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The integration of distributed energy resources and new loads such as electric vehicles has 
drastically increased in the last decades. Although the increase of distributed and often renewable 
energy sources makes sense from an environmental perspective, this new paradigm poses 
significant challenges to distribution grids, which were not initially designed for bidirectional 
power flow. The distribution system operators must expand their grids or develop intelligent 
control algorithms. In order to determine the exact system state and control the flexibilities in 
real-time, field measurements are essential in the distribution grid, which were not available in 
conventional distribution grid operation.
Considering these challenges, this thesis proposes control algorithms for real-time control of the 
various flexibilities using distributed measurements to prevent voltage and thermal violations, 
thereby driving towards distribution grid automation. The control algorithms are configured 
using IEC 61850 data models, which were not done in previous research, and applied to a 
selected research prototype. Such an implementation provides the advantage of modularity by 
separating the hardware and software, which essentially makes the software easily portable 
and independent of the hardware. Considering the increasing reliance on the data transmission 
between the various components for grid operation, system and communication outages in the 
distribution grid are inevitable in the future. This thesis also proposes individual countermeasures 
to mitigate such failures and make the algorithms more robust by implementing hierarchical 
control strategies and using data-based learning methods.
The implemented algorithms are experimentally verified using a real-time simulator and an 
analogue grid model in the laboratory. In order to analyse the effectiveness of the implemented 
algorithms, they are experimentally verified in various benchmark grids. To demonstrate the 
applicability and versatility of the algorithms, they are applied on international grids. The results 
of the hardware-in-the-loop simulations and the laboratory test show that the implemented 
algorithms could support the distribution grid operation by providing voltage control using real-
time control of the flexibilities. The implemented algorithms could be validated in reality when 
the local grid policies allow real-time control of the distributed energy resources.
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Abstract 
The integration of distributed energy resources and new loads such as electric vehi-

cles and air conditioners has drastically increased in the last decades. Although the in-

crease of distributed and often renewable energy sources makes sense from an environ-

mental perspective, this new paradigm poses significant challenges to distribution grids, 

which were not initially designed for bidirectional power flow. The distribution system 

operators must expand their grids or develop intelligent control algorithms. Another fac-

tor to consider is the digitalisation of the distribution grids with the advancements in 

information and communication infrastructure. In order to determine the exact system 

state and control the flexibilities in real-time, field measurements are essential in the 

distribution grid, which were not available in conventional distribution grid operation. 

Considering these challenges, this thesis proposes control algorithms for real-time 

control of the various flexibilities using distributed measurements to prevent voltage and 

thermal violations, thereby driving towards distribution grid automation. The control 

algorithms are configured using IEC 61850 data models, which were not done in previ-

ous research, and applied to a selected research prototype. Such an implementation pro-

vides the advantage of modularity by separating the hardware and software, which es-

sentially makes the software easily portable and independent of the hardware. Consid-

ering the increasing reliance on the data transmission between the various components 

for grid operation, system and communication outages in the distribution grid are inev-

itable in the future. This thesis also proposes individual countermeasures to mitigate 

such failures and make the algorithms more robust by implementing hierarchical control 

strategies and using data-based learning methods. 

The implemented algorithms are experimentally verified using a real-time simulator 

and an analogue grid model in the laboratory. In order to analyse the effectiveness of 

the implemented algorithms, they are experimentally verified in various benchmark 

grids. To demonstrate the applicability and versatility of the algorithms, they are applied 

on international grids. The results of the hardware-in-the-loop simulations and the la-

boratory test show that the implemented algorithms could support the distribution grid 

operation by providing voltage control using real-time control of the flexibilities. The 

implemented algorithms could be validated in reality when the local grid policies allow 

real-time control of the distributed energy resources. 

  



 

 

Kurzfassung 
Die Netzintegration von dezentralen Energiequellen und neuen Lasten wie Elektro-

fahrzeugen und Klimaanlagen hat in den letzten Jahrzehnten zugenommen. Obwohl die 

Zunahme von dezentralen und häufig erneuerbaren Energiequellen aus ökologischer 

Sicht sinnvoll ist, stellt diese Transformation der Energiesysteme die Verteilnetze, wel-

che ursprünglich nicht für einen bidirektionalen Leistungsfluss ausgelegt waren, vor er-

hebliche Herausforderungen. Die Verteilnetzbetreiber müssen ihre Netze ausbauen oder 

intelligente Steuerungsalgorithmen entwickeln und implementieren. Ein weiterer zu be-

rücksichtigender Faktor ist die Digitalisierung der Verteilungsnetze mit den Fortschrit-

ten in der Informations- und Kommunikations-infrastruktur. Um den genauen System-

zustand des Netzes zu ermitteln und die Flexibilitäten in Echtzeit zu steuern, sind Feld-

messungen im Verteilnetz unerlässlich, die im konventionellen Verteilnetzbetrieb nicht 

zur Verfügung waren. 

In Anbetracht dieser Herausforderungen werden in dieser Arbeit Regelungsalgorith-

men für die Echtzeitregelung der verschiedenen Flexibilitäten unter Verwendung ver-

teilter Messungen entwickelt, um Spannungs- und Stromverletzungen zu verhindern und 

somit die Automatisierung des Verteilnetzes voranzutreiben. Die Regelungsalgorithmen 

werden unter Verwendung von IEC-61850-Datenmodellen konfiguriert, was in früheren 

Forschungsarbeiten nicht der Fall war, und auf einen ausgewählten Forschungsprototyp 

angewendet. Eine solche Implementierung bietet den Vorteil der Modularität durch die 

Trennung von Hard- und Software, was die Software leicht portierbar und unabhängig 

von der Hardware macht. In Anbetracht der zunehmenden Abhängigkeit von der Daten-

übertragung zwischen den verschiedenen Komponenten für den Netzbetrieb sind Sys-

tem- und Kommunikationsausfälle im Verteilnetz unvermeidlich. In dieser Arbeit wer-

den daher individuelle Gegenmaßnahmen vorgeschlagen, um solche Ausfälle abzumil-

dern und die Algorithmen robuster zu machen, indem hierarchische Kontrollstrategien 

implementiert und datenbasierte Lernmethoden verwendet werden. 

Die implementierten Algorithmen werden experimentell mit einem Echtzeitsimulator 

und einem analogen Netzmodell im Labor verifiziert. Um die Wirksamkeit der imple-

mentierten Algorithmen zu analysieren, werden sie in verschiedenen Testnetzen expe-

rimentell überprüft. Um die Anwendbarkeit und Vielseitigkeit der Algorithmen aufzu-

zeigen, werden sie auf internationale Netze angewandt. Die Ergebnisse der Hardware-

in-the-Loop-Simulationen und der Labortests ergeben, dass die implementierten Algo-

rithmen den Betrieb des Verteilnetzes durch Spannungsregelung mittels Echtzeitsteue-

rung der Flexibilitäten unterstützen können. Die Algorithmen könnten in der Realität 

validiert werden, sofern die lokalen Netzrichtlinien eine Echtzeitsteuerung der dezent-

ralen Energiequellen erlauben. 
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