panel object)

Installation date 2018-08-20 h/T:AYED Installation date used for degradation tracking Panel
Max. power at STC (Pmax) 280 W Rated panel output under Std. Test Conditions Panel
Open-circuit voltage (Vo) 38.2 \Y Voltage with no load at STC Panel
Voltage at max power (Vimp) 31.3 \ Voltage at maximum power under STC Panel
Short-circuit current (ls) 9.52 A Current when output terminals are shorted Panel
Current at max power (lnp) 8.95 A Operating current at maximum power Panel
Efficiency (n) 17.11 % Panel efficiency at STC Panel
Temp. coefficient of Iy (kisc) 0.05 %/°C Current change per °C Panel
Temp. coefficient of Vo (kvoc) -0.31 %/°C Voltage changes per °C Panel
Temp. coefficient of Pmax (Kpmax) -0.41 %/°C Power change per °C Panel
Manufacturer & model CS6K-280P — Manufacturer and model of the panel Panel
Panel type Full-cell — Half- or Full-cell Panel
Cell material Polycrystalline — Mono/poly-crystalline, etc. Panel
Module dimensions 1650x992x35 mm Length x Width x Thickness Panel
Surface type (Albedo class) Urban — Grass, gravel, urban, etc. Panel
Number of cells 60 — Total cell count Panel
Number of bypass diodes 3 — For partial shading protection Panel
Degradation rate (year-1 / later) 0.6 % Annual performance loss (expert judgment) Panel
STC irradiance (STCi.r) 1000 W/m? Reference irradiance (default = 1000 W/m?) Panel
STC temperature (STCiemp) 25 °C Reference cell temperature (default = 25°C) Panel
Surface azimuth 190 ° Panel orientation (0° = North, 90° = East, etc.) Panel
Surface tilt 15 ° Panel tilt angle above horizontal Panel
a=-3.47 . :
SAPM temperature parameters b = -0.059 . SAPM thermal parameters (from pvlib Sandia panel
module database)
dT=3
Module area 1.638 m? Module front-surface area Panel
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Table 4. Inverter properties (per inverter object)

. . . 2 strings; 18 Total number of strings and modules per string in
String configuration . — Plant
modules per string the solar plant
Inverter ID INV_1 — Identifier (e.g., 'INV_1') Inverter
Rated AC power (Pac-inv) 10 000 W | Rated AC power of inverter Inverter
Nominal efficiency (Ninv-nom) 96 % Nominal efficiency (e.g., 98%) Inverter
Rated DC voltage (Vyc-rated) 720 Y, DC input rated voltage Inverter
MPPT operating voltage range 400-800 ) Allowed voltage for MPPT tracking Inverter
Max DC input power (Pgc.max) 14 850 W | Max power allowed from string/group Inverter
Startup voltage (Vstart) 320 Vv Minimum voltage for inverter to start Inverter
Max efficiency (Nmax) 96 % Peak inverter efficiency Inverter
European efficiency 95 % Weighted efficiency (Europe-specific metric) Inverter
Rated output voltage (Vacnom) 230/400 Vv AC rated output voltage Inverter
Rated output power (Pac.nom) 10 000 W Output power under nominal conditions Inverter
Max apparent power (Smax) 10 000 VA | Max apparent power including active and reactive Inverter
Number of MPPT inputs 2 — How many independent MPPT trackers are present | Inverter
Reactive power capability 08101 _ Rangg of allowable power-factor settings for Inverter
(cos ¢ range) reactive-power control
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5.2. UOWM Smart Living Lab

The UOWM SMART Living Lab has been created in the student dormitories located at the branch
of the University at Koila, Kozani. It is intended to be an ecosystem of for innovation, integrating
research and innovation processes in a real community and environment, focused on the users,
i.e., the students living in the dormitories. It has been developed via funding through four research
programs that have progressively contributed equipment and labour, starting in 2017. The target
of the living lab is to create a “user-friendly” environment for testing industry products and for
research purposes.

The UOWM living lab has a total structured area of 4212 m?, and a ceiling/floor surface area of
2430 m2. In the largest part of the building there are two floors, and the surface of the openings is
800 m2. It is comprised of 190 single rooms, three offices for university staff, 9 storage rooms, 9
attics, 3 laundry rooms, and a specialized control room made in the context of the living lab.

Figure 12. UOWM SMART Living Lab aerial view

The existing infrastructure contains the dormitories of the students with the following equipment:

e Rooftop PV installation of 35.22 kWp, divided into 3 subsystems;

e Battery energy storage system of 31.9 kWh, divided into 3 subsystems;
e EV charging station of 22 kW,

e AC electronic loads;

e Smart meters/ smart plugs (140);

e Power analysers in main feeding panels (6); and

o Meteorological station.

The building has undergone insulation improvement, including the addition of insulation for a
major part of the roof and walls, while the openings are double glazed ones. Heating is provided
by an oil boiler / conventional terminal unit (radiator ones), while the same applies to the Domestic
Hot Water (central boiler of the campus).

Control of the equipment and data acquisition is achieved using a dedicated server with custom
made software and a dedicated VPN server. For visualization purposes the server hosts a website
nicknamed SMART: https://smart.ece.uowm.gr/. Smart is used for the following:

1. For the collection of all measurements data (Figure 13);
2. For downloading requested datasets (Figure 14);
3. For visualization of measurements;
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4. For monitoring the integrity of collected measurements (with e-mail notification with the
status of collection system).
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Figure 13. SMART platform real-time device status
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Figure 14. SMART platform data export to excel files

UOWM SMART Living Lab is a member of the European Network of Living Labs (ENoLL) since 2023
(Figure 15). Research activities include:

PV and load forecasting models;

Non-Intrusive Load Monitoring (NILM) algorithms;
Open-access database;

EV optimal charging schemes;

Smart grids.

uhwWwNE
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Figure 15. SMART Living Lab ENoLL Certificate

5.2.1. Renewable Energy Infrastructure

In the GOTOTWIN project two of the three PV/BESS subsystems are used with a total PV capacity
of 22.68 kWp. They consist of 84 Polycrystalline panels with capacity of 270 Wp each. Figure 16
shows the top view of the building with the layout of the two strings of PV panels along with the
building section layout.
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Figure 16. Top view with PV panel strings and building section layout of the public pilot installation

For the public pilot, the coupling between the PVs and the BESS is on the DC-side, due to the
utilisation of a hybrid inverter. Two 10 kW SMA KOSTAL PLENTICORE Plus 10 inverters, as shown
in Figure 17, are responsible for charging and discharging the battery units and have been coupled
with a state-of-the-art battery asset via a three-phase connection. For the storage system, two
battery units (Lithium-Iron Phosphate), as shown in Figure 18, with energy capacity of 10.24 kWh
each have been installed and each of these units is coupled with one of the two hybrid inverters.
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Figure 17. Hybrid inverter of the UoWM SMART Living Lab with its basic characteristics
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Figure 18. Battery system of the UoWM SMART Living Lab installation with its basic characteristics

To monitor the electrical demand of the building, multiple Janitza UMG 604 meters (Figure 19a)
have been installed. These specific devices are equipped with internal memory to store the
measurement data, while this data can be accessed remotely using TCP/IP protocol and a remote
computer. Also, they have an Ethernet port to achieve direct connection with a local router. Five
Janitza UMG 604 are used, two of them are connected to the output of hybrid inverters, two of
them are connected to the LV side of the transformers of the installation and the last one is
connected to the back-up system of the installation. Additionally, ten Janitza UMG 103-CBM
meters (Figure 19b) are also used to monitor the energy demand of specific applications, such as
building lighting, conference rooms etc. These devices comprise an RS485 interface and they
communicate through Modbus RTU protocol, as slaves, with the main meters (i.e. Janitza UMG
604). In Figure 20, the whole set of Janitza UMG 103-CBM and one of the Janitza UMG 604 meters
are illustrated as installed in the UOWM Living Lab.

Figure 19. Janitza power analysers (a) UMG 604 and (b) UMG 103-CBM [source: janitza.com].
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Figure 20. Installation of Janitza power analysers in UOWM Living Lab

The electrical layout of the installation is presented in Figure 21 and Figure 22, where the
connections among the components of the pilot system are illustrated. This layout imprints the
DC-coupling of the installation, since it shows that both the PV panels and the battery systems are
coupled with the use of a single hybrid inverter. Moreover, all protection equipment along with
the additional metering devices are presented and thus the core concept of the battery system
charging/discharging control scheme is illustrated. In this electrical layout all circuits that feed the
load within the installation are included and thus the load monitoring of the additional installed
metering devices is also shown.

On line platform
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Figure 21. Simplified schematic of SMART Living Lab infrastructure
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Figure 22. Analytical schematic of SMART Living Lab infrastructure

Figure 22 also depicts the EV charger, electronic load, and meteorological station connections. The
meteorological monitoring system installed integrates meteorological sensing, PV module
temperature measurement, and centralized data acquisition with local storage and remote
communication capabilities.

Data acquisition is performed using the Stylitis-10 data recorder (made by Symmetron), a low-
power, multi-channel data logger developed for meteorological and renewable energy
applications. The device supports both analogue and digital sensor interfaces. The logger provides
eight multifunctional channels configurable as analogue inputs or control outputs, as well as ten
digital bus channels supporting MODBUS RTU (RS-485/RS-232) and SDI-12 protocols. This
architecture allows direct integration of smart meteorological sensors without the need for
external signal conditioning. Remote communication is done via Ethernet. Data configuration,
downloading, and post-processing are performed using the Opton 4 software platform, which
provides data visualization and export in ASCII, CSV, and Excel formats.

Global solar irradiance is measured using one Apogee Instruments pyranometer of the SP-100
series, which is silicon-cell photodiode sensors designed for long-term outdoor operation in
meteorological and solar energy applications. The sensor measures total shortwave radiation over
a hemispherical field of view. The specifications or the pyranometer are:

e Measurement uncertainty: £5% under clear sky conditions;
e Measurement repeatability: < 1%;

e Long-term drift: < 2% per year;

e Non-linearity: < 1% up to 1750 W/m?;

e Spectral range: 360-1120 nm;
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e Directional (cosine) response: +5% at 75° zenith angle;
e Response time: <1 ms.

Ambient air temperature and relative humidity are measured using the Thygro MODBUS
temperature-humidity sensor made by Symmetron. The sensor is based on a Swiss-manufactured
capacitive humidity element with factory calibration, optimized for meteorological applications
requiring high accuracy and long-term stability. Relative humidity is measured over the full range
from 0 to 100% RH, with an accuracy better than £1.8% RH for values up to 80% RH at 23 °C, and
better than +3% RH at higher humidity levels. Measurement resolution is 0.02% RH, with
hysteresis below +1% and long-term drift below 0.5% RH per year. Temperature measurement
covers the range from -40 °C to +90 °C. Accuracy is 0.2 °C between 0 °C and 60 °C and +1 °C
outside this range. Temperature resolution is 0.015 °C, with long-term drift below 0.05 °C per year.
The sensing element is housed in a radiation shield designed to minimize solar heating errors;
under an irradiance of 1000 W/m?, the temperature measurement error remains below 1.5 °C
even at low wind speeds.

PV module temperature is measured using a surface-mounted resistance temperature sensor
(RTD), PT100, Class A, installed on the rear surface of a representative module. The sensor consists
of an adhesive foil element designed for direct surface contact and long-term exposure to outdoor
conditions. This sensors accuracy is £0.15 °C (IEC 751), using a three-wire connection to minimize
lead resistance effects. Measurement of back-sheet temperature provides a reliable proxy for cell
temperature, which is a critical parameter for evaluating PV module performance. As PV output
power typically decreases by approximately 0.43% per °C increase in temperature, continuous
monitoring enables accurate loss analysis and performance modelling.

Wind speed is measured using the A75-104 sine-wave anemometer, a self-powered cup
anemometer designed for professional meteorological and engineering applications. The sensor
generates an AC sine-wave output with frequency proportional to wind speed, allowing accurate
measurement over long cable distances with minimal signal degradation. The anemometer has a
starting threshold of approximately 0.35 m/s and provides linear response across its operating
range. Measurement accuracy is 0.09 m/s within the specified wind speed interval. The rotor and
housing are manufactured from corrosion-resistant polycarbonate, with a hardened beryllium-
copper shaft and low-friction Teflon bearings, ensuring stable performance under continuous
operation. The device is rated for operation in temperatures from -55 °C to +60 °C, relative
humidity up to 100%, and gust survival speeds up to 345 km/h.

5.2.2. Quasi-Static Model Parameters

Table 5. System-level parameters of the UOWM SMART Living Lab PV system

Time zone EET — Local time zone for timestamp handling Power Plant
Latitude 40.321627 ° Geographic location Power Plant
Longitude 21.789961 ° Geographic location Power Plant
Altitude 740 m Elevation above sea level Power Plant
Owner / operator ECE, UOWM — Entity owning / operating the system All Levels

Installed capacity 2x11.34 kWp | Total nominal DC power of the plant under STC Power Plant
Grid connection voltage 400 Vv Three phase low-voltage grid connection Power Plant
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Table 6. PV panel properties (per PV_panel object)

Installation date 2018-08-20 I\/TIT/IY\I()D Installation date used for degradation tracking Panel
Max. power at STC (Pmax) 270 W Rated panel output under Std. Test Conditions Panel
Open-circuit voltage (Vo) 38.3 Vv Voltage with no load at STC Panel
Voltage at max power (Vimp) 31.2 Vv Voltage at maximum power under STC Panel
Short-circuit current (ls) 9.19 A Current when output terminals are shorted Panel
Current at max power (lmp) 8.67 A Operating current at maximum power Panel
Efficiency (n) 16.63 % Panel efficiency at STC Panel
Temp. coefficient of Iy (kisc) 0.045 %/°C Current change per °C Panel
Temp. coefficient of V. (Kvoc) -0.292 %/°C Voltage changes per °C Panel
Temp. coefficient of Pmax (Kpmax) -0.408 %/°C Power change per °C Panel
Manufacturer & model CSUN 270-60p — Manufacturer and model of the panel Panel
Panel type Full-cell — Half- or Full-cell Panel
Cell material Polycrystalline — Mono/poly-crystalline, etc. Panel
Module dimensions 1640x990x40 mm Length x Width x Thickness Panel
Surface type (Albedo class) Urban — Grass, gravel, urban, etc. Panel
Number of cells 60 — Total cell count Panel
Number of bypass diodes n/a — For partial shading protection Panel
Degradation rate (year-1 / later) T:tzr;'lézs.g % Annual performance loss (expert judgment) Panel
STC irradiance (STCi) 1000 W/m?2 Reference irradiance (default = 1000 W/m?) Panel
STC temperature (STCtemp) 25 °C Reference cell temperature (default = 25°C) Panel
Surface azimuth 218 ° Panel orientation (0° = North, 90° = East, etc.) Panel
Surface tilt 12 ° Panel tilt angle above horizontal Panel
a=-3.56 . .
SAPM temperature parameters b = -0.075 _ SAPM thermal parameters (from pvlib Sandia Panel
module database)
dT=3
Module area 1.6236 m? Module front-surface area Panel
Table 7. Inverter properties (per inverter object)
String configuration 2 strings; 42. __ | Total number of strings and modules per string in Plant
modules per string the solar plant
Inverter ID .lNV—:.l’ lN.V—z (two - Identifier (e.g., 'INV_1") Inverter
identical inverters)

Rated AC power (Pac.inv) 10 000 W Rated AC power of inverter Inverter
Nominal efficiency (Rinv-nom) 96.5 % Nominal efficiency (e.g., 98%) Inverter
Rated DC voltage (Vgc-rated) 570 \% DC input rated voltage Inverter
MPPT operating voltage range 405-720 Vv Allowed voltage for MPPT tracking Inverter
Max DC input power (Pgc-max) 6 500 W | Max power allowed from string/group Inverter
Startup voltage (Vstart) 150 \ Minimum voltage for inverter to start Inverter
Max efficiency (Nmax) 97.2 % Peak inverter efficiency Inverter
European efficiency 96.5 % Weighted efficiency (Europe-specific metric) Inverter
Rated output voltage (Vac.nom) 230/400 V | ACrated output voltage Inverter
Rated output power (Pac.nom) 10 000 W | Output power under nominal conditions Inverter
Max apparent power (Smax) 10 000 VA | Max apparent power including active and reactive Inverter
Number of MPPT inputs 2 — How many independent MPPT trackers are present | Inverter
Reactive power capability 08t01 _ Rang('e of allowable power-factor settings for Inverter
(cos ¢ range) reactive-power control

Communication protocol Modbus over eth __ | Communication interface and protocol used for Inverter
(Modbus/TCP, RS485) monitoring and control
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5.3. IMP Testbed

The Institute Mihajlo Pupin (IMP) R&D campus, located in Belgrade, comprises several buildings
built at different times, while the largest and oldest building dates from the middle of the last
century. The campus is managed by the Institute and can be observed as an ecosystem comprising
of separate legal entities (companies funded by IMP) as well as external legal entities (campus
tenants), which share common energy supply (both conventional and renewable), storage and
dispatch infrastructure.

Figure 23. The Institute Mihajlo Pupin R&D Campus

The campus is connected to the public power grid via low-voltage power station (0.4 kV/220 V).
The campus has a local PV power plant with the installed capacity of 5 0 kWp and a thermal plant
running on fuel oil (mazut) and due to a variety of metering and control equipment, the campus
has been used as a testbed in several recently finished European projects, for instance:

o The SINERGY project (Capacity building in Smart and Innovative eNERGY management, 2021-
2023, https://project-sinergy.org/), and

e The OMEGA-X project (Orchestrating an interoperable sovereign federated Multi-vector
Energy Data Space built on open standards and ready for GAia-X, 2022-2025,
https://omega-x.eu/).

5.3.1. Renewable Energy Infrastructure

The overall supervision and control of energy flows is based on a deployed SCADA system (View4,
IMP’s proprietary solution) which communicates with several Remote Terminal Units (pAtlas
RTUs) and PLCs (ATLAS MAX). Measurements are primarily collected from field-level sensors by
corresponding Remote Terminal Units (RTU) and then further fed into a proprietary SCADA system
developed by PUPIN.

Local energy assets: Substation for electricity supply from power grid, roof-top PV power plant (50
kWp), heat supply from local thermal plant with two fuel-oil powered steam boilers (2 x 1 MW)
and from electric boilers (3 x 24 kW), Heat exchanger (1 MW) to transfer heat from steam to water,
Cooling supply from split air-conditioning units (in each office), Remotely controlled heat source
switch unit; Fuel oil (mazut) storage (main 100 tons, aux 2.5 tons).
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Figure 24. IMP multi-carrier energy system (illustration)
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Figure 25. Photovoltaic power plant on the rooftop of the IMP main building. The plant has 180 panels,
10 Strings with 18 panels

The 50 kWp PVPP was installed on the rooftop of the main building in 2014. For more information,
please check the following links:

e Photovoltaic power station opened in “Mihajlo Pupin” Institute,
https://www.pupin.rs/en/2013/11/photovoltaic-power-station-opened-in-mihajlo-pupin-
institute/, and

e |MP Solar Power Plant online (Figure 25),
http://147.91.50.246/PowerWeb/faces/impSolarPowerPlant.xhtml.
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Figure 26. Photovoltaic power plant cabinet for inverters and RTUs

The IMP campus is not connected to the city distributed heating network. Instead, the heat
demand is satisfied with the heating plant (powered by mazut), using radiators running on hot
water, as well as Electric boilers, using radiators running on hot water. The thermal demand is
measured by Danfoss SONOMETER1100 calorimeters and the fuel oil consumption with two
ultrasonic level meters (7ML5221-1AB17 Siemens). Currently, research is underway related to
heat pump technologies.

Table 8. Main systems and components of the IMP Testbed

System Main components Function
Owned by the Distribution - . Connect the three-phase campus
System Operator Electricity substation to power grid 0.4 kV
Thermal plant with steam boilers (2 x 1 MW)
Heating and Cooling Electric boilers (3 x 24 kW) Thermal regulation
Heat exchanger steam-to-water (1 MW)
Gas/O0il Fuel oil storages (100 tons, 2.5 tons) Storage
Lighting and Motion - Automated lighting based on
¢ thection Lighting Sensors occupancygand 3aylight
Renewable Energy PV Panels
Generation Inverters Energy generation and storage
and Storage (Refusol 20 kW, Ingeteam 33 kW)
Measurements of solar
Data Acquisition and Meteorological Station irradianc.e,' ambient temperature,
Environmental Monitoring humidity, wind speed and

direction and precipitation
Charging infrastructure for
electric vehicles

Electric Vehicle Charging —

o View4, IMP’s proprietary solution, with Programmable Logic Controller,
Monitoring and Control . ) . L
Svstem several Remote Terminal Units (pAtlas RTUs), indoor monitoring and central
¥ PLCs (ATLAS MAX) and Modbus Devices control integration

A meteorological station, located on the roof of the IMP main building and close to the PV plant,
measures irradiance, ambient temperature, humidity, wind speed and direction, and precipitation.
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In the last project funded by the European Union (OMEGA-X), a research server was purchased
that is currently integrated in the IMP data centre. A MySQL database server has been installed a
central repository of data needed for scientific purposes.

The IMP team maintains the Research platform (Figure 27) with the aim to develop and test
different energy systems services (see also https://project-sinergy.org/Innovative-solutions). Data
management is supported by SQL and/or NoSQL tools (see information layer in Figure 27).

To enable communication with the GOTOTWIN platform, a middleware service has been
developed using Python. This service acts as the bridge between the research server and external
systems, orchestrating workflows that involve data retrieval and transmission. By introducing this
middleware layer, the system ensures that the research server can interact with external platforms
without exposing the database directly, thereby maintaining both security and flexibility.

Data originating from the SCADA MySQL database are integrated into the research server through
PHP scripts, which extract raw SCADA data, clean and reformat it, and then load it into the research
server’s MySQL database. These scripts guarantee that SCADA data is consistently structured and
compatible with the research environment, allowing researchers to work with reliable and
standardized datasets.

Together, these components form a streamlined workflow: SCADA data is transformed via PHP
scripts, stored in the research server’s MySQL database, and then made accessible to external
platforms through the Python-based middleware service. This layered architecture ensures secure
storage, reliable transformation, and smooth communication with external platforms.

Middleware Functional layer

oAV A
| ar ay VIEW4 SCADA
VAWV A
| o \ MysQL
Information layer : PV pIant = -
.
s et
=~ panel_temperature
j wind_direction
wind_speed
s insolation
s Buildings weather timestamp
g Monitor station generated_power
Figure 27. Research server (platform) Figure 28. Data acquisition with the SCADA VIEW4
5.3.2. Quasi-Static Model Parameters
Table 9. System-level parameters of the IMP PV system

Time zone CET — Local time zone for timestamp handling Power Plant
Latitude 44.80713 ° Geographic location Power Plant
Longitude 20.50721 ° Geographic location Power Plant
Altitude 270 m Elevation above sea level Power Plant
Owner / operator IMP, Belgrade — Entity owning / operating the system All Levels
Installed capacity 50 kWp | Total nominal DC power of the plant under STC Power Plant
Grid connection voltage 400 \Y Three phase low-voltage grid connection Power Plant
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Table 10. PV panel properties (per PV_panel object)

Installation date 2013-11-06 I\/TIT/IY\I()D Installation date used for degradation tracking Panel
Max. power at STC (Pmax) 280 W Rated panel output under Std. Test Conditions Panel
Open-circuit voltage (Vo) 44.21 Vv Voltage with no load at STC Panel
Voltage at max power (Vimp) 34.96 Vv Voltage at maximum power under STC Panel
Short-circuit current (ls) 8.58 A Current when output terminals are shorted Panel
Current at max power (lmp) 8.01 A Operating current at maximum power Panel
Efficiency (n) 16.7 % Panel efficiency at STC Panel
Temp. coefficient of Iy (kisc) 0.065 %/°C Current change per °C Panel
Temp. coefficient of V. (Kvoc) -0.346 %/°C Voltage changes per °C Panel
Temp. coefficient of Pmax (Kpmax) -0.488 %/°C Power change per °C Panel
Manufacturer & model STP6-280/72 — Manufacturer and model of the panel Panel
Panel type Full-cell — Half- or Full-cell Panel
Cell material POIVSCII;?;S;?]IIIne - Mono/poly-crystalline, etc. Panel
Module dimensions 1956x992x40 mm Length x Width x Thickness Panel
Surface type (Albedo class) Urban — Grass, gravel, urban, etc. Panel
Number of cells 72 — Total cell count Panel
Number of bypass diodes 3 — For partial shading protection Panel
Degradation rate (year-1 / later) 0.6 % Annual performance loss (expert judgment) Panel
STC irradiance (STCi) 1000 W/m?2 Reference irradiance (default = 1000 W/m?) Panel
STC temperature (STCtemp) 25 °C Reference cell temperature (default = 25°C) Panel
Surface azimuth 178 ° Panel orientation (0° = North, 90° = East, etc.) Panel
Surface tilt 28 ° Panel tilt angle above horizontal Panel
Module area 1.9403 m? Module front-surface area Panel
Table 11. Inverter properties (per inverter object)
String configuration 10 strings; 18. modules per _ ToFaI r?umber of strings and modules per Plant
string string in the solar plant
Inverter ID REFUsol 008K-020K — Identifier (e.g., 'INV_1') Inverter
2x20 000 .
Rated AC power (Pac.inv) 1x10 000 W | Rated AC power of inverter Inverter
Nominal efficiency (Rinv-nom) 98.2 % Nominal efficiency (e.g., 98%) Inverter
Rated DC voltage (Vyc-rated) 750 Vv DC input rated voltage Inverter
MPPT operating voltage range 480-850 Vv Allowed voltage for MPPT tracking Inverter
Max DC input power (Pgc-max) 50424 W | Max power allowed from string/group Plant
Startup voltage (Vstart) 480 Vv Minimum voltage for inverter to start Inverter
Max efficiency (Nmax) 98.2 % Peak inverter efficiency Inverter
European efficiency 973 % We|g'hted efficiency (Europe-specific Inverter
metric)
Rated output voltage (Vacnom) 400 Vv AC rated output voltage Inverter
Rated output power (Pac.nom) 48 400 W Output power under nominal conditions Plant
M includi i
Max apparent power (Smax) 48 400 VA ax épparent power including active and Plant
reactive
. REFUsol 20K = 2 How many independent MPPT trackers
Number of MPPT inputs REFUsol 10K = 1 are present Plant
Reactive power capability cos & = 0.8 lag— 0.8 lead | Range ofallowable power-factor settings Inverter
(cos ¢ range) for reactive-power control
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5.4. Energy Platform Living Lab

The Energy Platform Living Lab (EPLL) is currently located on two institutions (Figure 29): Faculty
of Electrical Engineering and Computing at the University of Zagreb (UNIZGFER) and Faculty of
Engineering (RITEH) at the University of Rijeka. EPLL participates in several projects on both
Faculties, all of them are energy related.

Figure 29. UNIZGFER in Zagreb and RITEH in Rijeka

5.4.1. Renewable Energy Infrastructure

In 2022, the project ""Photovoltaic system for electricity production for own needs in grid operation
SE-FER-005 - Phase 1" (SOLAR FER) began the construction of a new solar power plant with a total
capacity of 600 kW on the AC side and a battery storage tank that will maximise the use of locally
generated solar energy. The project’s main objective was to expand the use of low-carbon
technologies by installing a PV system with battery storage on the roof and within the building of
the Faculty of Electrical Engineering and Computing, contributing to climate-change mitigation at
the local, national, and global levels. This installation upgrades UNIZGFER'’s existing solar and
storage infrastructure that now covers about 50 percent of the electricity needs of the faculty,
with an annual reduction of CO; footprint of 109 tons. Also, one of the purposes of this project is
to reduce the impact on the local electricity grid and the electricity expenditure. In addition, the
project provides education and promotion of the importance of integrating local photovoltaic
systems and battery storage in the wider community, and opens the door to new, related research.

The construction of a photovoltaic plant is planned to cover part of the investor's own electricity
consumption, and in the event of excess production, the energy will be delivered to the
distributor's network. In the event of an increased need for electricity, the difference will be
covered by the distributor's network. In this way, the network is used as a storage of electricity for
the specified facility.

The UNIZGFER solar power plant consists of:

e Photovoltaic modules that convert solar energy into electricity;

e Inverters that convert direct current from photovoltaic modules into alternating current;

e Distribution cabinet containing DC and AC protection and disconnection equipment; and

e Supporting metal structure on which PV modules are placed, which is installed on the roof
structure.
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It can be seen in Figure 30 that photovoltaic panels are oriented towards south, east and west. In
total there are 12 segments and 12 inverters (Huawei SUN2000-50KTL-M3 - Figure 31).

Figure 31. Huawei SUN2000-50KTL-M3 inverters installed on the roof of D building
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Besides the photovoltaic system, battery energy storage systems are also installed. The battery
system consists of a battery, a bidirectional converter and the accompanying equipment for
connecting, controlling and housing the system. In general, a battery consists of a series-parallel
configuration of electrochemical cells that can be primary (non-rechargeable), secondary
(rechargeable) and backup (requires activation for operation). In addition to the cells, the system
also contains a cell management system to prevent overcharging and overdischarging, or to
regulate the voltage and state of charge of each individual cell in the battery. A bidirectional
converter is used to connect networks of different voltage levels and waveforms, and by regulating
the current it charges or discharges the battery. It is possible to design it with a single-stage
conversion (network - AC/DC - battery) and a multi-stage conversion (network - AC/DC - DC/DC -
battery). The voltage ripple at the converter output is reduced by voltage smoothing filters. The
control electronics of the converter with associated measurements on the AC and DC side locally
controls the system according to the commands of the superior control system. Three battery
energy storage systems are installed: 2 x 30 kWh/22 kW, and 1 x 215 kWh/50 kW. The battery
storage is in a separate container in the outdoor space and does not affect the applied fire
protection measures in the building.

Figure 33. Finished solar power plant
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Within next 1.5 months, sensors for irradiance, panel temperature, atmospheric temperature and
humidity, and wind speed will be installed on the solar power plant.

5.4.2. Quasi-Static Model Parameters

Table 12. System-level parameters of the UNIZGFER PV system

Time zone CET — Local time zone for timestamp handling Power Plant
Latitude 45.800 ° Geographic location Power Plant
Longitude 15.971 ° Geographic location Power Plant
Altitude 117 m Elevation above sea level Power Plant
UNIZGFER

Owner / operator Zagreb ’ — Entity owning / operating the system All Levels

Installed capacity 600 kW | Total nominal DC power of the plant under STC Power Plant
Grid connection voltage 400 \Y Low-voltage grid connection Power Plant

Table 13. PV panel properties (per PV_panel object)

Installation date 2024-01-03 I\)I(IT/IY\I()D Installation date used for degradation tracking Panel
Max. power at STC (Pmax) 450 W Rated panel output under Std. Test Conditions Panel
Open-circuit voltage (Vo) 49.30 Vv Voltage with no load at STC Panel
Voltage at max power (Vi) 42.11 Vv Voltage at maximum power under STC Panel
Short-circuit current (ls.) 11.35 A Current when output terminals are shorted Panel
Current at max power (Imp) 10.69 A Operating current at maximum power Panel
Efficiency (n) 21.16 % Panel efficiency at STC Panel
Temp. coefficient of I (kisc) 0.05 %/°C Current change per °C Panel
Temp. coefficient of V. (kyoc) -0.31 %/°C Voltage changes per °C Panel
Temp. coefficient of Pmax (Kpmax) -0.35 %/°C Power change per °C Panel
Manufacturer & model DHM-7219 — Manufacturer and model of the panel Panel
Panel type Half-cell — Half- or Full-cell Panel
Cell material Monc;ﬁirzs;c]allme — Mono/poly-crystalline, etc. Panel
Module dimensions 2094x1038x35 mm Length x Width x Thickness Panel
Surface type (Albedo class) Urban — Grass, gravel, urban, etc. Panel
Number of cells 144 (6x24) — Total cell count Panel
Number of bypass diodes 3 — For partial shading protection Panel
Degradation rate (year-1 / later) <2/0.55 % Annual performance loss (expert judgment) Panel
STC irradiance (STCi.r) 1000 W/m? Reference irradiance (default = 1000 W/m?) Panel
STC temperature (STCiemp) 25 °C Reference cell temperature (default = 25°C) Panel
Surface azimuth 90/180/270° ° Panel orientation (0° = North, 90° = East, etc.) Panel
Surface tilt 10/18/10 ° Panel tilt angle above horizontal Panel
a=-3.47 . .
SAPM temperature parameters b =-0.0594 — SAPM thermal parameters (from pvlib Sandia Panel
module database)
dT=3
Module area 2.174 m? Module front-surface area Panel
Table 14. Inverter properties (per inverter object)
Mapping of strings/modules to MPPT inputs (e.g.
) o See Table 15 for MPFF)"pl'l (gzo,20) discribes that in MPPTere fee
String configuration per-inverter — L . Plant
mapping conn(e.ct.ed two strings in parallel, each string
containing 20 PV panels)
Inverter ID INV_1toINV_12 — Identifier (e.g., 'INV_1') Inverter
Rated AC power (Pac.inv) 50 000 w Rated AC power of inverter Inverter
Nominal efficiency (Rinv-nom) 98.5 % Nominal efficiency (e.g., 98%) Inverter
Rated DC voltage (Vgc-rated) 600 \% DC input rated voltage Inverter
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MPPT operating voltage range 200-1000 Vv Allowed voltage for MPPT tracking Inverter
Max DC input power (Pgc-max) 75 000 W | Max power allowed per inverter Inverter
Startup voltage (Vstart) 200 Vv Minimum voltage for inverter to start Inverter
Max efficiency (Nmax) 98.2 % Peak inverter efficiency Inverter
European efficiency 98 % Weighted efficiency (Europe-specific metric) Inverter
Rated output voltage (Vac.nom) 400 V | ACrated output voltage Inverter
Rated output power (Pac.nom) 50 000 W | Output power under nominal conditions Inverter
Max apparent power (Smax) 55 000 VA | Max apparent power including active and reactive Inverter
Number of MPPT inputs 4 MPDPgitr::EI::rs, 8 — How many independent MPPT trackers are present | Inverter
Reactive power capability cosd=0.8lag— Range of allowable power-factor settings for
— . Inverter
(cos ¢ range) 0.8 lead reactive-power control
Table 15. String configuration for UNIZGFER solar plant for each inverter
INV_1 Huawei SUN2000-50KTL-M3 MPPT1 (20), MPPT2 (20), MPPT3 (20,20), MPPT4 (20,20)
INV_2 Huawei SUN2000-50KTL-M3 MPPT1 (20), MPPT2 (20), MPPT3 (15,15), MPPT4 (16,16)
INV_3 Huawei SUN2000-50KTL-M3 MPPT1 (20), MPPT2 (20), MPPT3 (20,20), MPPT4 (20,20)
INV_4 Huawei SUN2000-50KTL-M3 MPPT1 (20), MPPT2 (20), MPPT3 (18,18), MPPT4 (14,14)
INV_5 Huawei SUN2000-50KTL-M3 MPPT1 (20,20), MPPT2 (20,20), MPPT4 (20)
INV_6 Huawei SUN2000-50KTL-M3 MPPT1 (20,20), MPPT2 (20,20), MPPT3 (19), MPPT4 (15)
INV_7 Huawei SUN2000-50KTL-M3 MPPT1 (20), MPPT2 (20), MPPT3 (20,20), MPPT4 (16,16)
INV_8 Huawei SUN2000-50KTL-M3 MPPT1 (20), MPPT2 (20), MPPT3 (20,20), MPPT4 (16,16)
INV_9 Huawei SUN2000-50KTL-M3 MPPT1 (15,15), MPPT2 (20,20), MPPT3 (20,20), MPPT4 (20,20)
INV_10 Huawei SUN2000-50KTL-M3 MPPT1 (18,18), MPPT2 (18,18), MPPT3 (18,18), MPPT4 (18)
INV_11 Huawei SUN2000-50KTL-M3 MPPT1 (18,18), MPPT2 (18,18), MPPT3 (18,18), MPPT4 (9)
INV_12 Huawei SUN2000-50KTL-M3 MPPT1 (15,15), MPPT2 (15), MPPT3 (18), MPPT4 (19)
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6. Work in Progress and Ongoing Development

This section presents the components of the digital twin platform that remain under active
development as the GOTOTWIN project advances. The focus is on refining the underlying data
models, completing the simulation toolkits, and preparing the analytical and visualisation
capabilities required for the full digital twin workflow. These activities represent the transition
from a fully operational real-time data pipeline to an integrated environment that supports
predictive modelling, scenario analysis, and advanced decision-support functionalities.

Work planned for the upcoming reporting period will prioritise the finalisation and validation of
the photovoltaic, wind, and hydro simulation toolkits, ensuring their alignment with the platform’s
data structures and their readiness for integration into the analytics layer. In parallel, the first
generation of prediction models will be developed, enabling short-term forecasting and model-
driven insights based on both live and historical data. Additional development will focus on
expanding the visualisation layer through new Grafana dashboards designed to demonstrate
digital twin capabilities across all living labs (/and different types of renewable plants), including
real-time operational behaviour, historical performance trends, and simulation-based outputs.

6.1. Data Model Refinement

As previously described, the Ditto data model [7] distinguishes between two complementary
components. The static attributes capture the fixed installation characteristics of each asset,
including configuration details, geographical location, and system-level metadata. In contrast, the
dynamic parameters (features) represent the time-varying operational measurements that
describe how a power plant responds to changing environmental, electrical, and mechanical
conditions. Together, these two layers form the complete digital twin representation, enabling
both structural description and real-time behavioural modelling of renewable energy systems.

Building on this distinction, the following text illustrates the structure and scope of the dynamic
parameters by presenting example feature models for three representative renewable energy
technologies: photovoltaic, hydro, and wind power plants. These examples correspond to real
installations in North Macedonia, specifically the INNOFEIT Solar Plant, as well as the Matka
hydropower plant and the Bogdanci wind farm, which are already integrated or in the process of
integration into the GOTOTWIN digital twin platform. Each example highlights the relevant
environmental, electrical, and mechanical variables required to support real-time monitoring,
analytics, and the future integration of simulation and prediction workflows.

The solar feature model presented below captures the operational behaviour of a photovoltaic
system across three core domains: the environmental conditions that drive energy production,
the DC-side behaviour of the PV modules and strings, and the AC-side output of the inverter.

The meteorological block in the solar feature model provides the key external drivers, irradiance,
temperature, humidity, wind, and precipitation, that determine the thermal and electrical
operating point of the plant. These measurements form the basis for performance assessment and
are essential inputs for simulation and forecasting activities.

The panel and string sections describe the internal state of the PV array. Panel-level temperatures
offer insight into module efficiency and potential anomalies, while string-level voltage, current,
and power reflect the aggregated DC performance of groups of modules. Finally, the inverter block
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models the AC-side interface with the grid, including phase voltages, currents, power flows, and
cumulative energy delivery. Together, these elements provide a coherent and structured
representation of a PV system’s real-time behaviour, enabling monitoring, analytics, and future
integration of simulation and prediction capabilities.

payload_features_solar = {
"topic": f"{tenant}/{device}/things/twin/commands/merge",

"headers": { "content-type": "application/merge-patch+json" },
""path": "/features",
"value": {

#

# METEOROLOGICAL CONDITIONS (site-level)
#

"meteo": {
"properties": {
"wind_speed": 8.0, # Wind speed at sensor height [m/s]
"wind_direction": 180.0, # Wind direction [deg]
"air_temperature": 25.0, # Ambient air temperature [°C]
"relative_humidity": 40.0, # Relative humidity [%]
"global_horizontal_irradiance": 800.0, # GHI solar irradiance [W/m?]
"precipitation": 0.0 # Precipitation level [mm/h]
}
H
# PV MODULE TEMPERATURES (per—panel)
1t
"panel": {
"properties": {
"panel_1": { "temperature": 30.0 }, # PV module temperature [°C]
"panel_2": { "temperature": 30.0 },
"panel_3": { "temperature": 30.0 },
"panel_4": { "temperature": 30.0 },
"panel_5": { "temperature": 30.0 },
"panel_6": { "temperature": 30.0 },
"panel_7": { "temperature": 30.0 },
"panel_8": { "temperature": 30.0 },
"panel_9": { "temperature": 30.0 }
}
H
#
# STRING-LEVEL ELECTRICAL DATA (DC side)
#
"string": {
"properties": {
"string_1": {
"voltage": 600.0, # String DC voltage [V]
"current": 17.0, # String DC current [A]
"power': 10.2 # String DC power [kW]
’
"string_2": {
"voltage": 600.0,
"current": 17.0,
"power": 10.2
}
}
},
#
# INVERTER-LEVEL ELECTRICAL DATA (AC side)
1t

"inverter": {
"properties": {
"inverter_1": {

"frequency": 50.0, # AC output frequency [Hz]
"energy": {
"active": 1234.0 # Total active energy delivered [kWh]
+,
"voltage": { # Phase-to-neutral and line voltages [V]
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"phase_1": 323.

"phase_2": 230.

"phase_3": 230.

"line_12": 410.

"line_23": 400.

"line_31": 400.

H
"current": { # AC currents per phase [Al]

"phase_1": 10.0,

"phase_2": 10.0,

"phase_3": 10.0

+
"power": {

"active": { # Active power per phase + total [kW]
"phase_1": 2
""phase_2": 2
"phase_3": 2.
"total": 7.0

+,

"reactive": { # Reactive power per phase + total [kVAr]
"phase_1": 0.2,

"phase_2": 0.2,
""phase_3": 0.2,
"total": 0.6

I

"apparent": { # Apparent power per phase + total [kVA]
"phase_1": 2.5,

""phase_2": 2.5,
"phase_3": 2.5,
"total": 7.5

+,

"power_factor": { # Power factor per phase + total [-]
"phase_1": 0.97,

""phase_2": 0.97,
""phase_3": 0.97,
"total": 0.97

[SESESESRESRS)
~ v~ = ~ =

The hydro feature model detailed below provides a layered view of the operational behaviour of
a hydropower system by capturing both plant-level conditions and unit-level turbine—generator
dynamics.

At the plant level, the hydro feature model includes the key electrical outputs, such as voltage,
frequency, active and reactive power, and cumulative energy delivery, that describe how the
station interacts with the grid. Alongside these, the environmental parameters characterise the
hydrological state of the reservoir, including inflow, spillway discharge, reservoir elevation, water
temperature, and several compliance indicators related to ecological flow, aquatic life, and water
rights. Together, these variables reflect the broader operating context of the hydropower facility
and the constraints under which it must operate.

At the unit level, the model captures the electromechanical behaviour of an individual turbine—
generator set. Electrical measurements (phase voltages, currents, and power flows) describe the
generator’s performance, while mechanical parameters, such as rotational speed, vibration level,
turbine discharge flow, inlet and outlet hydraulic pressures, guide vane opening, and runner blade
angle, provide insight into the physical state of the turbine and its hydraulic loading. This
combination of electrical and mechanical features forms a comprehensive real-time

Project Acronym — GOTOTWIN 42



representation of hydropower unit operation, supporting monitoring, diagnostics, and future
simulation and prediction capabilities across the GOTOTWIN platform.

payload_features_hydro = {
"topic": f"{tenant}/{device}/things/twin/commands/merge",

"headers": { "content-type": "application/merge-patch+json" 1},
"path": "/features",
"value": {

#

# PLANT-LEVEL DATA (aggregated station view)

##

"plant": {

"properties": {
"electricalv: {

"voltage": 110000.0, # Substation AC bus voltage [V]
"frequency": 50.0, # Grid frequency [Hz]
"sync": { "phase_angle_deg": 5.0 }, # Phase angle difference vs grid [deg]
"power": {
"active": {
"total": 170.0, # Total active power output [MW]
"avg": 165.0 # Moving average active power [MWw]
}.
"reactive": { "total": 24.0 } # Total reactive power output [MVAr]
+
"energy": { "total": 1250000.0 } # Cumulative active energy [Mwh]
"environment": {
"inflow": 60.0, # Reservoir inflow [m3/s]
"spillway_flow": 5.0, # Spillway discharge [m3/s]
"spillway_gate_opening": 20.0, # Spillway gate position [%]
"reservoir_level": 512.4, # Reservoir elevation [m a.s.l.]
"water_temperature': 9.5, # Reservoir water temperature [°C]

# Binary environmental indicators (1 = 0K, @ = Not O0K)

"environmental_flow_compliance": 1, # Ecological minimum flow satisfied
"aquatic_life_ok": 1, # Aquatic life monitoring normal
"environmental_impact_ok": 1, # Long-term impact within limits
"water_rights_compliant": 1 # Water rights legally compliant
}
}

}.

#

# UNIT-LEVEL DATA (per turbine-generator set)

##

"unit": {

"properties": {
"electricalv: {

"voltage": {
"phl": 6350.0, # Generator phase 1 voltage [V]
"ph2": 6320.0, # Generator phase 2 voltage [V]
"ph3": 6380.0 # Generator phase 3 voltage [V]
+,
"current": {
"phl": 820.0, # Generator phase 1 current [Al]
"ph2": 810.0, # Generator phase 2 current [A]
"ph3": 830.0 # Generator phase 3 current [A]
},
"power": {
"generator": {
"active": 85.0, # Generator active power [MW]
"reactive": 12.0 # Generator reactive power [MVAr]
’
"transformer": {
"active": 84.5, # Transformer active power after losses [MW]
"reactive": 11.5 # Transformer reactive power [MVAr]
}
¥
+
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"mechanical™: {

"rotation_speed": 300.0, # Turbine—generator rotational speed [rpm]
"vibration_level": 1.5, # Mechanical vibration level [mm/s or gl
"water_level_outlet": 12.3, # Tailwater level at turbine outlet [m]
"flow_rate_turbine": 45.0, # Turbine discharge flow [m3/s]
"flow_speed_inlet": 6.2, # Flow velocity at turbine inlet [m/s]
"pressure": {
"inlet": 2.5e6, # Hydraulic pressure at turbine inlet [Pa]
"outlet": 1.1e6 # Hydraulic pressure at turbine outlet [Pa]
+,
'"guide_vane_opening": 65.0, # Guide vane opening [%]
) "runner_blade_angle": 18.0 # Runner blade pitch angle [deg]
}

The wind feature model presented below provides a comprehensive real-time view of both the
farm-level operating environment and the behaviour of individual wind turbines.

At the plant level, the model captures the key electrical outputs, i.e., voltage, current, frequency,
active and reactive power, and cumulative energy delivery, that describe how the wind farm
interacts with the grid. Alongside these, the environmental block provides a detailed
characterisation of the aerodynamic and atmospheric conditions across the site, including hub-
height wind speed and direction, farm-average and long-term wind statistics, multi-height
directional measurements, temperature, humidity, air pressure, and turbulence intensity. These
variables form the primary drivers of turbine performance and are essential for understanding
energy production, wake effects, and site-level variability.

At the turbine level, the wind feature model captures the electromechanical behaviour of an
individual unit. Electrical measurements describe the turbine’s AC output, while mechanical
parameters, such as rotor and generator speed, shaft rotation, blade pitch angle, yaw position,
acoustic noise, vibration frequency, and brake status, provide insight into the turbine’s
aerodynamic loading, control actions, and structural condition. Together, these plant- and unit-
level features form a coherent digital twin representation of a wind energy system, supporting
real-time monitoring, diagnostics, and the future integration of simulation and prediction
capabilities across the GOTOTWIN platform.

payload_features_wind = {
"topic": f"{tenant}/{device}/things/twin/commands/merge",

"headers": { "content-type": "application/merge-patch+json" },
""path": "/features",
"value": {

#

# PLANT / WIND FARM LEVEL
#

"plant": {
"properties": {
"electrical™: {

"voltage": 33000.0, # AC bus voltage [V]

"current": 120.0, # AC current [A]

"frequency": 50.0, # Grid frequency [Hz]

"power": {
"active": 2500.0, # Active power output [kW/MW]
"reactive": 300.0, # Reactive power output [kVAr]
"power_factor": 0.98 # Power factor [-]

+

"energy": {

"active_total": 123456.0, # Total active energy [kWh/Mwh]
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"reactive_total": 34567.0 # Total reactive energy [kVArh]
}
H
"environment": {
"wind_speed_hub_height": 8.0,
"wind_speed_farm_average": 7.5,
"wind_speed_long_term_atlas": 7.8,
"wind_direction_hub_height": 180.0,
"wind_direction_farm_average": 175.0,
"wind_direction_multi_height": {
"height_1_deg": 170.0,
"height_2_deg": 185.0

Wind speed at hub height [m/s]

Avg. wind speed across farm [m/s]
Long-term regional wind speed [m/s]
Wind direction at hub height [deg]
Avg. wind direction across farm [deg]
Wind direction at 2 measure heights

HHEHRIFHRHR

’

"air_temperature_local": 12.0, # Local turbine air temperature [°C]
"air_temperature_farm_average": 11.5,# Farm-level avg. air temperature [°C]
"air_temperature_regional": 11.0, # Regional air temperature [°C]
"humidity_local": 60.0, # Local turbine humidity [%]
"humidity_farm_average": 58.0, # Farm-level average humidity [%]
"air_pressure_local": 1013.0, # Local turbine air pressure [hPal
"air_pressure_farm_average": 1012.5, # Farm-level average air pressure [hPal
"air_pressure_regional": 1011.0, # Regional air pressure [hPa]
"turbulence_intensity": 0.12 # Turbulence intensity [-]
}
¥

},

#

# UNIT / TURBINE LEVEL

1t

"unit": {
"properties": {
"electrical": {

"voltage": 33000.0,

"current": 120.0,

"power": {
"active": 2500.0,
"reactive": 300.0

}

'echanical”: {

Turbine output voltage [V]
Turbine output current [A]

Turbine active power [kW/MW]
Turbine reactive power [kVAr]

HH O KR

by

"rotor_speed": 12.5, # Rotor rotational speed [rpm]
""generator_speed": 1500.0, # Generator rotational speed [rpm]
"shaft_speed": 12.5, # Main shaft rotational speed [rpm]
"blade_pitch_angle": 2.0, # Blade pitch angle [deg]
"yaw_angle": 180.0, # Yaw angle [deg]
"acoustic_noise_level": 98.0, # Acoustic noise level [dB]
"vibration_frequency": 1.2, # Vibration frequency [Hz]
"brake_engaged": 0 # 1 = brake engaged, @ = released
}
}

6.2. Simulation Toolkits

The development of simulation toolkits represents a major step toward enabling advanced digital
twin intelligence within the GOTOTWIN platform. While the current system already supports real-
time monitoring, telemetry ingestion, and historical data archiving, the simulation layer will
provide the analytical capabilities required for forecasting, scenario evaluation, and model-driven
decision support. These toolkits are being designed as modular, interoperable components that
will be integrated seamlessly within the platform and the digital twin data model, ensuring that
simulated behaviour can be compared and synchronised with real-world measurements.
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Each simulation toolkit focuses on a specific class of renewable energy assets, i.e., photovoltaic
power plants, wind turbines, and hydro power plants. Their design follows a common architectural
approach: physics-based modelling of energy conversion processes, parameterisation based on
site-specific characteristics, and standardised interfaces for exchanging data with the platform’s
analytics and visualisation layers. By adopting this unified structure, the toolkits will support both
standalone experimentation and integrated workflows where simulations are triggered by live
digital twin events or used to generate predictive insights.

The subsections that follow describe the current development status of each toolkit and the
modelling methodologies applied in each of them.

6.2.1. Photovoltaic Power Plant Simulation Toolkit

The photovoltaic simulation toolkit represents an important component of the digital twin, as it
contains all program routines to determine the AC power output of a PV system based on its static
(installation) parameters and the meteorological (weather) input data. The simulation framework
comprises four sub-models: astronomical, optical, thermal, and electrical. The main variables
associated with each block, as well as their interconnections, are illustrated in Figure 34. The figure
depicts the most comprehensive configuration. If additional sensors were installed to measure
variables such as plane-of-array irradiance or module temperature, the simulation framework
could be simplified by directly incorporating these measured quantities into the AC power
calculation, thereby eliminating the need for the corresponding sub-models. Nevertheless, such
measurements could also be used for validation of intermediate variables, detailed calibration of
individual sub-models, and comprehensive system monitoring.

Inputs System modeling : Output
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Weather — | Thermal ¢
data : model
DNI — ! p
i —>| Electrical |: ~4C |
GHI | : —> model :
2 P —> Optical
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o model

Figure 34. Basic components of the simulation framework

The purpose of the astronomical sub-model is to determine the position of the Sun on the celestial
sphere at the location of the considered PV system, defined by its latitude and longitude, as a
function of the day of the year and the time of day. The Sun’s position is characterized by two
angles: the solar altitude angle B and the solar azimuth angle ¢s. These angles can be calculated
analytically using well-established mathematical formulations available in the literature, such as
those presented in [13][14].
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The purpose of the optical sub-model is to calculate the irradiance incident on the plane-of-array
(POA). This calculation involves two essential aspects: consideration of shading effects caused by
surrounding obstacles and transposition of irradiance measurements to the module plane when
measurements are available in a different reference plane. Irradiance is typically measured on a
horizontal surface, commonly referred to as global horizontal irradiance (GHI). However, PV
modules are usually installed at a tilt angle rather than horizontally. To determine the irradiance
in the plane of the PV modules, the measured global irradiance must first be decomposed into its
direct normal irradiance (DNI) and diffuse horizontal irradiance (DHI) components. Subsequently,
each component is appropriately transposed to the POA irradiance. Several models have been
proposed for the decomposition of GHI into DNI and DHI, including the Orgill and Hollands model,
the Erbs et al. model, the Boland et al. model, and the DISC and DIRINT models [15]. Decomposition
approaches are generally categorized into two types: piecewise empirical models (e.g., Orgill and
Hollands, Erbs et al., Boland et al.) and quasi-physical models (e.g., DISC and DIRINT). Piecewise
empirical models are purely empirical, relying on correlations between the clearness index (kt =
GHI / GO) and the diffuse fraction (kd = DHI / GHI), where GO is the extraterrestrial irradiance. In
contrast, quasi-physical models are developed based on physical principles while also
incorporating empirical relationships. The total POA irradiance incident on the module surface is
the sum of three components: beam, diffuse, and ground-reflected components. In general, the
beam and ground-reflected components are estimated from the DNI using geometric relationships
[13][16]. In contrast, several transposition models have been developed to estimate the diffuse
component. These models are typically classified as isotropic (e.g., Liu and Jordan, Koronakis) or
anisotropic sky models (e.g., HDKR, Perez et al.) [15]. Isotropic models assume that diffuse sky
irradiance is uniformly distributed across the entire sky dome. Under this assumption, the diffuse
irradiance received by a tilted surface depends solely on the visible portion of the sky, irrespective
of the orientation relative to the Sun. In contrast, anisotropic models account for the non-uniform
distribution of diffuse irradiance, particularly increased intensity near the horizon and in the
circumsolar region. In the aforementioned models for calculating irradiance in the POA, the
possibility of module shading is not considered.

The purpose of the thermal sub-model is to estimate the temperature of the PV module based on
meteorological input data. The importance of the thermal model lies in the significant impact of
module temperature on the PV energy conversion. Widely used PV modules exhibit a power
temperature coefficient of approximately -0.3% per °C, meaning that an increase in temperature
of 10°C results in a reduction of the PV module power output of about 3%. The estimation of PV
module temperature is typically based on heat transfer theory. Several models have been
developed for this purpose, which can generally be classified into two groups: models that use two
input variables and models that use three input variables [17]. Two-variable models such as the
NOCT and HOMER models estimate module temperature based on POA irradiance and ambient
temperature. In contrast, three-variable models such as the Faiman and Sandia models
additionally incorporate wind speed as an input variable. These models typically provide higher
accuracy, particularly in regions characterized by significant and variable wind conditions.

The purpose of the electrical sub-model is to describe the electrical behaviour of the PV plant. This
sub-model determines the expected power output of the PV system based on POA irradiance, PV
module temperature, and the system specifications. As illustrated in Figure 35, the model is
divided into two characteristic sections. It should be noted that individual PV arrays and inverters
are typically modelled separately, particularly when the PV arrays differ in orientation or
configuration. Several PV module models have been proposed in the literature, ranging from
simple approaches that require only a few input parameters to more complex formulations
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involving detailed PV module characterization [15]. These models can generally be classified into
two categories: power-based models and equivalent-circuit models. Power models are based on
a single-point efficiency representation of the PV module and estimate the power output at the
Maximum Power Point (MPP). Depending on their complexity, they can predict the PV module
performance under varying operating conditions with acceptable accuracy. Such models are
implemented in software tools such as PVWatts [18] and HOMER [19]. When the full current-
voltage (I-V) characteristic of the PV cell is required, models capable of describing its electrical
behaviour under varying operating conditions must be employed. Various approaches have been
proposed to approximate the I-V curve, ranging from empirical models to more physically based
formulations. Representative models of this type have been proposed by De Soto et al., Villalva et
al., and Walker [15].
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Figure 35. Electrical model layout

One of the most important characteristics of a PV module is its degradation behaviour. PV module
degradation refers to the gradual decline in their output power over time, which directly affects
the total energy yield of the system. Common forms of degradation include light-induced
degradation (LID), which occurs within the first days of exposure to sunlight, and potential-induced
degradation (PID), which can result from high potential differences between the module and
ground. In addition, long-term degradation is driven by exposure to UV radiation, temperature
cycling, humidity, and the accumulation of dirt and debris on the module surface. To accurately
represent this behaviour, degradation is commonly modelled using a piecewise linear curve, which
distinguishes between first-year degradation and degradation in subsequent years.

Power conditioning equipment, such as inverters, is used to convert DC power into AC power. In
many simplified PV system models, inverter efficiency is represented as a constant value.
However, in practice, inverter efficiency depends on both the DC voltage and the load fraction at
which the inverter operates. Several approaches have been proposed to model the inverter
electrical behaviour, including the formulation by Notton et al. [20], the PVWatts model [18], and
the Sandia model [21].

The previously described simulation toolkit was implemented in the Python programming
language and tested on a PV system located within the living lab at FEEIT, Ss. Cyril and Methodius
University in Skopje, North Macedonia. The static parameters of the PV system are provided in
Section 5.1, while the measured dynamic input parameters, including global horizontal irradiance
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(GHI), ambient temperature, and wind speed, for a representative week are shown in Figure 36.
In the current version of the toolkit, the following models have been implemented:

e The DIRINT model for decomposition of GHI into DNI and DHI,

e Liu and Jordan isotropic model for estimation of POA irradiance,
e The Sandia model for estimation of PV module temperature,

e The De Soto model for estimation of DC module power,

e The PVWatts inverter model.
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Figure 36. Dynamic input parameters for a representative week
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Figure 37. Comparison of measured and simulated power output of the FEEIT PV system during a
representative week

A comparison between the simulated and measured results is presented in Figure 37. The results
shown in the figure can generally be divided into two groups. The first group corresponds to mostly
sunny days, such as Monday, Tuesday, Wednesday, Friday, and Saturday, when the PV system
output reaches its nominal value or somewhat below it, but remains above half of the nominal

Project Acronym — GOTOTWIN 49



power. The second group includes partly cloudy days, namely Thursday and Sunday, when the PV
system output remains around half of the nominal capacity. During mostly sunny days, good
agreement is observed during the morning and late afternoon hours, while deviations occur
around noon. During mostly cloudy days, the overall agreement is improved, with simulated and
measured values matching reasonably well throughout the day.

The performance metrics, including the normalized root mean square error (nRMSE) and the
normalized mean absolute error (nMAE), are summarized in Table 16. The values are reported
separately each day as well as for the entire week. Nighttime hours were excluded from the
calculation of these indices, as zero irradiance results in zero measured and simulated power,
artificially reducing the error value. As shown in Figure 37, noticeably larger errors occur during
mostly sunny days. The highest deviation is observed on Tuesday (16-Sep), with an nRMSE of
6.25% and an nMAE of 4.65%. In contrast, during partly cloudy days, the maximum error is
significantly lower, reaching 1.47% for nRMSE and 1.12% for nMAE.

Table 16. Error metrics (with night hours excluded)

Period | 15-Sep | 16-Sep | 17-Sep | 18-Sep | 19-Sep | 20-Sep | 21-Sep | Whole week
NRMSE | 3.45% | 6.25% | 1.95% | 1.19% | 2.84% | 4.29% | 1.47% 3.48%
NMAE | 2.57% | 4.65% | 1.53% | 1.04% | 2.09% | 2.95% | 1.12% 2.27%

Although the obtained results demonstrate satisfactory agreement, future work should be
directed toward exploring improved modelling approaches for specific sub-calculations and
toward calibrating parameters that may vary over the operational lifetime of the system.

6.2.2. Wind Turbine Simulation Toolkit

The wind power plant simulation toolkit constitutes a core computational layer of the project
framework and serves as a physics- and data-driven virtual representation of wind energy systems.
The toolkit is designed to estimate turbine and wind farm power output, operational states, and
performance indicators based on a combination of static system attributes and dynamic SCADA
and meteorological data streams. To ensure modularity and compatibility with the digital twin
architecture, the simulation toolkit is structured into four interconnected sub-models:

a) atmospheric and environmental model,
b) aerodynamic and mechanical model,
c) electrical and grid interaction model, and

[oX
R

data-driven performance and condition assessment model.

A clear distinction is made between static parameters (e.g., rated power, rotor diameter, hub
height, drivetrain configuration, control settings) and dynamic operational parameters, classified
as environmental, mechanical, and electrical variables.

The simulation toolkit relies on a structured SCADA-based database, comprising:

a) Meteorological data: wind speed and direction, ambient temperature, air pressure,
turbulence intensity indicators,

b) Turbine operational data: blade pitch angle, yaw position, rotor and generator speed and
turbine status signals,
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c) Electrical and grid data: active and reactive power, voltage, current, frequency and power
factor,
d) Alarm and event logs: fault codes, shutdown events, and maintenance records.

Such SCADA-driven datasets are widely used for performance assessment, condition monitoring,
and digital twin applications in wind energy systems [22][23]. Figure 38 illustrates the principal
variables within each sub-model and the data flow between the corresponding simulation blocks.

inputs System modeling Output

Atmospheric —‘—b\ Vhub heightr Phub heights T1
submodel :

Maunf. power curve

Aerodynamic :
submodel : > Pout predics» Cp

P out real :

Grid data p——y— P-Q capability

3X Upi3 X by

Operational state
- )

Figure 38. Basic components of the wind turbine simulation framework

The atmospheric sub-model estimates the wind resource at turbine hub height using vertical
extrapolation models, such as logarithmic and power-law wind shear profiles [22]. Turbulence
intensity is computed from high-frequency SCADA wind speed measurements and categorized
according to IEC 61400 standards, enabling assessment of turbulence-induced variability in turbine
performance [23]. For wind farm applications, wake interaction effects can be incorporated using
engineering wake models such as Jensen/Park and Larsen models, as well as data-driven wake
estimation techniques based on inter-turbine SCADA correlations [22][24].

The aerodynamic sub-model converts wind kinetic energy into mechanical power using
manufacturer power curves or physics-based blade element momentum (BEM) theory [25][26].
The turbine power coefficient Cp is derived from SCADA measurements and compared with
theoretical aerodynamic models to evaluate rotor efficiency and blade performance.

A power curve verification module is implemented to compare measured and simulated active
power output. SCADA data are pre-processed using advanced outlier filtering methods (results
given in Table 17), including statistical and physical-consistency, ensuring robust reconstruction of
the operational power curve [27].

The electrical sub-model describes the conversion of mechanical power into electrical power and
its interaction with the grid. Generator and converter efficiencies are represented using empirical
efficiency maps and manufacturer specifications. Common generator configurations include DFIG
and full-converter synchronous generators [28]. A P-Q operational capability map is implemented
to represent active and reactive power operating regions under varying grid and control
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conditions. Such capability curves are essential for evaluating voltage support and grid code
compliance of wind turbines [29][30].

Table 17. Percent of outliers per different criteria

Outlier criteria (%) TOTAL (%)
Pout < 0 kW (%)| [Mi| > 30 (%) |vi< 3.5 m/s (%) |vi> 25 m/s (%)
16.29 3.25 13.03 0.03 32.58

In addition to physics-based modelling, the toolkit integrates SCADA-driven performance
assessment modules, including:

e Power curve benchmarking: comparison of measured and expected power production under
filtered operating conditions,

e Aerodynamic efficiency and C, estimation under filtered operating conditions: comparison
between measured and theoretical efficiency characteristics,

e Turbulence impact analysis: evaluation of turbulence intensity effects on power fluctuations
and drivetrain dynamics,

e Operational state classification: identification of turbine states (normal operation, curtailed,
fault, maintenance) using SCADA status signals and alarm logs.

The wind power simulation toolkit has been implemented in Python and integrated into the
GOTOTWIN data infrastructure. Detailed descriptions of static turbine attributes and dynamic
operational parameters are provided in the corresponding project deliverables, while in this
section they are used as inputs to the simulation toolkit.

The current implementation includes SCADA-based power curve reconstruction and validation
(Figure 39), aerodynamic efficiency and C, estimation modules (Figure 40), P-Q capability map
generation (Figure 41), turbulence intensity analysis and operational state classification (Figure 42
and Figure 43).

Wind speed vs Power: Real vs Predicted (hybrid)
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Figure 39. Reference power curve provided by the manufacturer and measured active power output
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Figure 40. Empirical C, curve obtained from the digital twin, illustrating turbine aerodynamic efficiency
under varying wind conditions
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Figure 42. Event and alarm log display over one year
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Figure 43. Correlation s-test analysis between atmospheric turbulence and the dynamic response of the
wind turbine

Model validation was performed by comparing simulated and measured power outputs under
different wind regimes. Good agreement was observed under steady wind conditions, while
increased deviations occurred during highly turbulent periods, emphasizing the importance of
turbulence-aware modelling. Model accuracy was quantified using the nRMSE and the nMAE
metrics, applied on a daily-basis datasets.

Future work will focus on integrating machine-learning-based surrogate models and adaptive
parameter calibration methods to enhance prediction accuracy and computational efficiency. In
particular, the dynamic response of the turbine drivetrain will be further investigated by jointly
analysing the rotational speeds of the rotor, main shaft, and generator, enabling a more detailed
characterization of drivetrain dynamics under varying atmospheric conditions. Statistical analysis
of turbulence-related parameters has already revealed a clear and statistically robust relationship
between atmospheric turbulence and the turbine’s dynamic response, quantified through
generator speed variability used as an excitation proxy. Such SCADA-based condition monitoring
and drivetrain dynamic assessment techniques are widely reported in the literature [23][31].

Additionally, future developments will include the integration of weather forecasting and energy
production forecasting modules, as well as electricity market price forecasting, enabling techno-
economic optimization and market-aware operational strategies within the digital twin
framework. Model refinements will be continuously performed through long-term SCADA data
assimilation and hybrid physics-data-driven model updating.

6.2.3. Hydro powerplant Turbine Simulation Toolkit

Within the framework of the GOTOTWIN project, a dedicated platform for the digital twin-based
management and optimization of hydroelectric power plants (HPP) has been developed. As part
of the digital twin model, a special module with a software package for simulation and modelling
of a hydroelectric power plant has been developed. This module simulates the operation of a real
hydroelectric power plant. The model includes approaches to different types of hydroelectric
power plants such as small hydroelectric power plants, storage hydroelectric power plants with
seasonal storage or with daily-weekly storage. In addition to the main technical parameters, the
module covers all hydrotechnical facilities such as the dam with the water reservoir, intake
hydraulic pipes, machine hall with the turbine equipment, generating units and electric power
equipment with the switchgear.
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In the simulation, depending on the available data for the certain hydroelectric power plant, the
model is developed according to the data, as well as the necessary output that needs to be
obtained. Data can be sent with different time frequencies (1 min, several minutes, hourly data,
...), but in order to cover the entire operational process of HPP, it is necessary to have at least one
year of data. The required data includes:

o Non-electrical parameters such as, temperatures of various elements and different spaces
within the HPP (generator bearings, turbine bearings, machine room, control room,
switchgear), water inflows, pressure of pre-turbine valve, openness of the turbine conducting
elements, water level in the reservoir, gross height drop, ...

e Electrical parameters such as, voltages (phase and line ones) at various points, generator,
medium-voltage and high-voltage buses, currents on separate lines, active, reactive and
apparent power, power factor, frequency, etc.

The proposed module incorporates all relevant components, including dams, reservoirs, hydraulic
inlet and outlet systems, turbines, and the electrical subsystems such as generators, transformers,
and switchgear.
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Figure 44. Simplified structure of the HPP model

The digital twin for HPP is based on the systematic acquisition of both static and dynamic data
from hydroelectric power plants. The static parameters describe the technical and design
characteristics of the hydropower facility, forming the structural basis of the quasi-static digital
twin model. In contrast, the dynamic parameters represent real-time or periodically measured
operational variables, including both electrical and non-electrical quantities. The acquisition of
dynamic data depends on the existing SCADA system of the hydropower plant. In addition to being
stored in the plant’s local database, selected measurements are transmitted to an external digital
twin platform, where they are securely stored, processed, and utilized for further analysis. Data
transmission is configured according to the available measurement infrastructure and is
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performed at appropriate time intervals with defined temporal resolution (e.g., seconds or
minutes). Figure 44 presents the design and structure of the HPP model within the digital twin
platform.

The collected data are subsequently processed and structured within the digital twin environment,
enabling their use for various analytical and operational purposes, such as:

e Graphical and tabular visualization of individual parameters, tailored to specific analytical
requirements and user needs.

e Statistical analysis of system parameters, including the identification of correlations and
interdependencies among key variables.

e Calculation of relevant operational quantities such as active and reactive power, total
electricity generation, available water volume, water inflow, and other performance
indicators.

e Comparison between calculated and measured quantities (e.g., power output and energy
production) for model validation and performance assessment.

e Utilization of historical measured data combined with machine learning (ML) techniques to
enable prediction and forecasting of hydropower plant behaviour under varying operating
conditions, including changes in energy demand, reservoir level, water inflow, hydraulic
pressure, and unit availability.

e External datasets, including weather data and electricity market price, can be incorporated
into the digital twin framework to support advanced techno-economic analyses and enhance
decision-making for the financial operation of the hydropower plant.

The proposed functionalities have been implemented and validated using a real hydroelectric
power plant as follows:

e Atest model of a small 720 kW HPP with one Pelton turbine unit was created for a short period
of time of several months. Graphical reports for the desired time interval, a tabular display of
the parameters, as well as calculations of active, reactive and apparent power depending on
the measured data were obtained and they were compared with the measured power data.
The efficiency of the turbine circuit, the generator and the transformer unit were also
obtained.

e Also, a simulation procedure is underway for a HPP with two turbine units with an installed
capacity of 9.6 MW with daily accumulation and for which there is a larger amount of data.
Similar approach has been made for it depending on the available data. The data for this power
plant are being set up and processed.

e As a third simulation facility, in the coming period, a larger hydropower facility with 4 turbine
units and an installed capacity of 92 MW with seasonal accumulation and production
management is expected to be simulated and analysed.

e The main objective is to provide a quasi-static modelling framework that enables interested
stakeholders of hydroelectric power plants to utilize the system for comprehensive
operational analyses, performance evaluation, and decision support.

Project Acronym — GOTOTWIN 56



7. Conclusion

The mid-term implementation of the GOTOTWIN digital twin platform demonstrates that the
project has successfully established a robust, cloud-native foundation capable of supporting real-
time data acquisition, digital twin synchronisation, and long-term operational analytics across all
participating living labs. The deployment of the core backend confirms that the essential data
pipeline is fully functional. This operational backbone now enables seamless integration of
heterogeneous renewable energy infrastructures, ensuring that telemetry from INNOFEIT,
UOWM, IMP, and UNIZGFER living labs is continuously ingested, processed, and visualised.

In parallel, the development of simulation toolkits for photovoltaic, wind, and hydro power plants
has progressed to the architectural and prototyping stage. These GOTOTWIN toolkits will form the
analytical core of the next project phase, enabling scenario-based experimentation, forecasting,
and model-driven decision support. Their integration with the existing data pipeline will
significantly expand the platform’s capabilities, moving it from real-time monitoring toward full
digital twin intelligence.

Overall, the work completed to date establishes a solid, modular and extensible foundation for
the remaining development cycle. The next phase will focus on completing the simulation and
prediction modules, refining the digital twin data models, and enhancing interoperability across
all components.
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